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Abstract Self-pillared pentasil (SPP) zeolite is a hierar-

chically-structured zeolite comprised of single-unit cell

thick MFI nanosheets arranged in a ‘‘house of cards’’

structure. The nucleation and growth of SPP proceeds

through three phases involving the evolution of precursor

amorphous nanoparticles to MFI nanosheets and then ro-

tational intergrowth of sheets to produce the SPP mor-

phology. This paper expands upon an earlier report to

extend understanding of nucleation and growth events

throughout the entire preparation process, from hydrolysis

of the silica source to high conversion to crystals. Common

aspects with the extensively investigated clear-sol silica-

lite-1 system are identified. Evaporation of co-solvent

ethanol was found to accelerate the crystallization sig-

nificantly. Furthermore, robust synthesis of SPP with high

density of well-developed single-unit cell domains has

been achieved with addition of potassium and sodium to

the synthesis sols.

Keywords Hierarchical � Zeolites � Intergrowth �
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1 Introduction

It is our great pleasure to provide this contribution to the

special issue honoring Professor Mark E. Davis. It builds

on goals and approaches to understand and control growth

of zeolite nanostructures introduced early on by the Davis’

laboratory [1–6]. In the last 20 years, professor Davis’s

interest, critical suggestions and continuous encouragement

have been an inspiration in our efforts to shrink zeolite

crystal size to the single-unit-cell level [7].

Hierarchical zeolites are crystalline silicates or alumi-

nosilicates containing pores with regular dimension in the

micropore (0.5–2 nm) and mesopore (2–50 nm) range [8].

The microporous crystallinity of the morphology confers

the familiar interesting properties of ‘‘bulk’’ zeolites to

interacting chemical species, primarily resulting from

three-dimensional confinement in pores at the molecular

scale [9–11]. As the thickness of the microporous zeolite

domains between mesopores decreases, the characteristic

length scales for micropore diffusion approach the size of a

single unit cell of the corresponding zeolite (e.g. 1–5 nm)

and the externally-accessible surface area per unit mass is

maximized [12, 13]. This dramatic change in physical di-

mensions important to reaction and adsorption processes

lends this class of materials markedly different behavior

from the corresponding bulk zeolites in certain applications

[14–16].

In the past several years, two major techniques have been

used for the preparation of hierarchical zeolites. Use of

various meso-structuring materials, such as mesopore

templating molecules [14, 17, 18], colloidal crystals [19–

21], and ‘‘pillaring’’ of two-dimensional layered zeolites to

impart three-dimensional stability [22] have been explored

to generate mesopores with regular form and structure

within zeolites. Subtraction of zeolitic material with
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techniques such as desilication [8, 23, 24] or dealumination

[25, 26] has also been successful at mesopore direction,

albeit with less control over both shape and regularity. In

both approaches, considerable additional steps have to be

added to the synthesis processes compared to bulk zeolite

preparation procedures. This addition of technically chal-

lenging and/or time consuming steps adds significant cost to

the process, likely rendering the large-scale industrial syn-

thesis of these materials economically unfeasible. Recently,

our group proposed a new synthesis strategy for generating

hierarchical zeolites with regular mesopores and mi-

croporous domains down to single-unit cell thickness [27].

The morphology, termed self-pillared pentasil (SPP) zeo-

lite, results from the intergrowth of two different zeolite

frameworks in a ‘‘bottom–up’’ synthesis approach of a

hierarchical zeolite, as opposed to the ‘‘top–down’’ ap-

proaches previously reported. In SPP, a lower-symmetry

framework (MFI) grows as two-dimensional nanosheets,

which are then connected in a ‘‘house of cards’’ structure by

intersection through a one-dimensional zeolite crystal of

higher symmetry (MEL) and compatible silica connectivity.

The regular and repeated intergrowth of these two zeolite

frameworks with single-unit cell dimensions gives rise to

hierarchically-structured zeolite nanoparticles reducing

diffusion limitations for species involved in reactions at

micropore active sites [27]. This morphology is accessible

through a single-step hydrothermal synthesis using only

carefully tailored composition and temperature, and without

the aid of any additional templating agents beyond the

standard micropore structure directing agent employed in

many zeolite syntheses. The one-step synthesis of hierar-

chical zeolite formed by the intergrowth of two zeolite

crystal structures has been explored in other systems, in-

cluding MFI with diquarternary-C5 as a structure directing

agent [28] and FAU/EMT [29, 30], and may be observable

in other systems such as ETS-4/ETS-10 [31], CAN/SOD

[32], and CHA [33]. The approach shows promise for the

preparation of novel hierarchical zeolites with reduced

diffusion limitations; however, only the SPP morphology

has thus far been observed to contain zeolite nanosheets of

single unit cell thickness.

Previously, it was demonstrated with combination of

small-angle X-ray scattering (SAXS) and transmission

electron microscopy (TEM) studies that the nucleation and

growth of the SPP morphology occurs in three distinct

phases (Fig. 1) [34]. During the first phase of hydrothermal

treatment, precursor amorphous nanoparticles of spheroid

form and size 2–4 nm occur in high population in the

ethanol/water solvent mixture. Phase 2 occurs after a cer-

tain time (8.5 h at 120 �C), wherein a second population of

larger crystalline nanoparticles with size 10–50 nm appears

in small amounts. High-resolution TEM (HRTEM) imag-

ing of the sols revealed these to be two-dimensional

‘‘nanosheets’’ of MFI, as evidenced by observation of the

straight-channel micropores along the (010) axis. With

further heating to Phase 3, these nanoplates grow further

along the (100) and (001) axes and rotationally-intergrow

to form the SPP structure. The combination of SAXS and

TEM imaging allowed confirmation of the ‘‘bottom-up’’

growth mechanism of the hierarchical structure first pro-

posed by Zhang et al. based on symmetry arguments and

characterization of fully-grown SPP crystals [27].

In this paper, two aspects related to the synthesis and

characterization of SPP are reported. First, the combination

SAXS and TEM investigation of the nucleation and growth

dynamics of the morphology from Xu et al. [34] are ex-

tended to characterize the sol components at earlier and

later stages of synthesis. An investigation into accelerating

crystallization via the evaporation of co-solvent ethanol is

also presented. Second, the addition of alkali metal cations

to synthesis sols which promotes robust crystallization of

SPP composed of single-unit cell thick zeolite nanosheets

intergrown at right angles throughout the nanoparticles is

investigated with TEM, XRD, and gas physisorption. To-

gether, these reports bring new insight regarding the robust

and reproducible synthesis of SPP and may aid efforts to

scale up the production of this hierarchical zeolite for in-

dustrial application.

Fig. 1 Schematic of the

originally-proposed three phases

of SPP nucleation and growth.

Reprinted from [34] with

permission from authors
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2 Experimental

2.1 Synthesis

The silica sols for SPP synthesis were prepared with the

composition 10 SiO2:3 SDAOH:x MOH:100 H2O:40 EtOH,

where SDA (structure-directing agent) was tetrabutylphos-

phonium hydroxide (TBPOH, 40 % by weight, TCI Amer-

ica), M was either K or Na, and x ranged from 0 to 0.5. The

SDA solution was firstly added drop-wise into tetraethy-

lorthosilicate (TEOS, 98 %, Sigma-Aldrich) with vigorous

stirring until the system turns clear. Then ultrapure water (18

MX-cm, Milli-Q, Millipore) with or without dissolved KOH

or NaOH (Sigma-Aldrich) was added into the clear system

at room temperature and stirred to yield the hydrolyzed sol.

To evaporate ethanol following room temperature hy-

drolysis, samples were weighed and added to a round-bot-

tom flask, then spun on a Rotovapor (Büchi) in a water bath

at 60 �C for 10 min. The samples were then subject to

vacuum and de-pressurized to just above the boiling point of

the sol with rapid rotation, removed, and subsequently

weighed. Evaporation was considered complete when sol

mass equivalent to the calculated mass fraction of ethanol in

the sol composition was lost to evaporation. The clear sols

from room temperature hydrolysis or ethanol evaporation

steps were sealed with Teflon tape and further hydrolyzed at

80 �C in a Teflon bottle with continuous stirring. After 48 h,

the clear sol (18.3 g) was quickly transferred to a preheated

45 mL Teflon-lined stainless steel autoclave at 70 �C,

sealed and heated for 3–48 h in a pre-heated oven at 115 or

120 �C. After heating, the final sols were quenched in water

and then collected for further characterizations. To obtain

powdered samples for adsorption, electron microscopy, and

diffraction studies, the fully-crystallized sols were washed

repeatedly by centrifugation with redispersion in ultrapure

water until pH 8. Samples were taken for TEM study after

the final redispersion, and then the suspensions were cen-

trifuged once more and dried in a vacuum oven for 24 h at

70 �C. Samples were then ground to a powder and then

calcined to remove SDA at 550 �C for 12 h, after which the

final powder was obtained.

2.2 Characterization

SAXSess (Anton-Parr) was used to obtain small-angle

X-ray scattering patterns from the sols after hydrothermal

treatment. The sols were placed into a vacuum-tight 1 mm

quartz capillary. All measurements were carried out at

room temperature (25 �C). The scattering vector q was

calculated from the scattering angle 2h through

q = 4pk-1sinh, with k = 0.154 nm for the Cu K-a radiation

source. Scattering from an equivalent ultrapure water or

10:4 water–ethanol mixture was used as a background

pattern and subtracted from all sample scattering patterns.

Patterns were then de-smeared from the beam profile and

fitted using the GIFT program. Pair distance distribution

functions (PDDF) were obtained by indirect Fourier

transformation (IFT) or generalized indirect Fourier trans-

form (GIFT) of the fitted data [35].

The as-synthesized synthesis sols were diluted 1:10 by

volume into ultrapure water and used for TEM samples.

TEM samples were also prepared from centrifuged-washed

samples as described above. Calcined powders were vig-

orously sonicated in ethanol to disperse particles and then

used to prepare TEM samples. Specimens were prepared

by placing droplets of the diluted sol onto a copper-backed

sample grid coated with ultra-thin and holey carbon films

(Ted Pella Inc.). The specimens were dried at room tem-

perature in air. TEM imaging was performed on a FEI

Tecnai G2 F30 (S)TEM with TWIN pole piece, a Schottky

field-emission electron gun operating at 300 kV and

equipped with a Gatan 4 k 9 4 k Ultrascan CCD. HR-

TEM imaging was performed in an FEI Tecnai G2 F30

(S)TEM with S-TWIN pole piece and a Schottky field-

emission electron gun operating at 300 kV [36].

Argon (87.3 K) adsorption was performed using a

commercially available automatic manometric sorption

analyzer (Quantachrome Instruments Autosorb iQ MP).

Prior to adsorption measurements, the samples were out-

gassed at 573 K for 16 h under turbomolecular pump

vacuum. Full micro and mesopore size distributions were

calculated from the argon isotherms using the argon on

zeolites/silica cylindrical pore adsorption branch method

[37]. X-ray diffraction (XRD) patterns were acquired using

a X’Pert PRO MPD X-ray diffractometer (PANalytical)

equipped with a Co source.

3 Results and Discussion

3.1 Nucleation and Growth of Pure-Silica SPP

Previously, our group reported the robustness of SPP

morphology formation in pentasil zeolites crystallized at

115 and 120 �C from sols of hydrolyzed tetraethy-

lorthosilicate (TEOS) with final composition 10 SiO2:

xTBPOH:yH2O:40 EtOH, where x ranges from 2 to 4 and y

ranges from 70 to 200 [27]. The optimal composition for a

morphology showing uniform crystal size and highest

abundance of pentasil nanosheets intergrown at right an-

gles was determined to be x = 3 and y = 100, with crys-

tallization taking place at 120 �C for 40 to 48 h [34].

Further investigations revealed that the temperature range

for obtaining the best morphology and high conversion of

silica to zeolite crystals was rather flexible, with good
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crystals obtained by 40 h at 115 �C but with rather low

conversion, and conversion increasing from 40 to 48 h. It

was also found that freshly-opened TBPOH solutions

yielded the best morphology (results not shown).

To investigate the crystallization process further, small-

angle X-ray (SAXS) patterns were obtained on sols with

the optimal composition above and subject to variations on

heat treatment (Fig. 2). SAXS is particularly suited to the

analysis of precursor sols to zeolites, as a single profile can

yield information about the sizes and relative populations

of amorphous and crystalline particles that evolve during

the crystallization process [34, 38, 39]. Furthermore, as

larger lengths between scattering centers scatter much

more intensely than smaller lengths, the first crystals that

appear in the sol can be detected easily among the much

more numerous precursor particles, as long as the crystals

are significantly larger [40, 41]. The first extension of the

previous synthesis study was to investigate the nanoparticle

populations of the sol prior to hydrothermal treatment. The

first step of SPP synthesis is combination of the pure-

chemical precursors to the sol at room temperature. Upon

mixing of TEOS, 40 % TBPOH aqueous solution, and

excess water at room temperature, hydrolysis of the silica

source produces silicic acid and silica oligomers until a

critical concentration is reached, resulting in silica poly-

merization and formation of small amorphous silica

nanoparticles [38, 42]. Previous TEM results indicate that

the nanoparticles are roughly spherical throughout hy-

drothermal treatment [34]. After the initial mixing, sols

hydrolyzed at room temperature display a global maximum

in the SAXS profile (black curve) for q[ 0. Since there is

no global maximum in the X-ray scattering form factor for

spheroids, this maximum indicates that the dilute sol ap-

proximation to scattering, in which only form factor sig-

nificantly contributes to the scattering pattern, must not

apply in this system.

In SAXS, scattering patterns result from the sum of

interactions between incident X-rays and electron density

fluctuations about the mean in a sample. The scattering

intensity from a continuous electron density distribution is

given by Eq. 1,

IðqÞ ¼ h EsðqÞj j2i ¼ h
Z

v

D~q2ðrÞe�iqrdri

¼
Z1

0

4pr2ðrÞ sinðqrÞ
qr

dr ð1Þ

where q is the scattering vector given from the Bragg

equation as q ¼ ð4p sinðh=2ÞÞ=k, D~q2 rð Þ is the spatial au-

tocorrelation of electron density fluctuations about the

mean density, and

pðrÞ ¼ r2cðrÞ is the pair-distance distribtion function

(PDDF) of the scattering lengths r in the system [43]. In a

sol with high volume fraction of particles, there can exist

fluctuations of density D~q2 rð Þ below the average density of

the sample [44], where the average density is between that

of colloidal silica particles and the water/ethanol mixed

solvent. If the structure factor effects which account for

interparticle scattering are not removed by modeling, p rð Þ
generated from an inverse Fourier transform of the scat-

tering data does not represent the autocorrelation function

c rð Þ of individual particles and thereby their actual di-

mensions, but rather the form and structure of the sol

combined.

As a result, IFT analysis on SPP sols after the first hy-

drolysis step shows local minima at negative intensities,

indicative of strong structure in the sol and areas of the

sample with electron density below the sample average

(Fig. 2). Performing a Generalized Indirect Fourier

Transform (GIFT) analysis on this data allows separation

of the structure and form factor contributions to the scat-

tering pattern based on a repulsive polydisperse hard

sphere model for the nanoparticles [35]. The structure

factor S(q) resulting from GIFT analysis on the sol prior to

heat treatment is characteristic for the radial distribution

function of concentrated fluid spheres (Fig. S1, Supple-

mentary Information). The hard sphere model fit to the data

indicates spheres with radius 1.1 nm and polydispersity of

1.03 comprise the sol. This structured, concentrated sol of

amorphous silica nanoparticles with radius of about 1 nm

exists prior to any heat treatment, similar to clear-sol sili-

calite-1 systems at similar compositions [41]. Dynamic

light scattering has also been used previously on sols with

TBPOH at similar concentrations to confirm the initial

presence of amorphous silica colloids with diameter near

2 nm following hydrolysis [45]. Si29-NMR studies of the

silicalite-1 system have shown that nanoparticles formed

after initial TEOS hydrolysis are very loosely-connected

and contain many Q2 and Q3 silicon atoms [46], and so the

sol structure in the similar SPP system is most likely im-

parted by a combination of high particle density and high

negative surface charge. Following high-temperature hy-

drolysis at 80 �C for 24 h, the global maximum at q = 2.5/

nm becomes a shoulder in the SAXS pattern and a second

shoulder emerges. The two shoulders near q = 1 and 2.5/

nm are resolved by IFT analysis, and the PDDF indicates a

larger nanoparticle population with radius near 3 nm in the

structured sol has been formed. From this point forward in

the synthesis, the heterogeneity of particle populations in

the sol precludes the selection of an appropriate model for

the structure factor, therefore the results of the IFT analysis

yield PDDF exhibiting both structure and form factor ef-

fects. In our previous model for SPP nucleation and
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growth, the presence of a single 4 nm amorphous precursor

particle population was proposed based on the SAXS pat-

terns and PDDF obtained after various hydrothermal

treatment times, and was believed to agree with previous

results on the silicalite-1 system studied by Davis and co-

workers [39]. The updated study of the hydrolysis period

demonstrates that the nanoparticle populations in the SPP

system more closely resemble the concentrated silicalite-1

sols of composition 25 SiO2:9 TPAOH:400 H2O studied by

Aerts et al [41]. In the more concentrated silicalite-1 sol,

two populations with size 2 and 6 nm appear upon heating.

The larger, higher-connected particles with Qaverage = 3.4

have been proposed to be the primary participants in sili-

calite-1 crystal growth by aggregation. Their role in the

SPP system, which lacks evidence of aggregation is unclear

[34], but it is possible that they serve as nuclei for the

single-unit cell thick nanoplates of MFI observed after

several hours of hydrothermal treatment.

In our previous investigation, the evolution of SPP

during hydrothermal synthesis treatment was broken down

into three main phases based on the silica morphologies

observed in the sol. After the additional precursor

nanoparticle population was identified, a closer investiga-

tion of the phases of growth during hydrothermal treatment

was conducted. During Phase 1 of the hydrothermal treat-

ment at 115 �C, the first shoulder in the SAXS profile at

q = 1/nm increases in intensity. The corresponding PDDF

shows that the smaller nanoparticle population slightly

increases in diameter while the larger nanoparticle

population increases in number compared with samples

heated at 80 �C. The scattering intensity from both pre-

cursor nanoparticle populations reaches a peak at Phase 2

of the synthesis. At this phase, intense low-angle scattering

below q = 0.3/nm begins to appear in the system, indi-

cating the nucleation of single-unit cell thick sheets of

pentasil zeolite has occurred [34]. IFT analysis suggests

that scattering lengths r in the system at Phase 2 are as

large as 40 nm. As previously mentioned, a significant

deviation between the SPP and silicalite-1 systems occurs

at this stage of early crystal formation, as there is no evi-

dence of aggregation of pre-crystalline or crystalline

nanoparticles to yield larger crystals in the SPP system

[34]. The continued increase in low-angle scattering in-

tensity with further heat treatment leads to the formation of

rotationally-intergrown SPP material in Phase 3 as previ-

ously observed. The largest scattering dimension observ-

able has been increased compared to the previous study due

to higher resolution of the SAXS instrument achieved by

better alignment in the current study, which allowed us to

obtain reliable data from lower scattering angles. The

maximum dimension observable from SAXS agrees with

the maximum particle size observable in TEM of

60–70 nm (Fig. S2, Supplementary Information). Another

change in the SAXS patterns can be observed with 40? h

duration of hydrothermal treatment, in which the shoulder

at q = 1/nm significantly decreases in intensity. To ac-

count for this difference in scattering, Phase 3 has been

divided into Phase 3a and Phase 3b as an update to the

previously proposed model. The decrease in the intensity of

the first shoulder in the Phase 3b scattering profile and

resultant PDDF indicates a decrease of the amorphous

nanoparticle populations in the sol. The apparent density of

amorphous precursor particles on TEM grids at Phase 3b of

growth is significantly lower than Phase 3a, even though

crystal size itself is not much changed between these

phases at around 60 nm. The reduction in number of

amorphous silica particles is therefore best attributed to an

increase in the number of SPP crystals present in the sol.

Precursor particle consumption with increased conversion

Fig. 2 Small angle X-ray scattering (SAXS) patterns (top) and

resulting pair-distance distribution (PDDF) functions (bottom) from

SPP sols with composition 10 SiO2:3 TBPOH:100 H2O:40 EtOH at

various stages of synthesis. Black, hydrolysis @ 25 �C; red,

hydrolysis @ 80 �C; blue, hydrothermal Phase 1 of growth; magenta,

hydrothermal Phase 2; green, hydrothermal Phase 3a; purple,

hydrothermal Phase 3b
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to crystalline zeolite is also a feature of late-stage hy-

drothermal crystal growth also observed in the silicalite-1

system [41, 47]. The first Bragg peaks of SPP become

observable between q = 5–6/nm at this stage where SPP

first forms at significant density, and suggests that the

number of crystalline particles is increased during Phase

3b. The detailed IFT analysis of SAXS patterns resulting

from SPP precursor sols from the beginning of hydrolysis

throughout hydrothermal treatment reveals that the evolu-

tion of nanoparticles and crystals is similar to the exten-

sively-investigated silicalite-1 system in many respects. A

scheme of the updated model of nucleation and growth

including pre-hydrothermal synthesis steps—and later-

stage crystallization is shown in Fig. 3.

Following the extension of the nucleation and growth

model to cover the entire synthesis process, kinetic studies

similar to previously reported results [34] using SAXS

analysis were conducted to further clarify the time to onset

of observed phases of nucleation and growth. Figure 4

shows SAXS profiles and corresponding PDDF from sols

with increasing amounts of hydrothermal synthesis time at

115 �C. Phase 1 of growth, in which only amorphous

precursor nanoparticles are present, lasts until 18 h.

Between 18 and 24 h, the first crystalline pentasil nano-

plates appear in the sol, and this Phase 2 lasts until 27 h. By

30 h at Phase 3a, these plates have converted to crystals

first showing the rotationally-intergrown SPP morphology,

but silica conversion to crystals is low, and precursor

nanoparticle concentrations remain roughly the same as the

Fig. 3 Updated schematic of SPP nucleation and growth model from initial hydrolysis to high crystal conversion

Fig. 4 Time-resolved SAXS patterns (top) and corresponding PDDF

(bottom) from sols subject to 9, 12, 15, 18, 24, 27, 30, 34.5, 36, 40, 44,

and 48 h of hydrothermal synthesis time at 115 �C. Blue, hydrother-

mal Phase 1 of growth; magenta, hydrothermal Phase 2; green,

hydrothermal Phase 3a; purple, hydrothermal Phase 3b
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123



earliest stages of growth. However, by 40 h at Phase 3b,

low-angle scattering nearly doubles, the population of

nanoparticles is significantly reduced, and the first Bragg

reflections of the crystalline intergrown particles are ob-

served, indicating the conversion of precursor nanoparti-

cles to SPP crystals has occurred. The changes in SAXS

patterns between different Phases of growth at 115 �C are

not smooth, but show evidence of relatively rapid transi-

tions between the different phases. In cases of Phase 2 and

Phase 3a, profiles remain virtually unchanged over 3 or 6 h

of hydrothermal synthesis time, respectively, and then

show a marked shift to the next phase within a 3 h sam-

pling window. These types of rapid shifts in silica distri-

bution between soluble species, precursor particles, and

crystals have also been demonstrated in the silicalite-1

system with various techniques [41, 48]. The primary dif-

ference between these data and those previously published

by us was the age of the TBPOH solutions used in prepa-

ration of the sols. Repeating the same study at the previ-

ously-used temperature of 120 �C and with special care to

use fresh TBPOH solutions yields SAXS patterns demon-

strating the same rapid transitions between growth phases,

as opposed to smooth transitions previously observed (Fig.

S3, Supplementary Information). There was a slight in-

crease in the rate of progression through the phases of

growth with elevated temperature. Phase 2 and Phase 3

both arrived 3 h earlier than at 115 �C, but overall, the use

of freshest TBPOH slowed down the synthesis by about a

factor of two. Interestingly, Phase 3a of the proposed

model was not observed at 120 �C, indicating that the

period in which SPP first forms, while conversion to in-

tergrown crystals remains low, was too short to be captured

with this sampling resolution.

3.2 Increasing the Rate of SPP Nucleation

and Growth

The time to high conversion to SPP at 48 h is not as rapid as

the synthesis of most aluminosilicate zeolites and silicalite-

1. In order to facilitate large-scale production of this zeolite

morphology for industrial application, a reduced hy-

drothermal synthesis time is highly desirable. To this end,

we attempted to reduce the crystallization time by

evaporation of co-solvent ethanol from the SPP sols prior to

hydrothermal treatment. The addition of ethanol has been

shown to slow down crystal growth of MFI [49–51], while

the evaporation of ethanol can significantly decrease the

time to crystallization [51]. Ethanol in precursor sols can

also affect particle morphology and size distributions [52,

53]. Ethanol evaporation at a variety of stages in the

preparation of SPP was attempted, with evaporation after

the first room-temperature hydrolysis step demonstrating

the best combination of good end morphologies and ease of

sample processing of the denser gels. Evaporation was

achieved rapidly, in about 3 min, as measured by mass

difference for sols heated to 60 �C with stirring and head-

space pressure decreased to just above the boiling point

(results not shown). Sols were transparent following

evaporation but with a significant increase in viscosity.

They were then subjected to hydrothermal treatment at

115 �C for increasing amounts of time. Figure 5a and b

show the resultant SAXS patterns and PDDF for a kinetic

study of nucleation and growth of SPP with reduced ethanol

content. There is a significant difference in appearance of

the SAXS patterns between samples with or without ethanol

co-solvent, and careful IFT analysis reveals this to be at-

tributable to structure factor effects in the sol. The PDDF of

all samples show oscillations in scattering lengths with

period corresponding to the diameter of the precursor

nanoparticles, indicating a structured dense gel of

nanoparticles. Unlike samples with ethanol co-solvent,

these oscillations due to structure factor are observed

throughout all phases of hydrothermal synthesis in this

denser system. A shift from Phase 1 to Phase 2 of growth

between 3 and 6 h of hydrothermal treatment at 115 �C is

less demarcated compared with ethanol-containing sols, but

the low-angle scattering transition between Phase 2 and 3 is

pronounced at 12 h. PDDF at this transition indicate a

doubling in the largest scattering lengths, from 25 to 50 nm,

along with a great increase in the density of these lengths,

which is known to correspond to first appearance of crystals

with SPP morphology. Similar to ethanol-containing sols at

120 �C, sols without ethanol seem to quickly bypass Phase

3a and continually consume the precursor amorphous par-

ticle population from 12–24 h, which is evident in the de-

crease of scattering intensity of the shoulders at q = 2 and

3/nm. After 30 h, SAXS profiles with a much different low-

angle behavior are observed. Corresponding PDDF indicate

that scattering lengths less than 20 nm become more

common in the sol, and the structure factor effect resulting

from the dense precursor nanoparticle gel becomes weaker.

TEM images of sols at Phase 3b (Fig. 5c) after washing by

centrifugation reveal the crystals to be of the SPP mor-

phology, but most of the pentasil zeolite sheets are not

intersecting at right angles indicating damage by sonication

(used to disperse particles before TEM sample preparation)

due to the low frequency of branching. With higher con-

version after 36 h of hydrothermal treatment (Fig. 5d), the

intergrowth becomes more regular and at right-angles.

Argon adsorption isotherms (Fig. S4, Supplementary In-

formation) show an increase in gas uptake with increasing

pressure and desorption hysteresis, indicating that the

samples are mesoporous. NLDFT modeling of cumulative

gas uptake as a function of pore diameter, and its derivative

dV(log d), for collected isotherms confirm the high meso-

porosity for samples in both Phase 2 and Phase 3b between
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1 and 10 nm. There is also no significant difference be-

tween low-pressure isotherm regions between SPP prepared

with or without ethanol evaporation, indicating that

framework crystallinity is unchanged—a result further

confirmed by XRD patterns of the materials (Fig. S5,

Supplementary Information). In summary, ethanol

evaporation from sols after hydrolysis leads to SPP crystal

formation in 12 h, less than half the time of samples con-

taining ethanol. Though XRD and Ar adsorption data

suggest there is little difference between SPP crystals

synthesized with or without the presence of ethanol, TEM

suggests that the SPP morphologies obtained with ethanol

removal are not as well defined (i.e., consisting of well-

developed orthogonally intergrown layers) as the ones ob-

tained in the presence of ethanol. Depending on the quality

of morphology required for applications, ethanol evapora-

tion is a promising technique for reducing the synthesis

time and increasing throughput.

Fig. 5 SAXS patterns (a) and corresponding PDDF (b) from SPP

sols with estimated composition 10 SiO2:3 TBPOH:100 H2O:2 EtOH

after 3, 6, 9, 12, 15, 18, 21, 24, 30, 36, and 48 h of hydrothermal

synthesis time at 115 �C. Blue, hydrothermal Phase 1 of growth;

magenta, hydrothermal Phase 2; green, hydrothermal Phase 3a;

purple, hydrothermal Phase 3b. Inset shows highlight overlay of

PDDF in the region from 0–10 nm. TEM images of sols washed by

centrifugation after 12 h (c) and 48 h (d) of hydrothermal synthesis
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3.3 Optimization of SPP Intergrowth Morphology

SPP sols with composition 10 SiO2:3 TBPOH:x MOH:100

H2O:40 EtOH, were M is either K or Na and x ranges from

0 to 0.5, were crystallized at 115 �C to investigate the ef-

fect of alkali metal cation on morphology. To assess the

crystallinity of the particles, XRD patterns were collected

from the as-synthesized and calcined samples with varying

additions of sodium to the synthesis sol (Fig. 6). Following

calcination, peaks in the range 0� to 25� 2h increase in

intensity, possibly due to the further condensation and in-

creasing crystallinity of the particles. With increasing

NaOH, the width of XRD peaks in the range 15� to 25� 2h
improves. There is no evidence for the (110) and (330)

peaks in the patterns with increasing sodium content, peaks

which exist in MEL and are prohibited in the MFI structure

[54]. The (10 0 0) peak splitting due to symmetry breaking

in MFI has previously been used to identify fractions of

phases in large MFI/MEL crystals [55, 56]. However, due

to significant peak broadening in the collected patterns

from these small crystals, such analysis cannot be per-

formed accurately. To observe the morphology of the

particles, TEM images were taken of crystals formed from

sols with added Na in the range x = 0–0.5 (Fig. 7). When

no NaOH is added, smaller crystals were obtained, com-

prised of nanosheets, which are relatively stunted. With

x = 0.1 or 0.2, particles have a better defined overall

square periphery and are primarily composed of single-unit

cell thick nanosheets along the b-axis, and well developed

in the other dimensions (as indicated by the sharper image

contrast) intergrown at right angles. However, when the

addition of NaOH to the sol reaches x = 0.3, a sharp

transition occurs in the morphology of the resulting crystals

(Fig. 7d). Denser zeolite with prolate ellipsoid shape forms

that appears to be composed of domains with much larger

than unit cell thickness. The trend towards densification

continues as x is increased to 0.4 and then 0.5, at which

point single-crystals of prolate shape and with no meso-

porosity can be observed via continuous lattice fringes

throughout the crystal (Fig. S6, Supplementary Informa-

tion). High-resolution TEM (HRTEM) imaging was also

conducted on (001) oriented particles to carefully inspect

the crystal structure and morphology obtained in the

presence of Na. Figure 8 shows (001)-oriented particles

from SPP synthesis with x = 0.1, and 0.2 in the synthesis

sol. With Si/M = 100, well-defined SPP morphology was

obtained i.e., well-developed MFI nanosheets along a- and

c-axis with single unit cell thickness along the b-axis in-

tergrown at right angles comprise the majority of the par-

ticle volume. Upon increase of the cation content to

Si/M = 50, widening of the zeolite nanosheets along the

b-axis is observed.

This densification upon increase of sodium can be ob-

served with argon adsorption. Linear plots of isotherms

shown in Fig. 9a demonstrate that with increasing sodium

content, gas uptake is decreased in the mesopore adsorption

region from P/Po = 0.1–0.8. The hysteresis observed and

total gas adsorption for x = 0.1 and 0.2 is most similar to

published Ar adsorption data from Zhang et al., which

agrees with TEM data that these samples are closest to the

morphologies reported in that previous study [27]. In the

micropore adsorption region below 0.01 P/Po expanded in

view in Fig. 9b, samples with x = 0 and 0.1 both are co-

incident with published adsorption isotherms of SPP from

Zhang et al., and micropore adsorption increases with in-

creasing sodium content. This increased adsorption is due

to widening of the MFI nanosheets, which results in more

internal microporosity per unit mass of the material [15].

From NLDFT modeling of cumulative gas uptake vs. pore

Fig. 6 X-ray diffraction patterns of as-synthesized (top) and calcined

(bottom) SPP materials crystallized from sols with composition 10

SiO2:3 TBPOH:xNaOH:100 H2O:40 EtOH. Black, x = 0; red,

x = 0.1; blue, x = 0.2; green, x = 0.3; cyan, x = 0.4; magenta,

x = 0.5
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size (Fig. 9c) and its derivative (Fig. 9d), it can be seen

that at x = 0.5, mesoporosity is as low as commercial

ZSM-5, agreeing with the TEM observation that densifi-

cation of the crystals is complete and non-mesoporous

zeolite crystals are obtained. The prolate spheroidal shape

of these crystals at high sodium content is similar to ZSM-

5/ZSM-11 intergrowths synthesized using tetrabutylam-

monium hydroxide as the structure directing agent with

Si/cation ratio of 42 [57]. The particles resulting from

increased sodium addition are likely also a dense inter-

growth of MFI and MEL.

Samples were also synthesized with addition of KOH to

see if the alkali metal cation effect on morphology was

specific to sodium. Figure 10 shows TEM images of SPP

formed with increasing amounts of KOH added to the

synthesis sol. From the images, it appears that the effect is

similar. Due to the small crystal size and associated peak

broadening, the differences in morphological quality

Fig. 7 TEM images of as-

synthesized SPP materials

crystallized from sols with

composition 10 SiO2:3

TBPOH:xNaOH:100 H2O:40

EtOH. a x = 0; b x = 0.1;

c x = 0.2; d x = 0.3; e x = 0.4;

f x = 0.5. Scale bar 100 nm
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Fig. 9 Argon adsorption/desorption isotherms plotted on linear

(a) and semi-log (b) scales for calcined SPP materials crystallized

from sols with composition 10 SiO2:3 TBPOH:xNaOH:100 H2O:40

EtOH. NLDFT modeling results of isotherm adsorption branch for

cumulative pore volume (c) and differential pore volume dV(log d)

(d) as a function of pore width. Black, x = 0; red, x = 0.1; blue,

x = 0.2, magenta, x = 0.5; green, SPP from Zhang et al.; purple,

commercial ZSM-5 from Zhang et al. [27]

Fig. 8 HRTEM images of as-synthesized SPP materials crystallized from sols with composition 10 SiO2:3 TBPOH:xNaOH:100 H2O:40 EtOH.

a x = 0; b x = 0.1; c x = 0.2. Scale bar 20 nm
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cannot be distinguished by X-ray diffraction (XRD), where

all of the samples are undifferentiated from previously-

published SPP patterns (Fig. S7 Supplementary Informa-

tion). To investigate if the morphological change was due

to the presence of sodium or potassium and not due to

increased pH, samples with additional TBPOH were syn-

thesized under the same conditions. Argon adsorption (Fig.

S8, Supplementary Information) and XRD (Fig. S9, Sup-

plementary Information) results indicated that sols with

composition 10 SiO2:3 TBPOH:0NaOH:100 H2O:40 EtOH

and 10: 4: 0: 100: 40 yielded samples of the same mor-

phology, as was previously reported by Zhang et al. [27].

Addition of twice as much base as the highest additional

amount in the NaOH sample series did not lead to the dense

morphology, so the effect is tentatively attributed to the

presence of Na and K cations.

4 Conclusions

The formation process of SPP zeolite exhibits dynamic

features similar to the silicalite-1 system, such as two

precursor nanoparticle populations of size 2 and 6 nm,

which evolve upon TEOS hydrolysis and low-temperature

heating, respectively. After 24 h of heating at the hy-

drothermal synthesis temperature of 115 �C, single-unit

cell thick plates of MFI nucleate in the sol. The sudden

emergence of larger crystalline nanoparticles with SPP

morphology occurs after 30 h of heating, followed by the

decline of precursor nanoparticles populations and increase

in SPP crystal density after 40 h. SAXS is able to capture

sizing information about these three nanoparticle popula-

tions and qualitatively assess their relative proportions si-

multaneously, while TEM can confirm the size and provide

morphology and crystallinity information unavailable from

SAXS at early stages of nucleation.

SPP materials comprised of orthogonally-intergrown

MFI nanosheets that are well-developed along a- and

c-axes and of single-unit cell thickness along b-axis

throughout large nanoparticles were previously difficult to

produce robustly. The addition of Na or K cations to the

synthesis sol in the range of Si/M = 50–100 leads to robust

crystallization of such well-defined SPP. Addition of ca-

tions at higher concentrations leads to widening of

nanosheets, suggesting that this is due to increased fraction

of MFI phase in the intergrowths. Removal of ethanol is

found to accelerate growth, but the SPP obtained is not as

well-defined as in the presence of ethanol.
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