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ABSTRACT

Rational design of hollow mesoporous silicas with distinctive morphology has attracted considerable
interest for their promising applications of different functions. Herein, we reported hollow meso-
porous silica ellipsoids with quasiperiodic cocoon-shape, and fully investigated the evolution of
external morphology and interior structure with solution concentrations. However, synthetic theo-
ries used so far hardly provide reasonable explanation. Therefore, a morphogenetic mechanism upon
interfacial destabilization dynamics is proposed based on the experimental results, in which unstable
interfaces of emulsions influenced by harmonic perturbations are employed as secondary templates
for the nonequilibrium deposition/diffusion of rod-like micelles, explaining well the controllability of
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IMPACT STATEMENT

Taro-like hollow mesoporous silicas were produced via a secondary-templating strategy. A nonequi-
librium growth based on interfacial destabilization dynamics is proposed for further design of
mesoporous silicas with other distinctive patterns.

Introduction . .
are various factors regulating morphology and struc-

Structure direction and morphology control are
extremely important in terms of material functionality
and utility [1-6]. Recently, the rational design of hollow
mesoporous silicas (HMSs) has attracted considerable
interest due to their structural versatilities for applica-
tions in catalysis, adsorption and separation, electro-
chemical energy storage, drug delivery and controlled
release [7-12]. To date, enormous efforts have been ded-
icated to obtaining HMSs, such as templating, spray-
drying and template-free strategies [13-16].

Developing nanoparticles with anisotropic or hier-
archically porous morphologies/structures is of great
importance for multifunctional applications, but precise
engineering of the external morphology and internal
structure is still a significant challenge. Notably, there

ture of HMSs, which are mainly divided into two lines:
formulation (e.g. altering the solvents/co-solvents, the
ratio of surfactant template to silica source, reaction
concentrations or adding the auxiliary agents) and pro-
cessing parameters (e.g. pH values, temperature, stirring
speed, reaction time, hydrothermal treatment or ageing)
[17-22]. For example, Fanizza, E. et al. demonstrated
different key factors for homogenous and two-phase
system in size tuning, suggesting that distinct mecha-
nisms applied in the formation of MSNs were related to
the reaction media [18]. Therefore, a variety of HMSs,
such as core-shell, multi-shell, multi-hollow, multi-
compartment, hollow-dendritic, flower-shaped, paper-
ball, hollow spheres with ordered/disordered pores,
Janus-type nanoparticles, one-dimensional hollow tubes
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and cubes, have been reported [23-31]. For instance,
Chen, A. Z. et al. impregnated copper/iron in the sil-
ica walls to alter mesoporous architectures in sphero-
ellipsoid shape due to the significant charge forces [32].
Wang, X. E et al. reported a novel swelling-double pen-
etration mechanism, in which the number and location
of hollow cavities were adjusted by varying the solution
polarity of primary emulsion [33]. He, J. et al. used TEOS
to control polymer assemblies in solution, allowing con-
tinuous morphological transition from spherical micelles
to vesicles and eventually to large compound vesicles
[34]. Interestingly, Ulrich Wiesner et al. proposed an epi-
taxial growth mechanism to produce MSNs containing
both cubic and hexagonally structured compartments
within one particle [35]. Generally, driving forces in the
traditional co-condensation process is the creation of an
organized texture and the formation of an inorganic net-
work during steady-state growth and the key is to tune
the interaction between the solvent, template, auxiliary
agents and precursors at the inorganic-organic hybrid
surface. In this work, cocoon-shaped hollow mesoporous
silica ellipsoids (C-HMSs) were reported, exhibiting high
structural stability and effective diffusivity. However, the
synthetic theories used thus far hardly elucidate the
growth of the peculiar wave-pattern surface texture.
Impressively, inspired by nonequilibrium crystal
growth with complex patterns and diffusion-limited
morphological stability discussed by Ben-Jacob and W.W.
Mullins for explanation of unusual natural architectures
(Supplemental Materials for detail) [36-44], we put for-
ward a secondary-templating mechanism based on the
nonequilibrium deposition/diffusion of self-assembled
silicate-surfactant rod-like micelles around the emulsion
surface to understand the physical-chemical process in
the formation of C-HMSs. In contrast to the conven-
tional primary-templating method, this mechanism built
upon interfacial destabilization dynamics allows a new
understanding of the rational design of special hollow
mesostructures with promising applications in catalysis,
drug delivery, absorption, energy storage and controlled
release, because it not only provides novel material struc-
tures, new insights into the role of emulsion droplets
in morphology evolution but also extends the design of
other hollow mesoporous silicas with unique patterns.

Materials and methods

C-HMSs were synthesized via a surfactant-directing self-
assembly process [45,46]. In this study, cetyltrimethylam-
monium bromide (CTAB) was used as a cationic surfac-
tant, and tetraethyl orthosilicate (TEOS) served as the sil-
ica source, while 1,3,5-trimethylbenzene (TMB) was used
as an auxiliary chemical, and ammonia (NH4OH) served

Table 1. Starting material compositions and properties of the
products.

Sample NH;OH/mL  H,O/mL Morphology and structure

7 307.5 405 Spheres (hexagonal order)

6 205 270 Rods (hexagonal order)

5 153.75 202.5 Cocoon-shaped hollow mesoporous silica
4 102.5 135 Cocoon-shaped hollow mesoporous silica
3 68.3 90 Cocoon-shaped hollow mesoporous silica
2 51.25 67.5 Cocoon-shaped hollow mesoporous silica
1 25.625 33.75 Needle-like pores and taro-like stripes

The molar ratio of CTAB, TEOS and TMB is kept constant at 1:8:8 (2 g CTAB,
10 mL TEOS and 6 mL TMB), whereas the volume amounts of NH4OH and
H,0 are altered to observe the variation in the overall morphologies of silica
samples prepared under different solution concentrations.

as an alkaline catalyst [47]. Reactions were performed
at 353K, and the synthesis conditions are presented in
Table 1. The morphology and structure of the products
changed with varying reaction compositions. As a typical
run (Sample 6), the synthetic procedures were as follows:
(1) 205 mL of NH4OH (25 wt.% solution) was mixed with
270 mL of distilled water; (2) 2.0 g of CTAB was dissolved
into the solution with stirring and heating until the solu-
tion became homogeneous; (3) then 6 mL of TMB was
added to the solution under stirring for approximately
10-15min at 353 K; (4) 10 mL of TEOS was slowly added,
forming a white slurry, and the above mixture was stirred
for another 2 h; (5) afterward, the mixture was filtered,
washed with distilled water at least three times, dried in
an electric oven at 333 K and then calcined in a muffle
furnace at 823 K for 5 h.

Results

Figure 1 clearly reveals the characteristic morpholo-
gies/microstructures of the resulting materials. Here, the
molar ratio of CTAB, TEOS and TMB is kept constant
at 1:8:8, whereas the volume amounts of NH4OH and
H,O are altered to observe the variation in the overall
morphologies of silica samples prepared under differ-
ent solution concentrations. MCM-41-type mesoporous
silica rods maintaining highly ordered hexagonal arrays
of pores were produced (Sample 6), revealing four dis-
tinct peaks corresponding to the diffraction of (100),
(110), (200), (210); the rods were 0.2-1 pm in length and
0.1-0.2 um in width as shown in Figure 1(B, b). Com-
paratively, MCM-41-type mesoporous silica spheres with
hexagonal mesoscopic order were observed (Sample 7) as
the volume proportion of NH4OH and H,O increased to
1.5 times of the original. The diameters of these spheres
were approximately 200nm as shown in Figure 1(A,
a). The morphology evolution from hexagons to rods
and spheres can be interpreted by the joint behavior of
silicate-surfactant micelles and pore-expanding agents in
the alkaline solution. First, ion exchange occurs between
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Figure 1. (A-G) SEM images and (a-g) TEM images of Sample 7 to Sample 1. (H) Comparison of FT-IR Spectrum between Sample 1, 4 and
6. (h) Effect of solution concentration to average particle size of the resulting samples.

Br~ on the rod-like surfactant micelles and OH™ on
the hydrolysed silica source to form silicate-surfactant
micelles (CTAD4R, double-four-ring, SigOgo_ ). Second,
TMB preferentially dissolves into the hydrophobic region
of the silicate-surfactant micelles (CTAD4R@TMB) to
increase the volume ratio of the micelles. Afterward, the
self-deposition of free rod-like micelles (the dominant
factor in the single-phase region) occurs, giving rise to
highly ordered MCM-41-type mesoporous silicas with
hexagonal pore arrangements after the removal of the
surfactant as shown in Figure 2(b).

Impressively, as the volume proportion of NHsOH
and H,O was reduced to 3/4, 1/2, 1/3, 1/4 of the orig-
inal, an intriguing phenomenon appears. As indicated
in Figure 1(C-F, c-f), the C-HMSs were obtained with
approximately 200 nm in the long axis and 100 nm in the
short axis and quasiperiodic variations in surface texture
were clearly observed in the electron microscope images.
However, as the volume proportion of NH4OH and H,O
was reduced to 1/8 of the original, needle-like pores with

a few taro-like stripe phases were observed in Figure 1(G,
g). As shown in Figure 3, the pore structure and particle
size distribution have changed greatly, whereas the chem-
ical composition remains -Si-O-Si- framework shown in
FT-IR comparison (Figure 1(H)). Figure 2(c) demon-
strates the formation mechanism of C-HMSs. First, with
the simultaneous increase in the concentration of TMB,
CTAB and TEOS molecules, the biphasic region dom-
inates from the perspective of solution thermodynam-
ics [18,48], where independent oil droplets composed of
TMB molecules are randomly dispersed in the solution.
More importantly, the deposition of CTAD4R@TMB
micelles on the hydrophobic surface of oil droplets with
the hydrophobic end inward is more likely to occur in
the concentrated solution than self-deposition because of
the potential barrier. Therefore, 1,3,5-trimethylbenzene
plays the following two crucial roles in the solution:
(1) as pore-expanding agents inside CTAD4R micelles
forming CTAD4R@TMB micelles and (2) as secondary
templates in the binary phase allowing CTAD4R@TMB
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Figure 2. (a) Self-assembly and related behavior of CTAB, TEOS, and TMB in solution. The formation mechanism of mesoporous silicas

in (b) dilute solution and (c) concentrated solution.
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Figure 3. (a, e) XRD patterns, (b, f) N, adsorption-desorption isotherms, (c, g) the corresponding BJH-adsorption pore size distribution
curves and (d, h) particle size distribution curves of the resulting materials: (a-d) MCM-41-type mesoporous silicas in dilute solution and
(e-h) cocoon-shaped hollow mesoporous silicas in concentrated solution.

micelles to deposit. As a result, driven by electrostatic
interactions and external perturbations, the nonequilib-
rium deposition/diffusion of CTAD4R@TMB micelles
on the surface of TMB emulsions (the dominant factor
in the binary phase region) occurs to assemble C-HMSs

with disordered mesopores. The specific mechanism is
further elucidated by interfacial destabilization dynamic
and discussed in detail in the next section.

The nanostructure of cocoon-shaped hollow silica
ellipsoids with disordered mesopores obtained in the



concentrated surfactant solution endows the materials
with excellent adsorption and penetration properties. As
a result, these nanoparticles can be utilized as ‘nanore-
actors’, providing independent reaction zones for guest
molecules to achieve high-efficiency, controllable reac-
tions and fast diffusion, and have potential applications as
catalysts, sorbents, and controlled drug-delivery/release
agents.

Discussion

Compared with Mullins’ theory of diffusion-controlled
particle growth (Supplemental Materials for detail),
the deposition/diffusion behavior of CTAD4R@TMB
micelles at the secondary phase interface bear forms sim-
ilar to it, whereupon a similar procedure can be followed
as indicated in Equation (S2-S4). The principal approxi-
mations used are as follows: (1) independent oil droplets
composed of TMB molecules are randomly dispersed in
the solution with a radius of R and are susceptible to
deformation under perturbation; (2) the concentration
of micelles satisfies Laplace’s equation (Equation (1)); (3)
the diffusion velocity v is described by Fick’s 1st law of
diffusion determined by the diffusion coefficient D and
concentration gradient V¢ (Equation (2)); (4) we assume
the uniform concentration of micelles far from the oil-
droplet surface to be Co, the position-dependent con-
centration of micelles at a general interface to be Cs and
the equilibrium value at a flat interface to be Cy (Equation
(3)), where K is surface curvature, I" is capillary constant.
Thus, the concentration of micelles on the interface (Cs)
during the perturbation varies according to the following
equations:

V=0 (1)
v= —DVc¢ (2)
Cs=Cy+ G I'K (3)

On the basis of this theoretical understanding, the
unique morphology patterns in concentrated solution
could be explained as follows. In the case of excessive
surfactant concentration (Sample 1), CTAD4R@TMB
micelles deposit/diffuse without orientation because of
the space constraints of the TMB emulsion surface, lead-
ing to the aperiodic needle-like morphology with a few
taro-like stripe phases shown in Figure 1(G, g). In the case
of a moderately supersaturated solution (Samples 2-5),
there is sufficient space on the surface of the TMB emul-
sion for the deposition and diffusion of CTAD4R@TMB
micelles, thus, orientational deposition/diffusion occurs,
leading to the quasi-periodic cocoon-shaped morphol-
ogy shown in Figure 1(C-F, c-f).

MATER. RES. LETT. 121

Considering a two-dimensional facet on the spherical
TMB-oil droplet initially, the micelles are deposited on
the surfaces of oil droplets through electrostatic and other
interactions (Figure 4(a)), and in the absence of per-
turbation, rod-like micelles are oriented and uniformly
distributed in the solution (Figure 4(b)). However, the
surface of the TMB-oil droplet is susceptible to deforma-
tion from external perturbations and gradually expands
from spheres to ellipsoids, inducing curvature change.
As a soft substrate, changes in the surface curvature will
correspondingly induce changes in the interface micelle
concentration as described in Equation (3). Thus, in the
two-dimensional case, we consider the linearized evo-
lution of the initial sphere of radius R perturbed by a
simple harmonic wave cos(mf) to describe this inter-
facial disturbance (Figure 4(c)). The interfacial shape
of the distorted sphere () follows Equation (4) accord-
ing to Ben-Jacob and Mullins-Sekerka instability theory
[39,40], where §,, is the distortion coefficient of simple
harmonic upon Fourier expansion related to the value of
m and m represents different modes of perturbations, as
follows:

r = R+ §,, cos(mB) (4)

The question of interfacial stability is determined based
on whether the perturbation grows or decays. Assum-
ing the micelle concentration near the interface satisfies
the dilute solution theory, so the variation in interfacial
micelle concentration with surface morphology still sat-
isfies Equation (3). Therefore, the rate of growth in the
perturbation amplitude over time 8, = d8,,/dt for the
two-dimensional case is given by Equation (5), as follows:

d8m CoD(m — 1)

coc—¢c T
%om _ - s
At (c— R [ % R )} m

D(m —1) col’

" (c—cp)R { R?

where cp is the micelle concentration on the undistorted
surface. It can be observed that 8, is related to the con-
centration gradient and capillary condition, in which
the positive former proportional to G = (coo — co)/R is
the concentration gradient that favors harmonic growth,
whereas the negative latter proportional to I" is the capil-
lary condition that favors harmonic decay. Overall, both
the gradient effect and capillary effect are present in the
system, and the perturbation amplitude depends on the
dominant factor. Only if d§,, /dt is positive, which means
the value in the brackets of Equation (5) is positive,
will the harmonic perturbation grow, that is, there will
be interfacial instability. Conversely, all higher harmon-
ics that do not satisfy Equation (6) will finally vanish.
The value of m satisfies the following relationship where

m(m + 1)} Sm (5)
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Figure 4. The nonequilibrium deposition/diffusion behavior of rod-like micelles on the emulsion surface, supposing a two-dimensional
facet on the spherical emulsion subject to simple harmonic perturbation 8, cos(mé).

R* = 2I'¢y/(cso — €o) is the critical nucleation radius
(constant, cg = cso):

Coo — €0
FCO

mim+1) < R (6)
Then, the critical value of stable growth (R.) under dif-
ferent modes of perturbations is given by Equation (7),
as follows:

1

Importantly, it has been proven from the Fourier trans-
form that the behavior of an arbitrary two-dimensional
infinitesimal perturbation can be obtained by super-
position of harmonic spectra since the distortions we
have considered are linear. Therefore, when perturba-
tions contain modes that satisfy the critical condition
(Equation (6)), the amplitude of the perturbation can

be increased. Specifically, when the radius of indepen-
dent oil droplets (R) is greater than the critical value
(R;) under certain modes of perturbation (m), the per-
turbation amplitude grows over time; that is, nonequi-
librium deposition and diffusion of the micelles on the
interface occurs and is accompanied by a change in the
interfacial shape and micelle concentration (Equation (4)
and Equation (3)) as shown in Figure 5(b-d). Thus, due
to the changes in the shape of the emulsion and the
micelle concentration fluctuations caused by simple har-
monic perturbation based on interfacial destabilization
dynamics, silicate-surfactant micelles vary from a single-
rooted state to an aggregation state of periodic function
on the interface, leading to the ultimate cocoon-shaped
morphology.

Moreover, the conclusion can be extended to the
whole emulsion surface, that is, the two-dimensional
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imental results. Representative theoretical simulations of the morphology on the zOx plane with (a) a steady-state diffusion of m = 0,
simple harmonic perturbation of (b) m = 8, (c)m = 12,and (d) m = 16.

facet can be rotated around the center of the ellipsoids
to gain a three-dimensional spherical or ellipsoid mor-
phology. The theoretical simulation results built upon
Equation (1-7) under different modes of perturbation are
consistent with the experimental results, in which values
of m ultimately correspond to the number of stripes of the
unique cocoon-shaped morphology shown in Figure 5. It
should be noted that only in the case of a high but suitable
surfactant concentration does the two-dimensional iso-
tactic nonequilibrium deposition/diffusion occur, lead-
ing to the quasi-periodic structure during perturbations.

Therefore, there are three types of micelle behav-
ior in the solution. Excessive concentrations of CTAB,
TMB and TEOS lead to an oil phase, in which micelles
are deposited on the emulsion surface without orien-
tation, forming a disordered needle-like morphology
at large. A moderately supersaturated solution leads to
a binary phase, in which the deposition/diffusion of
micelles on the surface of oil droplets is orientational,
nonequilibrant and controlled by interfacial destabiliza-
tion dynamics forming the cocoon-shaped morphology.
Instead, a dilute solution leads to a single aqueous phase,
in which the self-deposition of micelles occurs, forming
highly ordered hexagonal mesopores.

Conclusion

In conclusion, we have successfully developed a flexi-
ble secondary-templating strategy to synthesize cocoon-
shaped hollow mesoporous silica ellipsoids by employing

TMB as the pore-expanding agent as well as the sec-
ondary template in an ammonia solution. Remarkably,
this methodology allows the external morphology and
interior structure to be regulated from spheres and rods
with hexagonal ordered pores to hollow ellipsoids with
cocoon-shaped surfaces by varying the concentrations
of TEOS, CTAB and TMB. Moreover, this quasiperi-
odic wave-pattern surface endows the materials with the
advantages of high structural stability and high effective
diffusivity in one single unit because of the quasiperiodic
variation in the shell thickness, exhibiting great applica-
tion value in many fields, such as catalysis, adsorption,
drug delivery and energy storage.

More importantly, unlike the traditional equilibrium-
dependent particle growth governed by Gibbs-
Thompson Theorem [49], the nonequilibrium interfacial
destabilization dynamic mechanism has been reported
for the first time based on the deposition/diffusion behav-
ior of rod-like micelles on the surface of droplets influ-
enced by perturbations to elucidate this quasiperiodic
cocoon-shaped (wave-pattern) morphology. Excessive
TMB droplets serving as secondary soft templates in
solution are susceptible to perturbation and deforma-
tion, resulting in changes in the interfacial morphology,
as well as the micelle concentration at the interface. The
theoretical simulation results well explain the morpho-
logical adjustment, which is in good agreement with
the experimental results. This strategy can be used as
a potential exploration for rationally designing hollow
structures with diverse morphologies in the future, giving
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an important reference significance for future research
on materials morphology and structure control. It also
allows new insight into the role of emulsion droplets
during morphology evolution.
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