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A B S T R A C T   

An environmentally friendly and inexpensive silica source, sodium silicate solution, was applied to synthesize a free-standing mesoporous silica film at the air/liquid 
interface, exploiting the co-assembly of cetyltrimethylammonium bromide and polyethylenimine. The effect of the composition of the solution used for the film 
formation on the mesostructure of the as-synthesized silica films, characterized by small angle X-ray scattering (SAXS), was investigated. The initial film formation 
time is estimated by the change in surface pressure with time. Additionally, a possible formation process of the mesostructured silica film is proposed using data from 
in situ grazing incidence small angle X-ray scattering (GISAXS) and X-ray reflectivity (XRR) measurements. A free-standing film with a wormlike structure was formed 
at the interface and reorganized into a 2D hexagonal ordered structure while drying at room temperature, after removal from the air/solution interface. The ordered 
2D hexagonal structure, however, could only be retained to some extent during calcination, in samples where nitrate ions are present in the film formation solution.   

1. Introduction 

Ordered mesostructured silica materials have been extensively 
studied due to their applications in separation, and catalysis [1–6]. The 
synthesis [7,8], formation mechanism [9,10], and characterization [11] 
of ordered silica materials with various morphologies (powders, 
monoliths, fibres etc.) [12–14] have been well established. However, 
demand for chemical sensors and separation have stimulated the 
exploration of ordered mesoporous silica materials in thin-film geome-
try [15–18]. 

Soft templating methods, using organic species as the structure- 
directing agents, are widely used to prepare mesoporous silica films. 
The open framework, tunable porosities and surface areas [19–22] 
endow the prepared silica film with accessibility to reagents and metal 
ions, which is of vital importance in the fields of chemical sensors and 
separation. Electrochemically assisted self-assembly (EASA) [23,24] and 
evaporation-induced self-assembly (EISA) [25,26], are the most widely 
used methods to synthesize mesoporous silica films. The EASA methods 
require conducting supports to guarantee a cathodic potential [23]. The 
EISA methods, e.g. spin coating and dip coating, also need substrates for 
coating and are highly humidity-dependent [26–28]. Alternatively, the 
free-standing film formation method produces thin films at the air/-
solution interface. The film formation process can be probed in situ by 

several techniques, e.g. surface pressure, grazing incidence small angle 
scattering, and X-ray/neutron reflectivity. These techniques give valu-
able insight into the structural evaluation of the film at the interface but 
are not applicable to bulk materials. Tremendous research effort has 
been put into the synthesis and application of continuous free-standing 
mesostructured silica films grown at the air/solution interface since 
Yang et al. first reported the synthesis of mesoporous silica films using 
cetyltrimethylammonium chloride as the structure-directing agent 
under acidic conditions [29,30]. 

Films templated by surfactant-polyelectrolyte complexes are much 
more flexible and resistant to cracking than those containing only sur-
factants and silica, allowing easier subsequent manipulation and calci-
nation. This method also allows tuning the pore size of the silica films 
[31]. Polyethylenimine (PEI), a positively charged polyelectrolyte, was 
reported to form free-standing films when mixed with cetyl-
trimethylammonium bromide (CTAB) in water [32]. The aggregation of 
the CTAB-PEI complexes was reported to be favoured by electrostatic 
interactions, hydrophobic interactions, and charge-dipole interactions 
[33–35]. The formation of CTAB-PEI films is based on the aggregation of 
the CTAB-PEI complex at the air-solution interface driven by the evap-
oration of solvent [36], and it can be used to synthesize free-standing 
silica films in presence of tetramethoxysilane (TMOS) [37]. A modi-
fied method, involving anionic sodium dodecyl sulfate (SDS) in the 
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CTAB-PEI system to prepare CTAB-SDS-PEI templated free-standing 
mesoporous silica film under alkaline conditions, was also investigated 
[31,38]. TMOS, an alkoxysilane precursor, used in this earlier work, 
although convenient as a model system, is not suitable for scale-up due 
to its toxicity and expense [39]. Besides, methanol generated during the 
hydrolysis process disrupts the micelle organization, affecting the con-
trol of the mesostructure, the thickness and the strength of the prepared 
films. Using more TMOS to provide further silica to strengthen the 
network could not solve this problem since the amount of methanol 
generated dissolved the micelles. Sodium silicate solution (Na-silicate), 
which produces no organic species during polymerization, is a potential 
candidate to avoid these drawbacks. However, for acidic systems [40, 
41], where Na-silicate precipitates, only alkoxysilane precursors could 
be used. This CTAB-PEI templating approach is unique in allowing the 
silica film to grow from alkaline solutions, permitting the use of 
Na-silicate. The use of Na-silicate also has the potential to achieve 
thicker films and overall stronger membranes. Therefore, we have 
investigated the synthesis of films using an aqueous Na-silicate as the 
silica source. The effect of the composition of the film formation solution 
on the mesostructure of the silica films was investigated to determine the 
important factors responsible for production of ordered mesostructures 
and robust films. Moreover, a possible mesostructure formation route is 
drawn according to the in situ X-ray reflectivity and GISAXS data. 

2. Experimental section 

2.1. Materials and methods 

Branched polyethylenimine (Mw = 750 000, denoted as LPEI, 50 w/ 
v% in H2O, analytical grade), sodium silicate solution (Na-silicate, 
(NaOH)x(Na2SiO3)y⋅zH2O; 13.4–14.4 wt % NaOH; 12.0–13.0 wt % Si; 
density = 1.39 g/mL at 25 ◦C), sodium hydroxide (NaOH, purity >98%) 
sodium nitrate (ACS reagent, purity >99.0%), and sodium dodecyl 
sulfate (SDS, purity >98.5%) were purchased from Sigma-Aldrich. 
Cetyltrimethylammonium bromide (CTAB, purity >99.0%) was pur-
chased from ACROS Organic. All the chemicals were used as received 
without further purification. Milli-Q water (18.2 MΩ cm− 1 resistance, 
from an ELGA PURELAB flex water purification system) was used as the 
solvent. 

2.2. Synthesis 

The film synthesis procedure is a modified version of that reported 
earlier [31,37]. In a standard preparation, solutions of surfactants (a 
singular surfactant system CTAB or a binary surfactant system 
CTAB-SDS), LPEI and NaOH were mixed using a magnetic stirrer to 
obtain a 30 ml solution (pH ~ 12.8). The molar concentrations in the 
solution were [CTAB] = 37.0 mM, [LPEI] = 0.3 mM and [NaOH] =
100.0 mM, respectively. In the case of the binary surfactant system, the 
concentration of CTAB remained at 37.0 mM, while [SDS] = 3.0 mM. 
Subsequently, Na-silicate solution, with a final Na-silicate concentration 
varying from 10.7 to 86.3 mM, was added dropwise and the mixture was 
stirred until homogeneous. 

The mixture was transferred into a petri dish with a piece of plastic 
mesh floating on the solution surface (Fig. S1) and was left to reach a 
quiescent state. The growth of the mesostructured silica film was typi-
cally allowed to proceed for 24 h at room temperature (ca. 21 ◦C). The 
film was captured by drawing the mesh out from the interface and the 
mesh was then hung on a hook to dry at room temperature. Small pieces 
of film were obtained after calcination at 600 ◦C for 6 h with and without 
a pretreatment strategy before calcination. The pretreatment involves 
the removal of NaOH and excess structure-directing agents through 
washing with 10 mL Milli-Q water, drying for 6 h at 45 ◦C and a pre- 
calcination step at 100 ◦C for 12 h. 

2.3. Characterization 

The mesostructure of the as-prepared and calcined silica films was 
characterized by small angle X-ray scattering (SAXS), using an Anton 
Paar SAXSess instrument with a Panalytical PW3830 X-ray generator at 
40 kV and 50 mA, which gives a Q range between 0.08 Å− 1 and 2.7 Å− 1. 
Scattered X-rays (Cu Kα) were detected by a reusable Europium excita-
tion based image plate (size: 66 × 200 mm) with a 42.3 μm2 pixel size. 
The image plate was subsequently read by a Perkin Elmer Cyclone 
reader using OptiQuant software. SAXS profiles were generated from the 
2D image using the Anton Paar SAXSquant program. 

The changes of surface pressure with time were recorded by using a 
glass fibre (diameter: 0.777 mm) hung from a microbalance sensor (type 
PS4, Nima Technology), connected to the Nima software. Measurement 
of the fibre in air was used to zero the sensor. The measurement started 
at the point when the film formation solution was poured into the 
Langmuir trough with sufficient height to touch the fibre. 

X-ray reflectivity (XRR) and grazing incident small angle X-ray 
scattering (GISAXS) measurements were made using the DCD system 
[42] at the I07 beamline [43] at the Diamond Light Source (Didcot, 
Oxfordshire, UK). The X-ray energy was 12.5 keV. Teflon troughs con-
taining film formation solutions were placed on a sample holder and 
sealed using a plastic box with a Kapton window to allow the beam to go 
through. Helium gas flowed through the box to reduce the scattering 
from air. The measurements were conducted at room temperature (ca. 
21 ◦C). Data were collected using a Pilatus 100 K detector using regions 
of interest for reflected intensity and background. Data were reduced 
using the DAWN software package [44], including a geometric footprint 
correction for over-illumination. The data are displayed as scattering 
intensity against the momentum transfer, Q. The XRR measurements are 
sensitive to the differences in electron density normal to the surface of 
the growing film, while GISAXS provides structural information about 
the lateral surfaces [45]. 

Thermogravimetric analysis (TGA) of the prepared silica films was 
performed on a SETSYS Evolution TGA 16/18 thermogravimetric ana-
lyser (Setaram) from room temperature up to 650 ◦C, at a heating rate of 
1 ◦C/min with airflow. The TGA data are displayed as the loss of weight 
as a percentage against temperature in ◦C. 

Nitrogen sorption was measured at 77 K using a BELSORP instrument 
(BELSORP-mini Inc. Japan). The samples were degassed under vacuum 
at 523 K for 1000 min before measurements. The surface areas of the 
materials were calculated using the Brunauer-Emmett-Teller (BET) 
method. 

Solutions of 37.0 mM CTAB aqueous solution in the presence of 
different NaNO3 concentrations were measured at room temperature 
using dynamic light scattering (DLS) in a Malvern Zetasizer Nano ZSP 
instrument (Malvern, UK). All samples were filtered through a 0.45 μm 
filter (Millex-HA) to remove any dust before the measurements. Samples 
were measured at a scattering angle of 173◦ and a wavelength of 632.8 
nm for 120 s, repeated 5 times. The size distribution, weighted in vol-
ume, was extracted using the CONTIN method. 

3. Results and discussion 

CTAB-LPEI-Silica films were successfully synthesized at the interface 
and could be removed intact on an open mesh. However, mixed sur-
factant CTAB/SDS-LPEI mixtures [31,37] were not effective to produce 
structured films in this case, since the produced film has a poorly or-
dered structure, indicated by the SAXS pattern in Fig. S2. This can be 
understood by considering the polymerization and condensation pro-
cesses of the sodium silicate solution (Na-silicate). Na-silicates have 
been reported to polymerize via anionic oligomers under alkaline con-
ditions [46,47], which will be electrostatically repelled by the anionic 
SDS molecules in the binary SDS-CTAB system. Additionally, SDS mol-
ecules in the system also reduce the charge on the cationic micelles 
formed by CTAB, consequently weaken the dipole-cationic interactions 
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between LPEI and surfactants [37], and compete with the anionic silica 
species to interact directly with the nitrogen groups in the LPEI. Thus, 
we focus only on the CTAB-LPEI-silica system in this work. The con-
centrations of the different film components were varied in turn to 
ascertain the most important factors to achieve thick mesostructured 
films which could be removed from the solution interface intact for 
further processing. 

3.1. Effect of the concentration of silica source on CTAB-LPEI-silica films 

The effect of the concentration of Na-silicate, expressed as molar 
concentration of SiO2 in the film growth solution, on the structures 
formed at the solution interface with CTAB-PEI was studied at a constant 
CTAB-PEI concentration of 37.0 mM and 0.3 mM, respectively. As 
illustrated in Fig. 1, SAXS patterns of the ambient dried CTAB-PEI-silica 
films present four diffraction peaks when the SiO2 concentration in the 
film growth solutions was 43.0, 65.0 and 86.3 mM. A sharp peak appears 
at around 0.16 Å− 1 along with a broad peak with low intensity at around 
0.28 Å− 1. These positions are in the ratio of 1:1.73, correlated to the 
(100) and (110) diffraction peaks of the 2D hexagonal structure of close 
packed cylindrical micelles. The peaks located at around 0.24 and 0.48 
Å− 1 are indexed to crystalline CTAB in the dry films [37]. At the lowest 
SiO2 concentration (10.7 mM), the (100) diffraction peak is very broad 
and the (110) peak is absent. The TGA analysis (Fig. S3) suggests that the 
silica content in this film is around 16.4 wt% which is much lower than 
for the film prepared from 43.0 mM SiO2 (30.2 wt%). We hypothesize 
that the low ordering may be due to the limited amount of silica avail-
able to form the silica scaffold around the CTAB-LPEI template which 
therefore restricts the packing of the adjacent micelles into a 
well-ordered structure. The highest silica concentration also results in a 
less ordered film using this method, possibly due to excess silica between 
the micelles hindering the ordering [48]. 

The (100) peak positions are slightly different as the silica concen-
tration changes. Recalling that the relationship between the position of 

the peak and the d spacing (d) is: 

d =
2π
Q

Equation 1  

where Q is the position of the first peak, the calculated d spacings range 
between 39.3 and 41.6 Å, as listed in Table 1. More SiO2 is expected to 
increase the wall thickness of the silica films, resulting in larger d spac-
ings. However, sodium ions and hydroxide introduced along with SiO2 
also influence the formation of micelles and the interaction between 
templates and silica species. Therefore, the d spacing does not increase 
monotonically with the concentration of the SiO2. 

Our visual observation showed that the film formation time strongly 
depended on the concentration of the SiO2. Therefore, we quantified the 
film formation time by monitoring surface pressure at the air/liquid 
interfaces in real-time. Measurements of the surface pressure started ca. 
6 min after the solutions were mixed, and are plotted versus time as 
shown in Fig. 2A. In the first 5 min of measurement, the surface pressure 
shows a weak variation. Specifically, for the two lowest concentrations 
(21.7 and 32.3 mM), the surface pressure slightly increases above 0 mN/ 
m; while it decreases to reach − 0.5 mN/m for the other concentrations 
(between 43.0 and 86.3 mM). After this change at an early stage, the 
surface pressure remains constant until the film growth induced an 
apparent decrease of the surface pressure. However, when no silica is 
present, the growth of the CTAB-LPEI film induces an initial drop in 
surface pressure due to rapid film formation (within seconds) and 
attachment to the fibre, followed by a gradual increase in surface 
pressure with time to a plateau as the film grows in thickness thereafter 
[35]. This behaviour is also very different from that observed when 
TMOS is used as the silica source for preparing free-standing silica-CTAB 
films in acidic solutions. For TMOS containing systems, at early times, 
the surface pressure experiences a fall-off due to the lower surface ten-
sion of methanol saturating at the interface as the hydrolysis proceeds 
and the lower surface tension is also associated with a decrease in the 
height of the meniscus, caused by the evaporation of the methanol from 
the solution [41]. These suggest the initial surface pressure change 
observed in the current system has a close relation to the polymerization 
process of the silica precursor. 

For the lowest concentration of SiO2 (21.7 mM), the surface pressure 
gradually decreases from 29 min onwards; while for the other concen-
trations the decrease is found at later times and is more abrupt. We relate 
this apparent drop in surface pressure with the attachment of solid films 
on the fibre. Hence, the time associated with this decrease in surface 
pressure is defined as the time when the film solidified and is heavy 
enough to be detected, namely the initial film formation time (plotted in 
Fig. 2B). Rapid film formation happens when the SiO2 concentration was 
relatively low. The initial film formation time increases with concen-
tration until a maximum at ca. 50–60 mM, before decreasing for higher 
concentrations. 

The polymerization process of the SiO2 species in the alkaline solu-
tions is here the key factor driving the film formation. In mildly alkaline 
aqueous solutions, silica species appear predominantly as Si(OH)4

0 

neutral species [46,47]. In our condition, where Na-silicate is added into 
highly alkaline solutions (pH > 10) [47], the oligomerization of the 
monomers (Eq. (1)) followed by deprotonation (Eq. (2)) and 

Fig. 1. SAXS patterns of as-prepared dry silica films synthesized from CTAB 
(37.0 mM)/LPEI (0.3 mM)/NaOH (100.0 mM) systems with varied SiO2 con-
centrations. Normalized molar ratios of SiO2: CTAB: LPEI are 1:0.21:0.002, 
1:0.43:0.003, 1:0.57:0.005, 1:0.86:0.007 and 1:3.46:0.028 from top to bottom 
respectively. 

Table 1 
The (100) peak positions and corresponding d spacings of as-prepared dry silica 
films synthesized from CTAB (37.0 mM)/LPEI (0.3 mM)/NaOH (100.0 mM) 
systems with different SiO2 concentrations.  

Conc. of SiO2/mM (100) peak position/Å− 1 d spacing/Å 

10.7 Too broad – 
43.0 0.155 ± 0.001 40.5 ±. 0.3 
65.0 0.160 ± 0.001 39.3 ±. 0.2 
86.3 0.162 ± 0.001 38.8 ± 0.2 
173.0 0.151 ± 0.001 41.6 ± 0.3  
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polycondensation reactions govern the aqueous equilibria [46,47, 
49–51]. 

kSi(OH)
0
4⇌

[
SikOl(OH)4k− 2l

]0
+ lH2O, 2≤ k ≤ 8 (1)  

where l denotes the number of the bridging oxygens (-Si-O-Si-).  

where m is the number of singly-negatively charged oxygen anions. After 
that, the produced silica species (Eq. (2)) polymerize with a repetition of 
n, which also bear negative charges, attracting sodium ions and CTA+ in 

the solution. At low SiO2 concentrations, the silica species deprotonate 
and polymerize fast (Eq. (2)) and condense around the positively 
charged CTAB-LPEI templates thanks to electrostatic interactions, and 
these migrate to the interface to form silica films. When the Na-silicate 
content increases but with the same NaOH concentration in the solution, 
the completion of the deprotonation and polycondensation of silica 

species require a longer time, slowing down film formation. Nonethe-
less, for the higher concentrations of SiO2, the initial film formation time 
decreases again. This may be due to the higher silica oligomer to sur-
factant template ratio, which allows greater contact between silica 

Fig. 2. (A) The changes in surface pressure with time. (B) Initial film formation time estimated from the surface pressure change. The concentration of SiO2 was 
varied with CTAB, LPEI and NaOH concentration kept constant at 37.0, 0.3 and 100.0 mM, respectively, giving normalized molar ratios of SiO2: CTAB: LPEI at 
1:0.43:0.003, 1:0.48:0.004, 1:0.57:0.005, 1:0.69:0.006, 1:0.86:0.007, 1:1.15:0.009 and 1:1.71:0.14. 

Fig. 3. In situ XRR curves taken while the films were forming at the surface with (A) 21.7 (SiO2:CTAB:LPEI = 1:1.71:0.014) or (B) 75.7 mM (SiO2:CTAB:LPEI =
1:0.48:0.004) SiO2 concentrations. Patterns are offset vertically for clarity. 

[
SikOl(OH)4k− 2l

]0
+mOH− +mNa+⇌

[
SinkOn(l+m)(OH)4k− 2l− m

]m− ⋅ mNa+ + mH2O (2)   
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species and the template, and less electrostatic repulsion between more 
completely silica-coated cylindrical micelles to shield the charge on the 
micelles while packing [41,52]. These effects reduce the energy required 
for packing of the adjacent cylindrical micelles into a 2D hexagonal 
structure [53]. These changes consequently, are reflected as a drop in 
the initial film formation time. 

The evolution of the surface structure was followed by XRR at 
different time intervals (times are labelled in figures) to try to determine 
whether the film formation event measured by surface tension was 
related to the mesostructure in the film. The intensity of the reflected X- 
ray beam is due to the large contrast of electron densities between the 
CTAB-LPEI template and the silica matrix. At early stages, the XRR 
patterns are similar for solutions with different SiO2 concentrations; a 
broad peak at around 0.125 Å− 1 and two sharp peaks at 0.195 and 0.390 
Å− 1, respectively. The two sharp peaks are assigned to excess CTAB 
surfactant crystals in a hydrated state [54,55]. The broad peak is related 
to a wormlike structure formed at the interface [56,57], which has 
already formed at an early stage of the reaction when no visible film is 
present at the interface. 

However the XRR pattern did not vary significantly with time over 
the period measured (see Fig. 3 and Fig. S4), even after the initial film 
formation time found in the surface pressure measurements. The peak 
appearing at Q = 0.125 Å− 1 in XRR the patterns corresponds to the (100) 
diffraction peak at higher Q (0.160 Å− 1) observed in the SAXS pattern of 
the dry film, indicating a shrinkage of structure with the d spacing 
changing from 50.24 Å to 39.25 Å due to the solvent evaporation and 
silica condensation upon drying. However, the (110) peak that appears 
in the SAXS patterns of the dry silica films is not found in the XRR 
patterns. Three scenarios can explain this absence: the 2D hexagonal 
phase is aligned with the long axis of the micelles parallel to the solution 
interface, so that the (110) peak does not intersect with the detector in 
the reflection geometry [58]; if the 2D hexagonal phase in the film is not 
aligned but is composed of multiple crystallites with random orientation 
then the (110) Bragg peak (which is assumed to be found at Q110 =

0.220 Å− 1) could be hidden by the sharp peak associated with the 
crystalline surfactant at 0.195 Å− 1; or the film experiences a reorgani-
zation from a wormlike structure into a 2D-hexagonal one during dry-
ing. In previous work on surfactant templated silica films grown at the 
air-solution interface, the high degree of orientation of the 
well-ordered 2D hexagonal phase near the interface means that the 
(110) is not typically seen in the XRR data [58], however, it can be 
identified in the in-plane scattering measured via GISAXS [59,60]. 

The film growth and ordering of these CTAB-LPEI-silica films were 
therefore observed via the GISAXS patterns to determine whether the 
film organization is truly 2D hexagonal or more disordered. As displayed 
in Fig. 4, the GISAXS pattern (collected at 70 min after the reaction 
started, for a solution with a SiO2 concentration at 65.0 mM), as a 
representative example, contains three diffraction features. First, two 

broad but preferentially oriented peaks at around Qz = 0.190 and 0.380 
Å− 1 are correlated to the sharp reflection peaks at 0.195 and 0.390 Å− 1 

in the XRR data and hence associated with the crystallisation of the 
surfactant. The GISAXS data also contains an isotropic ring crossing Qxy 
and Qz at around 0.125 Å− 1, but no peak at the expected position of the 
(110), indicating the formation of wormlike mesostructures with no 
preferential orientation at the interface [61]. The GISAXS patterns of 
films grown from solutions at other Na-silicate concentrations are shown 
in Fig. S5 where surfactant crystallisation and wormlike film structures 
are also observed. We therefore conclude that the 2D hexagonal 
ordering of the dry films must occur as a result of continuing silica 
condensation and water loss after removal from the air-solution 
interface. 

3.2. Effects of the concentration of NaOH, CTAB and LPEI on CTAB- 
LPEI-silica films 

The other relevant experimental parameters controlling film growth, 
the concentrations of NaOH, CTAB and LPEI in the solution, were also 
investigated, but had less significant effects on film formation than the 
silica concentration so are briefly described. NaOH controls the pH of 
the solution, without which films are not able to form. The concentra-
tions of NaOH investigated were 25.0, 50.0, 75.0 and 100.0 mM, giving 
a pH range between 12.3 and 12.8. SAXS patterns of the dried as- 
prepared films (Fig. 5A) possess three peaks, assigned to the (100) and 
(110) diffraction peaks of the 2D hexagonal structure plus a sharper 
peak at 0.24 Å− 1 due to crystalline surfactant. The positions of the pri-
mary peaks and corresponding d spacings are listed in Table S1 and are 
all around 40 Å. Neither the d spacings nor the intensity of the peak 
varies significantly with the NaOH concentration of the film formation 
solution. The third peak which can be indexed to the (110) Bragg peak is 
observed in these SAXS patterns, confirming the periodically ordered 
structure [61]. To explain the small differences in the mesostructure of 
the prepared silica films obtained, both the LPEI and Na-silicate solution 
are alkaline and thus the variation of NaOH content only allows a nar-
row range of the pH to be explored (12.3–12.8), resulting in an insig-
nificant structural difference in the mesostructured silica materials 
produced. 

The concentration of CTAB, as the main part of the soft template, was 
also varied from 14.8 mM to 37.0 mM. The intensity of the first peak 
becomes less distinct as the concentration of CTAB increases (refer to 
Fig. 5B), which demonstrates a reduction of the ordering in the dry silica 
film. The d spacing of the prepared films are listed in Table S1, but again 
little variation in peak position is observed. Adjusting CTAB concen-
tration also changes the template ratio between CTAB and LPEI (with a 
molar ratio of 123:1, 98:1, 74:1 and 50:1), therefore, affects the struc-
ture of the resulting films. A lower CTAB:LPEI ratio is conducive to the 
growth of the (100) peak, while a higher CTAB:LPEI ratio in the solution 
produces materials where the (110) peak intensity is higher relative to 
the (100) peak intensity. 

The effect of LPEI concentration, as a co-templating component, was 
studied in a SiO2 (43.0 mM)/CTAB (37.0 mM) system. As the LPEI 
concentration increases, peaks in SAXS patterns have small differences 
in intensity (Fig. 5C) and the peak positions are similar, as reported in 
Table S1. 

3.3. Effect of the addition of NaNO3 on CTAB-LPEI-silica films 

Although thick films were formed using CTAB-LPEI-silica solutions, 
variation of the synthesis parameters did not greatly improve meso-
structural ordering in the films, so a method to improve the self- 
organisation was sought. Adding nitrate ions was studied previously to 
induce the growth of CTAB micelles in water and so improve their effect 
on the ordering of templated mesostructured inorganic materials 
[62–64]. Herein, NaNO3 was chosen as a source of nitrate ions, to study 
the effect of NO3

− on the structure of the silica films formed at the 

Fig. 4. GISAXS pattern of the film formed at 70 min with a SiO2 concentration 
at 75.7 mM (SiO2: CTAB: LPEI = 1:0.86:0.007), collected just after the first XRR 
pattern in Fig. 3B with an incident angle of 0.1◦. 

A. Di et al.                                                                                                                                                                                                                                       



Microporous and Mesoporous Materials 341 (2022) 112018

6

interface. In addition to the expected change in the ionic strength, NO3
−

is also known to associate with CTA+ micelles much more strongly than 
Br− . A fraction of the Br− ions are replaced by NO3

− at the micelle solvent 
interfaces [63], screening charge on the CTA+ headgroups, and causing 
elongated micelles to form in solution, while in general the addition of 
monovalent salts, also causes the solubility of ionic surfactants to 
decrease. The effect of NO3

− , up to a concentration of 74.0 mM, was 
studied at fixed CTAB (37.0 mM), LPEI (0.3 mM) and NaOH (100.0 mM) 
concentrations. 

The real-time surface pressure measurements indicate a doubling of 
the initial film formation time (450 min versus 220 min) when 25.0 mM 
NaNO3 is present in the solution (Fig. S6). This corresponds to the longer 
formation time required for CTAB-LPEI free-standing films when salt is 
present, previously reported by Edler and co-workers [32], possibly due 
to the enhanced charge screening and maybe also because of the higher 
solution viscosity, arising due to the elongated micelles, that hinders the 
diffusion of species to the interface. 

The addition of 25.0 mM NaNO3 allowed a more even film to form, 
with no crystalline surfactant observed, as seen in Fig. S7. Moreover, the 
as-prepared dry film is thicker than a similar film prepared from a 

solution without added NaNO3 (0.162 mm compared to 0.142 mm, 
measured by a digital calliper), and no precipitation of silica was 
observed in the petri dish. The clear and robust film prepared from so-
lution containing 25.0 mM NaNO3 was easily harvested from the 
interface and could be kept in one piece until drying. Cracks occurred 
after drying and the film became white rather than transparent. TGA 
results (Fig. S8) suggests a decrease in the weight percentage of the silica 
incorporated in the film from 24.6 wt% to 17.6 wt% when 25.0 mM 
NaNO3 is present. Therefore, the addition of NaNO3 induces formation 
of a thicker film with a higher template content, but a lower amount of 
silica, presumably due to the nitrate anion replacing silicate anions in 
binding to the micelle surface. 

Comparing the SAXS patterns in Fig. 6A, the primary peak fades with 
increasing NaNO3 concentration and vanishes when the concentration 
reaches 74.0 mM as the ionic screening effects outweigh any structural 
enhancement due to micelle elongation. 

The slow fade of the (100) diffraction peak with increasing NaNO3 
concentration may be explained by the order of affinity toward the 
CTA+ micelles reported: OH− < Cl− < B4O7

2− < Br− < NO3
− [65]. The 

bidentate ligand B4O7
2− in the sequence is reminiscent of oligomeric 

Fig. 5. The SAXS patterns of as-prepared dry silica films synthesized from (A) SiO2 (43.0 mM)\CTAB (37.0 mM)\LPEI (0.3 mM) systems (fixed SiO2: CTAB: LPEI =
1:0.86:0.007) with different NaOH concentrations. (B) SiO2 (43.0 mM)/LPEI (0.3 mM) systems with different CTAB concentrations, giving normalized molar ratio of 
SiO2: CTAB: LPEI (from to bottom) at 1:(0.86, 0.67, 0.52, 0.34):0.07. (C) SiO2 (43.0 mM)/CTAB (37.0 mM) systems with different LPEI concentrations, giving 
normalized molar ratio of SiO2: CTAB: LPEI (from to bottom) at 1:0.86:(0.014, 0.012, 0.007, 0.005), respectively. 

Fig. 6. (A) SAXS patterns of silica films prepared from SiO2 (65.0 mM)/NaOH (100.0 mM)/CTAB (37.0 mM)/LPEI (0.3 mM) systems (fixed SiO2: CTAB: LPEI =
1:0.57:0.005), with changing NaNO3 concentration. (B) The volume-weighted size distribution of CTA + micelles in the presence of different NaNO3 concentrations 
obtained in DLS (CTAB concentration 37.0 mM) and treated via the CONTIN analysis method. 
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silicates [66]. Therefore, the nitrate ions could bind more strongly at 
cationic micelle surfaces than the other species in our system (oligo-
meric silicate and Br− ) [67–69] so exchange for the Br− on CTA+ mi-
celles [70]. This anion exchange may decrease the equilibrium area per 
molecule (a0) of the CTA+ headgroup due to the tighter binding of NO3

−

to the micellar surface. This gives a larger packing parameter, g = v/a0lc 
(v is the surfactant tail volume, a0 is the equilibrium area per molecule 
and lc is the tail length) [71], causing the elongation of the micelles and 
may further increase the viscosity of the solution if the degree of elon-
gation is large enough [69,70]. 

The highest concentration of NaNO3 we studied here is sufficiently 
large (74.0 mM, twice the concentration of CTAB) to replace most of the 
Br− ions in CTAB. The resulting solution is of high viscosity [69] due to 
the elongation and the crosslinking of the micelles, causing a slow flow 
of the template micelles from the bulk to the interface to form films. 
Therefore, the film harvested is poorly ordered. To corroborate this, 
37.0 mM CTAB solutions in the presence of different NaNO3 concen-
trations were studied using dynamic light scattering (DLS) and data 
were treated using the CONTIN method. Although the CONTIN analysis 
assumes a spherical shape for the particles probed, the trends in the data 
confirm micellar growth. As plotted in Fig. 6B, when the concentration 
of NaNO3 is low (at 12.5 and 25.0 mM), DLS results give slightly smaller 
averaged micellar sizes due to the screening effect caused by the intro-
duced ions. A size growth of micelles is detected using DLS at higher 
NaNO3 concentrations. Then a dramatic increase in size is observed at 
the highest concentration (74.0 mM) we studied. Unfortunately, the 
opaque solutions generated when Na-silicate is added to the CTAB/L-
PEI/NaNO3 solutions prevent the observation of the effect of adding 
silicate anion on micellar size using this method. 

The (100) reflected peak in the in situ XRR patterns from solutions 
containing SiO2/CTAB/LPEI/NaNO3, as displayed in Fig. 7, stays at 
around 0.125 Å− 1. This suggests the ions have little effect on the 
d spacing of micelle structure normal to the surface. Moreover, no sharp 
reflected peaks from crystalline surfactant are observed in presence of 
NaNO3, indicating that more surfactant remained soluble and so has the 
chance to contribute to film formation in the presence of NO3

− . This 
collaborates with the TGA results (see Fig. S8), which show that the film 

prepared has a higher content of organic template. A broad secondary 
reflected peak is also seen in the reflectivity patterns (ca. 0.190 Å− 1) at 
the end of the measurements for NaNO3 concentrations of 12.5 and 25.0 
mM (Fig. 7A and B), giving evidence of the formation of a wormlike 
disordered structure along the perpendicular direction to the surface. 
However, the rise of the secondary peak is not seen at 50.0 mM NaNO3 
(Fig. 7C), which may be due to the relatively high viscosity of this so-
lution hindering micelle packing in the films. 

We can also see the reduction of crystallised surfactant in GISAXS 
patterns (Fig. 8). There are two rings in the GISAXS patterns associated 
with the film formation solution in the presence of 12.5 mM NaNO3 
(Fig. 8A), of which one crosses both the y and z axes at 0.125 Å− 1, 
corresponding to a characteristic period of 50.2 ± 5.0 Å. There is also a 
relatively indistinct ring which is related to the crystalline surfactant 
structure comparable to the one in Fig. 4, however, this is not observed 
in the corresponding XRR patterns (Fig. 7A) which may be due to the 
low intensity. With elevated NaNO3 concentrations (25.0 mM and 50.0 
mM), this ring, due to the crystallised surfactants, disappears still 
further, leaving a single ring which related to the wormlike structure in 
these GISAXS patterns (Fig. 8B and C). Moreover, the centre of the broad 
ring moves progressively closer to the beam centre when more NaNO3 is 
present. This suggests a larger d spacing, which is related to a higher 
amount of the templating species in the films; the charged micelles are 
not completely neutralised by the oligomeric silicates in between the 
micelles; electrostatic repulsion between the charged micelles therefore 
increases their spacing within the films. Similarly, this effect is seen for 
CTAB-SPEI (polyethylenimine, Mw ca. 2000 Da) films in the absence of 
silica where added salt (NaBr) resulted in an increase in the d spacing 
within the films (Fig. S9). 

No (110) peaks are seen in the GISAXS patterns at the end of the 
measurements, as seen in Fig. 9. Thus although addition of NO3

− anions 
did not achieve the intended improvement of mesostructural ordering in 
the films, the combination of XRR and GISAXS results, in the presence 
and absence of NO3

− anions, leads us to suggest a possible formation 
process of the film: the elongated micelles form initially in the solution 
at an early stage, then a solid film with wormlike structure is formed at 
the solution interface due to the combination of solvent flux driving the 

Fig. 7. In situ XRR curves taken while the films were forming at the surface with NaNO3 concentration at (A) 12.5, (B) 25.0 and (C) 50.0 mM with fixed SiO2 (65.0 
mM), CTAB (37.0 mM), LPEI (0.3 mM) and NaOH (100.0 mM) concentrations. 
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micelles to the interface and the lowering of the interface as the solvent 
gradually evaporates [72]. After removal from the interface, while more 
solvent is evaporating, the elongated micelles become more concen-
trated which drives further ordering, causing them to hexagonally pack 
within the film. A 2D hexagonal structure with random orientation 
forms the bulk of the film and so is observed in the transmission SAXS 
patterns after the films are dried. 

3.4. Removal of CTAB-LPEI template 

The organic template was removed by calcination in air to obtain 
porous films. The film grown from a solution containing 25.0 mM 
NaNO3 was dried and calcined without and with pre-treatments 
described in the experimental section (washing and pre-calcination as 
described in the experimental section above). When the dried film was 
calcined directly at 600 ◦C, the flat SAXS pattern (Fig. 10A, curve b) 
suggests the mesostructure completely collapses; the NaOH in the film 
becomes concentrated during calcination and destroys the meso-
structure set by the silica. With pre-treatments, a relatively poor long- 
range order is retained as illustrated by a broad diffraction peak in the 
SAXS pattern (Fig. 10A, curve c). A photograph of small pieces of 
calcined film are given in Fig. S10. SEM images of the silica film before 
and after calcination, as illustrated in Fig. 10B and (C), show a homo-
geneous and continuous morphology of silica. Sample a has a low BET 
surface area of ca. 15.5 m2/g due to the blocking of the pores by the 
CTAB and LPEI molecules prior to calcination. The nitrogen sorption 
isotherm (Fig. 10D) of sample c is a type IV isotherm with a type H4 
hysteresis loop [73,74] and gives a surface area of 660.4 m2 g− 1 

obtained using the BET method. The pore size is distributed between 1 
nm and 10 nm with most of the pores under 5 nm (the inset of Fig. 10D). 
Therefore, the pre-treatment strategy provides a mild way to remove 
alkaline content from the film using water and strengthen the meso-
structure formed by silica through pre-calcination. 

4. Conclusion 

Na-silicate, an environmentally friendly and cheap silica source, was 
used to synthesize mesostructured silica films at the air/solution inter-
face using a CTAB/LPEI template from alkaline solutions. Using Na- 
silicate allows the formation of free-standing composite films contain-
ing a 2D hexagonal mesostructure over a wide composition range, 
without producing any alcohol during condensation compared to silicon 
alkoxides. Variation of the CTAB, LPEI and pH did not strongly affect 
film structures, but silica concentration in solution directly affected 
silica incorporation into the film and the degree of mesostructural 
ordering in the dry films. The in situ GISAXS and XRR results show an 
intense reflection from crystallised surfactant at the interface in addition 
to a broad peak related to the templated silica. The introduction of 25.0 
mM NaNO3 to the system effectively prevents the surfactant species 
from crystallising and also forms a thicker film but prolongs the initial 
film formation time. In situ GISAXS and XRR suggest the surface layer 
has a wormlike liquid crystalline structure. The 2D hexagonal structure 
forms while the films are drying at room temperature. Water washing 
and pre-calcination before calcination of the films protect the meso-
structure from collapsing to some extent, however the calcined silica 
films have relatively a poor long-range order compared to the ambient 

Fig. 8. GISAXS patterns of the structure of the interface at an incident angle of 0.1◦ at the early stage of the film formation in the presence of (A) 12.5 mM NaNO3 (B) 
25.0 mM NaNO3 (C) 50.0 mM NaNO3 with fixed SiO2 (65.0 mM), CTAB (37.0 mM), LPEI (0.3 mM) and NaOH (100.0 mM) concentrations. The arrow in Fig. 8A 
indicates a ring which is the reflection peak from crystaline surfactant. 

Fig. 9. GISAXS patterns of the structure of the interface at an incident angle of 0.1◦ at the end of the film formation in the presence of (A) 12.5 mM NaNO3 (B) 25.0 
mM NaNO3 (C) 50.0 mM NaNO3 with fixed SiO2 (65.0 mM), CTAB (37.0 mM), LPEI (0.3 mM) and NaOH (100.0 mM) concentrations. 
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dried silica films containing the template, although they remain as 
continuous membranes and present a relatively high surface area of ca. 
660.4 m2/g. 

Although this preparation method could not maintain the ordering of 
the mesostructure, it provides a way to encapsulate materials (nano-
materials or biomaterials) that are only stable in alkaline conditions into 
free-standing silica films. The films prepared are thicker than those 
typically accessible by EISA and EASA methods and the film morphology 
is maintained during calcination. Na-silicate solution is a cheaper silica 
source than alkoxysilanes and also avoids the presence of alcohols 
during the film synthesis, which can affect both self-assembly of the 
surfactant mesophase and potential encapsulated species. In addition, 
this method allows the in situ inspection of the encapsulation process at 
the interface, which could contribute to the investigation of mesophase 
evolution during the encapsulation process and interactions between 
species during incorporation within the film at the interface. 
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Fig. 10. (A) SAXS patterns of films grown from CTAB (37.0 mM)/LPEI (0.3 mM)/NaOH (100.0 mM)/SiO2 (65.0 mM)/NaNO3 (25.0 mM) solution. (a) The as- 
prepared dry film. (b) The calcined film without pre-treatment and (c) with pre-treatment. SEM images of (B) as-prepared dry film and (C) calcined silica film 
with pre-treatment. (D) Nitrogen sorption isotherm for sample c in Fig.10A. The inset is the pore size distribution of sample c, obtained from BJH analysis [75]. 
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