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Facile and Direct Preparation of Ultrastable Mesoporous
Silica with Silver Nanoclusters: High Surface Area
Tariq Aqeel*[a] and Ali Bumajdad[b]

We report the successful direct synthesis of an ultrastable
mesoporous silicon dioxide framework containing silver nano-
clusters using a modified true liquid crystal templating method.
Our modification produced an extraordinary material with a
high average Brunauer-Emmett-Teller specific surface area of
1785 m2g� 1 – the highest reported surface area to date – and
an ultrastable mesoporous structure, which has been stable for
nine years so far. This method eliminates the need for reduction

of silver oxide into metallic silver and restricts the growth of
silver clusters. The silver nanoclusters, with an average size of
1 nm, occupy the pores and walls of the framework. Analysis of
the material using nitrogen adsorption/desorption method,
high-resolution transmission electron microscopy, X-ray diffrac-
tometry, energy-dispersive X-ray diffractometry, X-ray photo-
electron spectroscopy, and scanning electron microscopy is
discussed herein.

1. Introduction

Please include High Surface Area in the title? Mesoporous SiO2

(m-SiO2) structures are well known for their broad range of
applications in catalysis, sorption, molecular sieving, filtration,
redox reactions, and nanocasting; furthermore, they facilitate
the formation of nanotubes, nanowires, and nanoclusters.[1]

Recently, m-SiO2 structures have been employed in the
production of clean energy.[2] The syntheses of nanoclusters,
nanoparticles, nanotubes, and nanowires in mesoporous struc-
tures involve several steps and require a well-ordered, relatively
stable mesoporous material with thick walls that can withstand
solvolysis and multiple heat treatments.[3] The stability of the
mesoporous material to solvolysis is especially important for
the introduction of clusters using wet impregnation methods.
The thermal stability of the mesoporous material is also
important for the removal of organic supporting scaffolds
(templates),[4] and the transfer and sintering of the nano-
clusters/particles into their metallic or oxide forms.[5]

In this work, we modified the original true liquid crystal
templating (TLCT) method by eliminating solvolysis of the noble
metal precursor,[6] as well as the subsequent reduction and
calcination steps. Instead, we merely introduced the framework
(SiO2) and metal (Ag) precursors directly in a one-pot synthesis
protocol. In addition, we extended the ageing step to 3 d at

30 °C; this induced further condensation of the framework,
which increased the overall stability of the structure, as
previously reported,[7] while the original method required 2 d at
25 °C.[6] The modified method yielded an extraordinary meso-
porous silica that contained 1-nm silver nanoparticles (m-
Ag� SiO2) with a high average specific surface area of
1780 m2g� 1 and an ultrastable mesoporous structure. Remark-
ably, the porous structure of the m-Ag� SiO2 material has been
stable for approximately nine years. This method is advanta-
geous for controlling the sizes of the Ag nanoparticles, first by
confinement and then by diffusion into the silica walls; this also
limits metallic leaching during liquid catalysis or sorption
testing, as studied by Wang.[8] The rate of Ag-particle diffusion
into the silicate matrix reportedly increases with increasing
temperature,[2] and Ag migration depends on the reducing/
oxidising atmosphere, substrate type, and temperature.[9] Re-
stricting the Ag-cluster size to lie within the range of quantum
dimensions,[9,10,11] and altering the shape and type of support
material can lead to a variety of fascinating properties.[12,13]

Previous attempts to synthesise m-Ag� SiO2 in a one-pot
procedure used a liquid crystal templating (LCT) method, in
which the precursor and the surfactant together dictated the
product morphology (pore order arrangement). On the other
hand, the porous structure is determined only by the surfactant
arrangement, and forms a mesophase (liquid crystal phase) in
the TLCT method.[1] These previous LCT syntheses produced
materials that exhibited larger Ag-particle sizes with undefined
locations on/within the matrix and lower specific surface areas
(1000 m2g� 1[14] and 450 m2g� 1[15]), while the m-SiO2 framework
lacked long-range order.[15] Other research groups have
attempted to introduce Ag precursors by impregnating pre-
synthesised m-SiO2 structures.

[16–33] The average Ag nanoparticle
sizes in these materials varied from 2 to 50 nm, and the
Brunauer-Emmett-Teller (BET) specific surface areas ranged
from 300–800 m2g� 1. Curiously, no information was provided
regarding the shelf life stabilities of these structures. Overall, m-
Ag� SiO2 – with nanosized silver particles encompassed in a
silica matrix – presents unique properties and effects, including
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anti-bacterial properties,[23–24] aggressive behaviour towards
cancer cells,[25] enhanced analyte sensing ability,[26] pesticide
detection,[27] catalysis,[28–29] photocatalysis,[30] micro-jet
applications,[31] selective removal of sulphur compounds
(adsorption),[32] and water treatment.[33] The facile TLCT method
we have developed to produce m-Ag� SiO2 will benefit such
properties and applications.

2. Results and Discussion

2.1. Nitrogen Sorption Study

Samples of m-Ag� SiO2 acquired immediately after calcination,
and of the same calcined product after 9 y of storage, were
subjected to N2-sorption tests. The results are shown in
Figure 1. According to the IUPAC classification system, both
isotherms lay between those of type I-b (wide micropores) and
IV-b (narrow mesopores), and did not show hysteresis during
the desorption cycle, indicating that the pore sizes are below
the critical size. Hence, the material has uniformly sized pores
below 4 nm.[34] The samples exhibited narrow pore size
distributions in the 2–3 nm range, (Figure 1, insets (c) and (d))
and an average pore diameter of 2.4 nm. Hence, m-Ag� SiO2

was deemed mesoporous according to IUPAC classification.[34]

Moreover, the pore distribution was unchanged after 9 y, as
evidenced by Figure 1, insets (c) and (d), indicating that m-
Ag� SiO2 has an ultrastable structure. The BET specific surface
areas of the material determined in 2008 and after 9 y of
storage were 1835 and 1735 m2g� 1, respectively, with an
average value of 1785 m2g� 1, which is very high compared to
that of mesoporous materials obtained by the original TLCT
method,[6] and superior to that of other mesoporous SiO2� Ag
products reported in the literature.[16–33] The difference between
the two BET values was approximately 5.5%, which can be
attributed to nine years of storage that may have resulted in
slight structural degradation, or a measurement error (human

or instrumental). The average Barrett-Joyner-Halenda (BJH)
specific pore volume of m-Ag� SiO2 was also higher (0.8 cm3g� 1)
than those reported in the literature for other (0.1–0.7 cm3g� 1)
SiO2� Ag products.[13,16–33] The adsorbed volumes determined
from the two isotherms lay between 250 and 500 cm3g� 1, which
clearly demonstrated the higher specific surface area of the m-
Ag� SiO2 sample compared to that of typical m-SiO2 prepared
by the original TLCT method;[6] the specific pore volume of a
typical m-SiO2 sample is usually in the 200–350 cm3g� 1 range.

2.2. X-Ray Diffraction Studies

Figure 2 displays the narrow-angle X-ray diffraction (XRD)
patterns of the calcined m-Ag� SiO2. The main Bragg diffraction
peaks assigned to hexagonal pore packing are indicated by
arrows. The presence of the main diffraction peak corresponds
to the (100) plane and the second peak corresponds to the
(110) plane arising from pores with long-range order (also
confirmed by transmission electron microscopy (TEM), vide
infra). The XRD patterns also revealed d-spacings of 31.5 Å,
distances, a0, between successive pore centres of 36.5 Å, and
wall thicknesses of 12.5 Å (calculated from the pore diameter of
2.4 Å obtained from the N2-sorption study (Figure 1)). Moreover,
the XRD patterns showed that the hexagonal pore packing was
intact even after 9 y of storage (Figure 2 (b)).

The wide-angle XRD pattern displayed in Figure 3 indicates
that Ag nanoclusters had formed. Figure 3(a) displays a broad
peak in the 20–35° 2θ range, which corresponds to the
amorphous m-SiO2 matrix, while the low-intensity peaks in the
30–80° 2θ range correspond to metallic Ag clusters. The four
diffraction planes of the crystalline Ag particles are indicated by
arrows and are consistent with those reported previously.[14,15,20,
35] These low-intensity silver nanoparticle peaks are indicative of
very small particle sizes, as also confirmed by TEM (Figure 4(c)
and (d)), while the metallic nature of Ag was confirmed by X-ray
photoelectron spectroscopy (XPS) (vide infra). Hence, we were

Figure 1. (a) Initial isotherm of the calcined m-Ag� SiO2 acquired in 2008. (b)
Isotherm of the same sample acquired after 9 y of storage. The inset shows
the BJH pore diameter distributions obtained in (c) 2008 and (d) 2017.

Figure 2. Narrow-angle XRD patterns of hexagonal m-Ag� SiO2 acquired in
(a) 2008 immediately after calcination for 8 h at 500 °C and (b) 2017, after
storage for 9 y.
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unable to apply the Scherrer equation to calculate the Ag-
particle size. Figure 3(b) shows the XRD pattern of the m-
Ag� SiO2 sample acquired after 9 y. The similarities between the
XRD patterns of m-Ag� SiO2 acquired in 2008 and 2017 indicate
that this material is ultrastable.

2.3. High-Resolution TEM and Energy-Dispersive X-Ray
Diffractometry

High-resolution TEM (HRTEM) images acquired after calcination
clearly revealed the long-range pore order in the sample, as
shown in Figs. 4(a)–(d); the parallel lines indicate the cylindrical
tube structure of the pores. In addition, the average wall
thickness and pore size were very close to those determined by
narrow-angle XRD and N2-sorption testing. The black spots
within the red frame in Figure 4(b), in the few selected red
circles in Figure 4(c), and Figure 4(d) correspond to Ag clusters.
The silver nanoclusters are 0.8–1.2 nm in size and appear to
occupy the pores as well as having diffused into the walls
adjacent to the pore openings, which is evident in the
magnified image shown in Figure 4(c and d). We believe that
the Ag precursor became trapped between the templating

material and the SiO2 precursor during synthesis prior to
calcination (at temperatures up to 100 °C);[36] Ag2O was sub-
sequently formed as an intermediate product at temperatures
above 350 °C during conversion into the metallic Ag
particles,[14,36] where they diffused into the scaffold walls.[8,10,11]

This diffusion suppressed the aggregation and growth of Ag
particles into larger clusters. Therefore, this method eliminates
the need for a reduction step to convert silver oxide into its
metallic form; additionally, it confines the size of the silver
nanoclusters.[31,32]

Figures 4(d) and (e) show an HRTEM image and the
corresponding energy-dispersive X-ray (EDX) spectrum of m-
Ag� SiO2, respectively, acquired after 9 y of storage. The material
clearly maintained the long-range order of the Ag-nanoparticle-
containing pores, even after long-term storage (Ag clusters that
were well embedded in the framework are clearly visible in the
enlarged image (Figure 4(d)). The corresponding EDX spectrum
(Figure 4(e)) revealed the presence of silicon, oxygen, and silver
on the surface and subsurface of the sample, as well as Cu K
and L lines that correspond to the sampling grid.

2.4. Scanning Electron Microscopy and EDX (Quantification)

Figure 5 displays a scanning electron microscopy (SEM) image
of the calcined m-Ag� SiO2 acquired after storage for 9 y, which
shows the selected area that was targeted by the EDX beam
(indicated by the square), the corresponding spectra, and

Figure 3. Wide-angle XRD patterns showing the diffraction planes (indicated
by arrows) of metallic Ag in the mesoporous SiO2 matrix acquired in (a) 2008
immediately after calcination at 500 °C for 8 h and (b) 2017, following 9 y of
storage.

Figure 4. TEM images of m-Ag� SiO2. (a) and b) display different sections of
the sample, and (c) shows an enlarged view of the region enclosed by the
red rectangle in image (b). A small section of image (c) is enlarged to show
Ag-particle diffusion into the walls adjacent to the pore openings. The scale
bars are 20 nm in (a), (b), and (c). (d) HRTEM image of m-Ag� SiO2 acquired in
2017 and (e) the corresponding EDX spectrum.
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elemental quantification (bottom right inset in Figure 5). After
converting the atomic percentages (at%) to weight percentages
(wt%), the m-Ag� SiO2 sample was found to contain 0.57 wt%
Ag. When compared to the composition of the as-prepared
sample (0.64%), the material exhibited excellent compositional
stability during storage.

2.5. X-Ray Photoelectron Spectroscopy

The oxidation states of Si and Ag in the m-Ag� SiO2 sample and
the bonding types present were investigated by XPS after 9 y of
storage. The symmetrical Si XPS spectrum shown in Figure 6(a),
which displays Si-related peaks at 103.4 and 104.3 eV that
correspond to Si4+ 2p3/2 and 2p1/2 orbital splitting, respectively,
indicate the presence of Si� O bonds in the SiO2 framework.[8,9, 38]

On the other hand, the O1s XPS peak shown in Figure 6(b),
centred at 533.3 eV, corresponds to O2� atoms in SiO2.

[37,38,39] In

addition, Ag peaks (Figure 6(c)), at 368.4 and 374.4 eV, corre-
spond to Ag 3d5/2 and 3d3/2 orbital splitting, respectively,[40]

confirming the existence of metallic Ag nanoclusters within the
mesoporous SiO2 matrix. However, Ag� O bonds (at binding
energies 377 or 371 eV) were not observed.[40] Moreover, XPS
quantification revealed that 0.64 wt% Ag was present in the m-
Ag� SiO2 sample. These results, together with the EDX quantifi-
cation data confirmed that the Ag-particle concentration did
not change over 9 y, which is possibly due to the entrapment
of the Ag particles inside the silica walls.

3. Conclusions

The robustness of a mesoporous SiO2 structure is crucial for its
use in catalysis and during the synthesis of nanotubes, nano-
wires, or nanoclusters. Herein, we report for the first time the
direct preparation of a mesoporous SiO2 framework containing
silver nanoparticles using a modified TLCT method. Our method
introduced silica/metal precursors during synthesis, and the as-
synthesised material was aged at 30 °C for 3 d (instead of 25 °C
for 2 d according to the original TLCT method). This method
yielded a hexagonal mesoporous material with a higher specific
surface area than the original TLCT-prepared mesoporous
product. This product also exhibited an ultrastable mesoporous
structure that remained unchanged for 9 y. The material had an
average BET specific surface area of 1785 m2g� 1, mean pore size
of 2.4 nm, and an average BJH specific pore volume of
0.84 cm3g� 1. The 0.6 wt% loading of 1-nm-diameter silver
nanoclusters occupied the pores (by confinement) and walls of
the SiO2 framework (by entrapment). To the best of our
knowledge, this method produced the highest surface area
reported so far for m-Ag� SiO2.

Experimental Section

Synthesis

A modification of Attard’s TLCT method [6] was used to synthesise
the m-Ag� SiO2 material. Initially, silver nitrate (0.008 g
(0.047 mmol), 99%; Aldrich; Ag precursor) was stirred in methanol
(1 mL; Fisher Scientific) at 25 °C for 5 min. Cetyltrimethylammonium
bromide (1.0 g (2.744 mmol), Aldrich; CTAB) was added to methanol
(1.5 mL) and aqueous hydrochloric acid (1.4 mL, pH 2) in a round
bottom flask. A viscous solution was obtained at the isotropic
liquid/hexagonal mesophase boundary on heating this solution at
40 °C on a rotary evaporator at slightly reduced pressure.
Tetramethoxysilane (2.046 g (13.441 mmol), 98%; Aldrich; SiO2

precursor) and the Ag/methanol precursor were then added to the
mesophase, after which it was heated at 40 °C at reduced pressure
until the hexagonal mesophase was re-established. The as-
synthesised sample was aged for 3 d at 30 °C and calcined at 500 °C
for 8 h under a flow of air at a rate of 3 °Cmin� 1. These quantities
were calculated to introduce 0.64% (w/w) of Ag into m-SiO2. All
reagents were used as received, except for the alcohols, which
were stored over 4 Å molecular sieves.

Figure 5. SEM image/EDX spectrum of m-Ag� SiO2 and a table (inset, bottom
right) listing the at% values of the elements presents in the sample after 9 y
of storage.

Figure 6. (a) Si, (b) O, and (c) Ag XPS spectra of m-Ag� SiO2 after 9 y of
storage.
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Shelf Life Stability Testing

Approximately 1 g of the calcined sample was placed in a glass vial
and covered with a plastic lid to protect against dust. The sample
was then placed in a storage cabinet under ambient conditions
(atmospheric pressure and humidity) at room temperature (25 °C).
After storage for 9 y, the sample was re-examined by TEM, N2-
sorption testing, wide- and narrow-angle XRD, SEM, EDX, and XPS.

Characterisation Methods

XRD experiments were conducted on a D8 single sampler using Cu
Kα radiation (1.5418 Å) at 40 mA and 40 kV. Narrow-angle scanning
parameters include: numbers of steps=659, step size=0.01°, and
dwell time per step=0.50 s. Wide-angle scanning parameters
include: number of steps=7700, step size=0.01°, and dwell time
per step=0.20 s. A diversion slit at 0.05° and an anti-scattering slit
at 0.50° were used for both types of scans. N2-sorption experiments
were conducted using a Micrometrics 2010 instrument with N2 gas
at � 196 °C and He as the back-fill gas. The SiO2 materials were
dehydrated for 3 h under vacuum at 160 °C prior to any N2-sorption
experiment. The BJH method was used to determine pore size
distributions from the adsorption branches of the N2-sorption
isotherms. In 2008, HRTEM images were acquired on a JEOL-JEM
2010 instrument operating at 200 kV and fitted with a Gatan Orius
SC 1000 detector, and in 2017 on a JEOL-JEM 2011 electron
microscope fitted with an Oxford link ISIS SemiSTEM EDX system
and a LaB6 filament operating at 250 kV. A Gatan 794 CCD camera
was used for image recording. TEM samples were suspended in
methanol or ethanol or acetone and transferred to Cu TEM grids
using capillary glass tubes. The HRTEM images were analysed using
ImageJ software. XPS was performed on a Thermo ESCALAB 250Xi
spectrometer with monochromated Al� Kα radiation (1486.6 eV). The
Avantage data system was used to record and process spectra. The
sample was introduced by a sample holder into the preparation
chamber. High vacuum was then achieved by degassing, after
which the sample was transferred to the analysis chamber. Spectra
were acquired at a pass energy of 20 eV, dwell time of 100 ms, step
size of 0.1 eV, and 10� 9 Torr pressure. All binding energies were
referenced against the C 1s peak (284.6 eV) of adventitious carbon.
The standard charge-compensation mode was used to neutralise
the charge build-up on the surface of the insulating layer with a
flood gun.
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