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In the nanoscale, matter presents different properties compared to its bulk counterparts, owing to 
the considerable increase of the surface/bulk ratio, as well as the occurrence of quantum confinement 
effects. One method to fine control the growth of nanoparticles, their size and nanostructure is to use 
metalorganic deposition combined with a porous matrix as host, where pores act as nanoreactors 
for nanoparticle growth, resulting in chemically integrated systems. In this review, we look at the 
history and achievements of the chemical method of impregnation-decomposition cycles for the 
precise size control, property tuning and tailored synthesis of metal oxide nanoparticles. We give 
an overview of the various oxide nanoparticles and nanomaterials developed over the years, and 
how the method of impregnation-decomposition cycles allowed the synthesis of pure, doped and 
core-shell oxide nanoparticles, as well as the tuning of their properties through the combined fine 
control of nanoparticle size, nanostructure, and composition.

Keywords: porous materials, nanoparticles, impregnation-decomposition cycles, core-shell, 
integrated chemical systems

1. Introduction

To this day nanomaterials remain in the highlight of 
numerous technological advances. Comprised of matter 
with an average size in the range of 1-100 nm, these small 
materials have found applications in several facets of science 
and life, for example in catalysis,1,2 biomedicine,3,4 sensors,5 
textiles,6 energy7-9 and environmental applications.10,11 
Their wide range of applications stem from the special 
properties presented by matter in the nanoscale. Compared 
to their bulk counterparts, nanomaterials have a much larger 
surface-to-bulk ratio, which means that surface effects 
become more pronounced. For example, in catalysis, the 
much higher surface area and/or the higher density of 
relevant surface defects are advantageous. Other significant 
effect, observed especially for nanoparticles  (NP) 
below 10  nm, are size-related confinement effects. For 
semiconductor NP an increase in the band gap is observed, 
similarly to how plasmons suffer confinement in the case 
of metallic NP. Both effects may be exploited, for example, 
to tune the optical absorption or emission profile of the 

final material for applications in sensing, light-emitting 
diodes (LED) or photocatalysis. The control of NP size 
to obtain different light emission profiles was also the 
research theme of the Chemistry Nobel Prize laureates of 
2023, M. G. Bawendi, L. E. Brus and A. Yekimov.12 Such 
small nanomaterials, however, typically require some form 
of stabilization, since their increased and highly energetic 
surface area is typically unstable and may result in their 
growth through coalescence, Ostwald’s ripening or other 
growth mechanisms, effectively changing the materials’ 
properties in the process. 

On the other hand, while many nanomaterials present 
interesting properties on their own, the fast pace at which 
technology advances makes necessary the use of ever 
more complex materials to fulfil increasingly sophisticated 
requirements for nowadays’ applications. This means that, 
in most cases, different compounds and materials must be 
combined to obtain the specific properties required. This 
aspect, together with the necessity of NP stabilization, infer 
that a system consisting of NP and stabilizers could be one 
such complex material. Going a step further, one may also 
combine NP with functional stabilizers, where both parts 
of the system have their own unique and equally relevant 
properties for a given application, as in the case of NP 
supported on a functional host for catalysis. When each of 
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the individual species, compounds or materials involved 
perform specific relevant roles for a given application, 
the complete system may be considered a chemically 
integrated system.13-17 New properties may arise of the 
specific combinations utilized, further enhancing the 
integration aspect of the system. As an example, a porous 
material with a functional surface may be used to grow 
and stabilize NP in its pores, while its pores may function 
as nanoreactors for localized catalysis performed by NP 
hosted inside, an aspect that will be further elaborated 
along the present review.

In this review, we present the synthesis of chemically 
integrated systems composed by metal oxide NP grown 
inside porous hosts using the method of impregnation-
decomposition cycles (IDC) and the development of this 
strategy over the past two decades. This method was 
developed as a layer-by-layer growth strategy to construct 
such systems based on the combination of a porous material 
as host matrix with the use of single-source precursors for 
the bottom-up growth of nanoparticles. The host’s pore size, 
pore network and strong chemical bonds with the grown 
oxide NP both limit the nanoparticles’ growth beyond a 
certain threshold (given by the pore sizes) and prevent their 
growth through mechanisms such as coalescence, sintering 
or Ostwald’s ripening. On the other hand, the layered 
growth allowed control over the amount of metal oxide 
introduced, the size of the NP, as well as their crystalline 
phase, morphology and hierarchical nanostructure, 
allowing to fine tune the oxides’ properties by exploiting 
effects occurring at the nanoscale. 

2. The IDC Method: a Layer-by-Layer Growth 
Strategy

The method of impregnation-decomposition 
cycles (IDC) was the first application of the typical metal-
organic decomposition (MOD) method in confined spaces, 
by using a porous host as an impregnation matrix.18 A cycle 
consists of an impregnation step, where the porous host 

as either slabs or as powder is immersed in a solution of 
a specific metalorganic precursor for a set amount of time 
(typically 8 h) and then washed with a compatible solvent 
to ensure that the precursor molecules are only inside the 
porous structure, followed by a decomposition step, where 
the porous material imbedded with precursor are submitted 
to thermal decomposition to obtain the desired metal oxide. 
This process, or cycle, may be repeated at will (Figure 1), 
with the possibility of changing the precursors used, until 
the desired nanoparticle structure or size has been reached, 
or until the porous host can no longer reasonably intake 
more reagent, due to filled pores and obstructed pore 
necks, as well as incomplete decomposition resulting of 
these pore constrictions. This extreme case was observed 
for a test performed with continuous IDC of ZnO until the 
impregnation limit of commercially available porous Vycor 
glass (PVG 7930, or just PVG) was reached at 29 IDC.20 
Another important factor is that, to keep the thermal 
history of the samples equal, all samples undergo all 
thermal treatments applied. This means that all samples are 
thermally treated on every decomposition step, regardless if 
they undergo impregnation or not, i.e., a sample with 3 IDC 
and a sample with 10 IDC undergo 10 thermal treatments 
(from the decomposition steps).

The reagents used to obtain metal oxides are single-
source metalorganic precursors, where both the metal 
and the oxide are provided by the reagent, resulting in 
the desired metal oxide compound. This reagent may 
also be combined with smaller amounts (%) of another 
single-source precursor as a source of a desired dopant for 
one or more IDC layers. Examples of such reagents are 
M-2-ethylhexanoates (Mx+(hex)x) and M-acetylacetonates 
(Mx+(acac)x). 

The next step was then the choice of porous host. 
From the wide range of materials available at the time, 
potential candidates had to be chosen based on what the 
final chemically integrated systems were supposed to 
achieve: restriction of nanoparticle growth through the 
porous structure, stabilization of said NP, and chemical 

Figure 1. Schematic representation of the impregnation-decomposition cycles (IDC) method, using PVG for the synthesis of either pure TiO2 or  
TiO2@CeO2 core@shell NP (adapted from reference 19).
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and thermal stability against the grown metal oxide NP, as 
well as to withstand their synthesis and typical application 
requirements. The first porous host tested was a α-NbPO5 
porous glass‑ceramic,18 which presented good chemical and 
thermal stability, but a large average pore size of ca. 130 nm. 
The glass-ceramic presented a relatively complex synthesis 
method, and because of its pore size also resulted in larger 
NP.18 The improved properties and either better availability 
or ease of synthesis, however, quickly brought mesoporous 
silica glasses such as the PVG and the SBA‑15 silica (Santa 
Barbara Amorphous, or just SBA-15) to the spotlight. With 
average pore diameter below 30 nm, high chemical and 
thermal stability, high porosity and high surface reactivity, 
these porous hosts were promising hosts for the synthesis 
and stabilization of small metal oxide NP.

The remaining step is the activation of the surface 
of said porous hosts, optimizing the impregnation 
of metalorganic compounds. For porous glasses, the 
composition plays a role as to how these materials should 
be activated. In the case of the porous silica glass PVG, 
the most used host for IDC, this is done through two 
simple steps: the acidic treatment of the PVG slabs with 
HCl, followed by a treatment with acetone, after which 
they are stored under vacuum and/or drying conditions 
before being used. This ensures the availability of active 
Si–OH sites at the surface, which readily react with the 
single-source precursors used for metal oxide synthesis. 
This provides a chemical bond anchoring point for the NP, 
ensuring their stability within the porous structure and 
preventing NP coalescence. Furthermore, their thorough 
distribution throughout the host matrix also prevents 
other aggregation mechanisms like Ostwalds’ ripening. 
Since such coalescence mechanisms are prevented, the 
temperature is constant and the concentration of the 
solution remains approximately constant, NP growth is 
then governed by the minimization of the high surface/
interface free energy of the formed NP,21 resulting in 
the desired controlled growth with increasing number 
of IDC.22

3. Typical Characterization Methods

For almost all materials synthesized using IDC a base 
combination of characterization techniques was used for 
their structural analysis, and the specifics regarding such 
IDC-based systems are as follows:

3.1. Cumulative mass gain

The mass gain of the material is linear with the number 
of IDC, until the impregnation limit of the porous host is 

reached, corroborating with the controlled growth promoted 
by the method (Figure 2I).

3.2. N2 sorption-desorption

Applied to evaluate the pore structure of the host, 
showing a decrease in available surface area and pore 
volume with an increasing number of IDC. No change 
is observed for the curve profiles, proving there is no 
appreciable clogging of the pore space over as many as 
10 IDC (Figure 2II).

3.3. Raman spectroscopy (Raman)

A very powerful analysis technique, given it can 
measure typical metal oxide vibrational bands as well as 
those of the porous hosts, where shifts in both wavelength 
and intensity are meaningful when evaluating the material’s 
properties. This becomes especially important when 
evaluating which crystalline phases may be present in 
the structure (this may be either difficult or unreliable 
through X-ray diffraction or high resolution transmission 
electron microscopy alone), as well as for the detection 
and analysis of core@shell structures (Figure 2III), or even 
for the determination of nanocrystal size using the phonon 
confinement model.

3.4. Diffuse reflectance spectroscopy in the UV-Vis (DRS)

Considering the porous hosts used present either no 
absorption or low absorption bands in the low UV-Vis 
region (200-800 nm), the Kubelka-Munk approximation 
may be applied on DRS spectra to obtain the metal oxides’ 
characteristic absorption bands within this range, including 
their band gap (Figure 2IV). Such measurements are 
indispensable to track the growth of semiconductor oxide 
NP with the number of IDC, observed by the shift of its 
band gap due to quantum confinement effects. 

3.5. X-ray diffraction (XRD)

The typical XRD profile presents the characteristic 
glass/amorphous halo of the porous host and generally very 
broad and low intensity diffraction peaks characteristic 
of the crystal structure(s) present, and in some cases may 
only be seen when using a high intensity XRD source. 
This is a consequence of the very small size of the particles 
(< 10 nm) and their thorough distribution throughout the 
porous structure of the host (Figure 2V). Scherrer’s law may 
be applied to obtain an estimate of the average crystallite 
size, but given the broadening effect the best and most 
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reliable option for such measurements is through electron 
microscopy.

3.6. Electron microscopy

Transmission (TEM), high-resolution transmission 
(HRTEM) and either dark-field TEM or high-angle 
annular dark-field scanning TEM (HAADF‑STEM) are 
techniques that allow the direct visualization of the NP for 

evaluation of their morphology, their spread throughout 
the sample and their size distribution. Through HRTEM 
or HAADF-STEM one can evaluate the NP crystallinity 
and possible crystal structure(s) through the diffraction 
fringes observed. From a series of images (TEM, STEM 
or HRTEM, depending on the size and visibility of the 
NP), counting normally at least 200 NP, one can obtain 
the average size distribution of the synthesized NP 
(Figure 2VI). 

Figure 2. Examples of the typical characterization techniques applied to materials synthesized using the IDC method: (I) cumulative mass gain obtained 
for the growth of CeO2@TiO2 core@shell NP inside PVG (reproduced with permission from reference 19, Copyright 2011, American Chemical Society); 
(II) N2 sorption-desorption obtained for PVG/5CeO2@xTiO2 (reproduced with permission from reference 19, Copyright 2011, American Chemical 
Society); (III) Raman spectroscopy measurements of PVG/5TiO2@xMoO3 (reproduced from reference 23, Copyright 2010, with permission from Elsevier);  
(IV) diffuse reflectance spectroscopy (DRS) of PVG/xTiO2 and respective applied Kubelka-Munk F(R) applied in the inset (reproduced from reference 24, 
Copyright 2014, with permission from Elsevier); (V) X-ray diffraction (XRD) patterns obtained for free Fe2O3 (higher intensity and peak resolution) and 
PVG/10Fe2O3 (reproduced from reference 25, Copyright 2009, with permission from AIP Publishing); (VI) TEM obtained for PVG/7CeO2, where the inset 
shows the nanoparticle size distribution obtained for all TEM images collected (reproduced from reference 26, Copyright 2007, with permission from Elsevier).
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Other techniques such as photoluminescence and 
magnetic measurements may also contain important 
structural information, and their individual contributions, 
both for structural analysis as well as for application tests, 
will be discussed along this review.

4. Overview of the Metal Oxide Nanoparticle 
Systems Developed with IDC

A range of different metal oxides and combinations 
between them was explored, with varying application 
purposes. From single metal oxides such as TiO2 and 
CeO2 for catalysis, to complex multilayered doped NP 

for light emitting diode (LED) applications, all systems 
were planned and tailored seeking to provide a solution 
to a current challenge at the time of their development. 
Perhaps the most important properties obtained were the 
stabilization of very small (< 10 nm) crystalline metal 
oxide NP inside a porous host, providing micro-chambers, 
for example, for catalysis, the control of the obtained 
crystalline phase as well as the fine control of the NP size 
with varying IDC, both optimizing their chemical activity. 
In Figure 3, a detailed summary of the metal oxide systems 
developed using the IDC method is presented, organized 
according to their composition, main purpose of the work 
and a short summary of what each work achieved. 

Figure 3. List of the metal oxide systems developed using the IDC related to their composition and/or structure, porous host used, the main purpose of 
the work and a short description of what each one achieved.
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In the following sections each one of the main 
system categories: single oxide, double-oxide and  
core@multishell, is discussed in detail.

4.1. Single oxide systems

At first the IDC method was a strategy developed to 
obtain nanosized metal-oxide inside porous matrices with 
control over their size and structure, generating materials 
as chemically integrated systems, where the materials’ 
properties depend not only on the individual composing 

species, but also on how they interact with each other. The 
nanoparticles are grown inside the porous host, thoroughly 
distributed within the porous structure, and they present 
high crystallinity. The average nanoparticle size is directly 
proportional to the number of IDC (the higher the number 
of IDC, the larger the nanoparticles), and presented in 
general values below 10 nm. A few examples are shown 
in the TEM images in Figure 4.

The first NP synthesized using this strategy were 
of TiO2, an extensively used compound in the fields of 
catalysis and elimination of environmental pollutants,36-41 

Figure 4. TEM bright field images of γ-Fe2O3 obtained with (I) 2 IDC and (II) 8 IDC. The insets show the histograms obtained for the respective particle 
size distributions (reproduced from reference 25, Copyright 2009, with permission from AIP Publishing); (III) TEM dark field image of NiO NP after 7 IDC 
(reproduced with permission from reference 29, Copyright 2010, American Chemical Society); (IV) HRTEM images of sample PVG/5CeO2@15TiO2 with 
respective interplanar distances d101 = 3.52 Å (anatase TiO2) and d111 = 3.13 Å, d200 = 2.82 Å (cubic CeO2) (reproduced with permission from reference 19, 
Copyright 2011, American Chemical Society); HRTEM images of samples (V) PVG/10ZnO and (VI) PVG/ZEZ 5/2/10, where the insets show the observed 
diffraction fringes characteristic of wurtzite ZnO (reproduced with permission from reference 20, Copyright 2015, American Chemical Society); (VII) dark 
field image and (VIII) HRTEM image of SBA-15/7CeO2 (reproduced from reference 32, Copyright 2011, with permission from Royal Society of Chemistry).
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where the control over size, as well as the stabilization of the 
TiO2 anatase crystalline phase, which is normally unstable 
but much more catalytically active, was made possible.18 
This synthesis was performed in site inside an α-NbPO5 
porous glass-ceramic as porous host, previously studied 
in the group. This first study18 evaluated all the relevant 
aspects involved with the method: the impregnation of the 
metalorganic precursor was confirmed via DRS, and the 
appropriate decomposition temperature was determined 
through TGA (thermogravimetric analysis), since the 
nanoporous environment imposes different conditions on 
the decomposition process, the process begins more easily 
since the precursor is well distributed within the matrix, but 
takes longer to finish because of the pore space restriction, 
when compared to the free precursor. It was noted that, 
opposed to the rutile TiO2 obtained for the free precursor, 
decomposition performed at up to 750 °C within the porous 
host resulted in the formation and stabilization of anatase 
TiO2 NP, which were well distributed within the porous 
structure of the host. The cumulative mass gain obtained 
was linear, which, combined with the analysis of the typical 
Raman TiO2 Eg bands for the samples synthesized with 
increasing number of IDC, have shown that the amount of 
metal oxide, as well as NP growth are controllable through 
the number of IDC, and that no sintering or NP coalescence 
occurs. Furthermore, the porous structure was preserved, 
and no solid-state reaction was observed between TiO2 
and the α-NbPO5 porous host, given no such characteristic 
bands were observed through XRD or Raman spectroscopy. 

The investigation of such chemically integrated systems 
then continued with the work by Mazali et al.,27 this time 
aiming to obtain quantum confined NP using not only the 
same α-NbPO5 matrix, but also the then commercially 
available porous Vycor glass 7930 (PVG), which presented 
higher chemical and thermal resistances, higher porosity 
and smaller average pore size (< 20 nm). Both SnO2 and 
CdS were studied, and we will focus on the results obtained 
for the former. The crystallite size of the NP was estimated 
through the Scherrer equation applied to the XRD data, and 
was smaller for NP synthesized inside PVG compared to 
α-NbPO5, as would be expected considering the former has 
a pore size of 4-20 nm, much smaller than the estimated 
130 nm of the latter. Furthermore, PVG also presented 
linear mass increase with the number of IDC, allowing 
tailored control of the NP size, where no coalescence 
effects were also observed, owing to the size limitation of 
the pores in combination with the thorough distribution 
of the NP over the porous matrix. Lastly, no solid-state 
reactions were observed. This consolidated PVG as a highly 
interesting host for such chemically integrated systems, 
allowing the controlled growth of very small metal oxide 

NP within nanopores that could present a double function 
of nanoreactors for catalysis or in gas sensing.

The synthesis of TiO2 NP was then revisited, this time 
using PVG as porous host.22 Once more, anatase TiO2 was 
stabilized inside the pores of the host, but this time with a 
much smaller average size of about 5 nm for 3 IDC. The 
XRD profile now also presented the glass halo characteristic 
of PVG together with a broad, lower intensity diffraction 
peak associated with anatase TiO2, characteristic of the 
formation of very small (< 10 nm) NP within a porous host, 
as mentioned before in this review. Raman spectroscopy 
analysis of the PVG/xTiO2 samples corroborate with 
the phonon confinement model, where the intensity and 
frequency shift of the TiO2 E2g mode is a function of the 
NP size, as can be seen in Figure 5. Nanocrystal growth 
(related to the Raman band profile) was a linear function 
of the mass increase alone via IDC, for all samples had the 
same thermal treatment history regardless of how many 
impregnation cycles they underwent. This once more 
proved that the IDC method enabled the tailoring of the 
NP size, crystalline phase and morphology, and thus of its 
properties, now within a quantum confinement regime, by 
using an appropriate porous host.

The next metal oxide synthesized inside PVG was 
CeO2.26 CeO2 is a very interesting material especially for 
catalytic applications,43-47 where the higher the materials’ 
surface area and better distribution and availability for 
reacting, the better. It is a natural conclusion then to 

Figure 5. Size-dependent Raman scattering profile of TiO2 E2g (reproduced 
from reference 22, Copyright 2006, with permission from Springer 
Nature). The solid points are experimental data obtained through 10 IDC. 
The solid, dotted, and hashed lines were obtained by plotting the phonon 
confinement model equation first formulated by Richter et al.42 for 
nanocrystal sizes of 20, 10 and 5 nm, respectively. The inset shows the 
average observed NP diameter obtained through TEM for 3 IDC, and 
through experimental data fit using the same equation for 5, 7 and 10 IDCs. 
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synthesize stable and very small CeO2 NP over large 
surfaces, especially in a porous host support like PVG, 
which could in principle be directly used without the 
need for additional silica added as bedding material. 
Mazali et al.26 applied the Scherrer’s equation to the data 
obtained through the (220) diffraction peak of CeO2 for 
the PVG/xCeO2 systems, obtaining an estimated crystallite 
size between 3.7 nm for 3 IDC and 5.6 nm for 10 IDC. 
TEM images of the PVG/7CeO2 sample have shown an 
average NP size of about 4 nm, with a distribution between 
2 and 6  nm observed. The Raman spectral signature of 
CeO2, the T2g mode at around 460 cm–1 undergoes redshift 
and a decrease in intensity with decreasing IDC. This 
corroborates with the observed increasing crystallite size 
with increasing IDC number. A similar fit of the phonon 
confinement model was performed for CeO2, where 7 IDC 
has shown an excellent fit with the theoretical model, and 
diameters of 3 and 10 nm were obtained for 3 and 10 IDC, 
respectively. Furthermore, plotting the Raman frequency as 
a function of the reciprocal nanocrystal size (Figure 6), even 
combined with results previously obtained in the literature 
by Spanier et al.48 has resulted in a quadratic dependence 
of frequency on 1/d, as can be seen in Figure 6. The 
discrepancies observed between the estimated nanocrystal 
sizes by TEM, Raman and XRD are a consequence of 
the different phenomena involved in each. In the case 
of TEM, what is measured is highly dependent on the 
resolution, and corresponds to the size of the NP, and not 
of the crystallites, as is the case for Raman and XRD. The 
crystallite sizes obtained through these two techniques is 
also highly dependent on the resolution of the diffractogram 
or spectrum in question. These in turn are sensitive to the 
formation and presence of defects or strain in the crystal 

lattice, ultimately affecting the observed signals and thus 
the estimated crystallite values obtained.

The synthesis of a PVG/xWO3 system was also 
performed, as a part of a larger work seeking the 
construction of core@shell NP.30 The latter will be 
discussed in the respective following section, but a few 
observations about the pure WO3 system could be made: as 
with the previous systems, the mass increment was linear 
with the number of IDC, indicating control over NP size, 
but presented a mixture of the monoclinic and triclinic 
WO3. Oliveira28 synthesized other systems such as CuO 
and Bi2O3 in PVG. Both oxides have shown a linear mass 
increase and, although microscopipc analysis of the samples 
was not performed, most likely resulted in controlled size 
of the CuO NP, when one compares the XRD data for 
PVG/4CuO and PVG/10CuO, for example. Two interesting 
observations were made for Bi2O3, however: first, the 
stabilized crystalline phase was the normally unstable 
δ-Bi2O3, demonstrating a similar effect of an unexpected 
phase stabilized in the nanoscale similarly to the observed 
for TiO2 NP; second, the cumulative mass gain was almost 
4 times higher than for CuO and CeO2 systems, and with 
a relatively high decomposition temperature for Bi2O3 
(600 °C) after 7 IDC the formation of a mixed silicate phase 
Bi2SiO5 was observed. This was the sole example observed 
for a solid-state reaction involving metal oxide NP grown 
on silica porous matrices using the IDC method, which in 
retrospect could be attributed to the high decomposition 
temperature applied (600 °C), considering the already low 
melting point of 817 °C for bulk Bi2O3.

Another line of research sought the study of magnetic 
nanoparticles, based on γ-Fe2O3

25 and on NiO,29 both 
presenting interesting magnetic properties and effects 
strongly related to the NP size.49-57 With the size of these 
materials reduced to the nanoscale regime, surface and 
finite size effects become prominent and play a pivot role 
in the nanoparticles’ magnetic behavior. Finite size effects 
correspond to the reduced number of exchange-coupled 
spins in the particle, while surface effects are related to 
the lower symmetry at the surface of the NP, generating 
surface anisotropy and thus magnetic frustration and spin 
disorder. Such effects may also be enhanced depending 
on the magnetic behavior of the NP. In the work by 
Cangussu et al.,25 γ-Fe2O3 NP were synthesized in PVG 
using the IDC method to study the size effect over the 
properties of the final integrated chemical system. Similarly, 
to TiO2, a different crystalline phase was stabilized for the 
NP in comparison with the expected α-Fe2O3 for the bulk 
structure, and, like in the previous studies, the NP size 
could be precisely tuned by the number of IDC used. The 
obtained γ-Fe2O3 NP presented magnetic behavior typical 

Figure 6. Raman frequency as a function of the reciprocal nanocrystal size 
(1/d) for CeO2 nanocrystals, obtained from the work by Spanier et al.48 and 
the referenced study26 (reproduced from reference 26, Copyright 2007, 
with permission from Elsevier).
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of the expected by well-established non-interacting particle 
systems, while interacting-particle aspects such as the 
increasing blocking temperature TB, the temperature limit 
above which the system behaves as superparamagnetic, the 
behavior observed for the NP in question, become more 
important with an increasing number of IDC as can be seen 
from the relation between the relaxation time (1/w) at TB and 
the inverse TB in Figure 7. This further corroborates with 
the well-spread synthesis of the NP within the porous host. 

The second work for the synthesis of magnetic metal 
oxide NP was performed by Carneiro et al.29 with NiO 
NP in PVG. Once more an increase in the blocking 
temperature TB was observed with the number of IDC, 
as well as a dependance on the magnetic behavior with 
the number of IDC and thus the size of the nanoparticles. 
An interesting observation here regarding the magnetic 
properties measured was the formation of a structure akin 
to core@shell, composed by an antiferromagnetic ordered 
core with an uncompensated magnetic moment, coated with 
magnetically disordered surface clusters. Evidence of this 
was the intriguing behavior of the field shift hysteresis HE 
and the coercivity HC vs. temperature for an increasing 
number of IDC (Figure 8). 

Following a different kind of investigation, this time 
seeking other means of evaluating the growth of metal 
oxide NP, Strauss et al.31 were the first to do a systematic 
study evaluating the potential of investigating the controlled 
growth of < 10 nm SnO2 oxide NP by using Eu3+ as an 
indirect luminescence probe. By establishing a relationship 
between this ion’s 5D0 → 7F1:5D0 → 7F2 asymmetric ratio 
and the number of IDC based on Figure 9, they have shown 
the possibility of using lanthanide luminescence as a highly 

Figure 7. Plot of log (1/w) vs. 1/TB for a wide range of measured 
frequencies of the PVG/x γ-Fe2O3 samples, with x = 4, 6, 8 or 10 IDC 
(reproduced from reference 25, Copyright 2009, with permission from 
AIP Publishing).

Figure 8. Evolution of the values obtained for the field shift of hysteresis 
(HE) and coercivity (HC) with temperature, for samples with 3, 5 and 7 IDC 
NiO. The lines serve only as guidance (reproduced with permission from 
reference 29, Copyright 2010, American Chemical Society).

Figure 9. Eu3+ emission spectra with lexc = 260 nm obtained for  
xSnO2:Eu3+/bulk samples where x = number of IDC, and SnO2:Eu3+ bulk 
sample (reproduced with permission from reference 31, Copyright 2011, 
American Chemical Society).
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sensitive method for nanoparticle size at the quantum 
confinement regime. 

The first work in this research line where an application 
of such chemically integrated porous host/metal oxide 
systems was evaluated in addition to the semiconductor 
properties was in the work by e Silva et al.32 Here, NP 
of CeO2 were synthesized inside the pores of an SBA‑15 
mesoporous silica, and the materials oxygen storage 
capacity, a very important property regarding metal 
oxides applied in catalysis, was evaluated versus the 
number of IDC and NP size. This was also the first work 
in this research line where SBA-15 was used as a porous 
host for metal oxide NP. The authors have shown it was 
possible to control the amount of CeO2 inserted in the 
system, as well as the size of the CeO2 NP grown, through 
the number of IDC, as confirmed per XRD and Raman  
peak/band broadening and shifting, and per UV-Vis band 
gap measurements, with a gradually smaller band gap with 
an increasing number of IDC, a behavior characteristic 
of the quantum confinement regime. This corroborates 
with the observed for the previous systems with PVG as 
host, as well as with CeO2 or other oxides. N2 adsorption-
desorption data also corroborated with a lowering surface 
area and pore volume with an increasing number of IDC. 
While no blockage of the pore structure was observed, 
a contraction of the porous host structure was occurring 
with every IDC, the cause of which was attributed to the 
thermal treatment of the decomposition step(s), a behavior 
typically expected for such ordered mesoporous silicas. 
Furthermore, due to the ordered nature of the porous host, 
TEM dark field HRTEM measurements were necessary 
to observe the CeO2 NP inside the SBA-15 structure. The 
oxygen storage capacity  (OSC) of the SBA-15/xCeO2 
was measured through hydrogen uptake by temperature 
programmed reduction (H2-TPR) (Figure 10). One can 
immediately see the effect of the small size of NP at 1 IDC 
when compared to the samples with 5 and 10 IDC: the 
absence of a second H2 consumption peak. The second peak 
at higher temperature is a result of bulk CeO2 reacting with 
H2, showing that at 1 IDC the NP size is indeed so small that 
the “surface” CeO2 response is the only one observed. With 
the growth of the NP with 5 and 10 IDC, the second peak 
then appears, showing the increasing presence of “bulk” 
effects. One could also infer that the surface CeO2 is the 
most reactive, since the normalized uptake of H2 is much 
higher for 1 IDC, a justified observation since the smaller 
the NP, the higher the crystal lattice distortion and thus the 
higher the resulting oxygen non-stoichiometry.

In a following work using SBA-15, the authors sought 
to grow TiO2 NP, similarly to what was done before 
with PVG, and tested the applicability of the samples 

in the photocatalytic degradation of salicylic acid.33 N2 
sorption results corroborated with the observed for the  
SBA-15/xCeO2 systems, and the same control of NP size 
and oxide amount was possible with the number of IDC, 
but one important difference was observed: the formation 
of mixed phases of rutile and anatase TiO2 NP, in contrast 
to the pure anatase phase obtained when using PVG. 
Another important difference was observed on the DRS 
spectra, where the band gap energy was much higher than 
expected for TiO2 NP. While the increase in band gap 
energy is normally expected and attributable to the quantum 
confinement effect for NP < 5 nm, this abnormal increase 
was attributed not only to this effect, but to a combination 
also involving the formation of strong Ti–O–Si bonds. 
This second effect can strongly modify the electronic 
structure of the Ti atoms by increasing its effective 
positive charge, further increasing the band gap energy. 
One could infer, however, that some other effect related to 
the difference in porous host might play a role, since PVG 
also forms Ti–O–Si bonds and this abnormal band gap 
energy increase is not observed in the case of PVG/xTiO2 
systems. The performance of the synthesized samples in 
the photocatalytic degradation of salicylic acid has shown 
that the sample with the smallest size NP and thus also 
lowest relative amount of TiO2 presented the highest activity 
(PVG/1TiO2) (Figure 11). This result shows that, despite 
the larger band gap, and thus lower photon absorption 
rate of the sample, the surface area and surface catalytic 
performance play a much more important role, which can 
also be observed by the rather similar performance of the 
following higher IDC samples. This result also corroborated 
with the OSC performance of CeO2 NP, where the sample 
with 1 IDC has shown the most relative activity.

Figure 10. H2-TPR measurements obtained for SBA-15/xCeO2 samples, 
where (a), (b) and (c) correspond to 1, 5 and 10 IDC, respectively 
(reproduced from reference 32, Copyright 2011, with permission from 
Royal Society of Chemistry).
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The last work in this line of investigating metal oxide 
NP/porous host chemically integrated systems constructed 
via IDC for catalytical-related applications was the work 
by Strauss et al.24 In this work, the authors sought to isolate 
the size effects from other possible effects affecting TiO2 
NP catalytical performance, and to understand the former 
in detail through the application of PVG/xTiO2 systems 
in the photocatalytic degradation of salicylic acid and 
methylene blue decolorization. Samples with TiO2 NP 
with different sizes obtained through different numbers of 
IDCs were tested, and similarly to the previous systems an 
inverse relationship between size and photocatalytic activity 
was observed, as can be seen in Figure 12. However, the 
formation of one of the most reactive species involved in 
photocatalytic oxidation processes, the hydroxyl radical 
•OH, was observed to be directly proportional to the size of 
the TiO2 NP. This is expected, since the generation of these 
radicals is enhanced with the improved absorption of light 

by the NP, which gradually increases with gradually smaller 
band gaps with an increasing NP size. These two aspects 
(the surface-to-bulk ratio and the formation of hydroxyl 
radicals) seemed at first at odds against one another, since 
the photocatalytic activity was highest for the smallest 
NP, even with the less efficient •OH formation. This has 
shown that surface effects played a more significant role in 
the photocatalysis mechanisms involved, with the higher 
surface area favoring adsorption-desorption mechanisms 
for the organic compounds studied, and the higher surface-
to-bulk ratio reducing the amount of recombination volume 
(“bulk” TiO2). Since the recombination of photogenerated 
electrons and holes occurs mostly in the “bulk”, and since 
this mechanism is the key suppression pathway for the 
photocatalytic activity of TiO2, as they are responsible for 
the formation of strongly oxidizing and reducing species 
involved in photocatalysis, it makes sense that preventing 
it by constructing higher surface-to-bulk ratio NP plays the 
major role in the material’s photocatalysis performance.

4.2. Core@shell systems

Through the single metal oxide NP chemically 
integrated systems described so far it was clear to see how 
the control of NP growth and thus size, as well as their 
stabilized crystalline phase through the number of IDC 
lead to the fine tuning of the material properties. It was 
also observed that the layer-by-layer growth promoted 
by this method could create a new degree of complexity 
in the system by building core@shell NP, exchanging the 
single-source precursor after a number of IDC to grow a 
shell of a different metal oxide. 

The first attempt was performed by Santos et al.23 through 
the synthesis of TiO2@MoO3 and MoO3@TiO2 NP in PVG. 
The formation and development of the core@shell structure 
was done through Raman spectroscopy (Figure 13), by 
monitoring the anatase TiO2 E2g band at around 150 cm–1 
and the α-MoO3 characteristic υsymMo=O and corner 
sharing υMo–O–Mo bands at around 990 and 820 cm–1, 
respectively. With an increasing number of IDC, a shift to 
lower energy and higher intensity are observed for both the 
pure TiO2 and MoO3 NP, a characteristic behavior as per 
phonon confinement effect due to the small NP size. With a 
MoO3 core, adding subsequent layers of TiO2 results in the 
observation of TiO2 characteristic bands, displaying phonon 
confinement, while the MoO3 slowly lose intensity. In the 
other way around, with a TiO2 core and a MoO3 shell, the 
reverse is observed. This effect was one of the indicators of 
the formation of a core@shell structure. Furthermore, the 
broadening of the bands, as well as disappearance or low 
definition of the corner sharing υMo–O–Mo bands together 

Figure 11. Catalytical performance of SBA-15/xTiO2 for the 
photodegradation of salicylic acid, where C is the concentration of acid 
as a function of time and C0 is its initial concentration. Through the 
Langmuir-Hinshelwood model applied to a substrate with low initial 
concentration, the equation may be simplified to the pseudo-first order 
expression –ln(C/C0) = kt, and thus the rate constant k may be determined 
from a curve of –ln(C/C0) vs. t (reproduced from reference 33, Copyright 
2013, with permission from Royal Society of Chemistry).



Property Tuning through Fine Size Control and Hierarchical Nanostructuring of Metal Oxide Nanoparticlesde Oliveira et al.

12 of 18 J. Braz. Chem. Soc. 2024, 35, 11, e-20240081

with the dislocation of the υsymMo=O band to lower energies 
were also remarkable signs of the formation of a core@shell 
structure, both in the case of coating with a TiO2 shell and 
for a thinner shell of MoO3, resulting of distortions in the 
corner sharing octahedral structure in MoO3. Another strong 
indicator was the phonon confinement effect observed when 
varying “core” and “shell” thickness: for larger cores with 
a similar shell size, a stronger confinement was observed, 
corroborating with an expected thinner shell in the case of 
core@shell formation. A work30 reporting the synthesis of 
TiO2@WO3 in PVG soon followed, since a readily dispersion 
of WO3 over TiO2 is expected owing to the strong Ti–O–W 
bonding. The authors observed the formation of mixed 
triclinic and monoclinic phases in the case of WO3, both 
for the pure core and for WO3 shells, and similar effects 
to TiO2@MoO3 systems were observed regarding Raman 
analysis. The direct visualization of the core@shell structure 
through HRTEM measurements for these samples was not 
possible, which was attributed to a very thin shell being 
formed, together with the mixed phase profile of WO3, and 
the fact the NP are contained within a porous host, hindering 
the visualization of diffraction fringes.

The work by Correa et al.19 expanded on the strategy 
from Santos et al.23,30 for the synthesis of core@shell NP 
of TiO2 and CeO2 in PVG, tuning core and shell sizes 

not only with fixed core or shell but also simultaneously 
changing the number of IDC for both, for TiO2@CeO2 and 
CeO2@TiO2 systems. The analysis of the TiO2 Eg and CeO2 
T2g bands in the Raman spectra led to similar conclusions 
as the observed for the previous core@shell systems, and 
the observed results also fit very well with the theory of 
phonon confinement according with the size/thickness of 
the core/shell analyzed. One important aspect to consider 
is the different, albeit expected, behaviors of bands Eg and 
T2g with increasing particle size: Eg is shifted to lower 
frequencies, while T2g is shifted to higher frequencies, 
a result of the different phonon dispersion relations for 
the phonon branch to which each Raman mode belongs. 
Another interesting observation was the suppression of 
CeO2 surface defects when coated with a TiO2 shell, noted 
by the absence of defect-related bands in the region of 
360 to 480 cm–1, which also become very prominent for 
very thin CeO2 shells. The authors also sought to image 
the core@shell structure of the NP by synthesizing a 
PVG/5CeO2@15TiO2 sample, since with fewer IDC 
the shell size is too thin to be imaged with the HRTEM 
used. This attempt proved successful, and an exemplar  
core@shell NP can be seen on Figure 14.

A study by Kalinke et al.34 followed a different 
approach, aiming to synthesize mixed oxides and mixed-

Figure 12. Catalytical performance of PVG/xTiO2 for (I) salicylic acid photodegradation and (II) methylene blue decolorization. Evaluation of OH radical 
formation by TiO2 irradiation through hydroxyl reaction with terephthalic acid (TPA), where (III) relates the normalized intensity of TPAOH emission 
against the light absorption response and (IV) against the inverse of NP size determined from Raman spectroscopy (reproduced from reference 24, Copyright 
2014, with permission from Elsevier).
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phase oxides of Cu, Ce and Co using PVG as porous host 
and bimetallic complexes as single-source precursors, 
where the impregnation step was performed twice with 
different metal complexes before the decomposition step. 
Although partial cation substitution was observed for  
CuO/CeO2 systems, these did not form a mixed oxide, but 
the formation of spinel copper cobaltite ((Cu,Co)Co2O4) 
with average size slightly above twice that of the individual 
oxides was observed (9 nm compared to 4 nm). This study 
implied the possibility of synthesizing mixed oxides or 

mixed oxide phase composites with fewer decomposition 
steps, using specific precursors that would allow the 
insertion of different metals before the decomposition, 
where the oxide formation is promoted.

4.3. Core@multishell systems: application-oriented design 
of hierarchical multilayer nanoparticles

The studies shown so far had demonstrated the IDC 
method’s potential and flexibility in the synthesis of tailored 
single-oxide and oxide@oxide core@shell and composite 
nanoparticles. The following studies took this a step further: 
the application-oriented design of nanoparticles by tailoring 
their hierarchical multilayer structure.

The first work by Oliveira et al.20 followed that approach 
by designing single-oxide core@multishell ZnO:EuIII NP in 
an attempt to incorporate EuIII into the ZnO wurzite crystal 
structure, a very difficult task considering the much larger 
size of EuIII,58-64 where the higher concentration of structural 
defects in NP was considered as a means for the successful 
doping. The strategy was to induce the forced thermal 
migration of EuIII by making a “sandwich” structure with 
EuIII-doped ZnO IDC layers in-between pure ZnO oxide 
IDC layers. The behavior of ZnO, however, was different 

Figure 13. Raman spectra obtained for (I) PVG/5MoO3@xTiO2; (II) PVG/xMoO3@5TiO2; (III) PVG/5TiO2@xMoO3 and (IV) PVG/xTiO2@5MoO3, 
where x = 0, 3, 5 or 7 IDC (reproduced from reference 23, Copyright 2010, with permission from Elsevier).

Figure 14. Raman shifts observed for PVG/xCeO2@yTiO2, where x and 
y = 0, 3, 5 or 7 (reproduced with permission from reference 19, Copyright 
2011 American Chemical Society).
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from the expected based on the previous oxide systems. It 
seemed to interact much more effectively with the surface of 
SiO2 than with itself, promoting the formation of Si–O–Zn 
groups instead of ZnO nanoparticles. A consequence of this 
was that no ZnO band gap was observed at first (Figure 15), 
only a shoulder at higher energy (225-250 nm wavelength) 
attributed to these surface groups, although NP were still 
observed through TEM. Interestingly, after the addition of 
the first ZnO:EuIII layers, the formation of the ZnO band 
gap is then observed with ever increasing and red-shifting 
intensity with ↑IDC. This has shown that the insertion of 
a different species has promoted ZnO NP growth, much 
like a “seeding” process. 

Looking at the photoluminescence curves (Figure 16), 
the presence of a ZnO → PVG energy transfer, where 
corresponding ZnO bands are observed when looking at 
the excitation spectra of a PVG-specific emission band 
(lem = 435 nm), corroborates with the strong interaction 
observed between SiO2 and ZnO. A clear and definitive 
sign that EuIII had been successfully inserted into ZnO 
was not observed, but the presence of “bulges” in the  
EuIII lem = 613 nm excitation spectra exactly in the same 
region as the observed ZnO band gap bands for the PVG 
excitation spectra (in depth analysis can be found in the 
supplementary material of Oliveira et al.20) suggests a 
ZnO → EuIII energy transfer, and thus the very likely 
successful doping.

The following work by de Oliveira et al.35 consolidated 
all the previous experience using the IDC method to design 
highly tailored NP for LED applications. The goal was to 
design NP as a possible solution to an ongoing challenge 
at the time: obtaining stable warm-white-light-emitting 
materials.65-69 This required a precise combination of the 
different light-emitting species, as well as the structure 
in which they were to be arranged, to prevent the various 

possible effects occurring between the different involved 
species, such as energy transfers and non-radiative 
relaxation, from interfering with the desired result. 

To reach this goal, the full potential of the IDC method 
was explored. The commercially available PVG was used 
as a porous host to control nanoparticle growth and size. 
ZrO2 was selected as oxide host for its high chemical and 
thermal resistances, as well as good solubility for large 
interstitial species such as LnIII ions. On that basis, for a 
precise control of luminescence, lanthanide ions EuIII and 

Figure 15. UV-Vis absorption spectra obtained by DRS using the Kubelka-
Munk function for PVG/ZnO@ZnO:EuIII@ZnO samples. The inset shows 
the (F(R).hν)2 vs. hn plots (reproduced with permission from reference 
20, Copyright 2015, American Chemical Society).

Figure 16. Excitation spectra of the PVG emission (λem = 435 nm) and 
most intense EuIII emission (5D0 → 7F2, λem = 613 nm) obtained for  
ZnO@ZnO:EuIII@ZnO samples, showing energy transfers from Zn–O–Si 
groups and ZnO to PVG, and possibly from ZnO to EuIII (380-400 nm 
region) (reproduced with permission from reference 20, Copyright 2015, 
American Chemical Society).
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TbIII were chosen as dopants to obtain red and green light 
emission, complementing the native-defect blue-emission 
from PVG. As a silica-based glass, however, the presence 
of Si–OH groups on PVG’s internal surface presented 
both an advantage and a disadvantage, since –OH groups 
are a well‑known source of non-radiative deactivation of 
Ln‑based phosphors, especially of EuIII. For this, a thin 
layer of ZnO was coated on the PVG’s internal pore surface, 
based on the previous work by Oliveira et al.20 Another 
effect to be prevented was the energy transfer between 
TbIII and EuIII. Considering their overall relative proximity 
inside a < 5 nm nanoparticle, the best strategy proved to be 
the physical separation between them through interstitial 
layers of pure oxide. Finally, tailoring the specific number 
of doped and pure layers allowed the fine-tuning of the light 
emission of the nanoparticles (Figure 17). In Figure 17 it 
is also clear to see the role that the nanostructure plays 
on the material performance, where the absence of pure 
layers in-between lead to EuIII → TbIII energy transfers 
occurring, the extreme case being when both are mixed 
for every layer (Figure 17f). The reader is referred to de 
Oliveira et al.35 work for the in-depth analysis regarding the 
tuning of the light emission properties via the composition 
and nanostructure of the NP in these systems. 

Herein we presented the metal oxide-based NP‑porous 
host chemically integrated systems developed using 
the IDC method. This method provided a combined 

solution for synthesizing chemically integrated systems 
where < 10 nm NP may be stabilized, while also allowing 
control over their growth, composition and in some cases 
of their crystal phase. The use of a porous host also opened 
the doors for further exploiting the contribution of another 
component in the chemically integrated systems, for 
example where pores could function as nanoreactors for 
catalysis, or where a functional surface could be applied to 
prevent luminescence suppression effects over doped NP. 

5. Conclusions

In this review we went through the research history 
of the synthesis of tailored chemically integrated systems 
composed of metal oxide nanoparticles grown inside 
porous matrices using the method of IDC. This layer-by-
layer growth method combined with the pore structure size 
limitations allowed the fine tuning of the nanoparticle size, 
shape, crystalline phase and nanostructure through their 
hierarchical construction. The number and composition 
of the IDC layers allowed the tailoring of nanoparticle 
properties, such as the band gap energy or Raman 
absorption bands through quantum confinement effects, 
the fine control of the material’s light emission through 
the number of doped layers and their order within the 
nanoparticles, as well as the construction of core@shell 
nanoparticles. This fine control of properties enabled the 

Figure 17. Emission spectra and corresponding CIE diagrams obtained for the LnIII-doped ZrO2 nanoparticles synthesized inside ZnO-coated PVG with 
varying layered compositions: (a,b) ZnZrH: with every LnIII-doped layer separated by pure ZrO2 layers; (c,d) ZnZrC: without pure ZrO2 layers; ZrM: 
without ZnO coating and with both dopants (EuIII and TbIII) mixed for every IDC (reproduced with permission from reference 35, Copyright 2017, American 
Chemical Society).
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synthesis of chemically integrated systems for applications 
in: catalysis, where NP stabilization in a different crystal 
structure as the obtained for bulk, as well as with very 
small sizes due to the porous host stabilization, presented 
the highest activity for photocatalysis due to the much 
higher surface area, even with the increased optical 
band gap; magnetic nanoparticles presented a special  
core@shell structure with different magnetic behaviors 
for core and shell; and for light emission the role of the 
hierarchical nanostructure of the nanoparticles played a 
pivotal role in the NP performance for white light emission. 
We believe this method still has a lot of unexplored potential 
for the scientific community, and this series of studies 
have shown there can be endless possibilities in terms of 
metal oxide combinations and hierarchical nanostructure 
designs for a variety of applications. A couple examples 
would be: multi-oxide hierarchical structures containing 3 
or more oxides of interest for example in catalysis, which 
combined with specific metallic NP could generate 
chemically integrated systems with special performance; 
or the assembly of hierarchical metal-oxide NP with 
multifunctional pollutant degradation potential, where 
each layer could be responsible for a given set of pollutant 
molecules.
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