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Abstract: This paper presents an original method for synthesizing Zn-doped mesoporous
silica (KCC-1) via a one-pot microemulsion method followed by hydrothermal treatment.
Zn incorporation into the silica matrix was achieved by varying Zn/Si molar ratios from
1% to 8%. The Zn-doping effect on KCC-1 morphological and structural properties was
investigated using several characterization techniques, providing new insights into the
Zn-doping behavior and coordination environment. X-ray fluorescence (XRF) spectra
confirmed the stoichiometric doping of silica nanoparticles for samples obtained with a pre-
cursor concentration of 1%, 3%, and 6%. An attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy highlighted that Zn was included into the KCC-1 matrix
rather than chemically adsorbed onto the surface. Scanning electron microscopy (SEM)
images clearly showed that a low Zn content preserves the KCC-1 fibrous morphology. An
X-ray diffraction (XRD) analysis confirmed the amorphous nature of the doped nanoparti-
cles, suggesting a structural disorder of the silica framework at higher Zn concentrations.
X-ray photoelectron spectroscopy (XPS) revealed that Zn–(OH)2 bonds increased at a 6%
Zn/Si molar ratio, confirming the disordered inclusion of Zn at this doping limit. X-ray
absorption near-edge structure (XANES) data revealed that in Zn-doped silica at 3% and
6%, Zn primarily exists in a coordination state similar to zinc-silicates and the amorphous
Zn-hydroxyapatite-like phase.

Keywords: mesoporous silica nanoparticles; zinc incorporation; hydrothermal synthesis;
amorphous nanostructures; XANES

1. Introduction
Since the introduction of Stöber silica [1], various synthesis methods have emerged

to create mesoporous silica materials with well-defined hexagonal pores [2], tunable and
larger pores [3], and composite structures [4]. In 2010, the discovery of dendritic fibrous
nano-silica, referred to as KAUST Catalysis Center-1 (KCC-1) [5], introduced colloidal
spheres formed by a unique radial 3D arrangement of dendritic fibers [6]. This morphology
reduces pore blocking and provides a substantial surface area, enabling an easier access to
active sites [7]. Moreover, the special thermal and hydrothermal stability, and mechanical
resilience of KCC-1 nanoparticles, make them suitable for a wide range of applications
including heterogenous catalysis, solar energy harvesting, energy storage, CO2 valorization,
and drug delivery [8].
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The incorporation of inorganic ions such as transition metals [9], rare earth ele-
ments [10], and various metal oxides [11–13], has been extensively explored to enhance the
functionality and fine-tune the properties of KCC-1-based nanomaterials for specific appli-
cations, particularly in heterogenous catalytic processes. For instance, silver nanoparticles
supported on KCC-1 have been used for the hydrogenation of dimethyl oxalate [14], while
palladium-supported KCC-1 has proven effective in Suzuki cross-coupling reactions [15].
Additionally, iron-doped KCC-1 has shown promise in the catalytic ozonation of sulfamet-
hazine [16], and bi-metallic systems, such as Ni-Co-loaded KCC-1, have been applied in
methane dry reforming [17].

The incorporation of transition metal ions into the silica framework has been investi-
gated over the last few decades due to their applications in eco-friendly and industrially
important catalytic reactions [18]. Zinc (Zn), in particular has been considered as a promis-
ing candidate for doping mesoporous silica, owing to its application in diverse fields such as
optoelectronics [19], sensing [20], biology [21], and catalysis [22]. Zn oxide nanostructures
are also valued for their photo-conducting [23], electrical, and optical properties [24].

Metal-loaded silica nanomaterials are commonly prepared through post-synthesis
modification, particularly by the wet impregnation method. Notably, KCC-1 impregnated
with Zn oxide was reported for CO2 methanation [25] and the hydroisomerization of
n-hexane [9], among others. However, the impregnation method can lead to an uneven
distribution of metal particles, reduced surface area, and pore blocking [26–28].

To address these challenges, a one-pot synthesis approach presents exciting possi-
bilities for the efficient and sustainable synthesis of metal-doped KCC-1. This method
integrates doping and material formation in a single step, ensuring uniform dopant dis-
tribution, reducing costs, and improving time efficiency. It also offers better control over
morphology, enhances dopant-matrix interactions, minimizes waste, and optimizes the
catalytic performance of the material.

To the best of our knowledge, the one-pot hydrothermal synthesis of Zn-doped KCC-1
has not yet been reported. This approach could offer synergistic effects by combining
the open fibrous structure of KCC-1 with the generation of new active sites within the
siliceous framework without limiting the pore accessibility, all through one simple and
economical approach. In this work, we address this gap by utilizing zinc acetate as the
zinc precursor to directly incorporate Zn ions into the silica matrix during synthesis. We
systematically investigated the influence of varying Zn loading percentages on the morpho-
logical and structural properties of KCC-1, employing a range of advanced characterization
techniques. This study represents a critical step toward optimizing the material for its
potential applications.

2. Materials and Methods
2.1. Materials and Nanoparticles Synthesis

The following chemicals were purchased from Merck S.r.l. (Darmstadt, Germany) and
used without further purification: tetraethyl orthosilicate (TEOS) as the silica source,
cationic surfactant cetylpyridinium bromide (CPB) as the template, 1-pentanol as co-
surfactant, urea as the hydrolyzing agent, cyclohexane as the oil phase, zinc acetate dihy-
drate as the zinc precursor, deionized water (DIW), isopropyl alcohol (IPA), and acetone.

Pure KCC-1 and Zn-doped KCC-1 nanomaterials were synthesized using a modified
one-pot template-based microemulsion method followed by hydrothermal treatment [29].
Samples were prepared with Zn/Si molar ratios ranging from 1 to 8%. In a typical synthesis,
0.5 g (0.0013 mol) of CPB was dissolved in 15 mL of cyclohexane and 0.75 mL (0.0068 mol)
of pentanol to form the oil phase. The mixture was stirred at room temperature for 30 min
to ensure complete dissolution. Simultaneously, the aqueous phase was prepared by
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dissolving the appropriate amount of Zn acetate along with 0.3 g (0.004 mol) of urea in
15 mL of DIW. This solution was then added to the oil phase under vigorous stirring,
followed by the dropwise addition of 1.25 g (0.006 mol) of TEOS. After 30 min of stirring,
the resulting emulsion was transferred to a Teflon-lined autoclave and thermally treated
at 120 ◦C for 4 h. The product was recovered via centrifugation at 6000 rpm for 20 min,
washed three times with DIW and IPA mixtures, once with acetone, and then air-dried
at room temperature. A final calcination at 550 ◦C for 6 h with a 3 ◦C/min heating ramp
removed the template. Pure KCC-1 was synthesized similarly but without the Zn source.
The synthesized samples were denoted as X-ZnKCC-1 (X = Zn/Si molar ratio).

2.2. Chemical, Morphological, and Structural Characterization

An X-ray fluorescence (XRF) analysis (Olympus Vanta C Series) was employed to
determine the elemental composition of the synthesized nanomaterials. A 50 kV X-ray
tube with a silver (Ag) anode and silicon drift detector was used. The measurements were
performed using two X-ray beams, operating at 9.9 kV and 40 kV with a data acquisition of
60 s per beam.

Attenuated total reflectance Fourier transform infrared (FTIR-ATR) spectroscopy anal-
ysis (ThermoFisher®Nicolet iS50 FTIR instrument, Thermo Fisher Scientific, Waltham, MA,
USA) was used to identify the surface functional groups collecting spectra directly on
milled powder samples with a 4 cm−1 resolution over the 400–4000 cm−1 range.

Field emission scanning electron microscopy FE-SEM (ZEISS SIGMA 300, Carl Zeiss
AG, Oberkochen, Germany) provided detailed insights into the morphological features of
the nanoparticles. Images were collected at an accelerating voltage of 10 kV. ImageJ software
1.54g was employed to analyze these images and provide the dimensional parameters of
the particles.

Crystallographic phases were determined using a Rigaku Smartlab SE diffractometer
(Rigaku Smart Lab, Rigaku Corporation, Tokyo, Japan) within the 2θ range of 10–80◦ at a
3 min−1 rate using Cu Kα radiation (λ = 1.54 Å).

X-ray photoelectron spectroscopy (XPS) was used to assess the surface chemistry using
a laboratory instrument, consisting of Ultra High Vacuum (UHV) chambers separated by a
gate valve. The analysis chamber was equipped with a hemispherical electron analyzer
providing a resolution of 1 eV at the Ag 3d5/2 core level. Detector energy was achieved
referencing spectra to the C 1s core level at 285.0 eV, for all samples. Samples were out-
gassed overnight at 10−8 Torr before analysis. A non-monochromatized Mg Kα (1253.6 eV)
X-ray source was used, and atomic ratios were calculated using Scofield’s cross-section
values. A curve-fitting of the C 1s, O 1s, Si 2p, and Zn 2p spectra was performed using
Gaussian profiles, with spin-orbit splitting values of 0.60 eV for Si 2p and 23.10 eV for Zn 2p,
maintaining a consistent full width at half maximum (FWHM) for spin-orbit components
and fixed branching ratios of 2 for Si 2p3/2/Si 2p1/2 and Zn 2p3/2/Zn 2p1/2.

The chemical selectivity and local atomic structure sensitivity of X-ray absorption fine
spectroscopy (XAFS) [30] provide valuable details about the fate of Zn ions in the samples.
This information is crucial for evaluating the nature of the Zn dopant in the mesoporous
samples. Zn K edge X-ray absorption spectra were collected at the XRF beamline of the
Elettra synchrotron radiation facility [31] in fluorescence standard geometry. A silicon drift
detector (XFlash 5030, Bruker Nano GmbH, Berlin, Germany) was used in the vacuum
chamber available at the beamline [32]. The primary beam intensity was measured using
a system developed by the Elettra Detector group, based on a polycrystalline diamond
plate system (plate by Dectris, Baden-Daettwil, Switzerland). Due to beamtime constraints,
the data collection focused on the near-edge (XANES) regions. The raw absorption data
were processed following standard background subtraction and edge discontinuity normal-
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ization [33], and then quantitatively analyzed using the linear combination fitting (LCF)
method [34]. This technique is particularly effective for XANES data analysis, enabling the
quantification of complex mixtures and the detection of subtle variations in electronic or
local structural environments [35]. XAS data treatment and fitting was performed using
Athena software from the Demeter 0.9.26 package [36].

3. Results and Discussion
3.1. Synthesis of Pure KCC-1 and Zn-Doped KCC-1

The synthesis protocol reported above and here represented in Figure 1 successfully
produced Zn-doped KCC-1 nanoparticles, as then evidenced by morphological and struc-
tural analyses. The use of CPB as a structure-directing agent, along with TEOS as a silica
precursor, induced the formation of fibrous silica spheres characteristic of KCC-1. The
incorporation of Zn, achieved through the precise control of Zn/Si molar ratios in the aque-
ous phase, resulted in homogeneous doping as confirmed by subsequent characterization
techniques. Calcination at 550 ◦C ensured the removal of organic template, yielding porous
structures. The Zn doping did not compromise the fibrous architecture of KCC-1 for the per-
centages of zinc acetate from 1% to 6%. The dendritic fibrous morphology was completely
lost for a higher percentage of zinc precursor. Notably, increasing Zn/Si ratios produced
consistent trends in structural and compositional attributes, highlighting the tunability of
the method. The details of the obtained materials, including doping ratios and synthesis
conditions, are summarized in Table 1. Figure 1 illustrates the key steps of the synthesis,
emphasizing the role of hydrothermal treatment in achieving the desired nanostructures.
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Table 1. List of the synthesized samples.

Sample Zn/Si (% mol) 1 Reaction
Temperature Reaction Time Calcination

KCC-1 0

120 ◦C 4 h 550 ◦C—6 h
1-ZnKCC-1 1
3-ZnKCC-1 3
6-ZnKCC-1 6
8-ZnKCC-1 8

1 The other chemicals used were identical in all cases: DIW (15 mL), cyclohexane (15 mL), 1-pentanol (0.75 mL),
CPB (0.5 g), urea (0.3 g), and TEOS (0.006mol).

3.2. X-Ray Fluorescence

To confirm the presence and successful incorporation of Zn in the synthesized nanopar-
ticles, the elemental analysis was performed using XRF spectroscopy on KCC-1 samples,
both pure and doped with zinc. The obtained spectra and the Zn/Si molar ratios are
presented in Figure 2 and Table 2, respectively. The peaks observed at 2.97 and 3.15 keV
are attributed to the Lα and Lβ emission lines of Ag arising from the use of a silver anode
as the X-ray source. The XRF spectra (Figure 2) revealed a characteristic peak detected at
1.74 (Si Kα) across all samples, consistent with the expected emission line of silicon [37].
Additionally, tiny traces of the template CPB used during the synthesis were detected at
11.92 keV related to Br Kα emission, suggesting that the template was not fully removed
during the washing and calcination steps. As the zinc concentration increased, a corre-
sponding increase in the intensity of Zn Kα (8.63 keV) and Zn Kβ (9.57 keV) emission lines
was observed.
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Figure 2. XRF spectra of the nanoparticles.

Table 2. The calculated Zn/Si molar ratios of the prepared Zn-doped KCC-1 samples.

Sample 1-ZnKCC-1 3-ZnKCC-1 6-ZnKCC-1 8-ZnKCC-1

Zn/Si (mol %) 0.7 ± 0.2 2.8 ± 0.5 6.2 ± 1.1 6.32 ± 1.2

The XRF analysis was performed four times for each sample; the average Zn/Si values
along with the associated standard uncertainties are reported in Table 2. The experimental
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Zn/Si molar ratio was consistent with the expected ratio for all samples except for 8-
ZnKCC-1, where the molar fraction Zn/Si was lower than expected. This suggests that
increasing the zinc precursor concentration did not result in a proportional increase in
Zn loading within the silica matrix, possibly indicating a maximum Zn doping limit of
6% within the silica framework. Furthermore, the uncertainty of the experimental Zn/Si
ratio doubled as this limit was approached in 6- and 8-ZnKCC-1 samples, indicating a less
homogenous distribution of Zn within the silica matrix.

3.3. ATR-FTIR

The vibrational spectroscopy of the pure KCC-1 and Zn-doped KCC-1 was determined
by ATR-FTIR. The spectra of the samples in the range 400–4000 cm−1 are depicted in
Figure 3. The broad bands at 3400 and 1635 cm−1 observed in all samples are attributed
to the O–H stretching and H–O–H bending vibrations. These peaks are indicative of
the presence of a small amount of moisture (H2O) content on the surface of the parti-
cles. All samples show the four characteristic bands of the silica framework: 1062 cm−1

and 800 cm−1 attributed to the asymmetric and symmetric Si–O–Si stretching vibrations,
970 cm−1 corresponding to the external silanol groups (Si–OH), and 450 cm−1 related
to Si–O–Si bending vibrations [38]. To indicate the formation of a Si–O–Zn bond by the
replacement of H atoms of the terminal –OH by the metal ions, the silanol band at 970 cm−1

should decrease [9,12,38], which was not the case in our samples indicating that Zn was not
chemically adsorbed onto the surface of KCC-1, but physically included into the matrix.
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3.4. Field Emission Scanning Electron Microscopy

SEM analysis was employed to evaluate the morphological features of the Zn-doped
nanoparticles. The SEM image of KCC-1 (Figure 4(a1)) display the characteristic fibrous
and spherical morphology previously reported [29], with distinct fibers radiating outward
from the center. The particle size distribution (Figure 4(a2)) shows a narrow peak with an
average particle size (APS) of ~399 nm, indicating a uniform size distribution. At 1% Zn
doping (Figure 4(b1)), the structure appears uniform with well-defined spherical particles
and uniform fibrous networks. The size of the yielded nanoparticles is consistent, ranging
around 200–400 nm, with a slight decrease of the APS to ~318 nm (Figure 4(b2)), indicating
a minimal disruption at this low Zn doping level. As the Zn content increased to 3% and
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6% (Figure 4(c1,d1)), the overall spherical morphology and size distribution were retained,
while the fiber density decreased. The APS further decreased (Figure 4(c2,d2)), with a
broader distribution, reflecting an increased particle size variability as Zn doping increases.
These changes suggest that a higher Zn incorporation may influence the integrity of the
silica framework by altering the condensation process, likely due to Zn competing with
silanol groups during the hydrolysis or interactions between Zn ions and the silica network.
At the highest Zn-doping of 8% (Figure 4(e1)), the particles exhibited a dense and aggre-
gated morphology, the fibrous features were less prominent, and only a limited number of
well-defined mesoporous nanoparticles was observed. The particle size uniformity was
significantly reduced with the broadest (bimodal) distribution (Figure 4(e2)). This trend
suggests that the incorporation of higher levels of zinc influenced the integrity, growth,
and aggregation behavior of the nanoparticles. Overall, SEM images (Figure 4) show
that the silica nanoparticles exhibit consistent morphologies and a homogeneous contrast,
even as the Zn content increases. Notably, no particles with distinct morphologies, which
could indicate the presence of Zn-rich phases, were observed. This finding, coupled with
the significant contrast difference between Zn and Si, which would make compositional
changes evident, strongly argues against any Zn segregation within the silica matrix or the
formation of separate Zn-rich nanoparticles.

3.5. X-Ray Diffraction

XRD analysis was performed on both pure KCC-1 and Zn-doped samples to investi-
gate their structural properties (Figure 5). The XRD patterns of all of the samples revealed
an overall amorphous structure, characterized by a broad halo in the 2θ range of 15–30◦,
attributed to the amorphous silica framework [38]. Notably, no sharp peaks indicative of
crystalline phases were observed. This result confirms that Zn doping does not alter the
amorphous nature of KCC-1 mesoporous silica [39], suggesting that Zn ions are evenly
distributed into the silica matrix or physiosorbed on the surface of KCC-1. Moreover, the
absence of distinct peaks corresponding to the Wurtzite ZnO structure indicates that the
doping concentration is insufficient to induce phase separation. A closer examination of
the diffractograms reveals a slight broadening of the amorphous diffraction halo and the
emergence of additional weak oscillations close to the main diffraction peak with increasing
Zn content. These observations suggest that high Zn doping subtly influences the structure
of the silica matrix. This behavior aligns with the results of a study in which doping
amorphous silica with Ni ions via a one-pot synthesis also resulted in the broadening of
XRD peaks, attributed to the distortion of the fibrous silica framework [40].
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3.6. X-Ray Photoelectron Spectroscopy

The coordination state of the surface elements of the 3-ZnKCC-1 and 6-ZnKCC-1
samples was investigated using XPS. The spectra were collected at the C 1s, O 1s, Zn 2p
and Si 2p core levels, as shown in Figure 6.

Figure 6. XPS profiles of Zn 2p, O 1s, Si 2p, and C 1s in 3Zn-KCC-1 and 6Zn-KCC-1.
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The C 1s spectra of 3-ZnKCC-1 and 6-Zn-KCC-1 revealed three distinct components at
binding energies of 285, 286.7, and 288 eV, corresponding to C–C, C–O and C=O, COOH
bonds, respectively. The Si 2p profile exhibited a single peak centered at approximately
105 eV, indicative of Si–O bonds in SiO2. This result confirms the successful formation and
growth of the SiO2 fibrous shell [41].

A deconvolution of the Zn 2p spectra revealed the presence of two types of zinc
ions, either bonded to oxygen (Zn–O) or bonded to hydroxyl groups (Zn–(OH)2) at 1021
and 1024 eV BE, respectively. Notably, an increase in the intensity ratio of Zn–(OH)2 was
observed as the Zn content increased to 6%. Consistent with the XRF result, at the 6%
doping limit, the distribution of Zn becomes less homogenous, leading to a higher surface
concentration of Zn compared to the 3% sample.

The O 1s spectra of both samples displayed a single component at about 534 eV
attributed to Si–O–H bonds. The absence of a peak corresponding to Si–O–Zn further
supports the FTIR results, suggesting that no chemisorption of Zn occurred on the surface
of KCC-1. Since the XANES analysis indicates the presence of Zn-silicates (discussed
below), the absence of an O–Zn signal in XPS is likely due to the low proportion of O–Zn
relative to O-Si even at the highest Zn content. Additionally, the lower sensitivity of XPS
to the bulk further reduces the contribution of O-Zn signals from physisorbed Zn present
within the bulk of the material.

3.7. X-Ray Absorption Spectroscopy

To determine the coordination state of Zn in the bulk of the doped KCC-1 samples,
Zn K-edge XANES were analyzed. The normalized spectra of the 3-ZnKCC-1 and 6-
ZnKCC-1 samples, along with the reference compound XANES profiles and the best linear
combination fits are presented in Figure 7.
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An extensive dataset of Zn-K edge reference compounds from Ref. [35] was used to
identify an optimal set of reference spectra (re f

i ). For both samples, the best fit indicated
Hemimorphite (Zn4(Si2O7)(OH)2.H2O) as the primary contributor, accounting for approx-
imately 50% of the signal (Table 3), alongside 20% Willemite (Zn2SiO4). Additionally, a
statistically significant contribution of about 30% from a Zn-hydroxyapatite-like (Zn-Hap)
phase was identified to improve the LCF. Notably, contributions from Zn acetate, indica-
tive of precursor residues, and ZnO, suggestive of segregated zinc oxide phases, were
ruled out. Attempts to include an adsorbed Zn phase using the data from Ref. [35] were
also unsuccessful.
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Table 3. Weight percentages of reference compounds obtained from the LCF fitting of 3-ZnKCC-1
and 6-ZnKCC-1.

Standard 3-ZnKCC-1 6-ZnKCC-1

Hemimorphite 0.51 ± 0.05 0.54 ± 0.04
Zn-Hap 0.28 ± 0.02 0.28 ± 0.02

Willemite 0.21 ± 0.04 0.19 ± 0.03

The presence of Zn silicates in the samples confirms the incorporation of Zn into the
KCC-1 structure. The inclusion of Zn modifies the connectivity within the amorphous
silica network. Specifically, the structures of Hemimorphite and Willemite comprise ZnO4

tetrahedra with distinct connectivities. In Hemimorphite, edge-sharing ZnO4 tetrahedral
pairs are linked to SiO4 and OH units, while Willemite features a network of corner-sharing
ZnO4 and SiO4 tetrahedra.

The identification of a Zn-Hap-like phase may initially appear unexpected, given the
absence of Ca or P in the samples. However, it is important to recognize that XAFS is a local
structural probe, sensitive to the oxidation state and to the short-range environment around
the absorber, typically limited to the first few coordination shells. Consequently, LCF
results should be interpreted as local structural analogies to reference compounds rather
than definitive evidence of extended phases. Therefore, the Zn-Hap contribution likely
reflects the presence of a Zn phase locally resembling Zn in hydroxyapatite, characterized
by a more distorted Zn environment compared to Willemite or Hemimorphite. This
environment consists of Zn ions in a 4–5-fold coordination with PO4 groups and OH
molecules. Given that P and Si contributions are indistinguishable in XAFS owing to their
similar photoelectron scattering functions, this feature is most plausibly attributed to a
highly disordered Zn-silicate phase.

Zinc silicates are highly promising materials with a significant potential for several
industrial applications [42,43]. The results of our study confirm the complex nature of
Zn incorporation in KCC-1 and opens up new avenues for further exploration of the Zn-
KCC-1 potential in diverse fields such as photocatalysis [44], organic dyes removal [45],
optoelectronics [46], and thermoregulating coatings [47].

4. Conclusions
In this study, pure KCC-1 and Zn-doped KCC-1 were successfully synthesized via

a one-pot microemulsion technique followed by a hydrothermal treatment. A compre-
hensive characterization of the synthesized materials provided valuable insights into the
doping process, structural evolution, and zinc incorporation limits within the silica matrix.
The findings revealed a Zn saturation limit of approximately 6% which is attributed to
competitive interactions between Zn species and silica precursors.

At lower Zn doping levels, the silica framework retained its structural integrity and
characteristic fibrous morphology. However, with increasing Zn concentration, structural
distortion became apparent, marked by a notable reduction in fiber density. At the highest
loading of Zn, the fibrous structure was compromitted, and the particles exhibited a broad
and not homogeneous size distribution. Furthermore, the study confirmed that Zn was
incorporated into the silica matrix as silicate-type species, with no evidence of ZnO phase
separation or surface chemical bonding.

These findings highlight the potential of Zn-doped KCC-1 for diverse applications
including photocatalysis, environmental remediation, and sensing. Future research should
focus on optimizing synthesis parameters, such as reaction conditions and precursor
concentrations, to further enhance the structural and functional properties of Zn-doped
KCC-1, paving the way for its broader application in advanced technologies.
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