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Abstract: Incorporating metal oxide nanoparticles into cement-based composites delays the hydration
process and strength gain of cementitious composites. This study presents an approach toward
improving the performance of bismuth oxide (Bi2O3) and gadolinium oxide (Gd2O3) particles in
cementitious systems by synthesizing core–shell structures via a sol-gel process. Two types of silica
coatings on cementitious pastes with 5% and 10% substitution levels were proposed. The rheology,
hydration, and mechanical properties of the pastes were analyzed to determine the relationship
between the coating type and nanoparticle concentration. The results indicate that despite the
significant disparities in the performance of the resulting material, both methods are appropriate for
cement technology applications. Bi2O3’s silica coatings accelerate the hydration process, leading to
early strength development in the cement paste. However, due to the coarse particle size of Gd2O3,
silica coatings exhibited negligible effects on the early age characteristics of cement pastes.

Keywords: cement paste; Bi2O3; Gd2O3; core–shell; rheology; sol-gel

1. Introduction

Heavy-weight microsized powders are widely used as additives to cementitious
systems in construction and dental applications [1–4]. Due to their high atomic number,
the replacement of Portland cement with microsized additives enables the production
of composites with radiopacifying and radiation (gamma-ray and neutron) attenuation
properties. In recent years, there has been growing concern regarding the production of
lead-free materials; thus, various additives have been used, including Bi2O3, Ti2O3, WO3,
Gd2O3, and Fe3O4. Particular interest is placed on the application of Bi2O3 due to its high
atomic number (Z = 83), low price, nontoxicity, and biocompatibility [5].

However, to ensure proper radiopacifying, radiation shielding characteristics of cemen-
titious composites or a high-volume replacement of cement, which increases the density,
or both, are needed. As heavy-weight metal oxide particles usually exhibit low affinity
for the cement matrix, several problems occur in cementitious systems, including delayed
hydration, retarded strength development, lower mechanical performance, and increased
matrix porosity. Therefore, various mitigation techniques are sought to face and overcome
these obstacles.
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In recent years, there has been substantial interest in replacing conventional microsized
additives with nanoparticles. Various studies confirmed that the addition of nanoparticles
to various systems, e.g., polymeric matrices, improved radiation attenuation properties
better than their microsized counterparts [6–8]. These effects are attributed to the unique
surface properties as well as the smaller size of nanoparticles, resulting in better filling
(packing) ability and more efficient distribution of the material within the matrix. To date,
limited information on the inclusion of nanoparticles toward improving the radiation
shielding and radiopacifying characteristics of cementitious systems is available.

Few experimental studies have reported the beneficial effects of the inclusion of
nano-TiO2 as a gamma-ray shielding concrete material; however, with higher dosages, a
reduction in mechanical performance was observed [9–11]. Similar problems occurred with
the addition of Fe3O4 nanoparticles [12,13]. Comparative studies on the effects of Bi2O3
powders confirmed the superior effects of nano-Bi2O3 compared to micro-Bi2O3 in cement-
based applications in terms of radiation shielding properties [14–17]. In all available
studies related to the inclusion of nano-Bi2O3, all cement-based composites exhibited
lower mechanical performances than nonmodified (control) materials. As reported by
Li and Coleman [3], the presence of the Bi2O3 powder delays the hydration process of
cement, resulting in an increased setting time of cement pastes. However, when micro-
and nanosized powders were compared, higher strength losses were reported for cement
pastes containing microsized particles [15]. Thus, it can be concluded that nanoparticles
can reduce the negative effect of a high content of additives to some extent.

The lower mechanical performance and slower strength development of cement-based
composites containing nano-Bi2O3 is mainly attributed to its high-volume replacement
rate with cement. To ensure proper radiation shielding characteristics, the addition of
micro- or nanoparticles usually exceeds >5 wt% of binder [5,9–11,15–18]. In contrast, the
State-of-the-Art recommended dosages of nanoparticles in cementitious systems, toward
improving durability and mechanical characteristics, should usually not exceed 5 wt% of
binder [19,20].

Both Bi2O3 and Gd2O3 are widely used as radiation-attenuating additives in other
fields of materials science (e.g., polymers), while their performance in cement-based com-
posites is not fully explored. Based on the abovementioned literature review, Bi2O3 nanopar-
ticles possess a significant threat of having a dramatically delayed hydration process, which
in turn can hinder or even prevent its use in prefabrication or 3D printing technology.
Similarly, the effect of Gd2O3 powders on the performance of cement-based composites
is extremely limited in the literature. Therefore, it is imperative to understand the per-
formance of the abovementioned materials in the context of their potential application
as radiation-attenuating additives for cementitious systems. This includes establishing
relationships between their content on the fresh and hardened properties of cement-based
composites as well as the potential development of potential mitigation methods for de-
layed hydration.

Researchers have explored various methods to increase the hydration rate and im-
prove the embedding of nanomaterials within the cementitious matrix. One of the popular,
inexpensive methods is the production of thin silica coatings on nanoparticle surfaces
to increase their reactivity and improve their bonding with the matrix. Nanosized silica,
due to its ultrafine size, high amorphicity, and remarkable reactivity, exhibits spectacular
effects on accelerating the cement hydration process and improving the overall durability
and mechanical properties of cement-based composites [21–24]. To date, various nanopar-
ticles have been coated with silica layers, including Fe3O4 [25], TiO2 [26], and carbon
nanotubes [27,28]. Moreover, Pi et al. [29] proposed the production of nano-SiO2-coated
steel fibers for concrete applications.

To date, no information on research related to the early age characteristics of nano-
Bi2O3-modified cement pastes is available. Moreover, no attempts to improve the perfor-
mance of Bi2O3 nanoparticles with silica coatings were studied. Therefore, this study is
the first to evaluate the possibilities of Bi2O3 nanoparticle coatings to improve the early
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age performance of cement pastes containing such materials. Moreover, another poten-
tial neutron attenuator, Gd2O3 powder, was also coated with silica shells to evaluate the
performance of coatings with different core materials.

2. Research Significance

To date, no studies related to the fresh and early age characteristics of cement pastes
containing Bi2O3 and Gd2O3 powders are available. Moreover, no attempts to improve the
performance of such materials by various silica coatings were studied in the literature. This
study evaluates the effectiveness of radiation-attenuating additives (Bi2O3 and Gd2O3) in
cement-based composites and explores methods for enhancing their performance in cement
matrices. Therefore, two types of sol-gel silica coatings for the production of core–shell
structures will be proposed for the first time, and their potential application in cementitious
systems will be evaluated. Moreover, knowledge of Gd2O3 performance in cementitious
systems will be evaluated, as only one study related to that field is available (to the best of
the authors’ knowledge). Therefore, this study will be the first to propose a comparative
study on two types of sol-gel silica coatings for the synthesis of core–shell structures that
can find application in cementitious systems. As an outcome, State-of-the-Art related to the
effects of Bi2O3 and Gd2O3 on fresh and hardened properties will be extended, shedding
new light on the potential use of the abovementioned materials for radiation shielding
purposes. Moreover, new types of advanced additives will be proposed for potential
radiation shielding applications.

3. Materials and Methods
3.1. Materials

Cement CEM I 42.5 R (Górażdże, Poland) and tap water conforming to EN 1008 were
used to produce cement pastes. Bismuth oxide (Bi2O3) and gadolinium oxide (Gd2O3),
with catalog numbers 637017 and 278513, respectively, were purchased from the Merck
company. As a source of silica in the coating process, tetraethyl orthosilicate (TEOS) was
purchased from the Merck company. Other chemical reagents, such as ethylene alcohol
(ETOH) and 26% ammonium solution (NH4OH), were purchased from Warchem (Trakt
Brzeski, Poland). Figure 1 presents the particle size distribution (by volume) of materials
used in this study determined using a laser diffraction method and a laser diffraction
analyzer (Malvern Mastersizer 2000, Worcestershire, UK). The obtained curves confirm that
both Bi2O3 and Gd2O3 powders are much finer than cement particles. However, a higher
particle size was reported in Gd2O3 powder when compared to Bi2O3. The particle sizes of
the powders will be discussed in detail in the Section 4.
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3.2. Metal Oxides Coatings with Silica Coatings

Metal oxide coating was performed using two different methods, which were desig-
nated as method A and method B, for better readability. Both methods are based on the
Stöber method of synthesizing silica nanospheres [30].

In the first method (Figure 2A, method A), 100 mL ethylene alcohol (ETOH) was
mixed with 2.5 mL of ammonium solution using a magnetic stirrer. After 1 h of mixing, 5 g
of the metal oxide was alternatively dispersed in the obtained solution using a magnetic
stirrer and ultrasound. After obtaining the suspension, the suspension was stirred using a
magnetic stirrer. Next, 1.5 mL of TEOS was added to the flask. Furthermore, the suspension
was stirred for 24 h at room temperature. In the last stage, the material was dried in air at
80 ◦C.

In the second method (Figure 2B, method B), 80 mL of distilled water and 20 mL of
ETOH were poured into the flask and stirred using a magnetic stirrer. A total of 2.5 mL
of ammonium solution was added to the stirred mixture of water and ETOH. Next, after
5 min, 1.5 mL of TEOS was added. The obtained solution was stirred for the next 24 h, with
a stirrer rotation of 500 rpm. After stirring for 24 h, 5 g of metal oxide was added to the
suspension and stirred for 60 min. Then, the suspension was cast on a flat surface, creating
a thin, homogeneous layer. In the last stage, the cast suspension evaporated in the air at
90 ◦C for 24 h.
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3.3. Cement Paste Mixture Design and Mixing Protocol

A set of 13 cement pastes was designed with a fixed water-to-cement (w/c) ratio of 0.4.
The mix design of cement pastes is presented in Table 1. In nanomodified mixes, cement
was replaced with particles at 5% and 10% (by weight). The control sample was designated
as the control, while other mixes were designated following the method presented in
Figure 3.
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Table 1. Ratio of the cement paste components (wt%).

Sample Designation Cement Bi2O3 Gd2O3 Bi2O3-A Bi2O3-B Gd2O3-A Gd2O3-B Water

Control 1 - - - - - - 0.4
Bi5 0.95 0.05 - - - - - 0.4

Bi5A 0.95 - - 0.05 - - - 0.4
Bi5B 0.95 - - - 0.05 - - 0.4
Bi10 0.90 0.10 - - - - - 0.4

Bi10A 0.90 - - 0.10 - - - 0.4
Bi10B 0.90 - - - 0.10 - - 0.4
Gd5 0.95 - 0.05 - - - - 0.4

Gd5A 0.95 - - - - 0.05 - 0.4
Gd5B 0.95 - - - - - 0.05 0.4
Gd10 0.90 - 0.10 - - - - 0.4

Gd10A 0.90 - - - - 0.10 - 0.4
Gd10B 0.90 - - - - -- 0.10 0.4
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Cement pastes were mixed using an automatic hand mixer. In the first stage, the
mixture of (tap) water and nanoparticles was ultrasonicated for 10 min using an ultrasonic
bath. The solution was mixed with cement following the procedure: (i) 30 s slow mix-
ing, (ii) 60 s fast mixing, (iii) 30 s rest, and (iv) 60 s fast mixing. Mixed samples were cast into
20 × 20 × 20 mm molds, covered in foil, and cured at room temperature for 24 h
(T = 20 ◦C ± 1 ◦C). Afterward, cubes were de-molded and stored in the container up
to 28 d with RH = 95% and T = 20 ◦C ± 1 ◦C.

3.4. Testing Methodology

An Aeris diffractometer (Malvern Panalytical, Malvern, UK) with Cu-Kα radiation
(λ = 1.544 Å) was used to analyze the crystallinity and phase composition of the nano-
materials. Transmission electron microscopy (TEM, Tecnai F30 with a field emission gun
operating at 200 kV, Thermo Fisher Scientific, Waltham, MA, USA) with energy dispersive
X-ray spectroscopy (EDS) was used to evaluate the morphology and composition of the
samples. The specific surface area was measured using an N2 adsorption/desorption
isotherm (Micromeritics ASAP 2460, Norcross, GA, USA).

The heat evolution rate of cement pastes was determined using a TAM-Air (TA In-
struments, Waters, Wakefield, MA, USA) isothermal calorimeter. A total of 12.6 g of paste
(9 g binder + 3.6 g water/solution) was mixed externally using a vibration mixer and put
immediately inside the calorimeter. The rate of hydration was measured up to 168 h.

The consistency of cement pastes was determined using a mini-slump test. After
mixing, the cement pastes were poured into a mini-flow cone. A mini cone (Figure S1,
Supplementary Materials) with a top diameter, bottom diameter, and height of 36, 60, and
60 mm, respectively, was used [31]. Afterward, the cone was raised vertically, and 15 hits
to the flow table were applied. The spread flow (mean diameter) was determined in two
perpendicular directions, and the mean value was taken as a representative.

The rheological parameters of the cement pastes were measured using a Rheotest RN4
rotational rheometer with concentric cylinder geometry. Cement pastes were tested 5 min
after water/cement contact. The rheology test was conducted using a modified version of
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the [32] methodology. The mixture was initially pre-sheared for 30 s at a constant shear
rate of 100 s−1. The shear stress of the mixtures was then calculated for a total of 300 s at
20 points distributed uniformly along a logarithmic scale, with shear rates ranging from
100 s−1 to 0.1 s−1. In this study, the yield shear stress (τ0) and plastic viscosity (ηp) of
each mixture were determined using the modified Bingham model (MBM). The Herschel–
Bulkley model, the Bingham model, and the modified Bingham model are examples of
fitting models that have been described for the rheological assessment of cementitious
composites. The MBM approach (Equation (1)) was chosen to address the non-Newtonian
and pseudoplastic behavior of cementitious composites and achieve better fitting accuracy.

τ = τ0 + ηPγ + cγ2 (1)

where c is a constant, τ is the shear stress, τ0 is the yield shear stress, ηp is the plastic
viscosity, and γ is the shear rate.

The compressive strength of the cement pastes was determined after 1 d, 2 d, 7 d, and
28 d of curing using a UNIFRAME 250 electromechanical universal tester (CONTROLS
S.p.A., Liscate, Italy) with a loading rate of 0.6 MPa/s. Three samples of each type of
composite were tested, and the mean value was taken as representative.

3.5. Nanomaterials Physical and Chemical Characterization Techniques

The morphology of the materials before and after coating was examined with a
transmission electron microscope (TEM, Tecnai G2 F20 S-TWIN, FEI). Additionally, TEM
was equipped with a high-angle annular dark field HAADF detector (STEM) and X-ray
energy dispersive spectroscopy (EDAX) module for elemental distribution analysis. The
chemical composition of the samples was analyzed using an energy-dispersive X-ray
fluorescence spectrometer (Epsilon3) and X-ray powder diffractometer (Aeris, Malvern
Panalytical, Malvern, UK) with an accelerating voltage of 40 kV and a tube current of
7.5 mA. Cu-Kα radiation (λ = 1.544 Å) was used as an excitation source. Additionally,
the chemical composition of the synthesized silica coatings was analyzed with a Raman
microscope (Renishaw, New Mills Wotton-under-Edge, UK) with an excitation wavelength
of 785 nm. The images of silica coatings were taken using a Delta Optical microscope (Delta
Optical, SZ-430B, Mississauga, ON, Canada) equipped with a 20 MP camera (DLT-Cam
PRO). N2 adsorption/desorption isotherms were acquired using Micromeritics ASAP 2460.
The surface area, pore volume, and median were calculated according to the Brunauer–
Emmett–Teller (BET) and DFT methods, respectively.

4. Results and Discussion
4.1. Nanomaterials Characterization

The XRD analysis of the bismuth and gadolinium oxides before and after silica coat-
ing is presented in Figure 4. The bismuth oxide spectrum (Figure 4A) before and after
silica coating (via method A or method B) shows the same peak positions with similar
intensities. Peaks from Bi2O3 can be assigned to the β-Bi2O3 phase, according to PDF
27-0050. No additional peaks other than those assigned to pristine Bi2O3 were identified.
The gadolinium oxide patterns before (Gd2O3) and after silica coating (via method A or
method B) are similar in terms of peak position and intensity (Figure 4B). The peaks in the
XRD pattern of Gd2O3 can be assigned according to JCPDS card no. 43-1014. According to
the X-ray fluorescence (XRF) analysis, the contents of silica in the Bi2O3 and Gd2O3 coated
via method A and method B are 6.84%, 6.68%, 6.98%, and 6.80%, respectively. The XRD
results confirm that the synthesis of silica coatings did not influence the chemical structure
of the metal oxide core.

A schematic representation of the synthesis process of silica coatings on Bi2O3 is
presented in Figure 5A. The TEM images of pristine bismuth oxide (Figure 5B,C) show a
spherical structure with a diameter ranging from 93 nm to 643 nm. The mean diameter
of the pristine Bi2O3 particles is 250 nm. The surface of the particles is smooth and free
from impurities. The high-magnification images of the Bi2O3 particles show lattice planes,
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proving the crystal structure of the metal oxide particles. TEM images of the lattice planes
are presented in Figure S2A (Supplementary Materials). Bismuth oxide particles coated
with silica according to method A are presented in Figure 5D,E. The images show a solid
silica coating over the bismuth oxide core. The thickness of the silica shell ranges from
26 nm up to 35 nm, with a mean thickness of approximately 30 nm. The thickness of the
silica shell was estimated by TEM image analysis.
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TEM images of the bismuth oxide particles coated with silica via method B are pre-
sented in Figure 5F,G. The silica coating exhibits an irregular shape. Depending on the
spot on the particle, the thickness of the silica coating size varies from 10 nm to 47 nm. In
some spots, metal oxide cores may lack any coating. The structure of silica synthesized
via method B (without cores) is presented in Figure S3 (Supplementary Materials). It is
composed of silica particles with sizes below 15 nm. Due to this, silica coatings can show
increased surface area by pore formation between the particles. The structures of the silica
coatings, synthesized according to method A, were previously reported [33]. Previous
studies showed that silica coatings, via method A, have a solid structure. It was proven
by the slight increase in the surface area of the iron oxide after coating with silica. The
surface area increased from 52 m2/g to 60 m2/g, compared to 117 m2/g obtained with the
mesoporous silica coating. Second, the solid structure of the silica coatings increased the
chemical resistance of the cores due to acid etching. After coating with a thin silica layer
of 20 nm, iron oxide nanoparticles prevented the dissolution of iron with hydrochloric
acid [33].

Energy-dispersive X-ray spectroscopy (EDS) was used to analyze the elemental distri-
bution of the pristine and silica-coated bismuth oxide particles. The maps of the distribution
of bismuth, oxygen, and silica are presented in Figure 6. The images taken using scanning
transmission electron microscopy (STEM) of the analyzed structure are presented in the
Supplementary Materials (Figure S4A–C). The EDS of pristine Bi2O3 shows that signals
from bismuth and oxygen correspond to each other, proving that the structure is composed
of bismuth oxide. After the silica coating Bi2O3, the silica signal mostly corresponds to the
signal from oxygen. In comparison with the signal from bismuth, it is clearly visible that
the signal from silica is located on the outer layer of the structure, whereas the bismuth
signal is located throughout the structure. The EDS analysis proves the successful silica
coating of Bi2O3, regardless of the chosen silica coating method.
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A schematic representation of the synthesis process of silica coatings on Gd2O3 is
presented in Figure 7A. According to the TEM images, pristine gadolinium oxide structures
(Figure 7B,C) are composed of agglomerates of small crystals (from 101 nm to 248 nm)
with more spherical and regular shapes. The size and shape of the Gd2O3 agglomerates
are more irregular, with sizes measured in micrometers (from 256 nm to 2000 nm). Simi-
lar to Bi2O3 particles, Gd2O3 particles in high-magnification images show lattice planes,
proving their crystal structure (Figure S2B, Supplementary Materials). The surface of the
Gd2O3 microparticles is smooth in comparison to gadolinium oxide particles coated with
silica according to method A. TEM images of the coated microparticles are presented in
Figure 7D,E. The TEM images show solid silica coating over the Gd2O3 core, with thick-
nesses from 14 nm to 38 nm. The mean thickness around the Gd2O3 core is approximately
−23 nm. The thickness of the silica shell was estimated based on TEM image analysis.
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Figure 7. Graphical representation of the Gd2O3 particle before and after coating with silica according
to method A and method B (A). TEM images of Gd2O3 before (B,C) and after coating with silica via
method A (D,E) and method B (F,G).

Similar to bismuth oxide, gadolinium oxide microparticles coated with silica via the
second method have irregular shapes and sizes (Figure 7F,G). The thickness of the silica
coating differs depending on the spot on the microparticles. In some spots, metal oxide
microparticles are uncoated or stuck to each other with silica coating. The thickness of
the silica coating ranges from 5 nm to 40 nm. The mean diameter of the silica coating is
approximately 17 nm.
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To prove the silica coating, EDS mapping of selected elements of pristine and silica-
coated gadolinium oxide particles is presented in Figure 8. The EDS of pristine Gd2O3
shows that the signals from gadolinium and oxygen correspond to each other. This proves
that the structure is composed of gadolinium oxide and is free from silica. After the silica
coating of Gd2O3, the signal from silica mostly corresponds to the signal from oxygen. In
comparison to the signal from gadolinium, it is clearly visible that the signal from silica
is located on the outer layer of the structure, whereas the gadolinium signal is located
throughout the structure. The EDS analysis proves successful silica coating of the Gd2O3,
regardless of the method of silica coating.
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Figure 8. EDS mapping of gadolinium, oxygen, and silica in pristine Gd2O3, and Gd2O3 after coating
with silica via method-A and method-B.

BET surface analysis proves the successful coating of bismuth and gadolinium oxides
with silica. Bismuth oxide coating with method A resulted in an increase in the metal oxide
surface area from 1.1007 cm2/g to 3.429 cm2/g. The surface area of the bismuth oxide
coated using method B resulted in a significant increase in the surface area up to 81.3 cm2/g.
Similar to Bi2O3, coating of gadolinium oxide with method A resulted in an increase in the
surface area from 0.1666 cm2/g to 18.3015 cm2/g, while coating with method B resulted in
an increase in the surface area up to 87.22 cm2/g. All surface areas and pore size/volume
data are summarized in Table 2.
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Table 2. Surface area and pore volume.

Sample BET Surface Area
[cm2/g]

DFT Median Pore
Width [Å]

DFT Total Volume in
Pores [cm3/g]

Bi2O3 1.1007 9.116 0.00042
Bi2O3 method-A 3.429 6.658 0.00091
Bi2O3 method-B 81.3367 11.626 0.05473

Gd2O3 0.1666 7.551 0.00007
Gd2O3 method-A 18.3015 10.718 0.00025
Gd2O3 method-B 87.220 11.859 0.08523

The metal oxide particles were successfully coated with silica coatings via two methods.
Depending on the method of silica coating, different coating structures and thicknesses
were obtained. Core particles coated with silica via the first method (method A) resulted in
the formation of a solid shell with regular thickness. The silica shell synthesized via the
second method (method B) had an irregular thickness and porous structure. Both silica
coatings increased the surface area and pore volume. The increase in the surface area can
be explained by the lower density of the silica coatings in comparison to that of the metal
oxide core. Changes in the surface area are also related to the structure of the silica coatings.
According to the TEM analysis, the silica coating forms a solid layer (method A) or a porous
layer is formed from small particles (method B). The formation of the porous structure is
proven by the higher total volume in pores (Table 2).

The silica shell synthesized via method B, except for the higher porosity and surface
area, has a second advantage over method A in terms of the requirements and complexity of
synthesis. For the synthesis of SiO2 via method B, 80% of ethanol is replaced with distilled
water, which reduces the synthesis costs. Another advantage of the synthesis of silica shells
using method B is the following two-step synthesis: (i) silica precursor hydrolysis and
condensation and (ii) formation of silica shells. Separate stages of silica shell formation from
silica precursor hydrolyses and condensation allow simultaneous preparation of solutions
of hydrolyzed and condensated TEOS and metal oxide core coating by evaporation of the
TEOS solution. During the synthesis of the silica shell via method A, both processes co-
occur during stirring in the glass beaker. Simultaneously, TEOS hydrolysis/condensation
and shell formation do not speed up the whole process since the metal oxide cores require
proper homogenization in the solution. Achieving a homogeneous solution requires stirring
and sonication. It complicates and increases the costs of silica synthesis. Both methods
require the separation of the coated cores from the solution in the last step. In method A,
the process of nanomaterial separation can be selected from filtration, centrifugation, or
evaporation [34]. However, in method B, it is necessary to evaporate the solution since it is
necessary for silica precursor condensation.

Silica nanomaterials synthesized according to method A and method B also differ
in terms of post-synthetic solutions and structure of the obtained materials (Figure S4A,
Supplementary Materials). The difference in the structures of the as-synthesized silica
materials is clearly noticeable in the microscope images (Figure 9). Optical microscopic
analysis of the silica synthesized according to method A showed a white color and powder
form (Figure 9A–C). This microscopic analysis is in accordance with previous studies on
the synthesis of silica nanomaterials (spheres, coatings) [33–35]. According to previous
studies, silica synthesized via method A has a nonporous, amorphous character [35].

Microscopic analysis of the silica synthesized according to method B (Figure 9D–F)
shows that the synthesized silica has a crystal form resembling glass. Images D and E show
transparent pieces of dried silica. White spots on the transparent pieces are microsized
silica from the crushed, broken, or grounded silica pieces. Figure 9F shows an image of the
small white particles at higher magnification. This image proves that white particles have a
similar structure/form to the macrosized silica pieces.
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Figure 9. Microscopic images of the silica synthesized via method A (A–C) and method B (D–F).
The scale for images (A,B,D,E) represents 1 mm (red line). The scale for images (C,F) corresponds to
0.2 mm (red line).

Between both samples, a clear difference can be noticed during their synthesis
(Figure S4B,C, Supplementary Materials). A solution from the synthesis silica according to
method A changes from transparent and colorless to milky white (Figure S4B, Supplemen-
tary Materials). The solution after synthesis of silica via method B remained transparent
and colorless (Figure S4C, Supplementary Materials). A previous study performed by
Kyong Ku Yun et al. shows that depending on the size, the color of the silica suspensions
differs [36]. As reported, silica up to 30 nm shows a tendency to create transparent solutions.
A further increase in the size of colloidal silica changes the color to white and milky white.
Their studies are in accordance with our present and previous studies on nanosilica.

Raman analysis of both silica materials did not show significant changes between sam-
ples (Figure S5, Supplementary Materials). It suggests that silica materials have amorphous
structures. Raman data, along with the optical microscope analysis, suggest that silica
synthesized via method B can be classified as fused silica. Fused silica is characterized by
high purity, silica particles below 15 nm, chemical resistance, a cross-linked 3D structure,
and deep ultraviolet transparency [37]. It resembles quartz due to the regular arrangement
of molecules only in local areas of density. In these organized domains or clusters, silicon
oxide anions are somehow mutually oriented at short distances.
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4.2. Isothermal Calorimetry

Figure 10 presents heat flow and cumulative heat curves for cement pastes containing
Bi2O3 and Gd2O3 particles. A remarkable delay in the hydration process of cement pastes
containing pristine Bi2O3 nanoparticles is visible (Figure 10A,B). The occurrence of a second
hydration peak was delayed by 73% and 132%, and the magnitude of the peak decreased
by 30% and 38% for Bi5 and Bi10, respectively, when compared to the control (Table 3).
Similarly, the cumulative heat release in the first 24 h of Bi5 and Bi10 was markedly
decreased (approximately by half) when compared to the control (Table 4), which had
a substantial effect on strength development in the first day of hydration (Section 4.4).
After 168 h, the cumulative heat values of Bi5 and Bi10 were lower by 6% and 11%,
respectively, which can be directly related to the replacement level of cement with Bi2O3
particles. Therefore, it can be concluded that Bi2O3 nanoparticles have a substantial effect
on delaying the hydration process, especially in the first 48 h of the hydration process.
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To date, no studies related to the hydration mechanisms of cement pastes containing
nanosized Bi2O3 are available. As reported by Grazziotin-Soares et al. [1], cementitious
systems containing a replacement rate of 20 wt% with Bi2O3 micropowder exhibited
noticeably delayed initial and final setting times. A calorimetric study performed by Li and
Coleman [3] confirmed that a cementitious system containing 20 wt% cement replacement
with microsized Bi2O3 delayed the occurrence of a second exothermic peak from 8 h 47 min
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(power of 9.09 mW/g−1) to 11 h 7 min (power of 6.65 mW/g−1). Therefore, based on the
results presented in our study, it can be concluded that Bi2O3 nanoparticles have a much
more marked effect on delaying the hydration process than microsized powders.

Table 3. Maximum exothermic heat rate and peak occurrence.

Sample Designation Maximum Heat
Flow [mW/g]

Loss/Rise in Comparison
to Control [%]

Peak Occurrence
[h]

Loss/Rise in Comparison
to Control [%]

Control 2.37 - 12 h 54 min
Bi5 1.65 −30 22 h 21 min −73

Bi5A 2.08 −12 15 h 03 min −17
Bi5B 1.95 −18 15 h 24 min −19
Bi10 1.48 −38 29 h 53 min −132

Bi10A 1.88 −21 14 h 45 min −14
Bi10B 1.78 −25 15 h 02 min −17
Gd5 2.26 −5 13 h 03 min −1

Gd5A 2.29 −3 12 h 39 min +2
Gd5B 2.29 −3 11 h 15 min +13
Gd10 2.19 −8 13 h 00 min −1

Gd10A 2.20 −7 12 h 57 min 0
Gd10B 2.16 −8 12 h 02 min +7

Table 4. Percentage (%) of cumulative heat at selected time intervals compared to the control sample.

Sample Designation 12 h 24 h 36 h 48 h 72 h 168 h

Control - - - - - -
Bi5 64 61 79 88 91 94

Bi5A 85 90 97 98 96 96
Bi5B 90 90 96 97 95 96
Bi10 52 45 64 78 84 89

Bi10A 89 88 94 94 94 94
Bi10B 94 88 93 94 92 94
Gd5 102 100 100 99 98 100

Gd5A 105 100 100 100 98 100
Gd5B 111 102 101 100 99 101
Gd10 106 100 99 98 97 99

Gd10A 104 97 98 97 95 98
Gd10B 120 104 101 100 97 100

Coating Bi2O3 with silica layers resulted in a spectacular acceleration of the hydration
process of cementitious systems and, thus, a substantial reduction in the negative impact
of pristine Bi2O3 (Figure 10). Coating with method A was more effective in reducing the
negative impact of the presence of Bi2O3 in the system. The occurrence of a second exother-
mic peak was delayed by only 17% and 14% in the Bi5A and Bi10A groups, respectively,
when compared to the control. A slightly longer delay of peak occurrence by 19% and
17% (respectively) was reported for samples Bi5B and Bi10B (Table 3) when compared
to the control. Similarly, the maximum heat rates reached by samples produced with
silica-coated Bi2O3 were increased when compared to cement pastes containing pristine
Bi2O3. Moreover, a remarkable rise in early cumulative heat release in samples containing
Bi2O3 coated with silica was observed when compared to pastes containing pristine Bi5
and Bi10 (Table 4). It was confirmed by the early mechanical performance of cement pastes
(Section 4.4). It is worth noting that from 36 h of hydration, the total released heat values
were only slightly lower than the value of the control sample (Table 4). Therefore, the pres-
ence of silica coatings on the surface of Bi2O3 particles has a marked effect on accelerating
the hydration process and reducing the negative impact of pristine Bi2O3, especially in the
first two days of the hydration process.



Coatings 2023, 13, 1698 15 of 22

The introduction of Gd2O3 particles (Figure 10C,D) into the cementitious system did
not remarkably affect the hydration process, as in the case of Bi2O3 nanoparticles. In all
cases (Gd5 and Gd10), the delay in the hydration process, as well as the decrease in the
peak magnitude, did not exceed 10% (Table 3) when compared to the control. Similarly, the
total heat releases up to 168 h of samples Gd5 and Gd10 were comparable to the value of
the control paste (Table 4). To date, limited literature is available on the hydration process
of cementitious systems containing Gd2O3 powders. However, a study by Piotrowski
et al. [38] confirmed that composites with higher Gd2O3 dosages (up to 10 wt%) act as
a slight retarder of the cement hydration process but accelerate aluminate activity. The
coating of Gd2O3 with a silica shell had a marginal effect on the performance of the material
when compared to nanosized Bi2O3. It can be attributed to the coarser particle size of
Gd2O3 compared to Bi2O3 (Figure 1) and, thus, the lower reactivity of the material in
the cementitious system. As reported in Section 4.1, the Gd2O3 used in this study is
an agglomerated material composed of nanosized crystals; thus, its potential filling and
seeding ability is limited. Therefore, the silicon coatings, regardless of their type, exhibited
marginal effects on the cement hydration process. However, in the first 12 h of hydration,
slightly higher rates of heat release were reported only for cement pastes containing Gd2O3
particles coated with type B silica (Table 4).

Therefore, based on the observed results, it can be concluded that the proposed silica
coatings, regardless of coating type, have a marked effect on accelerating the hydration
process of Bi2O3 nanoparticles, while its efficiency is decreased in coarser Gd2O3 particles.
The discrepancy between coating methods that favor the method A coating could be
associated with a higher amorphicity level of the solid silica shell as a result of the synthesis
process, despite having a substantially lower surface area (Table 2).

4.3. Fresh Property Evaluations

The flow curves, i.e., shear stress versus shear rate, of all the mixtures with and with-
out binder replacement materials are shown in Figure 11A,B. From the flow curves, the
flowability characteristics, yield shear stress (τ0), and plastic viscosity (ηp) were determined
(Table 5). The mixtures’ flow behavior (see Figure 11C) with and without heavy-weight com-
ponents was assessed to evaluate the mix’s consistency by employing the mini-cone test.

Table 5. Rheological parameters of cement pastes were determined using the MB model.

Sample Designation Yield Shear Stress Plastic Viscosity R2

Control 7.16222 1.02845 0.99699
Bi5 8.74182 1.05081 0.99751

Bi5A 11.64369 1.15427 0.98882
Bi5B 7.16222 1.02845 0.99699
Bi10 7.36615 1.29074 0.99607

Bi10A 7.26896 1.32779 0.99714
Bi10B 10.69441 1.1534 0.99625
Gd5 6.4069 1.15999 0.99733

Gd5A 9.23405 1.04431 0.99651
Gd5B 10.26487 1.2161 0.99756
Gd10 9.90964 1.01193 0.99845

Gd10A 3.41433 1.13131 0.99798
Gd10B 4.46031 1.90798 0.99107
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Figure 11. Rheology test results for mixtures containing bismuth oxide particles (A). Gadolinium
oxide particles (B), and consistency (mean diameter) were determined with a mini cone using the
flow table method (C).

Regarding fresh mortars containing bismuth oxide (Figure 11A and Table 5), the results
demonstrate that the incorporation of 5 wt% and 10 wt% Bi2O3 slightly increases τ0 from
6.4 Pa for the control sample to 7.2 Pa and 7.4 Pa for Bi5 and Bi10, respectively. On the
other hand, the plastic viscosity of Bi5 remained constant (i.e., approximately 1.06 Pa·s)
compared to the value registered for the control sample (i.e., 1.03 Pa·s). Furthermore,
increasing the Bi2O3 content to 10 wt% (i.e., Bi10) increased the plastic viscosity by 21%
compared to that of the control sample. The direct correlation between the yield stress
value and spread diameter of cementitious composites has been broadly reported in other
literature findings [39,40]. The incorporation of Bi2O3 particles exhibited a negligible effect
on the consistency of the composite, which agrees with the rheology results (Table 5). As
shown in Figure 11C, the spread diameter of the control sample (i.e., 139 mm) slightly
decreased and reached 134 mm and 133 mm for Bi5 and Bi10, respectively. The smaller size
and hypersorbent nature of bismuth particles compared to the cement particles (Figure 1),
which causes a lack of readily available free water at early ages, must be linked to the
reduced workability of fresh mixes containing bismuth oxide particles. The results indicate
that the deposition of silica coatings has an apparent effect on the rheology parameters of
mixes containing Bi2O3 particles. The yield shear stress of the mixes is increased by adding
Bi2O3 nanoparticles with both coating methods (i.e., method A and method B). However,
the improvement in τ0 seems to be more noticeable in mixtures containing aggregates
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coated with method B, as aggregates coated with the method mentioned above exhibited a
higher specific surface area and total volume of pores (see Table 2). The same trend was
observed for the consistency of the mixtures. The consistency results indicate that the
spread diameters of mixtures loaded with Bi2O3 particles and coated with method B, i.e.,
Bi5B and Bi10B, are lower than the values registered for their counterparts covered with
particles coated with method A, by 5% and 4%, respectively.

As per Figure 11B and Table 5, the yield shear stress results showed that Gd5 and Gd10
(i.e., 6.4 Pa and 9.9 Pa, respectively) exhibited similar or higher values when compared
to the value registered for the control sample (i.e., 6.4 Pa). As shown in the SEM images
(Figure 6), the Gd2O3 particles tend to agglomerate and act as micron-sized particles.
Due to the relatively low specific surface area (Table 2), the water absorption of Gd2O3
particles in Gd5 was limited. However, the increase in τ0 of Gd10 has to be attributed to the
relatively higher number of entrapped water molecules within the Gd2O3 agglomerates,
which reduces the available water in the mixture. The consistency results also indicated
an increase in the spread diameter of the Gd5 and Gd10 mixtures by approximately 6%
and 7%, respectively, compared to the control mixture. However, due to the low accuracy
of the mini-cone test, the difference between the spread diameter of G5 and G10 can be
considered negligible.

The τ0 of the mixtures containing 5 wt% silica-coated Gd2O3 particles increased. τ0
increased from 6.4 Pa in Gd5 to 9.2 Pa and 10.3 Pa in Gd5A and Gd5B, respectively. The
consistency results exhibited the same trend, as the spread diameters of Gd5A and Gd5B
were lower than that of the G5 mixture by approximately 8% and 17%, respectively. In
contrast, the yield shear stress of the Gd10 mixture was considerably diminished following
the deposition of silica coatings on their surfaces. Due to the propensity of gadolinium
oxide particles to cluster (Figure 6) together with the tendency of silicate particles to
agglomerate [41], applying coating methods results in the production of micron-sized
coated particles with a low specific surface area, which leaves more available water in the
mixture; hence, this reducing the yield shear stress. In the Gd10 mixture, coating method
B provides a higher τ0 when compared to the corresponding value registered for method
A. In this regard, the τ0 of Gd10B is 31% higher than that of Gd10A. The same trend was
recorded in the plastic viscosity values, where ηp of the mix containing coated particles
employing method B (i.e., Gd10B) increased to 1.9 Pa·s, which is relatively higher than
the value recorded for its coated counterpart employing method A (i.e., Gd10A). It should
be noted that the mini-cone test (see Figure 11C) also demonstrated an increased spread
diameter for all mixtures containing 10 wt% gadolinium oxide with and without coatings
compared to that of the control samples.

4.4. Mechanical Performance

The compressive strength of cementitious composites was evaluated after 1 d, 2 d, 7 d,
and 28 d of curing and is presented in Figure 12.

As shown in Figure 12A, at 2 days and 7 days of curing, all Bi2O3-modified mixtures
displayed compressive strength values marginally lower than those of the control sample.
However, increasing the replacement ratio from 5 wt% to 10 wt% negatively affects the
mechanical performance of the mixtures. The results indicated that the effect of bismuth
oxide incorporation and coatings is more evident after the first day of curing, in which the
compressive strengths of the Bi5 and Bi10 mixtures are 84% and 91% lower the compressive
strength of the control sample. The effect has to be associated with the considerable delay
in the hydration process as a result of binder replacement, as verified in Section 4.2. The
results indicated that the compressive strength of the mixtures increased following the
coatings. For samples containing 5 wt% bismuth oxide, the compressive strength increased
from 2.5 MPa for Bi5 to 7.1 MPa and 6.2 MPa for Bi5A and Bi5B, respectively. Similarly,
for the samples containing 10 wt% bismuth oxide, the compressive strength increased
from 1.6 MPa for Bi10 to 5.2 MPa and 5.1 MPa for Bi10A and Bi10B, respectively. From
the second day of curing, the discrepancy between samples tends to decrease. After 28 d
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of curing, the compressive strength of the mixtures containing bismuth oxide increased
compared to that of the control sample. As shown in Figure 12A, the compressive strength
increased from 58.1 MPa for the control sample to 67.6 MPa and 64.4 MPa for the B5 and
B10 mixes, respectively. The enhancement in compressive strength must be associated with
the filling effect induced by the presence of Bi2O3 particles in the cementitious matrix [15].
The presence of coating layers for the samples containing 5 wt% bismuth oxide is negligible.
However, for samples with 10 wt% bismuth oxide, coating method B exhibited a slightly
higher effect on mechanical performance than method A.
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For all the mixtures containing gadolinium oxide particles (see Figure 12B) after 1 d,
2 d, and 7 d of curing, the effects of binder replacement and coatings on the compressive
strength of the mixtures were negligible, as no statistically meaningful differences were
observed. The slight reduction in compressive strength at early ages must be associated
with the slight delay in the hydration process of the mixtures mentioned above. Piotrowski
et al. also reported a delay in the hydration process and a slight compressive strength loss
after the incorporation of Gd2O3 as an additive at early ages [38]. After 28 d of curing,
enhancement in the compressive strength occurred for the samples containing 5 wt%
gadolinium oxide particles. However, the results for samples with 10 wt% gadolinium
oxide particles were comparable to the value recorded for the control sample. The highest
compressive strength enhancement was registered for the Gd5A mixture, which is 12%
higher than the value reported for the control sample.

Therefore, based on the compressive strength result, it can be concluded that due to
substantial retardation of the hydration process, cement pastes containing Bi2O3 particles
exhibit low strength development, especially in the first 48 h of hydration. However,
after 28 d, substantially higher mechanical performance was reported for the Bi5 and
Bi10 samples than for the control. In a previous study by Sikora et al. [15], cement pastes
containing 10 wt% Bi2O3 exhibited lower mechanical performance than the control sample,
which is attributed to the fact that no sonication was applied to Bi2O3 nanoparticles prior
to addition. In this study, 10 min of ultrasonication was applied to deagglomerate the
material and improve its nanofilling performance. The coating of Bi2O3 particles with
silica exhibited marked effects on the acceleration of early strength development in favor of
coating method A, with an almost threefold higher 1 d strength when compared to Bi5. This
phenomenon is in line with the calorimetry study confirming the substantially accelerated
hydration process of cementitious systems containing silica-coated Bi2O3 nanoparticles
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(Section 4.2). In contrast, silica coating of coarser Gd2O3 microsized particles exhibited
a relatively marginal effect on the strength development of cement pastes. It is worth
noting that the inclusion of 5 wt% pristine Gd2O3 (Gd5) exhibited a beneficial effect on the
mechanical performance of cement pastes after 28 d of curing, while samples containing
10 wt% (Gd10) exhibited comparable mechanical performance to that of the control sample.

5. Conclusions

Based on the results presented in this work, the following conclusions can be drawn:

• Two methods (A and B) of silica coatings of Bi2O3 and Gd2O3 particles were proposed.
Both coatings differ from each other in terms of coating structure, thickness, porosity,
and surface area. Silica synthesized via method A shows higher reactivity than silica
synthesized according to method B. The negative aspects of the synthesized silica shell
are similar to those of fused silica, which the high porosity and surface area of the silica
shell can compensate. In terms of silica shell cost and synthesis requirements, method
B shows advantages in relation to time and cost reduction and synthesis procedure
complexity.

• Fresh property evaluations, both rheology and mini-cone tests, were shown to be
a practical tool for understanding the effect of nanoparticles within cementitious
composites. Including nanoparticles in the mixtures induced a noticeable thickening
effect, which increased the yield shear stress. The coating process employing method
B exhibited a predominant thickening effect in all the combinations compared to
method A.

• Bi2O3 nanoparticles were found to have a hindering effect on the cement hydration
process, resulting in a substantially delayed exothermic peak occurrence as well as
lower peak power. The retardation effect increased in relation to the amount of the
Bi2O3 content. Silica coating of Bi2O3 nanoparticles enabled a remarkable reduction in
the negative impact of the presence of Bi2O3 in the hydration process. The proposed
solid silica coating (method A) was found to be more suitable than the silica coating
obtained with method B for accelerating the hydration process of cementitious systems
containing Bi2O3 nanoparticles.

• Bi2O3 particles were found to have a negative effect on the early strength development
(1 d and 2 d), resulting in drastically lower compressive strength values than those
reported for the control cement paste. However, after 28 d, samples containing 5 wt%
Bi2O3 followed by 10 wt% Bi2O3 exhibited higher compressive strengths than the
control paste. Both coating methods, in favor of method A, exhibited marked effects
on accelerating the early strength development of composites. After 28 d, the effects
of silica-coated Bi2O3 particles were comparable to those of pristine particles.

• Gd2O3 particles at 5 wt% and 10 wt% replacement levels were found to result in slight
retardation of cement hydration; however, the total heat release after 12 h of hydration
was higher than that of the control sample. At 168 h, the total heat emitted was similar
to that of pristine paste. The silica coating had marginal effects on the hydration
process, most likely due to the coarser (micron) particle size in comparison to Bi2O3.
However, in the first 12 h of hydration, cement pastes containing silica-coated Gd2O3
and using method B emitted a slightly higher amount of heat than pastes containing
silica-coated Gd2O3 produced with method A.

• The presence of Gd2O3 in the cementitious system did not noticeably affect the early
strength development of cement pastes. After 28 d of curing, pastes containing 5 wt%
replacement of cement with Gd2O3 exhibited higher mechanical performance, while
samples containing 10 wt% of Gd2O3 had minimally lower compressive strength
than the control sample. The coating of Gd2O3 exhibited a negligible effect on the
mechanical performance of cement pastes regardless of the synthesis method.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings13101698/s1, Figure S1: Schematic representation of
mini-cone geometry; Figure S2: The lattice planes of bismuth oxide (A) and gadolinium oxide (B);
Figure S3: TEM images of silica particles synthesized via method B; Figure S4: Images of post-
synthesis dry silica materials after evaporation (A): method A (left), method B (right), and images of
post-synthesis solutions silica via method A (B) and method-B (C); Figure S5: Raman spectra of silica
materials synthesized according to the method A and method B, using laser 830 nm.
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