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Abstract

The fascinating features of nanomaterials have attracted immense interest across vari-
ous fields, including nanoelectronics, magnetite-aided nanocatalysis, and nanomedicine.
Herein, a 10% SiO;/g-C3N4/Bi;SiOs@Biy O3 triple nanohybrid was formulated via a sim-
ple protocol employing acacia powder as a capping/fuel agent. The XRD confirmed the
presence of g-C3Ny, Bi;SiOs, Bi; O3, and SiOs5 phases, and the TEM image shows densely
packed, almost spherical nanoparticles of an average size of 9.2 nm. There was activity
of the SiO;/g-C3N4/Bi;SiOs5@Bi, O3 in the field of hydrogen generation via NaBHy hy-
drolysis, and antitumor antiproliferation activity against HepG-2 and MCF-7 cells. The
graphitized Bi,O3/SiO, exhibited HGRs of 303, 615, 785, and 1740 mL min~! g’l at 20,
30, 40, and 50 °C, respectively. Hydrolyzing NaBH, doses of 0.3, 0.5, 0.7, and 1.0 at 40 °C
resulted in a dramatic evolution at HGRs of 526, 785, 1786, and 4000 mL min~! g’l, re-
spectively. Furthermore, the g-C3N4/Bi;O3/SiO; antiproliferative effect against HepG-2
and MCF-7 cells showed a positive impact at 3.9 and 7.9 ug/mlL, with IC5q values of 82.4
and 59.6 ug/mL, respectively. Moreover, the maximum dose of 500 pug/mL of SiO,/g-
C3N4/BiySiO5@Biy O3 resulted in 93.8% inhibition of MCF-7 cells, whereas the same dose
yielded 91.7% inhibition of HepG-2 cells. It is significant to note that, given the lower cost
of S5i0, / g-C3N4/BiySiOs@Bi, O; relative to currently prescribed antitumor medications,
these outcomes can be considered ideal for practical use as antitumor agents.

Keywords: hydrogen energy; Bi;SiOs@Bi;O3; antitumor; hepatocellular; sustainability;
breast cancer

1. Introduction

The fascinating features and practical applications of nanomaterials have garnered
immense interest across various fields, including integrated catalysis, nanoelectronics,
magnetite-aided nanocatalysis, and nanoelectrochemistry [1]. More desirable but difficult-
to-achieve goals include developing innovative technologies for environmentally friendly,
long-term, and cost-effective uses [2]. These nanomaterials have the potential to contribute
to green chemistry by reducing waste, increasing reaction rates, improving atomic efficiency,
and making catalyst recovery easier, in addition to meeting the conventional needs for
catalysts that are selective for a specific catalytic reaction that converts raw materials into
useful chemicals like fuels, water treatments, and pharmaceuticals. Although noble metal
nanoparticles (NMPs) possess excellent catalytic properties, their high cost, tendency to
self-aggregate, and limited abundance have driven demand for alternative catalysts [3]. The
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rapid advancement of nanotechnology over the last few decades has given researchers a
fresh perspective on traditional heterogeneous catalysts. Nanohybrids can now be routinely
synthesized using various processes, including sol-gel [4], solvothermal, carbonization,
electrodeposition, chemical vapor deposition, polycondensation, solid-state synthesis, and
ball-milling [5-8]. The most prominent catalyst suitability features encompass environmen-
tal friendliness, economic feasibility, natural availability (as all or most of its constituents),
and, of course, effectiveness for the intended application.

As one of the most abundant elements on Earth, the production of SiO; and SiO;-
based materials has garnered significant interest due to their cost-effectiveness [8]. Among
5i0, forms, fumed silica (FUS, fluffy white powder) has widespread applications thanks
to its characteristics, such as extremely low bulk density (202200 g L) [9], high dis-
persibility, and a surface area of up to 400 m? g~!. FUS is produced in industry by burning
volatile silanes, such as silicon tetrachloride, in an oxygen-hydrogen flame. A wet FUS
synthesis process may be based on reacting soluble silicates with acids, forming silica
gels or precipitated silica, followed by flame pyrolysis of silanes, where the applied heat
degree influences the FUS particle size and properties [10,11]. As reported in the litera-
ture, SiO; and its hybrids exhibit good performance in numerous applications, including
photocatalytic degradation, glass and optical applications, energy storage, and hydrogen
production [12,13].

Bismuth oxide, a semiconductor catalyst, exhibits six principal crystallographic poly-
morphs designated as «, 3, v, d, ¢, and w, which correspond to the monoclinic, tetragonal,
body-centered cubic (bcc), face-centered cubic, orthorhombic, and triclinic crystalline struc-
tures, respectively [14]. BipOj possesses a low band gap, excellent stability, and high
conductivity, while being devoid of hazardous elements, rendering it a favored option
for photocatalytic applications. The & and 3 polymorphs have narrower band gaps, lead-
ing to greater light absorption and enhanced photocatalytic activity. The 3 polymorph
is metastable, whereas the o polymorph is stable at ambient temperature, rendering -
Bi;O3 a viable photocatalyst for water splitting [15]. Notwithstanding its potential, the
photocatalytic efficacy of pure Bi;Oj is considerably diminished by inadequate charge—
carrier separation and rapid charge—carrier recombination. Bi;O3/SiO; has a wide range
of applications, including photocatalytic dye degradation, radiation shielding, glass ap-
plications, energy storage, and optical applications [16-18]. A previous study on the
hydrolysis of NaBH4 on BiyO3/5iO; reported notable H, production activity under milling
conditions [19].

Carbon nanomaterials (CNMs: carbon nanotubes, nanofibers, nanoparticles, and car-
bon nitride) are known for their low cost, resistance to acidic and basic media, and the
diversity of precursors, including industrial and agricultural wastes such as lemonwood, or-
ange peels, onion shells, and potato peels [20,21]. C3Ny is an inexpensive two-dimensional
synthetic polymeric CNM that is hard, lightweight, and possesses a large surface area,
extraordinary stability (chemically and physically), and environmental friendliness [16,17].
Compared to regular CNMs, C3Ny offers several advantages, including unique structural
and functional properties that make it well suited for biomedicine, photocatalysis, and
energy storage. It is a unique, organic, metal-free semiconductor that operates in the visible
range and can be tuned to adjust its electrical properties [22]. Its applications extend
to various fields, including energy conversion, water purification, NOx decomposition,
and the standardization of materials for identifying sites in oxidation reactions, as well
as the development of H, and fuel cells [23,24]. Numerous studies have recommended
doping with transition-metal oxides to enhance the properties of the resulting materials [25].
Doping can narrow the band gap, extend visible-light absorption, reduce electron-hole
recombination, and expand surface area [26,27]. To improve C3Ny’s properties, recent
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studies have focused on doping C3Ny4 with transition-metal /metalloid oxides, which has at-
tracted significant attention [28]. Several studies suggest that incorporating transition metal
oxides can enhance the properties and characteristics of base materials [25,29]. As a result,
remarkable materials have found their way into various applications, including adsorption,
photocatalysis, supercapacitance, anticancer activity, and hydrogen generation [30].

The rapid consumption of fossil fuel supplies, coupled with rising concentrations of
harmful greenhouse gas emissions, has propelled the worldwide pursuit of alternative,
renewable energy sources. Fossil fuels, including oil and coal, account for approximately
80% of the global energy supply, resulting in the depletion of natural resources and a
persistent increase in atmospheric carbon dioxide levels, currently estimated at around
407.8 ppm [14]. Recently, green hydrogen production has emerged as a promising sustain-
able technology, specifically for its ability to reduce greenhouse gas emissions and alleviate
the detrimental effects of climate change [31].

The World Health Organization stated that the majority of malignancies were at-
tributable to environmental factors rather than hereditary causes, which might explain
the current spread of cancer cases [32]. Several studies have demonstrated the efficacy of
various bismuth- and C3Ny4-based nanomaterials as efficient antitumor and/or antibacte-
rial agents [33,34]. The efficient interaction of nanoparticles results from their extensive
surface area.

In this study, we designed a bifunctional nanocomposite, Bi;O3/SiO;/g-C3Ny, to
determine how graphitization of the BipO3/SiO; system affects the catalytic production
of Hy from the hydrolysis of NaBH, and its anticancer activity. Due to the scarcity of
published studies on the preparation and use of Bi;O3/SiO,/g-C3Ny for hydrogen pro-
duction, and its potential use as an anticancer agent, this study focused on the synthesis,
characterization, and investigation of the catalytic properties and anticarcinogenic activ-
ity of this nanocomposite. Although the main objective of this work is to evaluate the
catalytic performance of the synthesized composite for NaBH, hydrolysis, the antitumor
assay is included as a complementary study to demonstrate the material’s multifunc-
tional potential. This additional section highlights that the same heterostructured system
may also exhibit biological relevance, thereby broadening the practical significance of the
proposed composite. Nevertheless, the catalytic behavior remains the central focus of
this manuscript, and the biomedical results are presented as supporting evidence of the
material’s broader applicability.

2. Results and Discussion
2.1. XRD

The XRD of the Bi;O3/Silica@g-C3N,4 nanocomposite is given in Figure 1. The XRD
pattern shows the presence of a broad band centered at 21.93° related to the (100) plane
of 5i0; (Quartz) phase according to JCPDS Card 85-0335. The pattern also reveals strong
broad bands at 12.565° and 27.565°, related to the (100) and (002) planes of the g-C3Ny
phase, respectively. These planes are attributed to the in-plane repetition of the tri-striazine
units and to the aromatic heterocyclic 7t-7t interlayer stacking of graphitic carbon nitride,
respectively [28]. The d-spacing of the (002) and (100) planes is 0.321 and 0.697 nm,
respectively, corresponding to JCPDS card No. 87-1526 of g-C3Njy [32]. The XRD pattern
shows several peaks attributed to the Bi;O3 phase, centered at 26 = 27.82°, 32.86°, and 42°.
In addition, 0°, 47.21°, 51.11°, 53.97°, 62.2° are related to (201), (220), (320), (400), (411),
(203), and (431) planes of the tetragonal phase of Bi;O3 with space group P-421c according
to card no 00-027-0050. On the other hand, the pattern shows peaks at 23.91°, 29.91°, and
56.87°, corresponding to (101), (103), and (213), which are characteristic of the Bi;SiOs
tetragonal phase according to card no 00-036-0288. The proportions of all observed phases
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were determined to be 5, 15, 33, and 46% of SiO,, g-C3Ny, Bi;SiOs, and BiyO3. These data
confirm the formation of a heterostructure of SiO; /g-C3N4/Bi;SiO5@Bi, O3 nanocomposite.
The average crystallite size was calculated based on the observed peaks by the Scherrer
equation [35]: Dxrp = KA/ BcosB, where DXRD is the average size of nano-crystallites, K
is the shape factor (typically, A is the X-ray wavelength, 3 is the FWHM (Full-Width at
Half-Maximum) in radians, and 6 is the Bragg angle). The crystallite size was found to
be 33.5 nm. The relative amounts of SiO,, g-C3Ny, BiySiO;, and Bi,O3 have a significant
impact on the composite’s catalytic performance. SiO, primarily serves as a support that
enhances dispersion and structural stability, while g-C3Ny provides additional surface
functionality and interfacial contact. The number of available active sites and the degree of
interfacial synergies are determined by the percentage of the two primary active phases,
Bi,SiO; and Bi;O3. Because too little active phase lowers activity and too much loading
may cause aggregation and reduced accessibility of active sites, an ideal phase ratio is
necessary to maximize catalytic activity [16].
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Figure 1. XRD pattern of SiO; / g-C3N4 /Bi; SiO5@Bi; O3 nanocomposite.

2.2. TEM Analysis

The TEM image and corresponding SAED pattern of 5iO,/g-C3N,/Bi;SiOs@Bi, O3
nanocomposite are given in Figure 2. The TEM image shows densely packed, almost
spherical nanoparticles of an average size of 9.2 nm. These nanoparticles form a clearly
agglomerated network. The image shows different contrast levels, indicating the presence
of multiple components. The darker particles are due to the high-atomic-number Bi-
based phases (Bi;O3; and Bi;SiOs), while the lighter, more transparent regions are due to
amorphous SiO, and ultrathin g-C3Ny nanosheets. The diffuse, sheet-like features around
the nanoparticles are important because they suggest that g-C3Ny acts as a supporting
matrix, helping the particles spread out evenly and stopping them from growing too
large. The close contact between these phases, without clear phase boundaries, indicates
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that a well-defined heterojunction has formed, which is necessary for fast charge transfer
between the two phases. In addition, the porous, loosely aggregated shape increases
the available surface area and active sites, making it easier for reactants to adhere to the
surface and improving catalytic efficiency. The TEM results strongly support the idea that
a synergistic multi-component system has formed, with structural features well suited
for high-performance catalytic applications. The corresponding selected area electron
diffraction SAED of the composite displays a series of concentric diffraction rings, signifying
the presence of polycrystalline domains with partial crystallographic orientation. The
diffraction rings, from interior to exterior, are related to (220), (213), and (610), indexed
to BipOs, BiySiOs, and BipOj3, respectively. This indicates the successful creation of a
heterostructured composite rather than a singular-phase material. The amorphous nature
of SiO, makes the halo in the background appear diffuse. The weak diffraction from g-C3Ny
suggests it has low crystallinity or a thin layered structure. This structural feature makes
it easier for charge carriers to move and separate at heterojunction interfaces, which is
an important factor in improving catalytic performance. The close connection between
crystalline Bi;SiO5/BipO3 and the amorphous-semi-crystalline matrix (50, /g-C3Ny) also
gives rise to many active sites. It makes it easier for electrons to move, which is important for
increasing hydrogen production during NaBH, hydrolysis. In TEM analysis, the projected
size is seen. Instead, the Scherrer equation calculates crystallite size from diffraction peak
broadening over sample volume and averages coherent diffraction domains that contribute
to XRD reflections. The Scherrer method proposes peak broadening due to finite crystallite
size. Lattice strain, crystal flaws, experimental broadening, and overlapping diffraction
peaks may underestimate it. Nanoparticles in nanohybrid systems form bigger crystalline
aggregates that are coherent scattering domains in XRD but separate particles in TEM.

(b) (c)

Figure 2. TEM image (a) and corresponding SAED pattern (b) and HRTEM image (c) of SiO,/g-
C3Ny4/BiySiO5@Bi; O3 nanocomposite.

2.3. XPS Analysis

The X-ray photon electron spectroscopy (XPS) survey of SiOp /g-C3N4/BipSiO5@Biy O3
nanocomposite and the deconvoluted XPS spectra of each element are given in Figure 3.
The XPS survey of SiO,/g-C3sN4/BiySiOs@Bi O3 nanocomposite exhibits several peaks
related to Bi, Si, O, C, and N elements at binding energies of 30.08, 107.2, 537.71, 290.16, and
402.32 eV, respectively, indicating the high purity of the obtained catalyst and the formation
of a heterostructure of SiO, /g-C3Ny/Bi;SiO5@Bi; O3 nanocomposite. The deconvoluted
XPS spectra of the Bi element show two main peaks centered at 163.51 and 168.8 eV,
corresponding to the Bi 4f7/2 and Bi 4f5/2 of the [Bi, O, %+ species, respectively, indicating
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that the state of bismuth is Bi®* [19,36,37]. The difference of 5.29 eV is associated with the
spin—orbit splitting value for Bi;O3 (5.3 eV) [38]. The Si 2p spectra show two deconvoluted
peaks at 101.52 and 102.83 eV, corresponding to Si-O-5Si and Bi-O-Si, respectively, with
a 1.31 eV separation [38]. The O 1s spectra of SiO; display three peaks at 528.6, 530.92,
and 532.61 eV assigned to Bi-O-Bi, Si-O-Bi, and Si-O-5i [19,38,39]. The C 1s XPS spectra in
Figure 3 display three deconvolution peaks at 282.76 eV related to the C-C bond, at 285.5 eV
attributed to C=0 bonding, and at 289.65 eV related to the sp2-hybridized C of N-C=N
in g-C3Ny [40-42]. The N 1s spectra exhibit two main peaks at 399.49 eV and 402.16 eV,
corresponding to C-N=C species and amino N (C-NHy, x = 1, 2), respectively [43-48]. The
XPS data demonstrate robust interfacial interactions among SiO,, g-C3Ny, and the bismuth-
based phases. This close association may provoke interfacial charge redistribution and
enhance electron movement across the heterostructure. In the composite, SiO, functions
as a structural support, g-C3Nj establishes an electrically coupled interface, and the Bi-
containing phases supply the active sites. This synergistic interface is anticipated to
diminish charge-transfer resistance and enhance catalytic efficiency in NaBHy4 hydrolysis
by facilitating more effective activation of the reactant at the catalyst surface.

2.4. Catalytic Generation of H;

Sodium borohydride is regarded as an efficient chemical source of hydrogen owing to
its high gravimetric hydrogen density and its capacity to release hydrogen in a controlled
manner through hydrolysis [19,49]. During the reaction, sodium borohydride is hydrolyzed
with water to produce sodium metaborate and hydrogen gas, as per the following equation:
NaBH, + 2H,O — NaBO; + 4H;. Despite the stability of NaBH, in alkaline media, its
hydrolysis reaction is significantly accelerated in the presence of transition metal catalysts.
Cobalt- and nickel-based catalysts are highly efficient at catalyzing hydrolysis, as they
enhance the adsorption and interaction of hydride species and water molecules on the
catalyst surface, thereby facilitating hydrogen release.

Previous investigation of NaBH, hydrolysis over Bi;O3/SiO; showed a remarkable
activity toward the generation of H, under milled conditions [19]. In this investigation, we
aimed to examine the impact of graphitization on the catalytic generation of H, from NaBH4
hydrolysis in the BipO3/5iO; system. In our case, g-C3Ny can strengthen Bi,O3/SiO; cata-
lysts for NaBH,4 hydrolysis by serving as a supportive, interactive matrix that disperses
active particles, reduces aggregation, and enhances surface contact with reactants. Its
nitrogen-rich framework can also modify the catalyst surface electronically, thereby pro-
moting the adsorption and activation of water and borohydride species during hydrogen
release [49]. As a result, incorporating g-C3N4 may enhance both catalytic efficiency and
reusability in sodium borohydride-based hydrogen generation systems. The XPS results
indicate strong interfacial interaction among SiO,, g-C3Ny, and the bismuth-based phases.
This intimate coupling may induce interfacial charge redistribution and facilitate electron
migration across the heterostructure. In the composite, SiO; acts as a structural support, g-
C3Ny helps form an electronically coupled interface, and the Bi-containing phases provide
the active sites. Such interfacial synergy is expected to reduce charge-transfer resistance
and improve the catalytic performance in NaBHy hydrolysis by promoting more efficient
activation of the reactant at the catalyst surface.
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Figure 3. XPS survey of SiO; / g-C3N, /Bi;SiO5@Bi, O3 nanocomposite, and deconvoluted XPS spectra
of Bi 4f, Si2p, O 1s,C 1s,and N 1s.

The catalytic hydrolysis of NaBHy over the graphitized BipO3/SiO; was studied
under different reaction conditions, including the impact of reaction temperature and
weight of NaBH,4, and the results are given in Figures 4-6. These catalytic runs were
compared with the self-hydrolysis of NaBH} to illustrate the nanocomposite’s catalytic
activity. The effect of reaction temperature on the catalytic hydrolysis of NaBH, was
examined under conditions of 0.02 g of catalyst and 0.5 g of NaBH}, at a reaction temperature
range of 20-50 °C, and the results are given in Figure 4a,b. An examination of the results
presented in Figure 4a revealed two important points. Firstly, all of the catalytic runs
exhibited activity higher than that of the self-hydrolysis, indicating the catalytic action of
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the nanocomposite [19,49]. Secondly, as the reaction temperature increases, the reaction
rate increases. The times required to liberate 70 mL of H, were 11.2, 5.6, 4.3, and 2 min
at reaction temperatures of 20, 30, 40, and 50 °C, respectively. Values of HGR of 303-,
615-, 785-, and 1740 mL min~—! g~! were obtained at reaction temperatures of 20, 30, 40,
and 50 °C (Figure 4b). The relative amounts of SiO;, g-C3Ny, BiySiO,, and Bi,O3 have
a significant impact on the composite’s catalytic performance. SiO, mainly serves as a
support that enhances dispersion and structural stability, while g-C3Ny offers extra surface
functionality and interfacial contact. The number of available active sites and the degree
of interfacial synergy are determined by the percentage of the two primary active phases,
Bi,SiO; and Bi;O3. Because too little active phase lowers activity and too much loading
may cause aggregation and reduced accessibility of active sites, an ideal phase ratio is
necessary to maximize catalytic activity [19]. Furthermore, two factors may account for the
temperature dependence of NaBH, hydrolysis across all nanocomposites. First, according
to transition-state theory, more molecules can overcome the activation energy barrier as
temperature rises, since higher temperature increases the molecules’ kinetic energy [49,50].
Second, higher heat activity increases the frequency of collisions between the reactants and
the catalyst, thereby accelerating hydrogen generation [51,52].

(a) 1800(b)
~ 80+ * oA * | m
- e oA * | 1600
§, e 6L * =
= PPN * a "= 1400+
4 A ‘ -
o | e K . € 1200
3 ¢ o0 s <
. eor  x o 1000
S 40 eer =
g0, E 800
o [ AN ¢
IREF . % 0
£ 20 o x - I 400-
3 * x .
o & x -
S o o " 200
0 T _ T T T T T T T T T T T T T 0‘
0 246 810121416182022242628 20 30 40 50
Reachion:time (min) Reaction temperature (°C)
Figure 4. Variation in (a) volume of liberated H; with reaction time, and (b) HGR with reaction
temperatures over g-C3Ny/BiyO3/SiO, (NaBHy = 0.5 g).
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Figure 5. Variation in (a) volume of liberated H; with reaction time, (b) HGR with weight of NaBH4,
and (c) In HGR vs. In CnjpHa, over g-C3Ny /BipO3/SiO, catalyst at reaction temperature of 40 °C.
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Figure 6. (a) Pseudo first order plot, (b) Arrhenius plot, and (c) Eyring plot for the catalytic hydrolysis
of NaBHy over g-C3Ny/BiyO3/SiO; catalyst (NaBHy = 0.5 g).

Studying the influence of NaBH, dose on the catalytic hydrolysis of NaBHy is another
important factor for managing and controlling hydrogen efficiency [19,49]. Figure 5a,b
illustrates the catalytic hydrolysis reaction under different weights of NaBH, ranging from
0.3 g to 1.0 g at a reaction temperature of 40 °C. Close inspection indicates that, as the
concentration of NaBHj in the reaction medium increases, the catalytic activity and, hence,
the HGR value increase (Figure 5b). HGR values of 526, 785, 1786, and 4000 mL min ! g_1
were obtained at NaBH4 doses of 0.3, 0.5, 0.7, and 1.0, respectively. In fact, a dramatic
evolution of HGR was observed. This enhancement resulted from the simultaneous in-
crease in the concentrations of OH™ and BH4 ™ in the reaction medium [19,53]. Moreover,
the extent of adsorption of OH™ and BH4~ on the active sites of the catalyst depends
considerably on the concentration of NaBHj in the reaction medium [7]. The maximum
catalytic performance is generally achieved when the adsorption of BH; ™ ions on the active
sites is saturated at a certain weight percent of NaBH4 in the reaction medium. At high
concentrations, the excess OH™ and BH4 ™ ions enhance the pH value of the medium, the
viscosity of the medium, and the precipitation of NaBO,, which covers the active sites
of the catalyst, thus affecting the catalytic performance [54,55]. In the current study, the
NaBH, concentrations are below those that lead to NaBO, pore blocking, suggesting that
the enhancement in hydrogen generation rate remains due to concentration effects [52].
Additionally, this pattern implies that the reaction does not follow zero-order kinetics, as
the hydrolysis rate over this catalyst is highly dependent on NaBH, concentration [56].
Plotting In HGR against In weight of NaBH, may also provide insight into the order of
reaction (Figure 5¢). The hydrolysis process is first-order with respect to NaBHj, as shown
in Figure 5¢, yielding a straight line with a slope of 1.3 [49,57].

The reaction kinetics were further explored by treating the hydrolysis process as a
pseudo-first-order system, assuming that the NaBH, concentration remains effectively
constant relative to water and catalyst sites under the employed experimental conditions
(Figure 6a). Linear plots of In(a — x) versus time were obtained at 20, 30, 40, and 50 °C,
with correlation coefficients of 0.9988, 0.9987, 0.9924, and 0.9940, respectively, indicating
that the hydrogen generation profile fits well to a first-order dependence on the remaining
reactant concentration over this temperature range (20-50 °C). The slope of each linear
fit was taken as the apparent rate constant (k (min~1)) at the corresponding temperature,
yielding values of 2.55 x 1074, 4.62 x 10%,5.64 x 10~%,and 12.3 x 10~* min~!. These rate
constants were then used to construct an Arrhenius plot (Figure 6b), in which the natural
logarithm of the rate constant was plotted against the inverse of absolute temperature
(1/T). The linear regression of this plot allowed for the calculation of the activation energy
(AE,) from the slope, which was estimated to be 38.15 k] mol~!. This AE, value falls within
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the range typically reported for heterogeneous NaBH4 hydrolysis over solid catalysts,
suggesting that the reaction proceeds via a thermally activated surface process in which
the rate-determining step is likely associated with the adsorption or activation of borohy-
dride species at the catalyst-solution interface. However, this value of activation energy
is comparable with that of cobalt/colloidal carbon sphere (33.4 k] mol~1) [58] and Co/3D
graphene oxide (37 kJ mol~1) [59], while still lower than that of other catalytic systems
including Ru /LiCoO; (68.5 k] mol~1) [60], Bi;O3/SiO (69.25 k] mol~1) [19], NiB/NiFe,Oy
(72.52 k] mol~1) [61], Mn,O3@C (41.55 k] mol 1) [49], Co/IR-120 (66.7 k] mol~1) [62],
MoO3/MgAl,Oy (47.55 k] mol~!), Pd/ZIF-67 (58.5k] mol~')[58] CuO/MgAl,O,
(41.45 kJ mol 1) [7]. The thermodynamic parameters for the hydrolysis reaction were fur-
ther examined using the Eyring equation with the temperature-dependent rate constants,
as shown in Figure 6¢. This analysis yielded an activation enthalpy (AH*) of 36.1 ] mol !
and an activation entropy (AS*) of —171.3 ] mol~! K~!. The positive value of AH* indicates
that the formation of the transition state is an endothermic process, requiring energy to be
overcome to proceed with the rate-determining step [7]. On the other hand, the negative
value of AS* indicates that the activated complex is more ordered than the reactants, sug-
gesting that the transition state is structured with stronger binding or interaction between
the BH;~ and water molecules on the catalyst surface [7]. As one of the most important
industrial features of catalysts, the reusability of the current catalyst was studied and
the results included in Figure 7a,b. HGR values of 785, 770, 714, and 660 mL min~! g’1
were respectively obtained after zero, one, two, and three cycles of use. These results
revealed that the catalyst could be recycled three times with almost the same values of
HGR, indicating the good reusability of the catalyst under investigation. Furthermore,
the stability of Bi;O3/5i0;/g-C3Ny was tested by comparing the FTIR of the as-prepared
nanohybrid with that of regenerated catalyst (Figure 7c). Both Bi;O3/5i0, /g-C3Ny batches
showed identical peaks match except for the broadening of the OH-stretching vibration
band (3200-3550 cm 1) in the regenerated BiyO3/5i0, /g-C3Ny batch, which is allocatable
to absorbed moisture and/or formation of trace metal hydroxide.

90 900
(a) (b) 100 (c) = As-prepared nanohybrid
I 804 ) % Av 800 - —— Regenerated nanohybrid
% 701 - v ~ 700+ 2
T 60 Ay £ R0
3 o ¥ g 800 p
= 50 med vy < 500 21
o Fresh o s
2 404 [ ] & v " T“ - = 60
= - : ;Im C);cle | £ 400 - E
30 4 ® A econa cycle ~
g : v v Third cycle v 300 § 50
20 ] A Y] -
£ . v T 200 0
3 10 He Avy
> o 1 Ay 100 3
\ . ; \ . ; \ 0- 201, ’ . : . ' :
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Figure 7. Variation in (a) volume of liberated H, with reaction time, (b) HGR with the number of
cycles over g-C3N4/BiyO3/5i0; catalyst at a reaction temperature of 40 °C (NaBH, = 0.5 g), and
(c) FTIR analysis of the as-synthesized Bi,O3/5iO;/g-C3Ny and the regenerated batch.

A comparison of the catalytic activity of the Bi;O3/5iO;/g-C3N4 nanocomposite with
the previously reported catalysts in the catalytic hydrolysis of NaBHj is shown in Table 1.
The catalytic activity of the present catalyst is found to be better than that of previously
reported catalysts, with higher hydrogen generation rates (HGRs) of 303, 615, 785, and
1740 mL min~! g~ ! at 20, 30, 40, and 50 °C, respectively, with 0.5 g of NaBH4. Moreover,
the present catalyst exhibits a high HGR of 4000 mL min~—! g~ at 40 °C with 1.0 g of NaBH,.
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Compared with the Co-based catalysts, the present catalyst shows a better HGR than the
CoB/SBA-15 catalyst (636.6 mL min~! g~! at 60 °C) [63] and the CoB/ZIF-8 catalyst
(506 mL min~! g~ at 35 °C) [64] at lower temperatures and without the use of a promoter
like NaOH. Moreover, the activation energy of the present catalyst (38.1 k] mol~!) is lower
than the activation energy of the CoB catalysts (56.6 k] mol~! for Co-B/Na-bentonite [57]
and 72.66 k] mol~! for Ni;Cos/activated carbon [65]). The synergistic effect of g-C3Ny in
enhancing reactant accessibility and active-site dispersion within the Bi;O3/S5iO; frame-
work is responsible for this improved performance, positioning the current material as a
highly competitive, non-noble-metal catalyst for practical hydrogen generation.

Table 1. Comparison of the catalytic performance of the current catalyst with that previously reported
in the literature.

Reaction HGR AE,

Catalyst Temperature (°C) Reaction Conditions (mLmin-1g1) (k] mol-1) Reference
Co-B/Na-Bentonite 1602 56.6
Co-B/Bentonite % 2% NaBi, 10% NaOH 921.94 55.76 ]
Co-Ni/Magnetic bentonite 30 5 wt% NaBH, and x wt% NaOH 186 44.98 [65]
Cu-Asp MOF 40 0.189 g (0.05 mol/L) NaBH, 186.5 4.7 [56]
Co@SiO, xerogel 45 1 wt% NaOH + 1 wt% NaBHy4 133.7 15.2 [66]
CoO/CaO (Egg Shell) 30 1 wt% NaBH, +1 wt% NaOH 432 16.78 [67]
CoB/SBA-15 60 0.4 g NaBH,4 636.6 49.8 [62]
9% Co/Al,O3 30 5 wt% NaBH, + 10 wt% NaOH 220 45.64 [68]
Ni;Cos/Activated Carbon 30 5 wt% NaBHjy + 5 wt% NaOH 252 72.66 [64]
CoB/ZIF-8 35 1.67 wt% NaBHy, 5 wt% NaOH 506 57.72 [63]
Fe/Fey(MoOy)s 100 NaBHj (5.3 mM) 1057 21.11 [69]
Ni-B 60 20 wt%NaBHy, 5 wt% NaOH 130.0 61.8 [70]
MOF-derived Co@C 30 2 wt% NaBHy, 2 wt% NaOH 267 56.9 [71]
20 303
30 615
Bir03/5i0/8-C3Ny 40 0.5 8 NaBHly 785 38.1 foﬁ?t
50 1740
40 1.0 g NaBH,4 4000

2.5. Mechanism of NaBH,

NaBH} catalytic hydrolysis over BiO3/5iO; /g-C3Ny4 most likely follows a four-stage
process that is comparable to previously described processes [72,73]. Initially, in solution,
BH, ™ ions separate from NaBH,4 and chemisorb onto electron-deficient Bi3* sites in the
BiO3 phase. Adsorbed H™ ion and BH3; ™ fragments are created when hydride species
(H™) move to adjacent Bi** or Si* surface sites, weakening the B-H bonds. H~ and
H,O combine to make Hy, OH™, and BH3; and (iv) OH™ ion interacts with BHj to form
BH3(OH) intermediate. This cycle produces B(OH), and releases hydrogen molecules until
all hydrogen atoms are swapped for hydroxyl ions. At these interfaces, g-C3N4 enhances
local polarity and reactant interaction. The BH3(OH) species is then gradually consumed in
three additional hydrolysis cycles, yielding three additional H, molecules and NaBO,-H,O
as the final product. The two reactants, BH;~ and H,O, were previously known to adsorb
on two different active metal species, Bi3*, Si**; Zn%*, Cd%* [19,49], or the same metal with
different electronic structures, Cu?*, Cu*; Co?*, Co®*; and Mn3*, Min** [6,52,72-75].
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In our case, different Bi** and Si** couples (as electron-deficient sites) may be involved
in the adsorption of BH;~ and H,0O, or mixed Bi oxidation states (Bi** /Bi*®). In addition,
the N-sites in g-C3Ny may act as electron-rich sites. The XPS discovery of Bi, Si, and
lattice oxygen confirms a Michaelis-Menten route dominated by BH;~ binding to Bi®*.
A Langmuir-Hinshelwood pathway is also possible, where sequential H, evolution (one
H,O per hydride) is driven by the co-adsorption of both reactants at BiO3/g-C3Ny4 borders.
Through coordination and electron donation, the nitrogen-rich g-C3Ny matrix stabilizes
these sites, allowing for high activity without the need for precious metals.

2.6. HepG-2 and MCF-7 Antiproliferation by g-C3N4/Bi,O3/5i0;

The antitumor activities of the BiO3/5i0; /g-C3Ny nanohybrid against HepG-2 and
MCEF-7 were evaluated (Figure 8). The BiyO3/5iO,/g-C3Ny4 showed 3.9 and 7.9 pg/mL as its
lowest effective doses in treating HepG-2 and MCEF-7 cells, respectively. The BiO3/5i0,/g-
C3Ny4 showed ICs values of 82.4 and 59.6 ug/mL for MCF-7 and HepG-2 cells, respectively
(Figure 4a,b). Moreover, the maximum dose of 500 ug/mL of Bi;O3/SiO,/g-C3N4 demon-
strated 93.8% inhibition of MCE-7 cells, while the same dose resulted in 91.7% inhibition
of HepG-2 cells. The antiproliferative efficacy of BiyO3/5iO,/g-C3Ny is ascribed to the
chemical stability and high surface area of the g-C3N4 matrix, which promotes electron
transfer. At the same time, the transition metal oxide (Bi;O3) may induce reactive oxygen
species, resulting in lipid peroxidation in MCF-7 and HepG-2 cells [76]. The heterojunction
structure of BiyO3 /510, /g-C3Ny may improve electron-hole separation, thereby reducing
charge recombination and promoting reactive oxygen generation [77]. The Bi;O3/SiO,/g-
C3Ny nanohybrid exhibited remarkable efficacy against MCF-7 and HepG-2 cell lines.
The g-C3Ny-based nanohybrids diminish tumor cell viability by generating reactive oxy-
gen species, elevating oxidative stress, impairing mitochondrial function, and triggering
apoptosis [76]. On the other hand, Bi;O3 nanoparticles exert toxic effects by compromis-
ing cellular antioxidant defenses, including BipO3z-induced reactive oxygen species (ROS)
generation, glutathione depletion, caspase-3 activation, and cell-cycle arrest in HepG-2
cells [77-80]. The anticancer efficacy of BiO3/5i0, /g-C3Ny likely involves reactive oxygen
species-mediated oxidative stress, subsequently triggering apoptotic pathways. Given its
relatively low cost compared to currently prescribed antitumor medications, additional
in vivo investigations and, ideally, practical use as antitumor agents are required.
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Figure 8. The antiproliferative efficacy of BiyO3/SiO,/g-C3Ny against the cell viability of (a) MCE-7
and (b) HepG-2 cells.
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3. Materials and Methods
3.1. Materials

Bismuth nitrate (Bi(NO3)3-5H,0, 99%) was procured from BDH, Kéln Bonn, Germany:.
Hydrophilic fumed silica (S5iO,, 99%) was acquired from HIFULL Yichang, Yiling, China.
Acacia powder (AcP) and sodium borohydride (NaBHy, 98%) were obtained from Fluka,
Buchs, Switzerland. Urea (98.5%) and ethylene glycol (ETG, 99%) were acquired from
Sharlau, Barcelona, Spain. Fetal bovine serum, L-glutamine, gentamicin, and Trypsin-EDTA
were acquired from Lonza, Bornem, Belgium. The human hepatocellular and human breast
cancer cell lines (HepG-2 and MCF-7) were procured from ATCC (Rockville, MD, USA).
Dimethyl sulfoxide (DMS), tetrazolium dye, and trypan blue dye were acquired from
Sigma-Aldrich, Miami, FL, USA. Deionized water (MQW) MilliQ), Seattle, WA, USA was
employed for all preparations.

3.2. Preparation of 3-C3N4/Bi,O3/5i0O;

A mass of 4.0 g of SiO,, an amount of Bi(NO3).5H,O appropriate to produce 0.5 g of
BiyO3, 1.0 g of AcP, and 10 mL of ETG were placed in a ball milling crucible. The machine
was operated at 400 RPM for twenty minutes. The content was transferred quantitatively
using deionized water (20 mL) to a porcelain dish and placed in an oven set at 250 °C to
remove the ETG gradually without causing splashing. In the pre-calcination treatment,
AcP expanded between Bi** /SiO,, creating polymeric boundary walls between the ions.
The porcelain dish was calcined at 650 °C for 4.0 h, during which AcP served as both a
fuel and a capping agent, inhibiting the agglomeration of newly produced particles and
preventing their further expansion by crystal growth extension. The product was cooled
to room temperature, and the appropriate amount of urea to produce 0.5 g of g-C3Ny
was ground with the Bi;O3/SiO; product. The triple mixture was transferred to a 50 mL
porcelain crucible, covered with its lid wrapped with aluminum foil to prevent oxygen,
and heated at 550 °C for 2.0 h to produce the Bi;O3 /510, /g-C3Ny.

3.3. Characterizations

The synthesized g-C3N4/Bi;O3/5i0; nanocatalyst was analyzed using X-ray diffrac-
tometry (Bruker, Miami, FL, USA), surface area analysis (ASAP-2020, Micromeritics, Miami,
FL, USA), transmission electron microscopy (JEM-1400, JEOL, Pleasanton, CA, USA), and
scanning electron—energy-dispersive X-ray spectroscopy (SEM-EDX, JSM-IT500HR, JEOL,
USA). A KRATOS-AXIS DLD spectrometer (Kratos Analytical Ltd., Manchester, UK) uti-
lizing monochromatic Al-K« radiation (Cls = 284.6 eV) was employed to investigate the
elemental interactions and oxidation states in the synthesized catalysts.

3.4. Catalytic Activity

The volume of hydrogen evolved during the hydrolysis of NaBH, using the graphi-
tized Bi;O3/Si0, nanocomposite was quantitatively determined by a water displacement
method, as previously described in our published articles [6,10,52]. For each hydrolysis ex-
periment, a control test was carried out to determine the self-hydrolysis behavior of NaBHy
under similar conditions. Typically, 0.5 g of NaBH, was dissolved in 50 mL of deionized
water, previously equilibrated to a specified temperature, and then rapidly transferred into
a hydrolysis reactor containing 20 mg of a synthesized catalyst. The hydrolysis system
was tightly sealed to facilitate the accurate measurement of the evolved hydrogen gas. The
effect of temperature (20, 30, 40, and 50 °C) on hydrolysis reactions was investigated under
a constant NaBH, concentration (0.5 g). On the other hand, the effect of NaBH4 mass (0.3,
0.5,0.7, and 1.0 mg) on hydrolysis reactions was also investigated under similar conditions.
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The hydrogen generation rate (HGR) was calculated at the end of each experiment using
equations presented in our previous studies according to the following formula [6,10,52,53]:
L
HGR(mLg 'min~1) = L) (1)
t(min) x m(g)
Here, m represents the catalyst’s mass in grams, t the activation time in minutes, and V the
total amount of hydrogen released.

The Arrhenius (Equation (2)) and Eyring (Equation (3)) equations were used to de-
termine the activation energy (AEa), enthalpy changes of activation (AH*), and entropy
change (AS*) [12].

—Ea
Lnk = —— +LnA 2
nk RT + Ln (2)
CAHE Ky | ASH
RT h R
Here, Kp is the Boltzmann constant (1.380649 x 10~2% J.-K~!), h is Planck’s constant
(6.62607015 x 10734 7-s), and k (min~!) is the particular rate constant connected to pseudo

1n§ _ 3)

first-order kinetics. T is the absolute temperature in Kelvin, and R is the universal gas
constant, which is 8.314 J mol ! K~1.

3.5. Anticancer Activity

The HepG-2 and MCF-7 cells were cultured by incubating for 24 h at 37 °C in RPMI-
1640 media, after which BipO3/5iO,/g-C3Ny4 was introduced at doses ranging from 3.9 to
500 pg mL~!. Precisely 100 uL of media from each plate was replaced with fresh growth
medium, and 10 pL of a 12.0 mmol MTT stock was added. Subsequently, the plates were
incubated for 4.0 h at 37 °C in a 5% CO, atmosphere. Approximately 85 uL of the medium
was replaced with 50 pL. of DMS in each plate, which was subsequently re-incubated at
37 °C for an additional 10 min. The optical density was assessed using a microplate reader
(Sunrise, TECAN, Inc., Mdnnedorf, Switzerland) at 590 nm, and viability was calculated
employing Equation (4).

ODy
OD.

x 100 4)

ODy and OD, represent the mean optical densities of treated and untreated cells, re-
spectively. The correlation between viable cells and drug concentration is illustrated
to determine the survival rate of each tumor cell line following treatment with the des-
ignated substance, and the 50% inhibitory concentration (ICsp) was derived from the
dose-response curve.

4. Conclusions

Nanoelectronics, magnetite-aided nanocatalysis, and nanomedicine are just a few
of the sectors that have shown a significant amount of interest in nanomaterials due to
their interesting properties. This article presents the formulation of a 10% BiyO3-10% g-
C3N4@SiO;, triple nanohybride via a straightforward process that employs acacia powder
as a capping and fuel agent. The X-ray diffraction demonstrated the presence of g-C3Ny,
Bi;SiOs, and BiyOs, as well as SiO5 phases. The transmission electron microscopy (TEM)
image reveals tightly packed, virtually spherical nanoparticles with an average size of
9.2 nanometers. During the XPS analysis of Bi;O3/SiO,/g-C3Ny, peaks were observed
that were associated with the elements Bi, Si, O, C, and N. These peaks were observed
with binding energies of 30.08, 107.2, 537.71, 290.16, and 402.32 eV, respectively. These
results indicate that the developed catalyst is extraordinarily pure. In the field of hydrogen

https:/ /doi.org/10.3390/inorganics14070171


https://doi.org/10.3390/inorganics14070171

Inorganics 2026, 14, 171 15 of 18

generation through NaBH, hydrolysis, the activity of the BiyO3 /51O, /g-C3N4 compound
was investigated. Additionally, the anticancer and antiproliferation activity was evaluated
against HepG-2 and MCEF-7 cells. HGRs of 303, 615, 785, and 1740 mL min~—! g’1 were
observed for graphitized Bi,O3/SiO; at 20, 30, 40, and 50 degrees Celsius, respectively. This
resulted in significant HGR increases of 526, 785, 1786, and 4000 mL min ! g_l, respectively,
when NaBH, dosages of 0.3, 0.5, 0.7, and 1.0 were hydrolyzed at 40 degrees Celsius. In
addition, the antiproliferative effect of SiO;/g-C3Ny/BiySiO5@Bi; O3 against HepG-2 and
MCEF-7 cells showed a favorable effect at concentrations of 3.9 and 7.9 pug/mL, with IC50
values of 82.4 and 59.6 ug/mL, respectively. Furthermore, it was observed that the maximal
dose of 500 pg/mL of SiO, /g-C3Ny/Bi;SiOs@Bi;Ozexhibited a remarkable inhibition of
93.8% in MCEF-7 cells. Similarly, the same dose inhibited HepG-2 cells by 91.7%. Given
that the cost of S5iO, /g-C3N4/Bi,SiO5@Bi, 5 is significantly lower than that of antitumor
medications currently prescribed, it is important to emphasize that these outcomes can be
deemed optimal for practical use as antitumor agents.
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