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A B S T R A C T   

Herein, we report the synthesis of silica-modified self-assembled structures of bismutite (BSC) through a facile 
hydrothermal route. The incorporation of silica into the hybrid led to improved adsorption of cationic methylene 
blue (MB) dye due to electrostatic and hydrogen bond interactions with the silanol groups present on the catalyst 
surface. The enhanced adsorption of MB on the catalyst ensured better availability of oxidizing free radicals and 
charge carriers on the catalyst surface for photocatalytic degradation of MB, resulting in faster mineralization of 
organic species in the presence of solar light. The faster degradation could be observed as a blue shift in the 
absorbance of degradation intermediates during the reaction and was supported by further analysis using a mass 
spectrometer. Results from total organic carbon (TOC) analysis indicated 20 % better mineralization in presence 
of silica-modified BSC hybrids. This study reveals the importance of controlled incorporation of a suitable 
adsorbent to the semiconductor photocatalyst to overcome the sluggish reaction kinetics under sunlight, thus 
promoting faster degradation of organic species.   

1. Introduction 

The rapid increase in industrialization has led to accumulation of 
various hazardous pollutants in the environment. Among these pollut-
ants, organic dyes are one of the major contaminants of industrial 
wastewater, which are primarily released from textiles, paint, paper 
manufacturing and other similar industries [1,2]. Methylene blue (MB) 
is one such dye that has gained lot of attention due to its broad range of 
applications such as in temporary hair dyes, pigments, paints and col-
oring paper [3,4]. These organic contaminants are toxic and being 
non-biodegradable, persist in the environment for long periods, thereby 
posing a serious threat to the ecosystem and to human health [5–9]. 
Owing to their high chemical stability, they form complexes by 
combining with various heavy metal oxides and hence needs to be 
treated before discharge [10]. However, the majority of these dyes 
cannot be entirely mineralized by traditional physico-chemical and 
biological treatment methods [11]. The research and development in 
this field has given rise to a new class of processes called “advanced 
oxidation processes” (AOPs), photocatalysis being one of the significant 
processes [12]. 

The development of highly efficient catalytic systems is the key to 

photocatalytic degradation of industrial wastewater. Bismuth-based 
nanostructured particles such as Bi2WO6, BiVO4, BiOX (X = Cl, Br, I) 
and (BiO)2CO3 have previously been studied for photocatalytic degra-
dation of organic dyes such as methyl orange, rhodamine B and MB 
[13–16]. Among these, Aurivillius-type BSC with alternating (Bi2O2)2+

and CO3
2- layering has drawn particular research interest owing to its 

unique anisotropic crystal structure and internal static electric field ef-
fect, which favors photoinduced charge transfer and separation [17]. 
However, application as a photocatalyst has primarily been limited to 
the UV spectrum due to its relatively wide bandgap of 3.12 eV, which 
would mean less than 5 % of the solar spectrum will have sufficient 
energy to activate the photocatalyst. This indicates the importance of 
specific tailoring of the properties of the photocatalyst for improved 
light harvesting and enhanced adsorption of contaminants leading to 
better solar energy conversion efficiency. 

It is well known that the surface area and number of active sites 
offered by the catalyst have significant effect on the catalytic degrada-
tion process as this would lead to better availability of charge carriers 
and free radical species to the organic dye [18]. Silica is known to be a 
good adsorbent due to porous structure and high surface-to-volume ratio 
[19,20]. Previous works have reported enhanced adsorption of cationic 
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organic dyes such as MB and methyl violet on mesoporous silica and 
silica-modified nanocomposites due to electrostatic and hydrogen bond 
interactions between the cationic dyes and the high amount of exposed 
silanol groups present on the catalyst surface [21–24]. Anderson and 
Bard reported mixed oxides of TiO2/SiO2 prepared by sol-gel method to 
improve photocatalytic decomposition of phenol as a result of 
enhancement of local TiO2 sites [25]. Furthermore, a recent investiga-
tion by Wang et al. reported silica to induce defects such as oxygen 
vacancies in supported mixed-phase TiO2 which led to enhanced per-
formance in the photocatalytic degradation of phenol under visible light 
irradiation [26]. However, most of the studies until now involving the 
incorporation of silica have either been performed via conventional 
sol-gel hydrolysis and coprecipitation techniques or via depositing 
pre-synthesized silica particles which might suffer from the limitation of 
proximity of adsorption sites on the catalyst to the oxidant species being 
generated at the catalytically active sites [20,27,28]. Moreover, the ef-
fect of silica addition has so far been primarily investigated on titania 
and have not been extended to other photocatalytic materials. This 
highlights the significance of developing new synthesis methods for 
incorporating silica into hybrid structures using methods which would 
help in obtaining an intimate interface contact leading to more efficient 
photocatalysts. 

Here, we report the synthesis of silica-modified self-assembled 
hybrid structures of BSC through a facile hydrothermal route. The silica- 
modified hybrids were synthesized by modifying the synthesis protocol 
for BSC with the addition of sodium silicate. Two different hybrids with 
varying silica content were synthesized and systematically characterized 
by several characterization tools to investigate their size, morphology, 
crystalline phase, composition, surface charge, surface area and optical 
properties among others. The photocatalytic activity of these hybrids 
was then investigated in MB degradation experiments performed under 
simulated sunlight at AM 1.5 G conditions. We believe that the 
controlled incorporation of silica into BSC or other semiconductor NPs 
of interest has the prospective to tackle the sluggish photocatalytic 
mineralization kinetics of organic dyes under sunlight, and thus lead to 
better catalyst efficiencies. 

2. Experimental section 

2.1. Synthesis of BSC / BSC-SiO2 nanoparticles 

BSC nanoparticles were synthesized by following a previously re-
ported method [17]. Briefly 4.8252 g of bismuth (III) nitrate pentahy-
drate, 2.5 g of urea and 0.387 g of sodium citrate tribasic dihydrate were 
dispersed in 30 ml of 1 M NaOH by magnetic stirring at 900 rpm for 30 
min. Following this step, the suspension was transferred into a 100 ml 
teflon liner and the autoclave was placed in an oven at 180 ℃ for 6 h, 
after which it was allowed to cool down naturally to room temperature. 
The obtained catalyst particles were washed thrice each in DI water and 
ethanol respectively, followed by drying at 80 ℃ for 12 h. 

BSC-silica hybrid NPs were synthesized using the same approach 
except for replacing a certain volume of 1 M NaOH solution with sodium 

silicate solution. Two hybrids containing silica were synthesized by 
adding 100 µl and 250 µl of sodium silicate solution and have been 
denoted as BSC_NS100 and BSC_NS250, respectively. Some experiments 
with higher volumes of sodium silicate solution were also performed 
which gave rise to a chunky mass after the hydrothermal treatment and 
could not be characterized, hence not reported here. 

3. Results and discussion 

3.1. Morphology characterization 

The size and morphology of the pristine BSC particles and the ones 
synthesized in presence of sodium silicate were analyzed using a Hitachi 
SU9000 ST(E)M in SEM mode and are shown in Fig. 1(a-c). The disc-like 
shape of pristine BSC NPs observed in Fig. 1(a) were in congruence with 
the structures reported by Xiao et al. [17]. The BSC nanodiscs (NDs) had 
an average size of 330 ± 130 nm and thickness of 50 ± 8 nm. The 
addition of 100 µl sodium silicate to the reaction mixture was found to 
induce self-assembly of these disc-like particles as can be observed for 
BSC_NS100 in Fig. 1(b). However, the thickness of these discs was found 
to considerably reduce to 29 ± 2 nm. Further addition of sodium silicate 
solution (250 µl) led to 3D stacking of the NDs and gave rise to 
flower-like hierarchical structures as shown in Fig. 1(c). Although these 
structures were larger in size (1.6 ± 0.2 µm), the NDs constituting the 
discs were found to be much thinner (16 ± 2 nm). No significant dif-
ferences could be observed in the lateral dimensions of the NDs with 
addition of sodium silicate solution. Therefore, self-assembly and thin-
ning of BSC NDs were observed to be the main outcomes of incorpora-
tion of silica on the BSC morphology. Fig. S1 shows SEM images of the 
different BSC NPs at higher magnification providing better visualization 
of the thinning of NDs induced by the incorporation of silica. 

3.2. Composition analysis 

The elemental composition of the samples was analyzed using an 
EDX spectrometer and an increasing content of elemental silicon was 
confirmed in the samples synthesized under higher volumes of sodium 
silicate as shown in the map spectrum in Fig. S2 and Table S1. The 
elemental maps of BSC, BSC_NS100 and BSC_NS250 are shown in 
Fig. S3, S4 and S5 respectively. An even distribution of silicon in all 
elemental maps obtained confirmed uniform incorporation of silica in 
all the hybrids. 

3.3. Crystalline structure 

The X-ray diffraction (XRD) patterns of pristine BSC and the silica- 
modified hybrids are shown in Fig. 2(a). The diffraction peaks corre-
spond well to JCPDS Card No. 41–1488 for tetragonal bismutite 
(Bi2O2CO3) with a = b= 3.867 Å; c = 13.686 Å; and space group I4/ 
mm) [17]. The sharp peaks for BSC indicate phase purity and high 
crystallinity of the sample. With addition of sodium silicate, no shift in 
the peaks could be observed, thus indicating phase purity. However, the 

Fig. 1. Representative SEM images of BSC NPs synthesized at different conditions. (a) BSC, (b) BSC_NS100, (c) BSC_NS250.  
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crystallinity of the samples was observed to reduce, which could be 
attributed to the presence of amorphous silica on BSC. Silica generally 
gives a broad diffraction peak between 2θ = 0◦ and 20◦. However, this 
could not be observed presumably due to the relatively low content of 
silica present. 

3.4. FT-IR analysis 

The presence of silica and the purity of the samples were further 
confirmed with the help of Fourier Transform Infrared (FT-IR) Spec-
troscopy as shown in Fig. 2(b). Two additional peaks at wavenumbers 
1010 cm− 1 and 1195 cm− 1 were observed for the silica-modified hy-
brids, which could be assigned to Si-O-Si stretching vibrations. The 
presence of carbonate ions (CO3

2-) was confirmed by the characteristic 
peak observed at 1067 cm− 1 for BSC, which corresponded to the sym-
metric vibration (ν1) [29]. However, this peak was not evident in the 
samples containing silica due to overlapping peaks from Si-O-Si 
stretching. The peak at 1360 cm− 1 and the shoulder peak at 
1462 cm− 1 could be assigned to anti-symmetric vibration (ν3) of CO3

2- 

ions. The peaks at 838 cm− 1 and 690 cm− 1 correspond to out-of-plane 
bending (ν2) and in-plane deformation (ν4) of carbonate ions respec-
tively [14,29]. The broad peak at 2350 cm− 1 is associated with asym-
metric stretching mode of physisorbed CO2 and the small peaks in the 
range 3600–3800 cm− 1 correspond to combination bands [30,31]. No 
additional vibration peaks were observed, thus confirming the purity of 
the samples. 

3.5. Textural analysis 

The textural properties of the samples such as specific surface area, 

pore volume and average pore diameter were analyzed by N2 
adsorption-desorption isotherms and have been summarized in 
Table S2. Fig. S6 shows the shape of the isotherm obtained for the 
different samples. The isotherms belong to Type IV according to IUPAC 
classification, thus indicating the presence of mesopores [32]. At low 
relative pressures, the amount adsorbed was observed to increase 
gradually corresponding to multilayer adsorption. This was followed by 
a steep rise in the amount adsorbed close to the saturation vapor pres-
sure denoting capillary condensation in the mesopores. The isotherms 
showed H3 type hysteresis loop, indicating the presence of aggregates of 
plate-like particles possessing slit-like pores [32]. An increase in specific 
surface area, specific pore volume and pore diameter could be observed 
with increasing silica content in the samples, possibly due to thinning of 
the NDs and the self-assembly into 3D structure. The hysteresis area was 
found to increase with increasing silica content which is in agreement 
with the increased pore diameter reported in Table S2. 

3.6. Zeta potential 

The surface charge of the samples was determined by zeta potential 
measurements at natural pH as shown in Fig. S7. A catalyst suspension 
(250 mg/L) of the different catalysts in water showed natural pH values 
of BSC: 6.2, BSC_NS100: 5.9 and BSC_NS250: 5.9. Pristine BSC NDs have 
an iso-electric point below 3 and hence would give negative zeta po-
tentials for all pH above 3 [14]. The natural pH of BSC suspension being 
above 6, showed a negative zeta potential of − 23.9 ± 0.6 mV. An 
increasing net negative charge (− 35.8 ± 0.4 mV for BSC_NS100 and 
− 38.0 ± 0.7 mV for BSC_NS250) could be observed with the addition of 
sodium silicate in the samples. In aqueous suspensions, free unsatisfied 
bonds of the silica particles are neutralized by OH- and H+ species 

Fig. 2. (a) XRD patterns, (b) FT-IR spectra, (c) UV-Vis absorption spectra and (d) Tauc plot showing the optical bandgap of the different BSC samples. Tauc plot was 
obtained by plotting (αhν)0.5 with the photon energy = hν (where h is the Planck’s constant, α is the absorption coefficient, ν is the frequency, and 0.5 refers to the 
direct bandgap transitions present in BSC samples. The optical bandgap of the catalysts was obtained by extrapolating the linear region of the plot to the abscissa. 
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leading to the formation of silanol groups (Si(OH)n). Above the 
iso-electric point, the silanol groups would dissociate in water through 
the reaction shown in Eq. 1 [33]. This further verifies the presence of 
silica groups on the surface of BSC particles with the addition of sodium 
silicate.  

☰SiOH + OH- ↔ SiO- + H2O                                                          (1)  

3.7. Photoluminescence measurements 

PL intensities of the samples were compared to investigate the 
recombination rates and charge carrier lifetime. As can be observed 
from Fig. S8, the PL intensity of the samples containing silica was lower 
than for pristine BSC particles pointing to restricted recombination of 
photo-induced electrons and holes. This is an indication of formation of 
silica-induced oxygen vacancies in BSC leading to the formation of 
localized defect energy states in the bandgap, which would act as a sink 
for the excited electrons thus preventing recombination with holes in the 
valence band [26]. The restricted recombination of charge carriers is 
known to lead to enhanced photocatalytic performance due to improved 
photo-induced charge separation [34]. 

3.8. UV-vis diffuse reflectance spectroscopy 

Diffuse reflectance spectroscopy was performed to record the 
absorbance of the powder samples, and subsequently obtain their optical 
bandgaps from the Tauc plot. The optical absorption of the samples is 
presented in Fig. 2(c). BSC is known to have an indirect bandgap and 
from the Tauc plot, the bandgap of pristine BSC was found to be 3.09 eV, 
which is in close agreement to what has previously been reported [17]. A 
slight lowering of the bandgap (3.09 ⟶ 3.03 ⟶ 3.02 eV) could be 
observed with increasing silica content in the hybrids as shown in Fig. 2 
(d). This again supports the observations made in PL measurements as 
the presence of silica-induced defect energy states in BSC would lead to a 
lower effective bandgap. 

3.9. Photocatalytic MB degradation 

Prior to irradiating the reaction mixture with solar simulated light, 
an aliquot was withdrawn at the end of 30 min of stirring in dark. The 
catalyst particles were separated by centrifugation and the supernatant 
was analyzed with a UV-Vis spectrophotometer. This corresponded to 
the absorbance at initial time point for the different catalysts as shown in 
Fig. S9. It could be observed that although the initial concentration of 
MB dye in all the systems were the same (5 mg/L), the samples con-
taining higher amount of silica showed lower absorbance for the su-
pernatant. This was also evident from the color of the bottom product 
after centrifugation (shown as inset in Fig. S9), where the catalysts 
turned more bluish with increasing silica content, thus confirming better 

adsorption of the dye. 
As observed from the zeta potential measurements in Fig. S7, the 

sample containing highest amount of silica showed more negative po-
tential. This could explain the stronger adsorption of MB molecules as it 
is a cationic dye. Moreover, from SEM and BET analysis, it was also 
validated that higher amounts of silica lead to thinner discs with porous 
flower-like morphology having high surface area and pore volume, thus 
improving the adsorption capacity of the dye. 

After the initial 30 min of attaining adsorption-desorption equilib-
rium, photocatalytic degradation of MB dye in presence of BSC catalysts 
was initiated under simulated sunlight. The concentration of remaining 
dye in solution was obtained using a calibration curve for MB shown in 
Fig. S10. As shown in Fig. 3(a), in presence of pristine BSC, the absor-
bance peaks of MB dye were found to follow the parent peak with pri-
mary absorbance at 664 nm even after 3 hrs of light irradiation. This is 
in accordance with previous observations reported in literature which 
would suggest MB to still be the primary species present in the mixture 
[14,35]. However, in presence of silica modified BSC, a shift in the peak 
of MB could be observed immediately after irradiating the sample (as 
can be seen in Fig. 3(b) and (c)), thereby suggesting faster mineraliza-
tion of MB. Fig. S11(a) shows the photocatalytic degradation compari-
son between the different BSC samples. Although BSC_NS250 showed 
fastest degradation of MB (92.6 % degradation within 1 h), the blue shift 
in absorbance observed for silica-modified samples indicate the pres-
ence of other organic degradation intermediates of MB in the mixture. 
Since BSC_NS250 showed the best degradation performance, this cata-
lyst was used for further investigations. To verify the photocatalytic 
nature of these reactions, control experiments were performed with 
BSC_NS250 in the absence of light and without the catalyst in presence 
of light as shown in Fig. S11(b). No shift in the absorbance peak and 
insignificant degradation of MB dye in the control experiments as 
observed in Fig. S12 proved the photocatalytic nature of the reaction 
with silica-modified hybrids. Another set of control experiments were 
performed at a lower concentration of MB dye (3 mg/L), to account for 
the initial adsorption of the dye due to the presence of silica. The ex-
periments with lower MB dye concentration were performed with BSC as 
the catalyst to verify that the blue shift in the absorbance peak was 
silica-induced. No shift in absorbance observed in presence of BSC as 
catalyst at lower concentrations of MB (Fig. S13) ensured the faster 
mineralization not just to be an effect of silica-induced adsorption but a 
result of enhanced photocatalytic properties of the hybrid. The addition 
of silica has been observed to improve the surface area and pore volume 
of the particles which would expose the catalytic active sites of BSC. The 
intimate incorporation of silica into BSC brought about by hydrothermal 
treatment could lead to better proximity of the adsorbed MB molecules 
to the oxidant species [18]. In addition, the lower bandgap observed for 
silica-modified samples suggest the presence of oxygen vacancies in 
BSC, leading to lower recombination effect of charge carriers and better 
light absorption properties, which promote faster mineralization of MB. 
Fig. S14 shows the supernatant after 3 h of reaction with the different 

Fig. 3. UV-Vis spectra of MB dye degradation using (a) BSC, (b) BSC_NS100 and (c) BSC_NS250 as photocatalyst under simulated sunlight.  
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BSC catalysts. 

3.10. Mass spectrometry analysis 

To further support the observations made from the UV-vis spectra, 
mass spectrometry analysis of the final decomposed solutions of MB 
after 3 hrs of reaction was performed for the different BSC catalysts. The 
mass spectra of pure MB dye solution in Fig. S15(a) depicts the molec-
ular ion at m/z = 284 which corresponds to the mass to charge ratio of 
the MB cation (HR-ESI-MS m/z 284.1221 [M +], calculated for 
C16H18N3S, 284.1221) The molecular structure of the MB cation is 
shown in Fig. 4(a). The photocatalytic degradation pathway of MB dye 
has been previously reported in literature to proceed via demethylation 
due to the lower bond energy (3.07 eV) associated with the bond be-
tween H3C-N atoms [36]. The successive demethylation reactions would 
lead to the formation of aromatic degradation intermediates such as 
Azure A, Azure B, Azure C and thionine as shown in Fig. 4(b-e) [37–39]. 
All these degradation intermediates have been reported to be associated 
with a blue shift in the UV-Vis absorbance compared to MB [40–42]. 

Table S3 shows the exact mass of the intermediates found in samples 
where pristine BSC particles were used. The tentatively identified in-
termediate products with mass to charge ratios of 284, 270 and 256 
supported the presence of MB, Azure B and Azure A in the mixture. The 
presence of the peak at 284 was also consistent with the absorbance 
peaks of MB from UV-Vis spectra where no significant shift could be 
observed during the reaction. However, in presence of BSC_NS100 and 
BSC_NS250, the above peaks were not observed as shown in Fig. S15(c, 
d). Instead, signals of the possible intermediate products (242 and 228) 
could be observed and tentatively identified, which indicated the pres-
ence of degradation products such as Azure C and thionine. This was also 
consistent with the blue shift observed in the absorbance peaks of MB 
during photocatalytic reactions in presence of silica-modified hybrids, 
thus supporting the faster mineralization of MB. 

3.11. TOC analysis 

The total organic carbon content of the supernatant for the reactions 
catalyzed by different BSC catalysts were analyzed and the results are 
shown in Fig. 5. The reduction in TOC content was found to increase 
with increasing silica content in the hybrid which was in accordance 
with previous observations. BSC_NS250 showed 48.5 ± 3.6 % reduction 
in TOC compared to 28.1 ± 3.9 % reduction for pristine BSC particles, 
thus indicating 20 % better mineralization of organics in presence of 
silica-modified BSC hybrids. 

3.12. Catalyst stability 

The stability of a photocatalyst is a key factor for determining its 

reusability and large-scale applicability. To determine the stability of 
the BSC_NS250 hybrid, the catalyst was recovered after each run and 
then reused in three successive runs to degrade fresh MB solution. After 
each run, the catalyst particles were centrifuged and cleaned once in 
ethanol before drying overnight in an oven at 80 ◦C. The particles were 
then reused without any further modification. Fig. S16 provides a 
comparison of BSC_NS250 before each successive run. A notable dif-
ference in the color of the spent catalyst could be observed as a result of 
MB adsorption on the catalyst surface. Due to difficulty of recovering the 
entire batch associated with loss of catalyst during cleaning, the total 
reaction volume of the successive stability runs was adjusted without 
changing the catalyst concentration. Fig. S17(a) shows the degradation 
percentage of MB with BSC_NS250 for 3 successive runs. As can be 
observed, the BSC_NS250 hybrid catalyst upon reuse retained high 
catalytic activity (93.2 % and 92.4 % degradation in the 2nd and 3rd 
runs respectively) which was within the small error margin obtained for 
the 1st run. A blue-shift in the absorbance peak of MB observed in all 
successive runs denoted the stability of silica-modified BSC hybrid 
catalyst in achieving faster mineralization. However, when the TOC of 
the supernatant after 3 hrs was analyzed, an increase in organic content 
with subsequent runs could be observed as shown in Fig. S17(b). This 
could possibly be a result of the adsorbed organic species on the catalyst 
leaching out during the reaction. 

In order to verify this, the spent catalysts were characterized using 
FT-IR as shown in Fig. S18(a). The FT-IR spectra of the spent catalysts 
were observed to show additional peaks around 2916 cm− 1 

Fig. 4. Structures of cations of intermediate degradation products of MB: (a) MB, (b) Azure B, (c) Azure A, (d) Azure C and (e) Thionine.  

Fig. 5. TOC reduction comparison between the BSC samples. The error bars 
shown were obtained from three different readings of the same sample. 
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corresponding to the C-H stretching vibration and at 1600 cm− 1 

belonging to the skeleton stretching vibration in the benzene ring [43]. 
The FT-IR spectra of pure methylene blue hydrate is shown in Fig. S18 
(b) for reference. The presence of additional peaks corresponding to 
organic species in the spent catalyst verified the possibility of organic 
species leaching out during the subsequent runs, thereby leading to an 
increase in the total organic carbon. 

Removing the adsorbed organic species from the catalyst is expected 
to further improve the catalyst performance by lowering the TOC con-
tent in addition to the already visible MB degradation. Techniques such 
as thermal regeneration and ultrasonic regeneration have been reported 
in literature to be efficient in recovering spent catalysts [44–46]. 
However, the thermal stability of BSC also needs to be considered while 
choosing a thermal recovery method to avoid that the photocatalytic 
property gets affected. 

3.13. Scavenger tests 

In order to identify the active species involved in the photocatalytic 
degradation of MB, scavenging tests were performed using p-benzo-
quinone (1 mM), 2-propanol (10 mM) and potassium iodide (10 mM) as 
trapping species for superoxide anion radicals (⋅O2

- ), hydroxyl radicals 
(⋅OH) and holes (h+), respectively. As can be observed from Fig. S19, 
addition of p-benzoquinone and potassium iodide reduced the photo-
catalytic activity to the maximum extent, which was observed in terms 
of a delay in the shift of the primary peak of MB at 664 nm, thus indi-
cating ⋅O2

- and h+ to be the major active species involved in the degra-
dation. No significant effect observed in presence of 2-propanol 
suggested ⋅OH to have a minor role in the degradation of MB. 

Based on these results, a mechanism for the photocatalytic degra-
dation of MB by silica-modified BSC hybrids can be explained as follows. 
When the hybrid photocatalyst particles are irradiated with photons 
having sufficient energy, electrons in the valence band of BSC get 
transferred to the conduction band. Electrons might also get trapped in 
the defect energy states within the bandgap, thereby reducing the rate of 
recombination. These electrons react with dissolved oxygen to form ⋅O2

- 

radicals, which along with h+ in the valence band act as strong oxidizers 
for the effective degradation of MB adsorbed on silica. Due to the 
photosensitizer properties of MB, it should be be noted that a photo-
sensitization mechanism could also occur in conjunction with photo-
catalysis, based on the band structures of BSC and the molecular orbital 
positions of MB [47]. 

4. Conclusions 

Silica-modified BSC hybrid particles were synthesized by addition of 
different volumes of sodium silicate solution prior to the hydrothermal 
process. Incorporating silica into BSC NDs was found to induce thinning 
of the NDs and self-assembly, leading to the formation of 3D stacked 
structures with increased surface area, pore volume and pore diameter. 
Fluorescence measurements showed lower PL intensities for silica- 
modified hybrids denoting the presence of defect energy states, which 
was supported by the observed lowering of the bandgap. In addition, the 
large amounts of silanol groups present on the catalyst surfaces with 
higher silica content led to better adsorption of cationic MB dye due to 
the presence of electrostatic and hydrogen bond interactions. Enhanced 
adsorption of MB on silica-modified BSC hybrid particles could ensure 
better availability of oxidizing free radicals and charge carriers on the 
catalyst surface for photocatalytic degradation of MB, resulting in faster 
mineralization of the organic species in presence of simulated sunlight. 
Faster mineralization was observed as a blue shift in the absorbance 
curve of MB which was further supported by mass spectrometry anal-
ysis. Furthermore, results from TOC analyzer indicated 20 % better 
degradation of organic species in presence of silica-modified BSC hy-
brids. Hence, this work highlights the importance of incorporating a 
suitable adsorbent to the semiconductor photocatalyst for faster 

mineralization of organic pollutants and is anticipated to lay foundation 
for future research in obtaining optimized photocatalysts capable of 
capturing a wide spectrum of dyes for wastewater remediation. 
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