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Abstract: Herein, we have reported the synthesis and characterization of multilayered supported
siliceous shell and metallic core nanocomposites (Au/Pt/Rh@SiO, nanocomposites) through the
sol-gel chemical route. The developed methodology was rapid, facile, and eco-friendly.
The physicochemical characterization was performed by atomic force microscopy (AFM),
high-resolution transmission electron microscopy (HR-TEM), field emission scanning electron
microscopy (FE-SEM), nitrogen adsorption-desorption, and UV-Visible diffuse reflectance
spectroscopy (UV-Vis-DRS) methods. Texture properties of the catalyst particles are also calculated by
applying the Brunauer-Emmett-Teller (BET) equation to the sorption isotherms. The as-synthesized
nanocatalyst exhibited high catalytic decolorization of organic dyes, such as methyl violet (MV),
with a decolorization efficiency of ~100 % in a short interval. The photocatalytic decolorization of MV
was measured spectrophotometrically at their respective Amax values.
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1. Introduction

Since Pt-based nanocomposites comprising more than one metal exhibit multifarious
structural features, they are an indispensable choice in selecting heterogeneous catalysts for an
array of applications [1-4]. In the development of nanomaterials, functional materials act as a
driving force due to their unique properties [5]. Among the various functional materials
developed, the fabrication of core-shell nanocomposites has significantly attracted and
acclaimed considerable attention [5-18]. Among the core-shell composites, metallic cores with
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siliceous shells, in which the core (inner part) is composed of multimetallic nanoparticles and
the shell (outer part) is compiled with silica spheres, are studied with a special interest due to
their biocompatibility [10,19]. These nanocomposites find applications in catalysis, fuel cell,
and drug delivery systems.

Most organic pollutants can be degraded by photocatalysis under UV & visible light
irradiation [20-25]. Photocatalysts such as Au/Pt/Rh@SiO2 nanocomposites possess the
advantages of high stability and biological inertness. Therefore, photocatalytic decolorization
of methyl violet in an aqueous solution is widely employed to deal with wastewater.

This paper presents a study on the decolorization of MV in an aqueous solution by
multilayered supported siliceous shell and metallic core nanocomposites (Au/Pt/Rh@SiO2
nanocomposites) through a sol-gel chemical route. Structural, morphological, and textural
properties characterized the composite. The synergistic effect and surface adsorption of the
MV dye on the Au/Pt/Rh@SiO2 nanocomposite was systematically evaluated. In addition,
the effect of dye concentration, catalyst dosage, and stability of the photocatalyst on the
decolorization was examined. Absorbance analysis confirmed the decolorization of MV,
and a mechanism has been proposed based on experimental and theoretical calculations.

2. Materials and Methods

2.1. Chemicals and materials.

The salts, such as HAUCI4.3H20 (99.99%), H2PtCls.xH20 (98%), and RhCl3.3H20
(98%), were purchased from Hi-Media Laboratories. 3-Aminopropyl triethoxy silane
(APTES), trisodium citrate (99.5%), tetraethoxysilane (TEOS), methyl violet (MV),
and distilled ethanol was purchased from Nice Chemicals. Conductivity water with a resistivity
of around 18.0 MQ c¢cm was used wherever required.

2.2. Synthesis of trimetallic Au/Pt/Rh colloidal nanocomposite doped amine-functionalized
silica nanocomposite (Au/Pt/Rh@SiO, nanocomposite).

Au/Pt/Rh@SiO2 nanocomposite was synthesized using the sol-gel method. In a typical
protocol, 10 mL of APTES and 30 mL of TEOS were dissolved in 60 mL ethanol and stirred
for 120 min. To this, 6 mL of pre-synthesized Au/Pt/Rh trimetallic colloidal nanocomposite
(TNC) (The preparation procedure can be accessed from the Supplementary Information) was
introduced, and stirring was continued further for 120 min, whereby the sol-gel mixture was
obtained. Then, it was allowed to age and dry in an air oven at 100 °C for 24 h. Au/Pt/Rh@SiO2
nanocomposite was obtained finally by grinding the zero-gel matrix.

2.3. Sol-gel process.

In the sol-gel process, a homogeneous aqueous ethanol solution of TEOS and Si(OR)x
is obtained [26-28] initially, during which the R-O bond is hydrolyzed to form the Si-OH bond
(Egn. 1). Subsequently, the products condense in either of the two ways as given by Equations
2 and 3 resulted in the formation of Si-O-Si networks.

[Si(OR)x]+H20 < > [(RO)x-)Si-OH]+R-OH ..............ccc...... (D)
[(RO)x-1)Si-OH]+[(RO)xSi]&===—= [(RO)x-1)Si-O-Si(RO)x-1)]+ROH............... (2
[(RO)x-1)Si-OH]+[HO-Si(OR)x-1)] 2= [(RO)x-1)Si-O-Si(RO)x-1]+H20 ............ 3)
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In addition to this, APTES was added for the synthesis of amine-functionalized silica
nanocomposites. Therefore, the expected product is shown below in Equation 4.
Amine functionalized [(RO)x-1)Si-O-Si(RO)(x-1)] .. .vcvvvviriiiiiiiiiiieea 4)

2.4. Photocatalysis experiment.

For the light-induced catalytic activity assessment of the catalysts in the decolorization
of MV (0.2 x 10 M, 45 mL) at room temperature, a mercury vapor lamp (8 W, Amax= 365 nm)
was employed. The reaction mixture was stirred in the dark for 30 minutes, and the catalytic
reactions were monitored spectrophotometrically (Shimadzu UV-1650 PC spectrophotometer)
using 4 mL of the samples drawn periodically and centrifuged. Using the following formula,
the decolorization of MV was calculated.

Decolorization (%) = (Ao — A/ Ao) X 100 .....oviineiriii i (5)
where Ao and A refer to the absorbance intensity of MV dye before and after the irradiation
reaction, respectively.

2.5. Structural analysis.

A UV-vis (ultraviolet and visible light) spectrophotometer (Shimadzu, UV-1650 PC)
was used to record the absorbance spectra of the samples at room temperature.

Surface topography of SiO2 and Au/Pt/Rh@SiO2 nanocomposites were analyzed using
an AGILENT-N9410A series 5500 AFM instrument (Si cantilever; curvature radius = 10 nm)
in tapping mode.

The surface characteristics of the samples were studied in detail using a JEOL 3010
HRTEM microscope with an ultra-high resolution polepiece operating at an accelerating
voltage of 300 kV and a field-emission electron microscope (SUPRA 55-CARL ZEISS,
Germany) operating at 20 kV.

The N2 adsorption-desorption isotherms were obtained on a Micromeritics ASAP 2020
V3. 00 H instrument at -196 °C. The specific surface areas of the samples were determined by
the Brunauer-Emmett-Teller (BET) method.

The UV-visible diffuse reflectance spectra were obtained on a UV-3600 SHIMADZU
(Japan) spectrometer in the range 800-200 nm.

2.6. Computer simulations.

All calculations were carried out using Gaussian 03 [29]. For the optimization of the
ground state geometries of SiO2 and SisO1sRhs, the Density functional theoretical (DFT)
with B3LYP functional [30, 31] was used, and the basis set used Lanl2DZ [32].

3. Results and Discussion

3.1. Atomic Force Microscopy (AFM) analysis.

The 2-dimensional and 3-dimensional AFM images of the undoped SiO2 film displayed
in Figure 1(a and b) show an even rough surface without any characteristic variations.
The particle distribution curve depicted in Figure 1(c) shows the particle size to be 23 nm.
However, the size is reduced to 6-9 nm (Figure 2(a)) when doped with Au/Pt/Rh TNCs,
suggesting a particle-like character. The 3-dimensional AFM image (Figure 2(b)) reveals the
presence of metal nanoparticles in Au/Pt/Rh@SiO2. Thus, a structural variation between the
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undoped SiO2 and the Au/Pt/Rh@SiO2 nanocomposites has been established. The trimetallic

nanocomposite has a rough surface with a particle size of 8 nm, as confirmed by the particle
distribution curve (Figure 2(c)).
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Figure 1. () Two-dimensional (2D) Atomic force microscopy (AFM) image (height scale, 80 nm; scan size, 7
um X 7 pm), (b) Three-dimensional (3D) AFM image (7 um by 7 um),
(c) AFM histogram of SiO, nanocomposite.
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Figure 2. () Two-dimensional (2D) Atomic force microscopy (AFM) image (height scale, 80 nm;
scan size, 7 um X 7 um), (b) Three-dimensional (3D) AFM image (7 um by 7 um),
(c) AFM histogram of Au/Pt/Rh@SiO2 nanocomposite.

3.2. High-resolution Transmission electron microscopy (HR-TEM) analysis.

The HR-TEM images of Au/Pt/Rh@SiO2 nanocomposites (Figure 3) confirm the
structural morphology. Line plot profiles of the selected particles are highlighted in
Figure 3(a and b). The nanoparticles are spherical, in which an electron-dense core
(dark colored) is enclosed by an electron-thin shell (light-colored) form (Figure 3(c-f)).
The 3D surface plot (Figure 3(d)) validates the core form of the nanocomposite.
Figure 3(h and i) also suggested the formation of core@shell form. The selected area electron

diffraction (SAED) pattern of Au/Pt/Rh@SiO2 nanocomposites (Figure 3(j) attests to the
amorphous nature of the nanocomposite.

https://biointerfaceresearch.com/

50f19


https://doi.org/10.33263/BRIAC141.002
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC141.002

Gray Value

Gray Value

0 20 40 60
Distance (pixels)

Figure 3. (a-f) High-resolution transmission electron microscopy (HR-TEM) images of Au/Pt/Rh@SiO;
nanocomposite, scale bars (a) 200, (b) 100, (c) 20, (d) 10, (e) 5 and (f) 2 nm respectively (g) surface plot of the
image (selected image is in (d)), (h and i) plot profile of the selected particles highlighted in (a and b)
respectively and (j) selected area electron diffraction (SAED) pattern of Au/Pt/Rh@SiO, nanocomposite.

3.3. Field-emission scanning electron microscopy (FE-SEM) and Energy-dispersive X-ray
(EDX) spectroscopy analysis.

The FE-SEM images of SiO2 and Au/Pt/Rh@SiO2 nanocomposites with different
magnifications (Figure 4) clearly show their spherical morphology. “Image J viewer” was used
to confirm the shell formation, and the line plot profile was also evaluated (inset of Figure
4(d)). Figures 4e and 4f approve of the formation of a shell of even electron density.
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Figure 4(a and b). Field-emission scanning electron microscopy (FE-SEM) images of the SiO, nanocomposite
with different magnifications, magnification: (a) 49.97K and (b) 174.92K, scale bars: (a) 200 and (b) 100 nm
and (c and d). FE-SEM images of the Au/Pt/Rh@SiO, nanocomposite with different magnifications,
magnification: (¢) 101.93K and (d) 154.50K, scale bars: (c) 200 and (d) 100 nm,

(e) and (f) line plot profile of the selected image (highlighted in (d)).
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The results of elemental analysis of SiO2 and Au/Pt/Rh@SiO2 nanocomposites by EDX
are presented in Figure 5(a) and (b), respectively. The images show the presence of Si in SiO2
and Si, Au, Pt, and Rh in the nanocomposite.
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Figure 5. Elemental analysis by energy dispersive X-ray (EDX) spectroscopy of (a) SiO; and (b)
Au/Pt/Ag@SiO, nanocomposite.
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3.4. Textural properties.

The N2 sorption isotherms, Brunauer-Emmett-Teller (BET) surface area plot,
and Barrett-Joyner-Halenda (BJH) desorption pore distribution curve of the Au/Pt/Rh@SiO2
nanocomposite is given in Figure 6 (a-c) (note: corresponding N2 sorption isotherms,
BJH desorption pore distribution and BET surface area plot of bare SiO2 are given in
Figure S1). The isotherms show (Figure 6(a)) type-1ll behavior. Furthermore, the H3-type
hysteresis curve authenticates the mesoporous structure [10, 33-35]. The observation of an
increasing step within the adsorption branch, along with a sharp decline in the desorption
branch (Figure 6(a)), strongly confirms the mesoporosity [10, 36].
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Figure 6. (a) Isotherm linear plot (nitrogen adsorption-desorption isotherms),
(b) Brunauer-Emmett-Teller (BET) surface area plot,
(c) Barrett-Joyner-Halenda (BJH) desorption pore volume of Au/Pt/Rh@SiO, nanocomposite.

Table 1. Structural parameters of the SiO; and Au/Pt/Rh@SiO; photocatalysts under UV-A light irradiation

Photocatalyst BJH desorption average Vr(cm3/g) Sger(m?/g)
pore radius (A)

SiO2 nanopowder 123 0.28 40

Au/Pt/Rh@SiO; nanopowder 125 0.30 42

V1 is the total pore volume at relative pressure 0.98;
Seet is the specific surface area deducted from the isotherm analysis in the relative pressure range from 0.0-1.0.
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The relevant parameters are collected in Table 1. All parameters were higher for
AU/P/Rh@SIiO2 nanocomposite compared to bare SiO2 nanoparticles, suggesting better
photocatalytic activity of Au/Pt/Rh@SiO2 nanocomposite.

3.5. UV-Vis-diffuse reflectance spectral (UV-Vis-DRS) analysis.

Figure 7 shows the diffuse reflectance spectra of the undoped and doped SiO:2
nanocomposites. The pure SiO2 exhibits only a feeble response supported by a band edge.
On the other hand, doping enhanced light absorption due to the possible charge transfer
transition. The reflectance spectra of the two samples in terms of recorded diffuse reflection
employing the Kubelka-Munk algorithm are shown in Figure 8.
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Figure 7. UV-vis-Diffuse reflectance spectrum (UV-vis-DRS) of (a) SiO, and
(b) Au/Pt/Rh@SiO, nanocomposite (recorded with absorbance mode).
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Figure 8. Diffuse reflectance spectra of (a) SiO; and (b) Au/Pt/Rh@SiO2 nanocomposite.

Figure 9 depicts the band gaps of the samples obtained from the Tauc plots. Plots of
(@) [F(R)hu]? vs. (hv) and (b) [F(R)hv]®® vs. hv provide the direct and indirect band gap energy.
The direct and indirect band gaps of SiO2 were found to be 5.51 and 5.22 eV, while those of
AU/Pt/Rh@SiO2 nanocomposites were 5.46 and 5.13 eV, respectively. The decrease in the
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values of the Au/Pt/Rh@SiO2 nanocomposite compared with the undoped SiO2 should account
for the superior catalytic activity.
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Figure 9. (a) Direct and (b) indirect band gaps of SiO, and Au/Pt/Rh@SiO, nanocomposite.

3.6. Computer simulations.

Figure 10 shows the optimized structures of SiO2 and SigO18Rhs. HOMO-LUMO
energy gap (Eg) values of B3LYP/Lanl2DZ optimized SiO2 and SisO1s8Rhs cluster are supplied
in Table 2. In Au/Pt/Rh TNCs, Au/Pt bimetallic nanoparticles are surrounded by Rh particles.
From the Eg values of the optimized structures, one can notice that the band gap of SisO1sRhe
is remarkably lower than that of SiO2. The findings further revealed that the Au/Pt/Rh@SiO2
nanocomposite would be useful as a photocatalyst. The synergism factor resulting from the
interaction between the metallic core and siliceous shell might have enhanced the
photocatalytic activity towards the decolorization of MV dye.
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Figure 10. DFT-optimized structures of (a) SiO; and (b) SigO1sRhs using a B3LYP/Lanl2DZ level of theory.
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Figure 10. Electronic density of states (DOS) plot of the DFT optimized (c) SiO and
(d) SigO1sRhe using a B3LYP/Lanl2DZ level of theory (Inset: Energy gap values in eV).

Table 2. B3LYP/Lanl2DZ optimized SiO; and SisO1sRhe cluster and HOMO-LUMO energy gap (Eg) values.

Optimized structures ELumo Eromo Eq
(inev) (inev) (ineV)
SiO2 -3.99 -9.34 5.35
SisO18Rhe -5.93 -7.54 1.59

3.7. Photocatalytic activity.

Figure 11 illustrates the catalytic activity of Au/Pt/Rh@SiO2 nanocomposites in the
decolorization of MV from aqueous solution at different irradiation times under UV-A light
irradiation. The photocatalytic reaction monitored by reading the absorbance of the test solution
over time shows a gradual decline in the intensity along with a hypsochromic shift, confirming
the effective decolorization of the MV dye. Figure 12 portrays the comparative photocatalytic
activity of bare SiO2 nanocomposite and Au/Pt/Rh@SiO2. From Fig. 12(a-c), it can be
confirmed that the Au/Pt/Rh@SiO2 nanocomposite acts as an efficient catalyst, the precursors
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used to fabricate it. The Au/Pt/Rh@SiO2 nanocomposite decolorized the MV aqueous solution
t0 99.7 %, confirming its catalytic activity.
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Figure 11. The changes in UV-vis spectra of MV (0.2 X 10* M) on irradiation with UV-A light in the presence
of Au/Pt/Rh@SiO- nanocomposite; catalyst suspended 2.5 g/L; (i) MV, (ii) 1-30, (iii) 31-60, (iv) 61-90,

(v) 91-120, (vi) 121-150, (vii) 151-180, (viii) 181-210 min, respectively.

3.7.1. Reusability.

In order to examine the reusability of the photocatalysts, they were tested after use to
see the stability of their photocatalytic activity. It was observed that the photocatalyst could be
used for the fourth time with nearly 97% efficiency. After use, the photocatalysts were
separated from the solution by centrifugation, washed three times with an ethanol-acetone
solution, and then dried in an oven at 80°C overnight. The results obtained show that the
decolorization of MV (%) as 99.7, 98.5, 97.9, and 97.0 for Cycle I — IV, respectively, by the
photocatalyst, have been confirmed, and the data is compiled in Table 3.

Table 3. Reusability of SiO, nanopowder, Au/Pt/Rh trimetallic colloidal nanocomposite, and Au/Pt/Rh@SiO;
nanocomposite for decolorizing an aqueous solution of MV dye.

Reusability (%) SiO2 nanopowder Au/Pt/Rh trimetallic colloidal AU/Pt/Rh@SiO2
nanocomposite nanocomposite
Cycle - | 47.2 66.5 99.7
Cycle - 11 46.3 64.2 98.5
Cycle - 111 44.8 62.1 97.9
Cycle - IV 42.0 58.7 97.0

3.7.2. Mechanism discussion.

For obtaining a high-performance photocatalyst, the following two essential factors are

considered, (i) high-surface area [37, 38] and (ii) nano-size-based materials. Moreover,
the adsorption of the dye molecules onto the catalyst surface facilitated by the photoactive sites
is a key step [10, 19, 39-41]. The following steps (Eqns. 6-10) have been proposed for the entire
catalytic reaction.

Au/Pt/Rh@Si0, + hv - h*(localized state) + eg...(6)
0, +ey — 0y
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O, +(H*+ 0OH) » HO,+ 0H ... ... ... (8)
2HO, = Hy0, + 04 .. ... ... 9)
H,0, + 05" = °OH+~0H+0, ... .. ... (10)
h* interacts with H* and "OH to form *OH, which attacks the MV dye molecules [10].
H,0 + h*(localized state) —» °OH + H* ... ... ... (11)
Equations 12-14 clarify the process involved in multimetallic core of SiO2
nanocomposites.
Au/Pt/Rh + e, = Au/Pt/Rh(ez) .. ... ... (12)
Au/Pt/Rh(e;,) + H* —» Au/Pt/Rh + H, ... ... ... (13)
This step favoured the formation of *OH,
Au/Pt/Rh(ez,) + 0, = Au/Pt/Rh + 05 + (H,0,) » °0H +~0H + 0, ... ... (14)

The MV molecule is presumably attacked by an *OH radical, eliminating one or more
methyl radicals. In the subsequent step, it combines with another hydroxyl radical to form a
hydroxyl intermediate, which is further attacked by *OH.

120 irradiation time (min) vs decolorization (%)
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Figure 12. Comparisons of the photocatalytic activity ((a) UV-A light irradiation time (min) versus dye
decolorization (%), (b) UV-A light irradiation time (min) versus concentration of the aqueous solution of MV
dye (10* M) and (c) UV-A light irradiation time (min) versus concentration of the aqueous solution of MV dye
(108 M)); 1-Nil catalyst, 2-SiO, nanocomposite, 3-Au/Pt/Rh TNCs and 4-Au/Pt/Rh@SiO, nanocomposite.
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4. Conclusions

To conclude, a trimetallic nanocomposite, Au/Pt/Rh@SiO2 has been fabricated
adopting a sol-gel process, where the Au/Pt/Rh core gets encapsulated in a SiO2-rich shell.
HR-TEM results show that Au/Pt/Rh@SiO2 nanocomposites have a finite spherical
morphology with core and shell forms. Similarly, the AFM results confirm a notable variation
in surface morphology and size between the bare SiO2 and the doped nanocomposites.
The chemical compositions of the different regions of the particles were measured by FE-SEM
and EDX analysis. Au/Pt/Rh@SiO2 nanocomposite was used as a photocatalyst to decolorize
MV dye. The decolorization of MV by Au/Pt/Rh, TNCs, and Au/Pt/Rh@SiO2 nanocomposites
has also been studied by altering dye concentration, irradiation time, and catalyst dosage.
Computational studies help in ascertaining the role of Au/Pt/Rh core in enhancing the
photocatalytic decolorization properties of SiO2 shell due to the reduction of electron-hole
recombination. The overall results indicated that Au/Pt/Rh@SiO2 nanocomposites could be a
suitable candidate for photocatalytic application.
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Supplementary Material
1. Synthesis of trimetallic Au/Pt/Rh colloidal nanocomposites

PVP-protected metal particles were synthesized according to the reported method [6].
Briefly, 0.02 g of rhodium trichloride trihydrate and 0.7 g of poly (vinyl pyrrolidone) were
separately dissolved in 100 mL of distilled ethanol. 50 mL of each were pipetted out into a
round bottom flask and refluxed for 5 hrs. Color change of the solution to dark brown indicated
the formation of rhodium nanoparticles (Rh NPs).

Trisodium citrate-reduced Au nanoparticles (Au NPs) were separately synthesized.
Briefly, 0.1% gold(l11) chloride trihydrate (20 mL) was heated to boil, and 1% trisodium citrate
(4 mL) was then added with stirring. The reaction mixture was heated for 80 sec and cooled
down to room temperature. The color change indicated the formation of Au NPs. Then, 0.1%
chloroplatinic acid hydrate (20 mL) was added to the as-synthesized Au NPs followed by
adding 1% trisodium citrate (4 mL) with stirring.
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Figure S1. (a) Isotherm linear plot (nitrogen adsorption-desorption isotherms); (b) Brunauer-Emmett-Teller
(BET) surface area plot; (c) Barrett-Joyner-Halenda (BJH) desorption pore volume of SiO, nanopowder.

The colloidal dispersions of bimetallic Au/Pt colloidal nanoparticles and mono-metallic
PVP-protected Rh colloidal nanoparticles were mixed at room temperature in 1:1 ratio.
The mixed dispersions were kept in stirring for a day at room temperature to complete the
formation of Au/Pt/Rh TNCs.
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2. Synthesis of amine-functionalized silica nanocomposite (SiO. hanocomposite)

TEQOS (6 mL) and APTES (2 mL) were added to distilled ethanol (6 mL). This resulting
mixture was poured into a shielded beaker to avoid evaporation. The mixture was stirred for
30 min at room temperature to obtain a fine formation of sol-gel material. This product was
placed in a hot-air oven for 12 h at 100 °C for the complete hydrolysis of TEOS/APTES to
form SiO2 nanocomposite. The obtained zero-gel matrix was ground well to obtain a final form
of SiO2 nanocomposite.
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