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Pyridinic N anchored Ag and Au hybrids for detoxification of
organic pollutants
Naveen Kumar Reddy Bogireddy 1✉, Abdel Ghafour El Hachimi2, Yetzin Rodriguez Mejia3, Mohan Kumar Kesarla4,
Rajender S. Varma 5, Raul Herrera Becerra1 and Vivechana Agarwal6✉

The development of a highly reusable, non-toxic catalyst for the effective removal of 4-nitrophenol (4-NP) from marine water is a
key challenge due to its diverse effects on living organisms. Herein, in situ green fabricated pyridinic N anchored Ag2O/Au
decorated porous silica (CG-Ag2O/Au-SiO2) using spent coffee grounds (CG) powder is introduced as a reusable catalyst to mitigate
4-NP, Methylene blue (MB), Rhodamine 6G (R6G) and their mixture in the spiked deionized, river and marine water samples.
Exceptionally high structural activity and excellent reusability of catalysts up to 15 cycles have been demonstrated due to the
accessibility of a large number of active sites from pyridinic N-anchored Ag2O and Au particle surfaces. CG-Ag2O/Au-SiO2 with the
lower Ag and Au contents of 0.59 and 0.11 wt% (ICP-MS) of active catalytic sites exhibit a superior activity parameter of
6000 s−1 g−1 (4-NP), 6357 s−1 g−1 (MB), and 2892 s−1 g−1 (R6G) than chemically synthesized and reported, bare and hybrid
structures. Furthermore, the CG-Ag2O/Au-SiO2 shows excellent stability in marine water with promising reusability performance
(≈93% after 15 successive cycles). Density functional theory (DFT) studies reveal that the observed high catalytic efficiency
originates from the pyridinic N presence on the Ag2O/Au structures.
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INTRODUCTION
4-Nitrophenol (4-NP) is one of the highly toxic organic pollutants
among the substances bearing nitro group1–5. It is recognized as a
priority hazardous pollutant by the Environmental Protection
Agency (EPA) due to its poisonous and volatile nature1,4,6,7. 4-NP is
used in several industries, namely the manufacturing of drugs
(e.g., acetaminophen), pesticides (e.g., ethyl and methyl para-
thion), pH indicators, and dyes6,8. 4-NP enters into the aqueous
environment by the accumulation of waste products from
numerous industries. Importantly, 4-NP is an intermediate product
in acetaminophen (paracetamol) production via a three-step
procedure from phenol and converts acetylate amino group to
paracetamol. Furthermore, 4-NP is a severe threat to human
health due to direct exposer via drinking contaminated water and
occupational exposure for the workers in the 4-NP production or
industries utilizing it8. Exposure to 4-NP may affect nervous
systems and brain damage in the human body6. Due to its high
stability and solubility in an aqueous environment, it can be
identified in two common forms in an aqueous medium, 4-NP (at
pH < 6.5), and it is common ionic (at pH > 6.5) form, which can
easily be distinguished by naked eye with visual change in the
color from pale yellow (λmax ≈ 317 nm) to dark yellow
(λmax ≈ 400 nm) ionic transformation6. There are several
approaches available for the removal of 4-NP from aqueous
solution8–10. Among them, NaBH4-based probe reaction gained
more attention5 due to its highly efficient and rapid reduction
process and the superb use of the ensued reduced product,
4-aminophenol (4-AP) in pharmaceutical industries. Thus, fabricat-
ing a highly efficient and reusable catalyst to remove 4-NP

including other textile organic dyes such as methylene blue and
rhodamine 6G from marine water is a significant priority task11–18.
Traditional bare metal nanoparticles and their composite

catalysts, e.g., Ag–NP/C spheres, TAC–Ag, Ag/SiNSs, Ag/C, Ag/
SNTs, CNFs/Ag, Fe3O4@SiO2–Ag, Ag@SBA, Ag/KCC-1, and Ag2O/
Au-DMSNs19–27. Furthermore, among the four types of nitrogen
atom (pyridinic N, pyrrolic N, graphitic N, and amine N) bearing
catalysts, pyridinic nitrogen atoms are known for their efficiency to
improve the activity of carbon-based catalysts in catalytic
reduction reactions28–31. Usually suffer from lack of removal
efficiency and poor stability towards reusability; design and
development of green fabricated metal hybrid structures with
abundant active sites may address the mentioned problems8,11.
Specifically, noble metal-based composites have garnered more
interest as they exhibit high catalytic efficiency towards reducing
4-NP2,4,32,33 wherein generally increasing the metal content and
decreasing the particle size of the catalyst is considered vital to
increase 4-NP removal effectiveness. Dong et al.20 reported the
outstanding activity parameters for Ag NPs (8.97%) decorated
fibrous nano-silica (50 s−1 g−1) for the reduction of 4-NP. Later,
Yang et al.25 obtained excellent activity strictures (90 s−1 g−1)
using Au/Ag2O dispersed onto dendritic mesoporous silica nano-
spheres with metal contents of 1.0% each. Since metal nanopar-
ticle surfaces are the possible reactive species, altering the
fabrication technique, concentration of metal content, and facet
of the nanoparticles onto the support would significantly improve
the catalytic efficiency; there is a paucity of such hybrid structure
for the removal of 4-NP using NaBH4.
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Silver (Ag) decorated silica-based composites are one of the
most common hybrid structures reported for enhanced anti-
microbial activity34, sensors35, photocatalysis25, and reduction
4-NP36 due to their superb attributes such as ease of amine-
functionalization, high surface area, and thermal stability. How-
ever, there is no report on using in-situ green fabrication
exploiting an abundant amount of used ground coffee waste as
support (CG-Ag2O/Au-SiO2) for the 4-NP reduction in marine
water. Catalysts with low content (from XPS) of Ag (5.17 at%) and
Au (0.83 at%) are used as efficient, highly reusable hybrid
structures to reduce 4-NP in distilled, river, and marine water
spiked samples. The green fabricated hybrid structure containing
pyridinic N anchored CG-Ag2O/Au-SiO2 exhibited an excellent
optimized 4-NP, MB, and R6G activity parameter of 6000, 6357,
and 2892 s−1 g−1 outpacing reported Ag-based catalysts25; super-
ior kinetics of 4-NP reduction (220 s) was exhibited in marine
water, which is quicker than reactions performed in distilled water
which bodes well for the efficient removal of 4-NP from marine
water. Additionally, the CG-Ag2O/Au-SiO2 can be easily recycled
up to 15 times with a negligible loss in the 4-NP removal efficacy
(≈7%).

RESULTS AND DISCUSSION
The solutions of AgNO3 and HAuCl4 with amine-functionalized
SiO2 were incubated when Ag+/Au3+-SiO2 formation can be
observed. When this complex is treated with the strong reducing
agent NaBH4, it formed Ag/Au-SiO2 composite where Ag+ and
Au3+ both ions were completely reduced (Ag0/Au0). However,
when the same complex was treated with CG extract or Na-Citrate
(mild reducing agent) at 60 ± 5 ˚C, we observed the formation of
Ag2O/Au-SiO2 in which only Au3+ and Ag+ were reduced to pure
Au metal (Au0) and Ag2O nanoparticles. Their formation was
confirmed via observations derived from the following
characterizations.
The crystallinity and phase structure of the fabricated hybrid

structures were recorded using an X-ray diffraction study as
presented in Fig. 1, which reveals the hybrid structures comprising
two distinct phases, Ag/Au-SiO2 and Ag2O/Au-SiO2. The hybrids
fabricated at ambient temperature using NaBH4 alone and NaBH4

with β-CD exhibit the formation of Ag/Au-SiO2 and it is in good
agreement with the JCPDS No. 04-078337. The diffraction peaks at
2θ ≈ 38.4, 44.5, 64.7, 77.6, and 81.7 can be assigned to (111), (200),
(220), (311), and (222) reflections of the face-centered cubic (FCC)
structure of Ag or Au structure, which confirms the complete
reduction of Ag+ and Au3+ to their nano form (Ag0 and Au0).
Further, the XRD patterns of the hybrids fabricated using CG
extract and CIT at 60 ˚C show the formation of Ag2O/Au-SiO2

structures. The revealed diffraction peaks at 2θ ≈ 32.6, 46.5, 55.2,
74.9, and 77.0 correspond to Bragg reflections (110), (200), (220),
(311), and (222), respectively. The attained XRD patterns clearly
show the formation of Ag2O, which closely matches with
commercial Ag2O spectra JCPDS No. 01-076-139338. The sharp
peaks suggest that the formed Ag2O structures are highly
crystalline. Moreover, the presence of a small broad Au (111)
was also identified in the hybrids fabricated using CG extract and
CIT, which suggests the obtained hybrid has a low percentage of
Au and the complete formation of Ag2O without impurities or
other phases (i.e., Ag2O) in the Ag2O/Au-SiO2 hybrids.
Figure 2 shows typical transmission electron microscopy (TEM)

images of the fabricated CG-Ag2O/Au-SiO2 hybrids. Figure 2a
reveals the successful in-situ formation of Ag2O/Au (ca. 20 ± 5 nm
for Ag2O and 3.4 ± 1.6 nm for Au NPs, d-values 0.27/0.23 nm)
nanoparticles onto SiO2 substrate, which closely match with the
crystallite sizes 4.428 and 22.06 nm for Au (111) and Ag2O (110)
NPs calculated by using Scherrer's equation (D= kλ

βcosθ) from the
obtained XRD patterns, where D is crystallites size in nm, k is
Scherrer constant (0.9), λ is X-ray source wavelength (0.15406 nm),

β is full-width half maxima (radians) and θ is peak position
(radians).
The high-resolution image exhibits the presence of smaller

particles (AuNPs) on the bigger-sized (Ag2O NPs) particles with
distinct interplanar distances, which further affirms the formation
of bigger highly crystalline Ag2O particles with the smaller AuNPs.
Figure 2f–l and Supplementary Fig. 1 depict the image mapping
and line mapping on Ag2O/Au NPs, which confirms the presence
of both Ag and Au in a single particle. The EDX results contain a
higher concentration of Ag (67.8%) compared to Au (32.2%) alone,
without measuring the other species present in the hybrid
structures. The contribution of the high Ag content and crystal-
linity closely matches with the obtained XRD patterns intensities.
The formation of bigger Ag2O nanoparticles was identified in the
case of CIT-mediated hybrid structures possibly due to the lack of
availability of active reducing sites in the CIT (Supplementary Fig. 2).
The elemental composition/chemical oxidation states of fabri-

cated CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2 hybrids were
identified using XPS studies. The Ag 3d spectrum for Ag species
exhibited two distinct peaks due to the presence of Ag 3d5/2 and
Ag 3d3/2 transitions shown in Fig. 3a, b. The 3d5/2 peak of single Ag
species was deconvoluted into two components at 367.3, and
368.6 eV were assigned to Ag+ (Ag (I), red) and Ag (Ag (0), green),
respectively, and the high content of Ag (I) (≈86%) compared to
Ag (0) (≈14%) also noticed25.
The Au 4f spectra exhibited two major species due to Au 4f7/2

and Au 4f5/2 transitions (Fig. 3c, d). The Au 4f7/2 peak of CG-Ag2O/
Au-SiO2 hybrids further deconvoluted into 83.2 and 84.4 eV peaks
which were assigned to Au0 and Auδ+ (intermediate), respec-
tively25. The absence of Au2O3 (≈84.0 eV) was noticed, confirming
the formation of pure Au nanoparticles. Similar to Ag 3d of CG-
Ag2O/Au-SiO2 hybrids, CIT-Ag2O/Au-SiO2 hybrids also observed a
more intense and higher energy shift of Au 4f due to more than
two folds higher content of Au (1.79 at%) than CG-Ag2O/Au-SiO2

hybrids Au (0.83 at%) content.
The N 1s spectra of CG-Ag2O/Au-SiO2 hybrids were mainly

deconvoluted into two peaks 399.5 and 401.2 eV assigned to
pyridinic N and amine N (Fig. 3e). There is almost negligible N 1s
spectra intensity is observed in CIT-Ag2O/Au-SiO2 hybrids6. It is
worth noticing that the N 1s that appeared in CG-Ag2O/Au-SiO2 are
due to the presence of nitrogen-containing compounds in the CG,
such as caffeine, trigonelline, and other proteins39. Especially, the

Fig. 1 XRD patterns of hybrid structures. XRD patterns of hybrid
structures fabricated using NaBH4 (black), NaBH4+ β CD (red), CG
extract (blue), and sodium citrate (pink).
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peak at 401.2 eV is generated presumably due to the anchoring of
pyridinic N via electrostatic interaction between COO− groups of
trigonelline (a pyridine derivative) and Au/Ag2O surfaces. The
existence of low-intensity amine N confirms the presence of
functionalized amine (NH2) groups on the surface of SiO2.
Further, the existence of higher content of carbon in the CG-

Ag2O/Au-SiO2 (39.2 at %) than in CIT-Ag2O/Au-SiO2 (22.9 at%)
hybrids and the negligible intensities of C=O (287.1 eV) and
O–C=O (288.6 eV) species identified in the CIT-Ag2O/Au-SiO2 than
CG-Ag2O/Au-SiO2 structures authenticates the presence of bio-
mass species in the fabricated structures (Supplementary Fig. 3).
A significant, lower energy shift of SiO2 (103.3 eV) is observed in

CG-Ag2O/Au-SiO2 hybrids due to the electron transfer between
the Au NPs and Pyridinic N (Fig. 3f)19.
Above mentioned analytical methods (TEM and XPS) are well-

established protocols often used to characterize nanoparticles.
Additionally, the determination of the concentration of the Ag and
Au on the surface of the silica support was also carried out by
solution-mode ICP-MS. The concentrations provided by the other
methods (TEM and XPS) are several times higher than the
concentration results from solution-mode ICP-MS (Ag (0.59%) and
Au (0.11%)), due to the formation of bigger size Ag2O (ca. 22 nm)/
Au (4.4 nm) particles onto SiO2.

The catalytic activity of Ag2O/Au-SiO2 hybrids
4-Nitrophenol reduction: The reduction of 4-nitrophenol was
assessed using NaBH4 and the fabricated catalytic hybrids, to
evaluate the catalytic efficiency of harmful pollutant, as it
exhibited absorption maxima at 317 nm in distilled water; catalytic
reduction of 4-NP was followed by UV–visible absorbance
spectroscopy (Fig. 3). The reduction spectra of 4-NP over four
hybrids (SBH-Ag/Au-SiO2, βSBH-Ag/Au-SiO2, CIT-Ag2O/Au-SiO2,
and CG-Ag2O/Au-SiO2) was tested as a function of reaction time
(Supplementary Fig. 4). Using only SiO2 showed no significant
decrease in the 4-nitrophenol absorbance intensity, suggesting a
no further reduction in the absence of a catalyst. For the SBH-Ag/
Au-SiO2 and βSBH-Ag/Au-SiO2 hybrids, under similar conditions,
the complete 4-NP reduction was observed in 45 min (Supple-
mentary Fig. 5). This confirmed that there is no significant
improvement in the catalytic reduction of 4-NP with β-CD capped
SBH-Ag/Au-SiO2 hybrids. Later, 4-NP reduction was examined for
CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2 hybrids which exhibited
the complete reduction within 420 and 400 s with a significant
increase in the rate of the reaction 0.489 and 0.583 min−1

compared to Ag/Au-SiO2 hybrids, respectively.
In the case of CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2 hybrids,

to maintain Ag2O in the same state, before the introduction of

Fig. 2 HR-TEM, FFT, and the EDS mapping of CG–Ag2O/Au–SiO2. a TEM (scale bar_20 nm), b–d HR-TEM (scale bars_2–5 nm), e FFT, and f the
EDS mapping of CG-Ag2O/Au-SiO2 (scale bars_25 nm) revealing the presence of g Oxygen (O (Kα1)), h Silicon (Si (Kα1)), i Silver (Ag (Lα1)), j Gold
(Au (Lα1)), k Carbon (Kα1_2), and l Nitrogen (Kα1_2).
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catalyst, the 4-NP was treated with sufficient NaBH4 to convert it
into 4-nitrophenolate ions that were kept for a certain period of
time to ensure that all the excess hydrogen has escaped. This step
was carried out to keep the state of silver in its Ag+ state. If NaBH4

was added after adding the catalyst, the strong reducing nature of
borohydride ions might reduce the Ag+ further to Ag0. So, these
catalysts were introduced after forming phenolate ions for
efficient conversion while preserving Ag2O in the same state.
Furthermore, the 4-NP reduction was carried out in the river

water spiked samples using CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-
SiO2 hybrids (Fig. 3b and Supplementary Fig. 4b). Due to the
variance in the pH of the aqueous medium, the absorbance
maxima of 4-NP exhibited two distinct bands, 317, and 400 nm;
the appearance of a new band at 400 nm signifies the formation
of the 4-nitrophenolate ion at basic pH (≈7.5). After adding NaBH4

to the above solution, the disappearance of a band at 317 nm was
observed, which is similar to distilled water solvent-based
reduction reaction. The complete reduction of 4-NP was attained

in 300 and 330 s with CG-Ag2O/Au-SiO2 or CIT-Ag2O/Au-SiO2

hybrids, respectively. The enhancement in the reaction rate was
observed in the case of river water samples (i.e., CG-Ag2O/Au-SiO2

(0.677min−1) and CIT-Ag2O/Au-SiO2 (0.692 min−1)) relative to
distilled water samples (Fig. 3d and Supplementary Fig. 4d).
The reduction reaction of 4-NP was further carried out in marine

water samples using both CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-
SiO2 hybrids (Fig. 3c and Supplementary Fig. 4c). As expected,
marine water contains many salts that are stable in a basic
medium (pH ≈ 9), so the absorbance band for 4-NP completely
disappeared at 317 nm and the band appeared at 400 nm
attributable to 4-nitrophenolate ion11. Interestingly, the complete
reduction of 4-NP occurs within 220 and 400 s in the case of CG-
Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2 hybrids, respectively. There is
a significant decrease in the reaction time, and an enhanced
reaction rate (0.911 min−1) was observed in the case of CG-Ag2O/
Au-SiO2 than CIT-Ag2O/Au-SiO2 hybrids in spiked marine water
samples (Fig. 3d and Supplementary Fig. 4d), which is possibly due

Fig. 3 High-resolution deconvoluted XPS spectra of CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2. High-resolution deconvoluted XPS spectra of
a, b Ag 3d, c, d Au 4f, e N 1s of CG-Ag2O/Au-SiO2, and f Si 2p of both, the CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2.
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to the enhancement in the electron transfer from pyridinic N in
basic medium.
We also monitored the formation of 4-aminophenol from

4-nitrophenol during the reduction process through an increase in
the photoluminescence signal intensity with reaction time at an
excitation of 300 nm (Fig. 4e, f), which exhibits the evolution of
fluorescence signal at 373 nm attributed from 4-aminophenol. From
Fig. 4g, it indicates the formation of 4-aminophenol during the
reduction of 4-nitrophenol under 300 nm excitation with xenon lamp.

Methylene blue degradation
The degradation of methylene blue was assessed using NaBH4 and
CG-Ag2O/Au-SiO2 to evaluate the catalytic efficiency of harmful
fluorescent organic basic cationic dye, as it exhibited two absorption
maxima at 615 nm (dimer) and 664 nm (monomer) in an aqueous
medium; catalytic degradation of MB was followed by real-time
UV–visible absorbance and fluorescence spectroscopies37,40,41. The

degradation spectra of MB over Ag2O/Au-SiO2 hybrids were tested
as a function of reaction time (Supplementary Fig. 6a, b). Using only
SiO2 and NaBH4 showed no significant decrease in the MB
absorbance intensity, suggesting no further reduction in the
absence of a catalyst. Under similar conditions, complete degrada-
tion was observed in 300, 150, and 60 s for the deionized, river, and
marine water spiked samples in presence of CG-Ag2O/Au-SiO2

hybrids; faster reduction reaction in the case of marine and river
water spiked samples was observed relative to distilled water
samples.
Further, methylene blue’s similar catalytic degradation activity

was monitored by a decrease in the photoluminescence signal
intensity with reaction time in the marine, river, and DI water
spiked samples at an excitation of 665 nm with an emission signal
at 697 nm (Supplementary Fig. 6c, d). The time-dependent digital
photographs of MB degradation in marine water samples are
presented in Supplementary Fig. 6e, which confirms the efficient

Fig. 4 Time-dependent UV–visible absorbance and photoluminescence spectra of the reduction of 4-nitrophenol, kinetics, and digital
photographs. Time-dependent UV–visible absorbance spectra of the catalytic reduction of 4-nitrophenol to 4-aminophenol using CG-Ag2O/
Au-SiO2 in a deionized, b river, c marine water spiked samples, and the corresponding d kinetics of the reaction using pseudo-first-order
reaction (ln(Ct/C0=−kt). Time-dependent photoluminescence spectra of the catalytic reduction of 4-nitrophenol to 4-aminophenol using CG-
Ag2O/Au-SiO2 in e deionized water, f time vs. PL intensity analysis of deionized, river, and marine water spiked samples, and the
corresponding g digital photographs under daylight and Xenon lamp (300 nm), respectively.
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degradation of MB in marine water spiked samples than in the
river and deionized water samples.

Rhodamine 6G degradation
Likewise, the degradation of Rhodamine 6G, a harmful fluorescent
organic cationic dye, was assessed using NaBH4 and CG-Ag2O/Au-
SiO2 as it exhibited absorption maxima at 525 nm in deionized
water; catalytic degradation of R6G was followed by UV–visible
absorbance and fluorescence spectroscopies37. The degradation
spectra of R6G over Ag2O/Au-SiO2 hybrids were tested as a
function of reaction time (Supplementary Fig. 7a, b). The
deployment of only SiO2 and NaBH4 showed no significant
decrease in the R6G absorbance intensities, suggesting no further
reduction in the absence of a catalyst. Under similar conditions,
complete degradation was observed in 540, 320, and 300 s in the
deionized, river, and marine water spiked samples; again, the
decrease in reaction time was observed in the case of the river
and marine water samples relative to distilled water samples.
Further, the catalytic degradation of rhodamine 6G was

monitored through the decrease in the photoluminescence signal
intensity with reaction time at an excitation of 525 nm with an
emission signal at 560 nm (Supplementary Fig. 7c, d). The time-
dependent visual change under daylight and the xenon lamp
digital images were presented in Supplementary Fig. 7e, which
confirms the efficient degradation of R6G in marine water visually.

Mixed pollutants degradation
To mimic the contaminated industrial wastewater, the mixed
pollutant degradation experiment was carried out40,42,43. Similar to
the procedure mentioned earlier, the degradation of mixed
pollutants (4-NP/MB/Rhodamine 6G) was assessed using NaBH4

and CG-Ag2O/Au-SiO2 in marine water samples, and it was
monitored by real-time UV–visible absorbance spectroscopy. The
degradation spectra of mixed pollutants over Ag2O/Au-SiO2

hybrids were assessed as a function of reaction time (Fig. 5). The

complete degradation was observed in 240, 220, and 60 s
corresponding to 4-NP, MB, and Rhodamine 6G in marine water
spiked samples, which confirms the efficiency of the hybrid
catalyst to eliminate multiple organic pollutants simultaneously.

Mechanistic insight towards enhanced catalytic efficiencies
Both, the SBH-Ag/Au-SiO2, and βSBH-Ag/Au-SiO2 assisted reac-
tions proceed similarly to what has been reported for bare Ag/Au
nanoparticles. In brief, the active hydrogen generated upon
hydrolysis of NaBH4 will transfer to Ag/Au clusters, which further
react with 4-NP ion, MB, and R6G to form respective less toxic
products (Supplementary Fig. 8)41,44; the rate of reduction is low
with the catalysts as mentioned earlier (Table 1). On the other
hand, a higher rate of reactions is observed in the case of CG-
Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2 hybrids compared to the
earlier two catalysts in the present work which may be ascribed to
the flow of electrons from Ag2O to Au clusters and their
accumulation on Au due to the formation of ohmic type contact
between them thus leading to the accumulation of charges on
gold clusters and simultaneously enhancing the reduction
process25. Among CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2

hybrids, the former, coffee grounds-derived catalyst hybrid,
showed higher reduction rates. This enhancement may be
attributed to pyridinic N and traces of carbon (from biomass)
present in the catalyst; several reports have suggested that the
presence of pyridinic N can enhance the catalytic activity with
higher rates29. The carbon traces also help bring the pollutant and
dye molecules closer to the metallic clusters than the catalyst
sample without carbon as has been observed by our group
previously45,46. With these keen reflections, we believe that the
formation of an ohmic type contact between Au and Ag2O and
the presence of pyridinic N significantly enhanced the rate of
reactions thus explaining the improved performance in catalytic
activities by CG-Ag2O/Au-SiO2.

Fig. 5 Digital photographs and time-dependent UV–visible absorbance spectra of the catalytic degradation of mixed organic pollutants.
a Digital photograph under daylight and the corresponding b time-dependent UV–visible absorbance spectra of the catalytic degradation of
mixed organic pollutants/dyes (4-nitrophenol, methylene blue, and rhodamine 6G) using CG-Ag2O/Au-SiO2 in marine water.
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Proposed activity parameter calculation
Generally, the catalytic activity parameter is calculated using the
ratio to the rate of the reaction (Kapp) and the amount of the
catalyst (Mac) (i.e., Kapp/Mac)25,47. However, there is a pitfall in this
equation as the amount of catalyst will vary on the type of catalyst
as has been noticed that the low amount of catalyst used for bare
metal nanoparticles (Ag, Au, Pt NPs, and their alloys). In the case of
supported catalysts, a higher amount of catalyst is used, in which
supports are not participating directly in the catalysis due to a lack
of available active sites. Thus, it is always better to use the amount
of active catalysts (active sites) in the system. The estimated
activity parameter from this study 190, 250, and 420 s−1 g−1

reduced 4-NP using 30, 100, and 200mM of NaBH4, which is 4.7
folds higher than the reported Ag2OAu–DMSNs catalyst
(90 s−1 g−1)25.
The effect of NaBH4 concentration on the reaction rate and

activity parameter was tested using CG-Ag2O/Au-SiO2 hybrids in
marine water. By increasing the NaBH4 concentration to 100 and
200mM, the exceptionally improved speed of the reaction was
found to be 0.025 and 0.042 s−1, respectively. This response rate
suggests that the NaBH4 concentration plays a significant role in
the reaction rate, as is apparent from the comparative studies
presented in Table 1.
As per the proposed activity parameter calculating method,

Kapp/Mas (Mas refers to the number of active sites in the catalyst),
CG-Ag2O/Au-SiO2 hybrids consists of 0.59 (Ag) and 0.11 (Au) wt%
(from ICP-MS) of active catalytic sites, the computed activity
parameters being 2168, 3571, and 6000 s−1 g−1 to reduce the
4-NP using 30, 100, and 200mM of NaBH4 (Table 1).
From the results, the proposed activity parameter values, one

should consider the concentration of NaBH4 used for reported
catalysts. Therefore, for a better comparison of our results with
existing reports, the amount of active catalyst wt% values was
considered and presented in Table 1; which established that the
CG-Ag2O/Au-SiO2 hybrids show the highest activity parameter

value of 6000 s−1 g−1 which was attained with a minimum amount
of catalyst. Additionally, the amount of NaBH4 also affects catalytic
activity since a higher NaBH4 concentration facilitates the faster
4-NP reduction, and the rate constant value increases.
Zhang et al.27 have reported Kapp values of 38.41 × 10−3 s−1,

and an activity parameter value of 142.26 s−1 g−1 for the Ag
(5.40%)/SNTs comparable Kapp value but a lower activity
parameter compared to CG-Ag2O/Au-SiO2 hybrids (42 times
higher) due to the usage of higher active catalyst concentration.
With the proposed activity parameter calculation, direct and
simple comparisons can be easily made for both supported and
unsupported Ag catalysts (Table 1).

Catalyst reusability studies
Due to the substantial importance of the stability and reusability
of a catalyst for its practical applications, the catalytic stability of
the CG-Ag2O/Au-SiO2 and CIT-Ag2O/Au-SiO2 hybrids was further
examined by the recycling 4-NP reduction tests in marine water
samples. From Fig. 5, the remarkable catalytic efficiency of the CG-
Ag2O/Au-SiO2 catalyst was observed with negligible loss (7%)
even after 15 reduction cycles of 4-NP (Figs. 6 and 7). In contrast,
the CIT-Ag2O/Au-SiO2 hybrid catalysts showed a 20% loss in the
reduction capacity within 10 cycles (Supplementary Fig. 9)
whereas the excellent kinetic reaction rate for CG-Ag2O/Au-SiO2

catalyst was maintained at 0.16 ± 0.04 s−1 up to 15 cycles (Fig. 7b).
Additionally, the XRD pattern of used CG-Ag2O/Au-SiO2 exhibited
some structural changes (Supplementary Fig. 10). The obtained
diffraction patterns at 2θ ≈ 32.0˚, 38.6˚, 45.7˚, 54.2˚, 66.3˚, and
75.5˚ corresponding to Bragg reflections (110), Au (111), (200),
(220), (311), and (222), respectively. Interestingly, the lower angle
shift in the Ag2O planes and higher angle shift in the Au (111)
plane were observed, which might be due to the expansion and
shrinking of interplanar spacing during the catalytic reduction
4-NP. The structural changes in the hybrids further confirm the
strong interaction of Ag2O/Au with the SiO2 substrate leading to

Table 1. Comparison of noble metal-based catalysts enabled reduction of 4-NP by NaBH4.

Catalyst (Active
catalyst wt%)

Catalyst
amount (mg)

C(NaBH4)/
C(4-NP)a

Kapp
(×10−3 s−1)

Kapp/Mac
a (s−1 g−1)

Existing
Kapp/Mas

a (s−1 g−1)
Proposed

Reusable cycles Ref.

Supported Ag catalyst

AgNPs (55.2%)/C
spheres

1.0 140 1.69 1.69 3.06 NR 24

Ag (2.76%)/SiNSs−1 10.0 180 18.05 1.81 65.39 5 50

Ag (0.2%)/C 1000 100 5.32 0.005 2.66 10 19

Ag (5.40%)/SNTs 5.0 165 38.41 7.68 142.26 5 27

CNFs/Ag (61.3%a) 1.0 40 6.2 6.20 10.12 3 26

Fe3O4@SiO2–Ag (NR) 1.0 333 13.6a 13.6a – 6 21

Ag (10%) @SBA-15 0.9 100 12.74 14.15 141.50 NR 22

Ag (8.97%)/KCC-1 0.2 1000 10.00 50.00 558.66 10 20

Ag2 (1.0%)O/Au (1.0%)-
DMSNs

0.15 200 13.50 90.00 450 6 25

Ag2O/Au-SiO2 0.1 200 42.00 420 1120 (XPS), 6000 (ICP-
MS)

15 This work

Unsupported Ag catalyst

AgNCs 4.0 100 5.19 1.30 NA NR 23

Pt@Ag core–shell NPs 0.05 0.1 5.91 118 NA 5 51

Ag–Pt Nanowires 0.6 7000 6.93 11.55 NA NR 52

Pt–Ni (96:4) 0.004 150 1.93 482.5 NA NR 53

Au/Ag BMNPs 0.6 7000 6.07 10.1 NA NR 54

NR not reported; NA not applicable.
aDenoted values were calculated by us.
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the formation of a stable catalyst for the catalytic reduction
reaction (Supplementary Fig. 8). Similar to 4-NP, catalyst reusability
in the degradation of MB and rhodamine 6G were studied for up
to 15 consecutive cycles using CG-Ag2O/Au-SiO2 hybrids; a
negligible loss of 2% and 4%, respectively, was discerned in the
degradation capacity (Fig. 7a). Whereas the excellent kinetic
reaction rate for CG-Ag2O/Au-SiO2 catalyst was maintained
0.042 ± 0.02 and 0.019 ± 0.01 s−1 for MB and R6G, respectively,
up to 15 cycles (Figs. 6 and 7b).

Theoretical results
The calculations were performed at the density functional theory
(DFT) level. A first principal calculation method was used as
implemented in Quantum Espresso (QE) package and this package
is based on an augmented plane wave (PAW) using pseudopo-
tentials by optimizing valence electronic configuration of Si, O, Ag,
N, C, Au, and H was expanded using a set of plane waves with an
energy cut-off equal to 520 Ry. The Generalized gradient
approximation (GGA) is used to treat the exchange-correlation
potential within the functional of Perdew, Burke, and Ernzerhof
(PBE). A van der Waals interaction with DFT-D2 Grimme
parameterization was applied to correct the long-range interac-
tion, which occurs during the propagation of such wave functions
in the simulated materials. For our systems, a self-consistent (SCF)
convergence is attained when the energy difference reaches a
value smaller than 10–6 eV. In contrast, precision for the final forces

at all geometrical optimizations must reach a value less than
0.01 eV/Å. A supercell contains 2 x 2 x 1 primitive cells of silica P6/
mmm Si4O8 (α-2D-silica) with lattice constants of the cell equal to
a1 = a2 = 5.263 Å. A vacuum spacing of 20 Å is chosen to avoid
imaginary interactions during the calculation. To identify the
Brillouin zone (BZ) integration according to the Monkhorst-Pack
mesh, a sampling of 2 x 2 x 1 and 8 x 8 x 1 was used for the
optimization and the density of states calculation, respectively.
The Au nanocluster, as seen in Fig. 8, is composed of three atoms
of Au (Au3). The plasmonic effect is considerable when the
number of noble atoms is equal to or higher than three. It could
highlight the effectiveness of our model in understanding the
experiment. Moreover, to construct the Ag2O nanocluster, we first
built the Ag2O bulk cleaved in (110) direction to construct the
surface. In next step was building a supercell. From the such
surface, we cut atoms from all directions to obtain the small
geometry nanostructure of Ag2O. Then, the final geometry of this
nanocluster was found after performing an optimization calcula-
tion. As a result, the obtained Ag2O nanocluster comprises six
atoms of Ag and four atoms of O, as depicted in Fig. 8. Optimizing
the 4-NP is also performed using the same DFT framework. We
calculated the adsorption energy of 4-NP on our substrates using
the following expression: DEads= E(substrate+4-NP) - E(substrate)-
E(4-NP)In which E(substrate+4-NP) is the energy of the 4-NP
adsorbed on the substrate, E (substrate) is the energy of different
substrates, and E(4-NP) is the energy of the 4-NP in an isolated
state. The charge density difference was determined using the

Fig. 6 Pseudo-first-order reaction kinetics for the catalyst reusability for 4-nitrophenol, methylene blue, and rhodamine 6G. Pseudo-first-
order reaction kinetics (ln (Ct/C0)=−kappt) for the catalyst reusability. a Reduction of 4-nitrophenol, b degradation of methylene blue, and
c rhodamine 6G using CG-Ag2O/Au-SiO2 hybrids up to 15 cycles in marine water samples.
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same DFT methodology. The charge transfer analysis of the 4-NP
on substrates with and without the addition of N was analyzed
using Bader analysis. The isosurfaces of electronic density
differences were mapped and determined with the following
equation: Dr= r(substrate+4-NP) - r(substrate)- r(4-NP), in which
r(substrate+4-NP) is the charge of 4-NP/substrate systems;
r(substrate) is the charge of the substrates, and r(4-NP) is the

charge density of the isolated 4-NP. In this case, also the 4-NP is
adsorbed on SiO2-Au, SiO2-Au+N, SiO2-Ag2O, and SiO2-Ag2O+N
substrates. The bond lengths of Au/SiO2 and N-Au/SiO2 between
Au and O on SiO2 were found to be 0.286 and 0.236 nm,
respectively (Fig. 8). This confirms that the presence of N makes
the Au more stable and adsorbed onto the SiO2 system by
forming a strong bond. Moreover, the adsorption energy for Au/

Fig. 7 Re-usability cycles vs. % removal and rate constant, for the reduction of 4-nitrophenol, methylene blue, and rhodamine 6G. Re-
usability up to 15 cycles vs. a % removal and b rate constant (Kapp (s−1)), for the reduction of 4-nitrophenol and degradation of methylene
blue and rhodamine 6G using CG-Ag2O/Au-SiO2 hybrids catalyst in marine water spiked samples.

Fig. 8 DFT studies for the catalytic systems optimized. DFT studies for the catalytic systems Ag2O (upper row) and Au (bottom row)
optimized, bare systems (Ag2O and Au), silica-supported systems (Ag2O/SiO2, Au/SiO2, N-Ag2O/SiO2, N-Au/SiO2) and with the presence of
4-nitrophenol onto supported systems (Ag2O/SiO2/4-NP, Au/SiO2/4-NP, N-Ag2O/SiO2/4-NP, N-Au/SiO2/4-NP).

N.K.R. Bogireddy et al.
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SiO2 being negative (−2.72 eV), substantiating that the optimized
systems are thermodynamically stable. However, for Ag2O/SiO2

and N-Ag2O/SiO2 systems, there is a weak bonding interaction
existing between the two components (O (of SiO2) and Ag (of
Ag2O)) with a distance value of 0.283 and 0.304 nm for Ag2O/SiO2

and N-Ag2O/SiO2, respectively. It is worth noting that the
adsorption energy of the Ag2O/SiO2 system is also negative
(−0.96 eV), reinforcing that the Au/ SiO2 system is more stable
than Ag2O/SiO2 system.
Further, we calculated the adsorption energies for Au/SiO2,

Ag2O/SiO2, N-Au/SiO2, and N-Ag2O/SiO2 in the presence of 4-NP
which were found to be −3.34, −1.05, −17.43, and −18.21 eV,
respectively48,49. Interestingly, higher adsorption energy values
were observed in the case of N-anchored catalytic systems than
other catalysts presented in this work. The bond lengths between
Au/Ag and C of the benzene ring of 4-NP are 0.221 and 0.229 nm
for Au/SiO2 and Ag2O/SiO2 systems, respectively. These values
affirm the formation of strong bonding between the metals (Au
and Ag) with the 4-NP molecule. In the case of N-anchored
systems, the distance is higher than (N-Au/SiO2 (0.219 nm) and
N-Ag2O/SiO2 (0.232 nm)) those without N systems and noticed a
slight difference in the rotation between the basal plane of the
initially 4-NP deposited and the optimized one48,49.
In addition, the charge transfer analysis was performed with a

net charge of 0.431∣e∣ for Au/SiO2 and 0.122∣e∣ for Ag2O/SiO2 in
4-NP which confirms the significant adsorption of the Au than the
Ag2O system. A similar tendency of charge transference followed
in the case of N-Au/SiO2 (0.320∣e∣) and N-Ag2O/SiO2 (0.136∣e∣).
Apparently, the catalyst system needs a highly polarized area in
the presence of the support that should stabilize the clusters to
permit the transition of the electrons from the conduction band
(CB) of the metals to the CB of the 4-NP; a partial charge analysis
of all four catalysts was performed.
In the case of N-Au/SiO2/4-NP (10.658∣e∣ (Au) and 5.665∣e∣ (N)),

the charge transfer was more toward the N atom than toward the
4-NP molecule. While the case of Au/SiO2/4-NP (10.827∣e∣(Au))
observed higher charge transfer than N-Au/SiO2/4-NP. This

authenticates that the Au/SiO2 system with highly polarized Au
and high transference of electrons toward 4- NP is responsible for
the effective degradation of 4-NP48,49.
Similarly, the charge transfer analysis was performed for Ag2O/

SiO2 and N-Ag2O/SiO2. From the obtained results, N-Ag2O/SiO2

(10.495∣e∣ (Ag)) exhibited better charge transfer than Ag2O/SiO2

(10.309∣e∣ (Ag)), and N has a net charge equal to 4.943∣e∣ in the
case of N-Ag2O/SiO2. The Ag in N-Ag2O/SiO2 has more charge in
its shell due to the N that aid in the injection of electrons with a
high concentration to the CB of the material to 4-NP.
We performed total and partial density of states for four

systems as mentioned earlier. As presented in Fig. 9, a small
bandgap exists for all systems except N-Ag2O/SiO2 thus affirming
the metallic behavior of N-Ag2O/SiO2. This means that all systems
present different conductivity, and the materials that present a
small bandgap preferably would have a better conductivity
compared to the pristine SiO2. As a result, the electrons could
jump quickly from the VB to the CB composed of Au-3d and Ag-4d
to the CB of the 4-NP for easy removal of the 4-NP. However, in
the case of Ag2O/SiO2, we noted occupation states of the 4d-Ag
band at lower energies.
In contrast, 4d-Ag in N-Ag2O/SiO2 presents a better overlapping

with the 2p-C atoms, and the higher states of the electronic
occupation of the same orbital are near the Fermi level. The 2p N
atoms transfer electrons to the nearest 4d-Ag states; these
electronic transfers polarize the region between the metal and
the C atoms to degrade the molecule. For this reason, we
observed that 2p-electrons are non-filled occupied states (yellow
color line located above the Fermi level). In the case of N-Au/SiO2/
4-NP and Au/SiO2/4-NP systems, the occupation of the 3d of Au
without N is higher than that of N, and the N atoms attracted
more electrons. For this reason, we observed filled states for 2p-N,
which lower the covalence between the C-2p and 3d-Au.
Meanwhile, in the case of Au/SiO2/4-NP, the system tends to

stabilize 3d-Au orbitals near the Fermi level, which means higher
occupancy of electrons than in the other cases. Still, the
conductivity in this system is lower due to the larger bandgap

Fig. 9 TDOS results of the catalytic systems with 4-nitrophenol. TDOS results of the catalytic systems with 4-nitrophenol: a Ag2O/SiO2/4-NP,
b N-Ag2O/SiO2/4-NP, c Au/SiO2/4-NP, and d N-Au/SiO2/4-NP.
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presented. It could be a retarding effect of the transition of the hot
electrons to the CB for molecular degradation. For this reason, we
conclude that for our materials, the addition of an N atom would
improve the degradation of the 4-NP compared to the case
without the N atoms (Supplementary Table 1).
In this work, we have successfully fabricated the Ag/Au-SiO2 and

Ag2O/Au-SiO2 using four different reducing catalysts via a simple
in situ synthesis protocol. The presence of pyridinic nitrogen in
green-fabricated Ag2O/Au-SiO2 effectively enhances the interfacial
Au and N electron transfer. Further, it exhibited superior catalytic
efficiency relative to chemically fabricated Ag2O/Au in marine
water samples. The reusability assessments of CG-Ag2O/Au-SiO2

up to 15 cycles without much loss confirmed the remarkable
stability of the fabricated catalyst. Notably, the CG-Ag2O/Au-SiO2

catalyst displays the highest activity parameter for Ag NPs
reported to date to reduce 4-nitrophenol, methylene blue, and
rhodamine 6G in marine water. The importance of pyridinic N in
the Ag2O and Au is also scrutinized through first-principles
calculations, which are performed to model the studied systems.
The free energies, adsorption energies, charge transfer, and
density of states calculations confirm the predominant role of N
in Ag2O-based systems for superior catalytic activity. As the
doping with heteroatom’s changes the electronic structure and
enhances the amount of charge at the adsorbent–adsorbate
interface, DFT validates the tendency toward enhanced catalytic
efficiencies via a N-Ag2O and Au NPs surface. More importantly,
the present fabrication strategy offers an innovative opportunity
for synthesizing other similar metal and metal oxide nanoparticle
hybrids for varied applications.

METHODS
Materials
In this work, Equisetum myriohaetum (Mexican Giant Horsetail) was
obtained from Morelos state, Mexico, and the coffee grounds used
were left over from Coffea arabica seed powder that was
purchased from the local supermarket, in Oaxaca state, Mexico.
Gold chloride solution (HAuCl4, 99.9% trace metals basis, 30 wt%
in dilute HCl), silver nitrate (AgNO3, ACS reagent ≥99.0%), sodium
borohydride (NaBH4, 99.99%), β-cyclodextrin (β-CD, ≥97.0%),
sodium citrate (CIT, US pharmacopeia standard), 4-nitrophenol
(4-NP, spectrophotometric grade), Methylene blue (MB, ≥95%),
Rhodamine 6G (R6G, 99%), concentrated hydrochloric acid (37%,
HCl), (3-aminopropyl) triethoxysilane (APTES), ammonium hydro-
xide (28%) were obtained from Sigma Aldrich-Mexico utilized as
received. River and seawater were secured from Morelos state and
Acapulco Sea basin, respectively.

Synthesis of biogenic porous SiO2 from Equisetum
myriohaetum
The biogenic silica was extracted from Equisetum myriohaetum
(Mexican Giant Horsetail) as described earlier8. In brief, the stems
of the plant (Equisetum myriohaetum) were separated and oven-
dried at 50 °C before acid digestion in concentrated HNO3/H2SO4

(4:1), where 25 g of dried starting material was processed with 1 L
of acid. The mixture was stirred and left in a fume hood until a
white precipitate was obtained and the release of nitrogen oxides
ceased (usually around 48 h). The residue was then separated and
washed with copious amounts of deionized water until the pH
value of the supernatant reached about 5. The sample was then
lyophilized before heat treatment in the air at 650 °C for 5 h, at the
heating rate of 10 °C/min.

Fabrication of amine-functionalized SiO2 substrates
The amine-functionalized biogenic silica is obtained using 3-
aminopropyl) triethoxysilane (APTES)8. Typically, 10.0 mL of APTES

and 1.0 g of silica were added to 0.1 L of ethanol. The mixture was
stirred at room temperature for 8 h. The ensued APTES-modified
3D silica substrates were separated by centrifugation at 6500 rpm,
washed several times with ethanol and water, and then re-
dispersed in 100mL of distilled water.

Used coffee grounds powder extract preparation
The 8 g L−1 of the sun-dried used coffee grounds (CG) powder,
obtained from a solution of CA seed powder (10 g L−1), was taken
in a glass beaker with distilled water and kept at a temperature
(i.e., 75 ± 5 ˚C) for 30 min. Further, the used coffee grounds
powder (CG) extract was cooled to ambient temperature and
centrifuged and filtered using a Wattman filter paper.

Fabrication of Ag/Au ions decorated SiO2 hybrid structures
About 1:1 volumetric ratio of an AgNO3 solution (3 mM) and
HAuCl4 (1 mM) was added to 1.0 g of amine-functionalized SiO2

substrates under agitation. After 8 h, the visual color of the
reaction solution turned from white to pale yellow. Next, the
samples were separated from the reaction mixture by centrifuga-
tion at 6000 rpm to remove excess metal ions and then re-
dispersed in 10 mL of DI water.

Fabrication of hybrid structures
About 40mL of freshly prepared CG extract solution was added to
Ag and Au ions decorated SiO2 particles under agitation at
60 ± 5 ˚C. Within 5 min, the visual color of the solution turned from
pale yellow to dark brown, which is indicative of the formation
Ag2O/Au-SiO2 hybrid catalysts. Lastly, the Ag2O/Au-SiO2 hybrids
were separated by centrifugation at 7000 rpm for 30 min. A similar
procedure was followed for fabricating sodium citrate-mediated
Ag2O/Au-SiO2 hybrids (0.4 g of CIT) and was named CIT-Ag2O/Au-
SiO2 hybrids. Further, freshly prepared NaBH4 (0.1 g) was added to
Ag and Au ions decorated SiO2 particles at room temperature to
secure SBH-Ag/Au-SiO2 hybrids. To fabricate βSBH-Ag/Au-SiO2

hybrids, 0.1 g of β-CD was mixed with SBH-Ag/Au-SiO2 hybrids
and kept overnight under agitation.

Characterization
X-ray diffraction (XRD) analysis of the powder samples was carried
out using a Bruker D8 Advance eco diffractometer, using CuKα
(λ= 1.5406 Å) radiation. The size, morphology, and composition of
the hybrid catalysts were studied using High-resolution transmis-
sion electron microscopy (HR-TEM) images acquired using a JEOL
JEM 2200Fs+Cs (aberration corrector). X-ray photoelectron
spectroscopy (XPS) was recorded on an ESCA Ulvac-PHI 1600
photoelectron spectrometer from Physical Electronics using Al Kα
radiation photon energy of 1486.6 ± 0.2 eV. The dual-beam Perkin-
Elmer Lambda 950 spectrophotometer was utilized for monitoring
the reduction of 4-NP by the hybrid catalysts. The Cary eclipse
fluorescence spectrophotometer was utilized for real-time mon-
itoring of the catalytic experiments using CG-Ag2O/Au-SiO2. The
ICP-MS analysis was performed by the plasma source mass
spectrometry method with model iCAP Qc-Thermo Scientific
instrument which was optimized prior to the analysis of the
samples, with a certified aqueous solution of the High Purity
Standards brand (SM-1595-143), comprising a wide range of
masses (Li, Co, In, Ba, Bi, Ce and U of 1 µg/L, respectively). The
calibration curve was made with 15 points (0, 0.1, 0.25, 0.5, 0.75, 1,
2.5, 5, 7.5, 10, 25, 50, 75, 100 and 250 µg/L), from stock solution
multi-elemental of Au, Ir, Os, Pd, Pt, Rh, Ru, and Ag (ICP-MS-68A-
Solution C) of 10mg/L.
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Catalytic experiments
The 4-nitrophenol reduction experiments were carried out with
0.1 mg of each hybrid catalyst, i.e., SBH-Ag/Au-SiO2, βSBH-Ag/Au-
SiO2, CG-Ag2O/Au-SiO2, and CIT-Ag2O/Au-SiO2. The measured
amount of hybrid catalyst (0.1 mg) was mixed with 0.5 mL of
aqueous 4-NP (1.0 mM) to form a mixture solution. Subsequently,
0.5 mL of a freshly prepared NaBH4 solution (30 mM) was added to
the earlier mixture is distilled, river, and marine water samples. The
time-dependent catalytic degradation process was monitored
using UV–visible absorbance and photoluminescence spectro-
scopies. A similar procedure was followed for the degradation of
individual MB, R6G, and 4-NP/MB/R6G mixture using CG-Ag2O/Au-
SiO2. All the experiments in this work were performed under
ambient conditions and in triplicate.

Reusability studies
The procedure stated above was used to investigate the
reusability of the fabricated hybrid catalysts as the recovered
catalysts were collected after the complete elimination of 4-NP,
MB, and R6G in marine water samples. The reclaimed catalysts
were washed repeatedly using DI water followed by centrifuga-
tion. The amount of catalyst, concentration, and volume of 4-NP/
MB/R6G and NaBH4 solutions used for the recyclability tests were
mainlined the same; catalytic tests were performed at room
temperature without stirring the reaction mixture.
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