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Abstract  

Hollow noble metal alloy nanostructures have recently drawn significant attention due to their remarkable potential across 
various applications. Although typically synthesized in solution, many applications require their deposition onto substrates. 
Herein, we present the novel synthesis of hollow silver-gold (Au-Ag) alloy nanostructures directly on the filter paper. The 
synthesis involved two steps: first, Ag nanostructures were grown on filter paper via ascorbic acid reduction of Ag ions, 
forming silver nanostructures on filter paper These nanostructures were subsequently etched with chloroauric acid (HAuCl4) 
using galvanic replacement to produce hollow gold silver alloy nanostructures on substrates (HANS-S). Owing to the enhanced 
surface area and the presence of a high concentration of atoms in the low coordination state, the HANS-S showed excellent 
catalytic and antibacterial properties. In particular, the rate constant for reducing 4-nitrophenol to 4-aminophenol and 
degrading methyl orange increased by ~3.5x and ~3.4x, respectively, with HANS-S compared to AgNS-S. Similarly, the filter 
paper having hollow Au-Ag alloy nanostructures showed markedly superior antibacterial activity. While AgNS-S did not show 
any zone of inhibition (ZOI) outside the substrate, HANS-S showed notable ZOI for both S. aureus and E. coli, which verifies 
the antibacterial activity of these nanostructures against both Gram-positive and Gram-negative bacteria. 
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1. Introduction 

Noble metal nanomaterials have attracted great attention 

driven by their immense potential across diverse fields 

including heterogeneous catalysis, and antibacterial 

applications.[1–3] The performance of these nanomaterials 

strongly depends on their size, shape, surface area, and 

chemical composition.[4–6] Consequently, a diverse array of 

colloidal nanostructures has been synthesized. Moreover, to 

further enhance the performance of these nanostructures, 

several methodologies have been devised to tailor their shape, 

such as modifying surface roughness or introducing 

hollowness to enhance surface area and energy.[7–9] Hollow 

nanostructures exhibit distinctive and unique properties that 

deviate significantly from their solid counterparts due to their 

unique morphology, enhanced surface area, and high 

reactivity.[10–12] 

Metal oxides are widely employed as catalysts to execute 

several reactions.[13] The catalytic action for these materials 

depends upon the activation of charge carriers through visible 

or ultraviolet light electromagnetic waves.[14] Conversely, 

metal nanoparticles (NPs) offer a distinct advantage by 

enabling electron transfer between a reducing agent and 

pollutants even without electromagnetic excitation, thereby 

simplifying the catalytic process.[8,15] The catalytic activity of 
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metal NPs is markedly influenced by their dimensions, 

morphology, and surface imperfections.[16–18] In this regard, the 

integration of Ag-Au NPs frequently yields synergistic effects 

that significantly amplify their catalytic efficacy.[19] The 

unique, complementary properties of Ag and Au, such as Ag’s 

involvement in electron transfer processes and Au’s 

exceptional adsorption capacity, collectively enhance their 

catalytic performance.[20] These bimetallic nanoparticles 

demonstrate outstanding reactivity across a range of catalytic 

reactions, including those in fuel cells,[21] carbon monoxide 

oxidation,[22] and environmental pollutant remediation, thus 

positioning them as highly valuable for both industrial 

applications and environmental sustainability efforts.[23]  

Notably, hollow-structured catalysts enhance catalytic 

performance by preventing particle migration and aggregation, 

enabling tunable mass transport, optimizing the binding of 

reaction intermediates, and reducing the need for expensive 

noble metals, making them ideal for use in various catalytic 

applications.[24] Moreover, NPs with hollow interiors have 

shown superior catalytic properties owing to their enhanced 

surface area and the presence of a high concentration of highly 

active low-coordination atoms.[9,25,26] 

Another important focus of the metal NPs research is to 

combat bacterial infections. In this regard, Ag NPs have 

emerged as potent agents against a wide range of bacterial 

species.[27,28] They have demonstrated excellent activity against 

both Gram-positive and Gram-negative bacteria.[29] Their 

antibacterial activity is mainly attributed to the release of Ag 

ions, which upon interaction with bacteria cause cell death.[30–

34] Another path of bactericidal activity is the adhesion and/or 

penetration of NPs to bacteria.[35,36] NPs can physically interact 

with bacterial cells by adhering to their surfaces through 

electrostatic forces and hydrophobic interactions.[37,38] These 

interactions can lead to cell membrane disruption, 

compromising the integrity of the bacterial cell and causing 

cell death.   

Both adhesions to cells and Ag ion release are expected to 

improve with the increase in the surface energy of NPs. In this 

context, hollow or rough NPs due to a large surface area and 

high surface energy can be highly effective. Therefore, several 

recipes have been developed to synthesize NPs with hollow 

interiors. However, most of the synthesis methods are 

solution-based. The solution-synthesized NPs usually 

incorporate surfactants, a common practice to avoid their 

agglomeration within the solution and control particle size and 

shape.[39–41] However, the inclusion of surfactants comes with 

certain disadvantages. Primarily, the surface coverage of these 

surfactants around NPs constrains available adsorption sites, 

thereby compromising their catalytic, surface-enhanced 

Raman scattering (SERS), and antibacterial properties.[42–44] 

While multiple methods to remove surfactant molecules from 

NPs surfaces have been proposed, their implementation 

invariably introduces complexities.[45,46] Consequently, the 

development of facile techniques that are eco-friendly for the  

fabrication of surfactant-free catalysts is very important.  

Of particular intrigue is the innovative fabrication of these 

NPs directly on substrates, especially on filter paper. Filter 

paper has been utilized as a versatile substrate due to its natural 

porosity, low cost, flexibility, biocompatibility, and 

biodegradability. Additionally, the porous, oxygen-rich 

cellulose fibers aid in the rapid concentration of target analytes, 

thereby improving the efficiency of sample collection on the 

substrate.[47] NPs on filter paper offer additional advantages, 

including catalyst recovery and reusability, wound dressing 

applications, and swab-based trace detection using SERS.[48–50] 

So far numerous techniques have been employed to directly 

grow NPs on filter paper which include drop casting,[51] 

chemical reduction approach,[52] successive ionic layer 

absorption and reaction,[53] immersion deposition,[54] thermal 

deposition,[55] and inkjet printing.[56] However, all these 

methodologies are primarily focused on the growth of solid 

NPs on the filter paper. We are not aware of any method that 

reports the direct fabrication of hollow and surfactant-free 

nanostructures on the substrate. Herein, we aim to bridge this 

gap by introducing a unique method for the growth of hollow 

Au-Ag alloy nanostructures directly on filter paper, potentially 

unlocking new possibilities for various applications.  

 

2. Experimental methods 

2.1 Materials  

The chemicals used in this study were silver nitrate (AgNO3, 

99%, Chem-Lab), chloroauric acid (HAuCl4, 99.9%, Merck), 

ascorbic acid (C6H8O6, 99%, Sigma-Aldrich), Sodium 

Borohydride (NaBH4, 99%, Sigma-Aldrich), 4-nitrophenol 

(C6H5NO3, 99%, Sigma-Aldrich), methyl orange 

(C14H14N3NaO3S, 99%, Sigma-Aldrich), nitric acid (HNO3, 

99%, Sigma-Aldrich), and hydrochloric acid (HCl, 99%, 

Sigma-Aldrich). Deionized water was used to make all 

solutions. For the thorough cleansing of all glassware, aqua 

regia was used. The chosen substrate for the nanostructure 

fabrication is Whatman 41 ashless filter paper. For the 

antibacterial experiment, all culture media, glassware, 

containers, and micro tips were sterilized by autoclaving. 

 

2.2 Synthesis of AgNS-S 

The Ag NPs were synthesized on filter paper using a wet 

chemical technique. In a typical experiment, a piece of filter 

paper measuring 4×4 cm² was immersed in a solution of 

AgNO3 (0.2 M, 16 mL) at room temperature under static 

conditions for 1 minute. After immersion, the filter paper was 

removed using plastic tweezer and placed on a glass plate, 

which was covered with aluminum foil to minimize light 

exposure, and then dried on a hot plate at a temperature of 

40 °C. After drying, the substrate was then immersed in a 

freshly prepared solution of ascorbic acid (0.1 M, 16 mL), 

leading to an instantaneous reduction of Ag⁺ ions to Ag⁰. The 

prompt shift in the color of the filter paper from white to brown 

was an indication of the formation of Ag NPs on the filter 

paper. The resulting substrate containing Ag NPs was then 

thoroughly washed with deionized water three times to 
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eliminate any residual unreacted reagents or loosely bound Ag 

NPs from the filter paper. The washing process was performed 

by gently pipetting DI water over the filter paper. The 

sequential depiction of these procedural steps is shown in 

schematics, Fig. 1(a). Finally, the substrate was cut into four 

2×2 cm² pieces for further etching experiments. 

 

2.3 Fabrication of HANS-S 

A piece of 2×2 cm² AgNS-S was immersed in a HAuCl4 (0.06 

M, 4 mL) solution at room temperature under static condition 

for 2 min. Afterward, the substrate was removed from the 

solution using plastic tweezers and immediately rinsed 

thoroughly three times with DI water to remove any unreacted 

gold ions or residual byproducts. The washing process was 

performed by gently pipetting DI water over the substrate. As 

a consequence of galvanic replacement reaction (GRR), since 

gold (Au³⁺/Au) has a higher standard reduction potential than 

silver (Ag⁺/Ag), gold ions (Au³⁺) are more easily reduced than 

silver ions (Ag⁺) and Au3+ ions are reduced to Au⁰, while Ag 

atoms from the nanostructures oxidize to Ag⁺ ions via the 

following Reaction (1). The GRR of Ag by Au on AgNS-S is 

schematically illustrated in Fig. 1(b). Furthermore, the optical 

photographs of AgNS-S and HANS-S are shown in Fig. 1(c). 

For comparative studies, AgNS-S and HANS-S of the same 

batch were used.  

Au3+ + 3Ag0 → Au0
 + 3Ag+  (1) 

 

2.4 Catalysis measurements 

The catalytic activity of the substrates was assessed for the 

reduction of 4-nitrophenol (4-NP) and methyl orange (MO). 

The experimental procedure involved the addition of 1 mL 

(0.05 M) of sodium borohydride to a solution containing 3 mL 

(10-5 M) of either 4-NP or MO. Following thorough mixing of 

the solution, the catalyst (2×2 cm²) was introduced, and the 

reaction's progression was monitored at regular intervals using 

ultraviolet-visible (UV-Vis) spectroscopy. The UV-Vis spectra 

were taken after every 3 minutes in the UV-Vis spectral range 

of 200-600 nm. 

In order to test the catalytic reusability of the substrates, it 

was retrieved with the help of a tweezer from the reaction 

mixture upon completion of the reaction. After recovery, the 

substrate was washed with deionized water and dried at 40 °C 

on a hot plate. The substrate was then transferred to another 

reaction medium, i.e., mixture of 4-NP and NaBH4. The whole 

process was repeated four times to test the reusability of our 

substrates up to five different cycles. The apparent rate 

constant, kapp, was determined by the slope, as given by the 

following Eq. (1).[8] 

ln⁡(
𝐶𝑡

𝐶𝑜
) = −𝑘𝑎𝑝𝑝𝑡                                (1) 

where C0 and Ct are the values of absorbance intensities at the 

start of the reaction and at the later time t, respectively. 

 

2.5 Antibacterial assessments 

The disk-diffusion method was used to examine the 

bactericidal effect by using clinical bacterial strains of Gram-

negative Escherichia coli (E. coli) and Gram-positive 

Staphylococcus aureus (S. aureus). To perform the 

antibacterial assessment, the substrates were cut into 1×1 cm2 

size pieces. The selected pathogens were also tested against 

the commercially available antibiotic ciprofloxin, in 

accordance with the CLSI-2023 standards. Typically, bacterial 

suspension was uniformly spread on the surface of nutrient 

Muller Hinton agar growth plates. The substrates were then 

carefully placed on top of the agar. The sterile filter papers 

were soaked with deionized (DI) water for the negative control 

and in an antibiotic solution of ciprofloxacin (0.5 μg/mL), 

serving as a positive control on each plate. The plates were 

then incubated at a temperature of 37 °C for 18 hours. After 

the incubation period, digital images of the plates were 

captured and the zone of inhibition (ZOI) surrounding the 

square samples were measured. The experiment was carried 

out in duplicate to ensure the reproducibility of the results.  

 
Fig. 1: Schematic illustration depicting the synthesizing steps of AgNS-S and HANS-S (a), schematic illustration depicting the GRR 

of Ag atoms by Au ions (b), and photographs of AgNS-S and HANS-S showing a change in color of the filter paper after etching (c). 
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2.6 Characterization 

The synthesized substrates underwent comprehensive 

characterization employing various analytical techniques. The 

diffused reflectance spectroscopy was employed to acquire 

reflection spectra of the synthesized substrates using UV 

spectrophotometer Shimadzu 2700. This was achieved by 

adjusting the spectrophotometer's wavelength range from 200 

nm to 800 nm, scanning with a precise step size of 1 nm. To 

obtain a detailed understanding of the morphological attributes 

of the synthesized NPs deposited on filter paper, a scanning 

electron microscope (SEM) was utilized. Specifically, we 

utilized the Nova NanoSEM 450 instrument for this purpose. 

The SEM was equipped with an Oxfor INCA XACT energy 

dispersive X-ray spectroscope (EDX) detector, facilitating the 

elemental composition analysis of our samples. The EDX was 

conducted utilizing an electron beam energy of 15 kV with an 

adjustable spot size of 6 mm. Transmission electron 

microscopy (TEM) measurements were conducted using 

Tecnai TEM 200kV. The TEM samples were prepared by 

sonicating a piece of substrate for 5 min to collect particles in 

solution. This was followed by the careful transfer of an 

aqueous droplet onto a carbon-coated TEM grid. Finally, the 

catalytic activity of our substrates was evaluated using a UV-

1280 Shimadzu Spectrophotometer.  

 

3. Result and discussion 

Although a color change was visually observed, reflection 

measurements were carried out using a UV-Visible 

spectrophotometer to assess the stability of silver 

nanoparticles. Fig. 2(a) shows the reflectance spectrum of the 

AgNS-S. The spectrum exhibits a distinctive and substantial 

trough in reflectance centered at 414 nm, due to the occurrence 

of surface plasmon resonance of Ag nanostructures. This dip 

in the reflectance profile confirms the successful formation of 

Ag nanoparticles on the filter paper. The broadness of the 

spectrum indicates that the particles are of relatively larger 

size. 

Fig. 2(b) depicts the diffused reflectance spectrum of  

HANS-S. In this case, a prominent dip positioned at 526 nm 

in the reflectance spectrum is observed. It is noteworthy that 

the surface plasmon resonance (SPR) peak of Ag-Au alloy 

NPs is typically reported to fall within the range of 400 to 520 

nm.[57] However, in the case of hollow nanoparticles, a distinct 

shift occurs. Introducing hollowness within the NPs creates a 

cavity at the core, altering the distribution of free electrons, 

and consequently, the plasmonic behavior of the particles. This 

hollow core behaves as a resonant cavity, which modifies the 

local electromagnetic field distribution and changes the 

effective electron density, leading to a characteristic redshift 

in the SPR peak. Moreover, this SPR shift in this case is further 

influenced by the fact that the hollow NPs are bimetallic. Such 

change in the SPR of Au-Ag hollow NPs have been previously 

reported.[57–59] In our case of HANS-S, the dip centered at 526 

nm within the reflection spectrum supports the successful 

synthesis of HANS-S. 

The SEM image of the AgNS-S is depicted in Fig. 3(a), 

which offers clear evidence of the nearly spherical shape of 

the Ag nanostructures that have been successfully formed on 

the surface of the filter paper. The average size of the Ag 

nanostructures on the AgNS-S is approximately 370 ± 45 nm. 

The SEM images of HANS-S are depicted in Figs. 3(b) and 

(c). The images clearly show the near-spherical morphology 

of the nanostructures. The average size of the etched 

nanostructures is approximately the same as that of Ag 

nanostructures. A close-up view of these NPs (Fig. 3(c)) shows 

that they have openings, which is indicative of the hollow 

interior. The hollow interior of the NPs can be better viewed 

in the TEM image depicted in Fig. 3(d). The TEM images of 

the nanostructures exhibit regions of varying brightness, 

resulting from the differential transmission of electrons 

through different areas. This variation suggests differences in 

thickness, indicating the formation of particles with hollow 

interiors, similar to previously reported hollow 

nanoparticles.[58,60] Therefore, the electron microscopy analysis 

provides clear evidence of the formation of Au-Ag hollow 

nanostructures on filter paper.  

 
Fig. 2: Diffused reflectance spectrum of AgNS-S (a) and HANS-S (b). 
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The elemental composition of both AgNS-S and HANS-S 

was examined through EDX analysis, and the results are 

depicted in Figs. 3(e) and (f) respectively. In the case of the 

AgNS-S, a distinctive and pronounced peak situated around 3 

keV is observed in the spectrum, verifying the presence of Ag 

on the substrate. In the case of the EDX spectrum of HANS-S, 

the characteristic peaks of both Ag and Au are present, which 

verifies the Ag and Au bimetallic alloy composition of hollow 

NPs on the filter paper. By atomic percentage analysis, it is 

established that the composition of the alloy is 78.21% Ag and 

21.79 % Au.  

The direct growth of NPs on the substrate depends 

sensitively on the choice of reducing agents. The reducing 

agent plays a crucial role in controlling the size and 

morphology of NPs. Commonly employed reducing agents 

include NaBH4 and ascorbic acid. In our previous study, we 

reported the successful fabrication of Ag nanostructures on 

filter paper utilizing NaBH4.[50] NaBH4 is known for its strong 

reducing power, which leads to the instantaneous reduction of 

metal ions, yielding a high concentration of relatively smaller 

NPs, typically a few nanometers in diameter. In contrast, 

ascorbic acid is a milder reducing agent that provides a more 

gradual reduction of Ag+ ions, allowing for a controlled 

growth of Ag NPs over time. This may lead to the fabrication 

of NPs of larger sizes, as we have seen in this study. 

The formation of HANS-S was achieved by the well-

known GRR. During this process, Au3+ ions are reduced onto 

the surface of Ag NPs, which act as a sacrificial template, via 

the reaction shown in equation 1. Au has a higher reduction 

potential than Ag. Therefore, when Ag NPs come into contact 

with the gold chloride solution, the Ag atoms on the NPs are 

oxidized to Ag⁺ ions, which then dissolve into the solution. 

Simultaneously, Au³⁺ ions in the solution are reduced to Au⁰ 

atoms, which deposit onto the Ag NPs since three Ag atoms 

are required to replace a single Au atom, and when such 

atomic exchange occurs with the progress of the reaction, a 

hollow nanostructure results. 

 

3.1 Catalytic properties 

To test the catalytic capability of our substrates, we employed 

the commonly used model reaction of the reduction of 4-NP 

to 4-AP. While the thermodynamics of reducing 4-NP in the 

presence of a reducing agent like NaBH4 are inherently 

favorable, a significant kinetic barrier arises due to the 

substantial potential difference between the donor and the 

acceptor species.[8] To facilitate the reaction, a metal catalyst 

can play the pivotal role of an electron relay. As nucleophiles, 

the BH4
- ions donate electrons to the catalyst, which are then 

accepted by the electrophilic 4-NP. When an excess of BH4
- 

ions adsorb onto the surface of the catalyst, it increases the

 
Fig. 3: SEM images of AgNS-S (a), and HANS-S (b-c), TEM image of hollow Au-Ag alloy nanostructures (d), EDX spectrum of 

AgNS-S (e) and HANS-S (f).  
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Fig. 4: UV-Vis absorption spectra of test reaction of 4-NP for AgNS-S (a), and HANS-S (b); comparative log (Ct/Co) versus time 

plot of AgNS-S and HANS-S (c). 

 

metal's Fermi level due to the increased electron density. This 

effectively mitigates the kinetic barrier, facilitating the transfer 

of electrons to the 4-NP and resulting in its reduction to 4-

aminophenol (4-AP).[61] 

The UV-Vis absorption spectra at different times are 

depicted in Figs. 4(a) and (b). A discernible peak is observed 

at 400 nm, which is due to the conversion of 4-NP to 

nitrophenolate anions with the addition of NaBH4, while a 

peak around 300 nm arises due to the presence of 4-AP. As 

time passes, there is a gradual decrease in the intensity of the 

peak at 400 nm and an increase in the intensity of the peak 

around 300 nm. These spectral changes, evolving over time, 

verify the conversion of the reactant 4-NP into the desired 

product, 4-AP. It can be clearly seen that the reaction is much 

faster when HANS-S is employed as a catalyst.  

In the case of AgNS-S, an observed 87% conversion to 4-

AP was observed within 60 min. While for HANS-S, a higher 

conversion rate of 95% to 4-AP was observed in a mere 24 

min. The graphs between ln (Ct/C0) and time are depicted in 

Fig. 4(c). There is a clear linear correlation between the ln 

(Ct/C0) and t, which verifies that the reaction follows pseudo-

first-order kinetic using the relation. The apparent rate 

constant, kapp, was determined from the slope. The values of 

the apparent rate constants for AgNS-S and HANS-S are 

0.0341 min-1 and 0.1178 min-1, respectively. Therefore, kapp 

increased by about 3.5-fold when HANS-S was employed as 

a catalyst.   

In order to test our catalyst for the catalytic reduction of 

dyes, we have further studied the reduction reaction of MO by 

NaBH4 in the presence of catalyst. As depicted in Figs. 5(a) 

and (b), MO has a strong characteristic absorption peak at 464 

nm. The peak’s intensity gradually decreased after the catalyst 

was inserted into the reaction medium. When AgNS-S was 

employed as catalysts, 90% of the reaction was completed 

within 50 min. However, for HANS-S, the MO peak 

completely disappeared within 28 min, indicating the 

completion of the reaction. Furthermore, given the excess of 

NaBH4 concentration relative to the MO, the reaction follows 

the dynamics of pseudo-first-order kinetics. Similar to the 

previous case, there is a good linear correlation between the ln 

(Ct/C0) and t (see Fig. 5(c)), which verifies pseudo-first-order 

kinetic in this case as well. The calculated apparent rate 

constants were found to be 0.0438 min-1 for the AgNS-S and a 

notably higher value of 0.1481 min-1 for the HANS-S. Hence, 

the utilization of HANS-S for catalysis results in an 

approximately 3.4-fold increase in the value of kapp. 

The synthesized catalytic substrates exhibit an array of 

remarkable features that elevate their catalytic performance. 

As previously mentioned, surfactants, while useful in 

stabilizing NPs in colloidal suspensions, can hinder catalytic 

reactions by blocking active sites.[44] Therefore, the surfactant-

free nature of both of our substrates ensures a pristine surface, 

allowing reactant molecules to interact directly with the active 

sites. The HANS-S are effective catalyst because they have 

high affinity for the reactants, the enhanced surface area and 

the presence of high concentrations of low-coordination atoms, 

combined with the absence of the surfactant, enabling efficient 

electron transfer and enhance catalytic activity by providing 

more active sites for reactants to bind and react. The HANS-S 

demonstrates significantly better catalytic performance 

compared to other reported results as evident from Table 

1.[58,62-29] 

The reusability of substrates plays a pivotal role in 

determining the viability of catalysts for their widespread 

adoption in both industrial and commercial applications. 

Furthermore, the capacity for substrates to withstand multiple 

cycles of catalytic reactions without significant deterioration 

is essential, not only for cost-effectiveness but also for 

minimizing environmental impact by reducing waste. The 

assessment of HANS-S reusability was conducted using 

testing the catalyst for five cycles of 4-NP reduction reaction. 

Fig. 5(d) depicts the comparative log plot of the first and fifth 

catalytic cycles. It was observed that there is only about 12% 

change in catalytic activity. This is due to less NP leaching 

which can be ascribed to the improved stability of the NPs 

deposited on the filter paper, ensuring that a higher proportion 

of them remain bound to the substrate, even after multiple 

catalytic cycles. The supporting filter paper is enriched with  
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Fig. 5: UV Vis absorption spectra of test reaction of MO for AgNS-S (a), and HANS-S (b), comparative log (Ct/Co) versus time plot 

of AgNS-S and HANS-S (c), comparative log (Ct/Co) versus time plot for 4-NP in the first, and fifth cycle of catalytic reaction for 

HANS-S (d). 

Table 1: Comparison of catalytic activity of synthesized NPs with the previously reported results. 

Ag/ Au / AuAg alloy NPs 

catalysts 

 “K” value 

(min-1)  

Reaction 

completion 

(min) 

Catalyst 

size/amount 
Dye 

Dye concentration 

/ Volume 
Reusability Ref. 

CEL_AuNPs_H2O 0.03630 min-1 135 min 10.0 mg 4-NP 3 mM/ 5.00 mL 
85% over 5 

cycles 
[62] 

Au-LR-CD NP 0.0049 s-1, 10 min 0.3 mL 4-NP 0.2 mM/1.7 mL  [58]  

MWCNT-supported Au 

nanoparticle 
1.10×10−4 s−1 2 hrs 1.00mg 4-NP 10−5 M/6mL 

86% over 10 

cycles 
[63] 

Ag/PSNM nano 

composite 
0.1344 min-1 11 min 2 mg MO 0.03mM/0.2mL  [64] 

Ag-FP 0.128 min-1  0.2 g MO 0.05M/3mL 
95% over 5 

cycles 
[65] 

AgICS 0.203 min-1 14 min 2x2 cm2 MB 10-5 M/10mL 
90% over 5 

cycles 
[66] 

Ag-Au nano-alloy loaded 

cellulose in solid form 

37.7 x 10-3 m-

1 
20 min 10 mg 

p-nitro 

aniline 
2 mM/2mL  [67] 

Au-NPbare  0.0936 min−1 16 min 50 µl MO 10-5 M/1.7mL  [68] 

Au3Ag1 alloy NPs 0.79  m-1 10 min 0.5 mL 4-NP 0.5 mM/1mL  [69] 

HANS-S 0.1481 min-1 28 min 2x2 cm2 MO 10-5 M/3mL 
88% over 5 

cycles 

This 

work 

Note: CEL AUNPs H2O- cellulose film containing gold nanoparticles with water addition, Au-LR-CD NP – gold nanoparticles stabilized 

with large ring cyclodextrins, MWCNT- multi walled carbon nanotubes, Ag/PSNM- silver /poly (styrene -N-isopropylacrylamide-

methacrylic acid), AgFP- silver nanoparticles @ cellulose polymer paper, AgICS- silver nanoparticles immobilized cotton substrate, HANS-

S hollow silver gold alloy nanostructures directly on filter paper 

hydroxyl and carboxyl groups, which provide binding sites for 

NPs, thereby ensuring their robust attachment to the filter 

paper.[50]  

 

3.2 Antibacterial activity 

The comparative antibacterial evaluation of AgNS-S, HANS-

S, and the ciprofloxacin-embedded filter paper was conducted 

against E. coli and S. aureus, with a sterile filter paper serving 

as the control. Fig. 6 depicts the image of the bacterial growth 

patterns of E. coli and S. aureus, respectively, in the presence  
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Fig. 6: ZOI of AgNS-S, HANS-S, and Ciprofloxin (antibiotic) assessed after 18 hours of incubation against E. coli (a) and S. 

aureus (b). 

 

of these substrates. No bacterial growth was observed beneath 

the synthesized substrate pieces or the filter paper containing 

ciprofloxacin. However, bacterial growth was evident under 

the control substrate.  

However, both AgNS-S and ciprofloxacin did not 

demonstrate inhibition of bacterial growth beyond the 

substrate surface, resulting in a ZOI confined to the substrate 

area of 1 cm². In contrast, HANS-S exhibited higher 

antibacterial activity with ZOI extending well beyond the 

substrate, indicating a more potent inhibitory effect on 

bacterial growth compared to ciprofloxacin and AgNS-S. The 

ZOI for HANS-S measured for E. coli and S. aureus were 

1.265 cm2 and 1.21 cm2, respectively.  

The limited antibacterial activity of AgNS-S can be 

assigned to the bigger size of Ag NPs, which limits the quick 

release of Ag+ ions. The reduced size of Ag NPs enhances the 

release of Ag+ ions, attributed to the increased surface area 

and higher surface energy.[70] Previous reports have clearly 

demonstrated that Ag ion release is highest for the smallest 

size of Ag NPs.[71] When the Ag NPs’ size is larger than 40 nm, 

both endocytosis and the release of Ag+ ions are less effective 

for antibacterial activity.[72]  

The higher antibacterial activity of the HANS-S is in 

accordance with the previous studies in which solution-

synthesized hollow Au-Ag alloy NPs have shown better 

antibacterial activity compared to the solid Ag NPs.[73] The 

enhanced activity of Au-Ag alloy NPs could be due to several 

factors. First, the higher electronegativity of Au pulls the 

electrons away from the Ag atoms present on the alloy surface 

making their free energy higher which in turn makes them 

more reactive and prone to oxidation compared to the case 

where Ag atoms are present on the surface of monometallic 

Ag NPs. Another impressive feature of HANS-S is its 

enhanced surface area. This combined with the higher free 

energy of Ag-Au alloy ensures an elevated release of silver 

ions from the HANS-S. The released Ag+ ions directly interact 

with the cell membrane, increasing their permeability by 

creating pores, and perforation in the bacterium membrane. 

Harada et. al. reported a 3-fold higher release of Ag ions for 

the solution-synthesized hollow Au-Ag alloy NPs, compared 

with the solid Ag NPs.[74] The released Ag ions directly interact 

with the sulfur-containing cell proteins and periplasmic Ag-

binding proteins.[75,76] These interactions lead to a change in the 

permeability of the protein membrane and its subsequent 

release causing cell death.[73]  

 

4. Conclusion  

We have developed a novel and straightforward method for 

directly growing hollow Au-Ag alloy NPs onto filter paper. 

We demonstrated that HAuCl4 can be employed for GRR-

induced etching of Ag NPs directly on the filter paper surface. 

The etching of Ag NPs provided an impressive enhancement 

of the catalytic activity. The apparent rate constants increased 

by 3.5-fold and 3.4-fold for the reduction reactions of 4-NP 

and MO, respectively. In reusability testing, a mere 12% 

decrease in conversion efficiency is observed for the HANS-S 

which verifies excellent binding of the particles to the filter-

paper’s surface. The HANS-S has also shown better 

antibacterial action, compared to the AgNS-S. We attribute 

this enhanced performance to the increased surface area and 

electronic effects induced by the presence of Au atoms. These 

factors contribute to improved Ag+ ion release from the 

nanoparticles' surface, resulting in more effective bacterial 

inhibition. Consequently, the HANS-S holds great promise for 

applications in both antibacterial and catalytic domains. Our 

innovative methodology enables the direct fabrication of 

surfactant-free porous alloy nanostructures of other noble 

metals on various substrates. Prioritizing scalability and real-

world integration, especially in water purification and 

biomedical coatings, will accelerate its transition from lab to 

industry, unlocking significant scientific and technological 

advancements. In the future, enhancing performance by 

optimizing reaction conditions, such as nanoparticle size 

control, concentration adjustments, and reaction time, can 
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improve uniformity and functional properties. Moreover, cost 

reduction can be achieved by developing scalable fabrication 

methods like roll-to-roll processing.  
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