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Abstract
This study presents an environmentally friendly method for synthesizing Ag@Fe2O3 nanostructures through a hydrother-
mal technique that utilizes Saussurea obvallata leaf extract as a reducing and capping agent. The material was character-
ized using UV–Vis, FTIR, XRD, SEM–EDX, and TEM-SAED-line profile analysis. The UV–Vis shows a maximum absorbance 
peak at 380 nm, showing a band gap of 3.26 eV. FTIR analysis revealed several functional groups (vibrational modes), 
including 944 and 514 cm−1 (Fe–O) and 445 cm−1 (Ag–O). XRD spectra analysis confirmed the crystalline nature and, using 
the Scherrer equation, showed an average crystallite size of 49.57 nm. EDX confirmed the presence of only Ag, Fe, and 
O elements. SEM and TEM-SAED analyses revealed an echinus-like morphology with an interplanar spacing of 126 pm 
of the nanostructures. The photocatalytic activity of Ag@Fe2O3 was investigated through the degradation of methylene 
blue (MB) dye in the presence of UV–visible light irradiation. It was observed that 97.10% MB dye degradation occurred 
within 60 min, with the rate constant and half-life being 0.03025 min−1 and 22.90 min, respectively. It was deduced that 
the synergistic interaction of Ag with Fe2O3 promoted the separation of charge, significantly diminishing electron–hole 
recombination. This research presents plant extract as a readily available, cost-effective, and environmentally friendly 
way to produce highly efficient photocatalysts for degrading wastewater dye compounds.

Article Highlights

•	 The synthesized Ag@Fe2O3 nanostructure usingSaussurea obvallata leaf extract for a biogenic synthesis method shows 
excellent photocatalytic dye degradation of methylene blue under UV-visible light irradiation.

•	  The combination of Ag & Fe2O3nanoparticles improved the charge separation efficiency & reduced electron-hole 
pair recombination, leading to enhanced photocatalytic performance.

•	 The nanostructure achieved a high photocatalytic dye degradation rate of 97.10 % within 60 minutes, with a reaction 
rate constant & half-life of 0.03025 min⁻¹ & 22.90 min, resp. The biogenic synthesis method is a sustainable & cost-
effective approach to producing efficient photocatalysts for several environmental remediations.
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1  Introduction

Recent research has observed that environmental pollutant degradation is a critical global issue. Among the countless 
amounts of pollutants, organic dyes, such as methylene blue (MB), have been reported due to their high toxicity and 
carcinogenic nature, leading to a significant threat to human health and aquatic environments [1–4]. Developing effective 
and sustainable methods for organic dye degradation is considered a vital issue. Traditional removal methods include 
adsorption and chemical oxidation; generally, these methods suffer from decreased efficiency and secondary pollution, 
as well as expensive [5, 6]. As for these disadvantages or limitations, photocatalysis is a promising process in environmen-
tal remediation due to its efficient activity, cost-effectiveness, and environmental friendliness. Some other examples of 
photocatalysts are metal oxide semiconductors such as ZnO, TiO2, CaO, and MgO. They can absorb photonic energy and 
generate electron–hole (e− & h+) pairs. These pairs interact with H2O or O2 molecules to produce very reactive species/
radicals such as •OH and •O2⁻, capable of oxidizing the organic pollutants into harmless products. However, rapid regen-
eration of photogenerated charge carriers, insufficient light absorption, and a lack of active sites have often degraded 
the efficiency of photocatalytic processes. Overcoming these challenges has been addressed through nanocomposite 
material synthesis, modification of photocatalyst surface properties, and UV–visible light-sensitive photocatalysts [7–10].

Recently, due to their unique physicochemical characteristics/properties and broad applicability, the Ag@Fe2O3 nano-
structure has gained considerable importance in the research field. Hybrid nanomaterials combined with Ag and Fe2O3 
nanoparticles the unique properties have drawn significant interest because of their potential applicability in catalysis, 
biomedical applications, and environmental remediation. Such an enhanced photocatalytic property of Ag has shown 
itself by being an effective antibacterial and antifungal agent that can aid Fe2O3 material to improve its potential based 
on photocatalytic activity as an electron acceptor, thus reducing recombination of charge carriers with elevated radical 
generation [11–14]. Multiple syntheses for Ag@Fe2O3 nanostructures have also been investigated via methods such as 
chemical reduction, sol–gel, and green syntheses [15–18]. Here, plant extracts perform the role of reductants and cap-
ping agents during nanostructure synthesis, providing well-dispersed and stabilized nano-size particles [19, 20]. Different 
plant extract sources report the successful synthesis of Ag@Fe2O3 nanostructures, including Azadirachta indica, Citrus 
sinensis, Aloe vera, etc. These nanomaterials, synthesized through green methodologies, show potential photocatalytic 
dye degradation activity [18, 21–24].

Saussurea obvallata, or the snow lotus (Fig. 1), is a rare medicinal flora growing at high altitudes in the Himalayas. 
Tibetan and Chinese traditional medicines have been used for centuries to treat various health conditions, ranging from 
respiratory disorders to inflammation and pain management. The plant’s bioactive contents, such as flavonoids, phenolic 
acids, and essential oils, can uniquely differentiate it for medicinal effectiveness [25–27]

In the past ten years, Saussurea obvallata has attracted much attention and concern from scholars due to its potential 
for the medicine, cosmetics, and food industries. Its antioxidant, anti-inflammatory, and antimicrobial activity was tested 
and published in several scientific papers. However, the extensive harvesting within the species’ natural habitat led to 
its decline in population. Thus, there is a need for sustainable planting and conservation strategies. The plant contains 
several bioactive compounds like flavonoids and phenolic acids that are good natural reducing and capping agents for 
synthesizing nanomaterials. In this role, plant extracts are advantageous due to being cost-effective, available, non-toxic, 
and environmentally sustainable [26–28].

Fig. 1   Saussurea obvallata 
plant leaf
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The research comes with valuable novelty in suitable photocatalysis methods for environment remediation. This is one 
essential integration of the green synthesis approaches used to synthesized nanostructures to improve catalytic behavior. 
It ensures that environmentally friendly strategies are undertaken to reduce the use of hazardous chemicals in nature. 
Photocatalytic degradation using such nanostructures towards visible-light-driven MB dye was investigated throughout 
the work. It is an example of a pollutant commonly identified and dealt with across environmental contamination aspects. 
This innovative approach uses visible light to make the degradation process more energy-efficient and effective than 
traditional UV light methods. We emphasize how applying doped Ag@Fe2O3 would improve the photocatalysis activity, 
potentially raising the degradation rate and increasing efficiency when removing pollutants in water sources. Kinetic 
studies were conducted to evaluate the rates of the photocatalytic reactions. Kinetics is essential for optimizing the 
performance of catalysts and ensuring their practical applicability in real-world scenarios. We can show how the findings 
from these studies contribute to the general understanding of catalyst efficiency and reusability, which are essential for 
sustainable practices in environmental remediation. Besides that, this introduction can also be supported by a discussion 
of the ecological aspects of applying these nanostructures to dye degradation. These nanostructures have significant 
advantages as materials since they facilitate the removal of organic dyes and other harmful pollutants. Hence, there is 
significance in cleaning up environmental issues. This should be understood against the backdrop of how the physical 
characteristics of nanoparticles affect their catalytic performance. Thus, the novelty of this study is a combined effect, 
namely green synthesis, visible light activation, and effective MB dye degradation using nanostructures. Therefore, in 
the present study, we have reported the synthesis of eco-friendly Ag@Fe2O3 nanostructures using Saussurea obvallata 
plant extract and their characterization using several analytical methods. The synthesized nanostructures exhibited pho-
tocatalytic MB dye degradation activity in UV–Vis irradiation; the 97.10% degradation rate was observed within 60 min. 
This efficient photocatalytic dye degradation may be the synergistic interactions of Ag and Fe2O3 nanoparticle material, 
facilitating effective charge separation and hindering electron–hole regeneration. This work offers a new, environmentally 
friendly route to highly efficient photocatalysts with potential environmental remediation applications.

2 � Materials and methods

2.1 � Materials

Precursors: Iron (III) chloride hexahydrate (FeCl3·6H2O) (AR-grade, purity ≥ 99%) & Silver nitrate (AgNO3) (AR-grade, 
purity ≥ 99.8%). Chemicals: Ethanol (C2H5OH) (AR-grade, purity ≥ 99.8%). Sodium hydroxide (NaOH) (AR grade, 
purity ≥ 98%) and Deionized water (Chargo chemicals). Plant material: Saussurea obvallata was domestically cultivated, 
and its fresh leaves were collected from a local agricultural farm, Pimpalgaon (B) 422209, Nashik, Maharashtra.

2.2 � Methods

2.2.1 � Preparation of Saussurea obvallata leaf extract

The healthy and fresh Saussurea obvallata leaves were collected and cleaned using deionized water to remove any 
unwanted contaminates. The leaves were dried in the oven at 60 °C and then powdered using a mortar and pestle. 1 g 
of powdered leaves was introduced into 100 mL de-ionized water and then reflux extracted for a specific period. The 
extract from this process was then filtered to remove any solid particulate matter.

2.2.2 � Synthesis of Ag@Fe2O3 nanostructure using plant leaves extract

A green synthesis protocol based on the convenient pathway was used to synthesize Ag@Fe2O3 nanostructures by 
extracting Saussurea obvallata leaves. 0.05 M FeCl3·6H₂O (7.5 mL), 0.02 M AgNO3 (7.5 mL), and 15 mL leaf extract were 
mixed in a beaker, stirred for 30 min, maintained pH around 10 using sodium hydroxide solution, and the solution was 
sonicated to ensure proper mixing of the reactants. The Teflon autoclave was used, and the hydrothermal method (120 °C; 
7 h) was applied to the solution. After cooling, the solution was filtered, and the precipitated product was washed using 
deionized water and ethanol to eliminate the remaining impurities. The obtained precipitate dried at 60 °C (6 h) using 
an oven, followed by calcination at 300 °C for 3 h to produce the Ag@Fe2O3 nanostructures (Fig. 2), and it was used for 
further characterization.
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2.2.3 � Photocatalytic MB dye degradation method

The experimental protocol was set up to study the photocatalytic degradation of MB dye using Ag@Fe2O3 nanostruc-
tures. First, the reaction mixture was prepared by dissolving a 10–5 M MB dye and adding 10 mg of Ag@Fe2O3 to 100 mL 
of the dye solution. A preliminary dark adsorption experiment was carried out to assess the contribution of adsorption. 
The reaction mixture was kept in a dark environment for 10 min to enable the adsorption of the dye onto the catalyst 
surface without any photocatalytic activity. The reaction mixture was then exposed to a UV–Vis source for 60 min. Reac-
tion mixture samples were drawn at appropriate intervals to measure the absorbance using a spectrophotometer. The 
UV/Vis spectrum of the samples was calculated to find differences in absorption at 662 nm, which is the characteristic 
maximum of absorption for MB. The absorbance maxima of the dye was found to decrease due to the decrease observed 
at 662 nm. The synergistic interactions between the Ag and Fe2O3 material of the Ag@Fe2O3 nanostructures were respon-
sible for the enhanced activity. The Ag trapped electrons, thus inhibiting charge carrier regeneration and promoting the 
formation of radicals, which are very potent oxidizing agents for organic pollutants [12, 29].

To calculate the percentage of MB dye degradation, the following formula (Eq. 1) was used;

where [A]0 = Initial absorbance (t = 0 min) and [A] = Absorbance (t = t min).

3 � Results and discussion

3.1 � UV–Vis analysis

The spectra of the Ag@Fe2O3 nanostructure are given in Fig. 3, showing strong bands at ~ 380 nm may be interpreted 
for surface plasmon resonance (SPR) phenomena [22].

A red-shift in the SPR band compared to the pure Ag nanoparticles, generally at ~ 400 nm, indicates successful syn-
thesis of the Ag@Fe2O3 nanostructures. The band gap (Eg) value was calculated using the following formula (Eq. 2) 
(λmax = 380 nm) [16]:

(1)% of MB dye degradation =
[A]0 − [A]

[A]0
x100

Fig. 2   Experimental method of synthesis of Ag@Fe2O3 nanostructure
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The Tauc plot is a graphical presentation used in determining the bandgap of material from their optical absorption 
spectra (Fig. 4). For the nanostructure, the direct bandgap was found in the plot, which ranges to 3.26 eV (Eq. 3). Band 
gap is one of the important factors that control the photocatalytic efficiency as the generation of the electron–hole pair 
is also affected due to the absorption of visible light. For instance, the band gap of Fe2O3 can be engineered through 
doping; various studies revealed that doping carbon or silver materials alters the band gap and thus increases the pho-
tocatalytic activity. The Ag@Fe2O3 showed a direct band gap at 3.26 eV, meaning it will be able to absorb visible light. 
This means that the material may very well absorb UV light, consistent with the absorption spectrum, where a sharp 
absorption peak in the ultraviolet region is observed. This is because a relatively high band gap energy would involve the 
highly energetic generation of electron–hole charge carrier pairs when subjected to photoexcitation; this, in paradoxical 
interaction, degrades the organic pollutants through catalysis [30, 31].

(2)Eg =
1240

�max

=
1240

380

(3)= 3.26eV

Fig. 3   UV–Vis spectra of Ag@
Fe2O3 nanostructure

Fig. 4   Tauc plot of Ag@Fe2O3 
nanostructure
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3.2 � FTIR analysis

Ag@Fe2O3 nanostructure reveals distinct characteristic peaks in FTIR spectra at 3744, 2974, 2350, 1635, 1525, 1375, 1071, 
944, 514, 445, and 420 cm−1 as shown in Fig. 5.

These peaks are indicative of the following functional groups, 3744 cm−1: O–H group, 2974 cm−1: C–H stretching (ali-
phatic), 2350 cm−1: O=C=O stretching modes, 1635 cm−1: C=O stretching groups, 1525 cm−1: C=C stretching (aromatic) 
groups, 1375 cm−1: C–H bending (methyl) groups, 1071 cm−1: C–O stretching (alcohols or ethers), 944, 524 & 420 cm−1: 
Fe–O stretching (Fe2O3), 445 cm−1: Ag–O stretching (silver oxide). Detecting these functional groups substantiates the 
successful synthesis of the Ag@Fe2O3 nanostructure. 3744 & 2974 cm−1 may exist the O–H & C–H groups (originate from 
plant leaves) on the nanostructure’s surface, contributing to its photocatalytic properties. The C=O and C=C stretching 
peaks noted at 1635 and 1525 cm−1 may result from the existence of oxidized organic compounds. The Fe–O stretching 
peaks at 944, 514, and 420 cm−1 affirm the presence of Fe2O3 within the nanomaterial matrix. The Ag–O stretching peak 
at 445 cm−1 corroborates the presence of silver oxide in the nanomaterial [30–34].

3.3 � XRD analysis

The XRD pattern of the as-prepared Ag@Fe2O3 is shown in Fig. 6.
The strong peaks positioning at 33.25°, 35.74°, 49.83°, 54.99°, and 64.190 correspond to the (104), (110), (024), 

(116), and (300) lattice planes of the BCC phase of Fe2O3 resp. (JCPDS card No. 00–024-0072) [35], there are five 
additional peaks at 2θ = 27.92°, 32.26°, 46.33°, 57.49°, and 76.82° correspond to the (210), (113), (124), (240), and 
(300) lattice planes of the FCC lattice of Ag in Ag@Fe2O3 [36]. These peaks confirmed the Ag and Fe2O3 in the Ag@
Fe2O3 nanostructure. The mean crystallite size of the Ag@Fe2O3 is 49.57 nm, which is calculated using the Scherrer 
equation [10]. The Rietveld refinement method analyzes the XRD pattern and is applied to refine a structural model 
for extracting precise lattice parameters, phase fractions, etc. The method fits the entire diffraction pattern into 
the theoretical model, through which one determines various structural parameters such as the lattice constants, 
atomic positions, thermal factors, etc. [37].The XRD patterns of the obtained data indicate that the clear peaks of 
Ag and Fe2O3 with no shifting are due to Schottky junctions between Ag and Fe2O3. Therefore, analysis in this way 
is important because it helps establish the structural property of the nanostructure Ag@Fe2O3, which may relate 
to function properties and antibacterial activity [37, 38].

Fig. 5   FTIR spectra of Ag@
Fe2O3 nanostructure
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3.4 � SEM–EDX analysis

The morphology of the synthesized nanostructures was analyzed using SEM analysis (Fig. 7). These images show an 
echinus-like morphology (average particle size ~ 35 nm) with a relatively homogenous distribution of particles.

Irregularly shaped and porous particles greatly enhance their surface area, thus permitting the absorption of organic 
dye impurities more intensively and producing higher contact areas for the interaction of catalysts and MB dye molecules. 
This effect is more observable in the Fe2O3-based photocatalysts, which add Ag to enhance photocatalytic activity by 

Fig. 6   XRD spectra of Ag@
Fe2O3 nanostructure
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acting as an electron regeneration center and thus reducing charge carrier recombination that leads to increased pro-
duction of reactive oxygen species (ROS).

The EDX spectrum of the nanostructure, as shown in Fig. 8, shows the confirmation of only Ag (5.03%), Fe (19.93%), 
and O (75.04%) elements having atomic percentages (Table 1). The increase in the oxygen content and the formation of 
oxygen vacancies in the Fe2O3 lattice may explain improved photocatalytic activity [15, 32, 33].

3.5 � TEM‑SAED analysis

The TEM-SAED analysis was used to study the morphological characteristics and microstructural features of the synthe-
sized Ag@Fe2O3 nanostructures (Figs. 9 and 10).

The images show an echinus-like morphology with an average particle size of around 35 nm, which agrees with XRD 
data associated with a relatively uniform particle size distribution. It was observed that lattice planes (interplanar spacing 
of 226 pm) correspond to the Fe2O3 planes (110). The SAED pattern is a series of diffraction rings indicating the polycrys-
talline nature. These diffraction rings can also be the plane of Fe2O3 crystallography, further supporting the phase purity 
associated with the nanoscale structures obtained [15, 16].

3.6 � Line profile analysis

This analysis gives insight into the interplanar spacing and dimensions of the crystallites in the Ag@Fe2O3 nanostructures 
(Fig. 11). The intensity fluctuations noticed in the line profile are fingerprints of the lattice planes that appear in the HR-TEM 
images. The interplanar spacing, reduced from the peak-to-peak measurements in the line profile, is about 0.226 nm. The 
Scherrer equation can be used to estimate the crystallite dimensions using the FWHM of the peaks in the line profile.

A decrease in FWHM suggests an increase in the dimension of the crystallite. In this case, the relatively sharp peaks in the 
line profile suggest that Ag@Fe2O3 has a relatively large crystallite dimension, which is well supported by the observations 
from SEM and TEM images. The integration of line profile analysis with the data from HR-TEM and SAED provides a compre-
hensive understanding of the structural features of the nanostructures. Crystallite size and interplanar spacing should be 
precisely controlled to improve the photocatalytic activity of these materials [32, 39, 40].

Fig. 8   EDX spectra of Ag@
Fe2O3 nanostructure

Table 1   Elemental 
composition of Ag@Fe2O3 
nanostructure

Element Weight % Atomic %

O (K) 42.03 75.04
Ag (K) 19.01 5.03
Fe (K) 38.96 19.93
Total 100% 100%



Vol.:(0123456789)

Discover Nano           (2025) 20:66  | https://doi.org/10.1186/s11671-025-04242-6 
	 Research

3.7 � Photocatalytic MB dye degradation mechanism by Ag@Fe2O3 nanostructure

The photoexcitation of the nanostructure in an aqueous solution during the photocatalytic dye degradation produces radicals 
and charged particles (Eqs. 5 to 9). Upon the absorption of photons by Ag@Fe2O3, electron–hole pairs may be generated, 
the mechanism of photocatalytic dye degradation as shown in the below Fig. 12;

Here, Ag@Fe2O3* represents the excited state, eCB – and hVB+ Represent photoelectron (conduction band) & holes (Valence 
band) resp. (Eq. 4) The photogenerated holes directly oxidate the MB dye into reactive intermediates. The O2 & H2O involved in 
the indirect process are adsorbed onto the surface of the photocatalyst, producing unstable •OH & •O2

−, which subsequently 
lead to the oxidation of MB dye into their corresponding CO2 & H2O (Eq. 8 and 9).

(4)Ag@Fe2O3 + hv (UV) Ag@Fe2O3 ∗ (eCB− + hVB+)

(5)hVB+ +MB − −− → MB+ − −− → Oxidation of MB

Fig. 9   TEM image of Ag@Fe2O3 nanostructure

Fig. 10   a HR-TEM image and b SAED image of Ag@Fe2O3 nanostructure



Vol:.(1234567890)

Research	  
Discover Nano           (2025) 20:66  | https://doi.org/10.1186/s11671-025-04242-6

The MB dye degraded 97.10% by introducing 10 mg/L of the nanostructure.

(6)O2 + e−
CB

− −− → O−
2

(7)H2O + h+
VB

− − − − → OH. + H+

(8)O−.
2
+MB dye − − − − → CO2 + H2O

(9)OH. +MB dye − − − − → CO2 + H2O

Fig. 11   Line profile of Ag@Fe2O3 nanostructure

Fig. 12   Mechanism of photo-
catalytic MB dye degradation 
using Ag@Fe2O3 nanostruc-
ture

Fig. 13   MB dye solution at dif-
ferent time (min) interval
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3.7.1 � Kinetic modelling of dye degradation

Using nanostructures, the photocatalytic degradation of MB dye under UV–Vis light was monitored through absorbance 
measurements at various time intervals (Fig. 13 and Table 2).

The consistent half-life of 22.90 min strongly indicates first-order kinetics, suggesting that the degradation rate is 
directly related to the dye concentration. This finding aligns with a mechanistic model where dye molecules either 
decompose unimolecular or react with a reactant that remains at a constant concentration.

As shown in Table 2, the absorbance decreases with time and is directly proportional to the decrease in concentration 
due to the dye degradation process (Fig. 14).

The percentage of degradation formula is shown in Eq. 10:

[C0 = initial concentration, C = concentration at t].
Here, C0 (absorbance) = 0.9854, C (absorbance) = 0.0285 at t = 60 min

The results of the percentage of dye degradation in Table 3 indicate increased degradation over time. Its degra-
dation efficiency rises from 24.31% at 10 min to 97.10% at 60 min (Eq. 11). Therefore, Ag@Fe2O3 nanostructures are 
promising photocatalysts compared with previously published work (Table 4).

(10)Dye degradation (%) =
C0 − C

C0
× 100

Dye degradation (%) =
0.9854 − 0.0285

0.9854
× 100

(11)Dye degradation (%) = 97.10%

Table 2   Absorbance and 
rate constant of MB dye at 
different time intervals

Time (min) Absorbance [A] Log [A] Rate constant (K) min−1 Mean (K) min−1

10 0.7458 − 0.1274 2.786 × 10–2 3.025 × 10–2

20 0.6603 − 0.1803 2.002 × 10–2

30 0.6299 − 0.2007 1.491 × 10–2

40 0.3954 − 0.4029 2.283 × 10–2

50 0.1555 − 0.8083 3.693 × 10–2

60 0.0285 − 1.5451 5.90 × 10–2

Fig. 14   Absorbance vs 
wavelength (nm) of MB dye 
degradation
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Improving the efficiency of photodegradation may be a synergistic effect between Ag and Fe2O3, which inhibit the 
back regeneration of e− and h+ pairs, thus prolonging the life of the charge carriers. The generation of hydroxyl radicals 
(OH.) will enhance the degradation rate of the dye.

Further investigations also include assessing the rate constant, for instance, through a percentage degradation-time 
plot from which the slope can be determined (Fig. 15). A steep slope signifies a rapid rate. Alternatively, the reaction order 
can be determined using suitable plots; a concentration versus time plot’s slope reflects the order of the reaction (Table 5).

The theoretical Langmuir Hinshelwood kinetic framework was used to analyze the results [47], associated with het-
erogeneous methods. The degradation of MB solutions in the presence of UV–Vis light incorporating Ag@Fe2O3 nano-
structures shows first-order kinetics (Eq. 12 and 13).

where R = rate of photocatalytic degradation (mg/L.min), A = absorbance of the dye, t = duration of irradiation, and 
Kapp = apparent rate constant of degradation (min−1). The integrated equation gives the subsequent relationship [47].

[A]0 represents the baseline absorbance within the bulk solution at time t = 0. It has been established that the plot 
depicting log[A] Versus irradiation time (Fig. 16) adheres to a linear kinetic correlation. The half-life duration (t1/2) was 
computed using the subsequent Eq. 14.

This result shows that the photocatalytic process effectively removes the dye from the aqueous solution.

(12)R =
d[A]

dt
= KappC

(13)Kapp.[�] = ln
[A]0

[A]

(14)t 1

2

=
0.693

K

Table 3   % of MB dye 
degradation using Ag@Fe2O3 
nanostructure

Time % dye degradation [A] = [A]0 e−K1/t

10 min 24.31 0.9824
20 min 32.99 0.9839
30 min 36.07 0.9844
40 min 59.87 0.9847
50 min 84.22 0.9848
60 min 97.10 0.9849

Table 4   Comparison with 
previously published work 
of silver-doped iron oxide 
nanomaterials

Materials Method Dye degradation Reference

Ag@Fe2O3 Hydrothermal (Saussurea obvallata) 97.10% (MB dye) in 60 min This study
Ag@Fe2O3 Green synthesis (Cabbage Peel) 78% (phenol red) in 8 min [13]
Ag3PO4/Fe3O4/CS Co-precipitation 95% (MB) [41]
Ag@Fe2O3 Biogenic synthesis (Kulekhara Leaves) 100% (crystal violet and mala-

chite green) in 3 min
[42]

Ag@Fe2O3 Green synthesis (Cocos nucifera L) High (MB dye) [43]
Ag/CS–Fe2O3 Co-precipitation 99.44% (MB dye) [44]
Fe3O4/Ag Co-precipitation High (Rhodamine B) [45]
α-Fe2O3–Ag–ZnO Green synthesis (Poinciana Leaf) 99% (Rhodamine B) in 45 min [46]
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Fig. 15   a and b absorbance vs. time; c % of MB dye degradation vs. time (min); d [A] vs. time

Table 5   Pearson correlation 
coefficient; (absorbance (X) of 
dye vs. time (Y)

Where, Mx = Mean of all x values; My = Mean of all Y values; Σ(X—Mx)2 = Sum of Squares of X (SSx); Σ(Y—
My)2 = Sum of Squares of Y (SSy); Σ(X—Mx)(Y—My) = Sum of products (Fig. 5). The calculated correlation 
coefficient is r =−0.9722, indicating a strong negative correlation between the chosen X and Y variables. In 
the context of photocatalytic dye degradation, a strong inverse relationship between factors like irradia-
tion time and the natural logarithm of the normalized dye concentration would be expected for a pseudo-
first-order reaction. The value of R2, the coefficient of determination, is 0.9452

X—Mx Y—My (X—Mx)2 (Y—My)2 (X—Mx)(Y—My)

− 25 0.31 625 0.096 − 7.748
− 15 0.224 225 0.05 − 3.366
− 5 0.194 25 0.038 − 0.97
5 − 0.041 25 0.002 − 0.203
15 − 0.28 225 0.079 − 4.206
25 − 0.407 625 0.166 − 10.185
Mx: 35.000 My: 0.436 Sum: 1750.000 Sum: 0.430 Sum: − 26.677
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4 � Conclusion

The Ag@Fe2O3 nanostructures are produced through an eco-friendly method using an aqueous extract of Saussurea 
obvallata leaves, which serve as reducing and capping agents. TEM images reveal that the resulting nanostructures 
exhibit an echinus-like morphology, with an estimated particle diameter of approximately 35 nm. EDX analysis verified 
the presence of the elements Ag, Fe, and O within the nanostructures. The crystalline properties of the nanostructures 
were analyzed using TEM and SAED measurements. It was found that the interplanar spacing measures approximately 
0.226 nm, corresponding to the distance between the (110) planes of Fe2O3. The nanostructures’ photocatalytic activ-
ity was evaluated by monitoring the degradation of MB dye under UV–Vis light irradiation. This nanostructure exhibits 
remarkable photocatalytic performance; 60 min was sufficient for substantial degradation of the MB dye. The enhanced 
photocatalytic activity may stem from the synergistic interplay between Ag and Fe2O3 nanoparticles, the unique echinus-
like morphology, and impressive charge separation and transfer capabilities. These nanostructures are highly promising 
for boosting the photo-photocatalytic efficiency in degrading organic waste generated by wastewater treatment tech-
nologies. Ongoing research into the practical use of these nanostructures for water treatment, environmental remedia-
tion, and energy storage reveals exciting future possibilities.
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