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Abstract

The catalytic reduction of toxic 4-Nitrophenol (4-NP) to valuable 4-aminophenol is highly
important for environmental remediation. However, developing catalysts with high ac-
tivity, good recyclability, and facile preparation remains challenging. Herein, Ag@Fe3O4

nanocomposites were controllably synthesized with a facile one-pot polyol method. By
varying the Ag:Fe precursor ratio, the structure could be tuned from dense and porous
core-shell to Janus architectures. The porous Ag@Fe3O4 nanoreactors (Ag:Fe-0.4) exhib-
ited exceptional catalytic performance, achieving complete 4-NP reduction within 75 s,
with an apparent rate constant (k) of 6.29 × 10−2 s−1, a normalized rate constant (kn) of
3742 s−1 mmol−1, and a TOF value of 1042 h−1. XPS results verified that the excellent
activity originated from the porous structure and interfacial charge transfer from Ag to
Fe3O4. The catalysts showed super-paramagnetism and could be reused for at least eight
cycles with >95% conversion retained. It also displayed high efficiency in reducing diverse
nitroaromatics and in natural water. This work highlights the significance of structural and
electronic modulation, providing a scalable strategy for magnetically recyclable catalysts
toward environmental remediation and heterogeneous catalysis.

Keywords: Ag@Fe3O4 nanocomposites; 4-nitrophenol reduction; porous nanoreactors;
one-pot synthesis; charge transfer

1. Introduction
The catalytic reduction of 4-Nitrophenol (4-NP), a prevalent and toxic industrial

wastewater pollutant, into valuable p-aminophenol (4-AP) represents a critical model reac-
tion for both environmental protection and green chemical synthesis [1–5]. The severity of
4-nitrophenol contamination is underscored by its regulatory classification by multiple inter-
national agencies. The U.S. Environmental Protection Agency (EPA) lists 4-NP as a “priority
pollutant” under the Clean Water Act, while the European Chemicals Agency (ECHA) des-
ignates it as a “Substance of Very High Concern (SVHC)” due to its endocrine-disrupting,
carcinogenic, and mutagenic risks [6]. Global annual release of 4-NP into natural water bod-
ies is estimated at approximately 10,000–15,000 tons, primarily originating from industrial
effluents of pesticide, dye, pharmaceutical, and explosive manufacturing processes [7]. The
significance of this transformation is underscored by the stringent classification of 4-NP as
a priority pollutant by regulatory bodies like the U.S. Environmental Protection Agency
(EPA), a designation reserved for compounds posing significant risks to human health
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and ecological balance [8–10]. The detrimental impact of 4-NP stems from its stability, its
solubility, and its role as a potent endocrine disruptor, which can interfere with hormonal
functions and lead to long-term carcinogenic and mutagenic effects [8,11,12]. Consequently,
the development of efficient and sustainable technologies for its removal is not merely an
academic pursuit but a pressing industrial and environmental necessity [13].

Several remediation strategies have been explored to mitigate 4-NP contamination, but
each suffers from inherent limitations. Physical adsorption using activated carbon or clays
effectively removes 4-NP but generates secondary solid waste and requires energy-intensive
regeneration [14]. Advanced oxidation processes (AOPs) achieve complete mineralization
but demand high energy input, chemical oxidants, and may form toxic byproducts [15].
Electrochemical treatment avoids chemical addition yet faces electrode fouling, high opera-
tional costs, and poor scalability [11]. Biological degradation is environmentally friendly
but exhibits very slow kinetics, low tolerance to high 4-NP concentrations, and prolonged
acclimation periods [16–18]. In contrast, catalytic hydrogenation of 4-NP to 4-AP using
NaBH4 as a reductant presents a uniquely “green” and atom-efficient pathway [19]. This
process accomplishes dual objectives: it detoxifies a hazardous pollutant and concurrently
upgrades it into a valuable commodity chemical. Moreover, 4-AP is a critical precursor
in the manufacturing of analgesic and antipyretic drugs (e.g., paracetamol), corrosion
inhibitors, photographic developers, and hair-dyeing agents, enhancing the economic
viability of the remediation process [20–22].

The efficacy of this reduction reaction is intrinsically linked to the performance of the
catalyst, driving extensive research into noble metal nanocatalysts [23]. Materials based
on Au, Pt, Pd, and Ag have been at the forefront due to their exceptional surface reactivity
and superior ability to facilitate electron transfer from the borohydride donor (BH4

−) to
the 4-NP acceptor [24–35]. Beyond mere composition, the field has increasingly recognized
that catalytic performance is profoundly governed by nanoscale structural parameters.
Seminal works have demonstrated that precise control over particle size, morphology,
and exposed crystal facets can dramatically enhance activity and selectivity [27–29]. For
instance, Ruditskiy et al. illustrated how Ag nanocubes enclosed by (100) facets exhibit
distinctive catalytic properties compared to their spherical counterparts [36]. Similarly,
the construction of complex architectures like Au-based nanocages and nanoboxes by Xia
and others has revealed how geometric design dictates catalytic efficiency [37,38]. Among
these noble metals, Ag nanomaterials have garnered significant interest as a cost-effective
and highly active alternative, offering a compelling combination of tunable plasmonic
properties, ease of morphological manipulation, and high intrinsic activity for 4-NP reduc-
tion [32,33,37]. Despite these compelling advantages, the practical deployment of Ag-based
nanocatalysts is hampered by two inherent and persistent limitations. First, their high
surface energy predisposes them to irreversible aggregation and Oswald ripening during
catalytic cycles, leading to a precipitous loss of active surface area and a corresponding
decline in performance [22]. Second, more critically from an application standpoint, their
nanoscale dimensions make their separation and recovery from the reaction mixture ex-
ceptionally challenging [22]. Conventional separation techniques like centrifugation or
filtration are often inefficient, time-consuming, and costly at an industrial scale, thereby in-
creasing operational expenses and posing risks of secondary environmental release through
catalyst leaching.

The integration of magnetic nanoparticles, particularly superparamagnetic Fe3O4,
as a catalyst support has emerged as a highly attractive and seemingly elegant strategy
to address the separation dilemma [39–41]. This approach enables the facile, rapid, and
efficient recovery of catalysts using an external magnet, promising seamless recyclability
and reusability. However, this promising solution often introduces new complexities and a
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critical performance trade-off. Many reported synthesis routes for such magnetic compos-
ites are multi-step, are time-consuming, and require sophisticated surface functionalization
or ligand exchange, which can hinder scalability [30,42,43]. More fundamentally, a perva-
sive challenge exists in balancing separability with catalytic activity. The formation of a
dense, thick Fe3O4 shell around the noble metal core, while beneficial for ensuring strong
magnetism and stability, can physically block reactant molecules from accessing the active
catalytic sites [44–46]. This mass-transfer limitation results in composite materials that are
easily recyclable but exhibit disappointingly low activity and slow reaction kinetics, effec-
tively negating the primary purpose of using a highly active precious metal. For example,
while traditional core-shell structures provide excellent protection against aggregation,
their non-porous nature often leads to severely limited performance [45–49].

Therefore, the design of a catalyst that simultaneously possesses unimpeded accessi-
bility to active sites, robust magnetic recyclability, and a simple, scalable synthesis route
remains an outstanding and critically important challenge in the field. Herein, we present
a strategic design to overcome these conflicting demands through a facile one-pot polyol
synthesis of structurally tunable Ag@Fe3O4 nanoreactors, as shown in Figure 1. We hypoth-
esized that by carefully controlling the nucleation and growth kinetics through the Ag:Fe
precursor ratio, we could engineer diverse interfacial architectures from dense core-shell
to porous core-shell and Janus configurations from a single, scalable synthetic platform.
We posited that a porous Fe3O4 shell would serve a dual function: acting as a protective,
magnetically responsive matrix to prevent Ag aggregation while remaining permeable to
reactant molecules and participating in interfacial charge transfer to electronically modulate
the Ag surface, thereby enhancing its intrinsic activity. In this work, we demonstrate that
the optimized porous Ag@Fe3O4 nanoreactors (Ag:Fe-0.4:1) exhibit exceptional catalytic
performance, reducing 4-NP to 4-AP with a remarkable completion time of 75 s. This
translates to an outstanding apparent rate constant of 6.29 × 10−2 s−1 and a record-high
turnover frequency (TOF) of 1042 h−1. Through X-ray photoelectron spectroscopy (XPS),
we provide direct evidence of significant charge transfer from Ag to Fe3O4, which we
identify as a key mechanistic factor for the accelerated kinetics. The robust nanocomposites
exhibit super-paramagnetism, enabling rapid magnetic separation and reuse for at least
eight consecutive cycles with no significant loss of activity, retaining over 95% conversion.
Notably, the porous Ag@Fe3O4 magnetic nanoreactors maintained excellent catalytic per-
formance in the reduction of nitroaromatics bearing different functional groups, as well
as in natural aqueous solutions. This work establishes a versatile paradigm for designing
efficient, durable, and practical nanocatalysts for environmental remediation and broader
heterogeneous catalytic applications.

Figure 1. Schematic illustration of the synthesis of Ag/Fe3O4 magnetic nanocomposites with different
structure and the reduction of 4-Nitrophenol to 4-Aminophenol.
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2. Results and Discussion
2.1. Characterization of Ag/Fe3O4 Magnetic Nanocomposites

The Ag/Fe3O4 magnetic nanocomposites were successfully synthesized via a one-step
polyol reduction process. The crystalline structure and phase purity of the as-prepared
samples were first ascertained by XRD. As presented in Figure 2A, all diffraction patterns
unambiguously confirm the co-existence of crystalline metallic silver (Ag0) and magnetite
(Fe3O4). The characteristic reflections observed at 2θ values of 38.13◦, 44.37◦, 64.55◦, and
77.51◦ are readily indexed to the (111), (200), (220), and (311) lattice planes of face-centered
cubic (fcc) Ag (JCPDS No. 04-0783) [41,50]. Concurrently, the distinct peaks at 30.22◦, 35.53◦,
43.23◦, 53.67◦, 57.16◦, and 62.73◦ correspond perfectly to the (220), (311), (400), (422), (511),
and (440) planes of the cubic spinel structure of Fe3O4 (JCPDS No. 19-0629) [41,50]. The
absence of diffraction peaks attributable to impurities, such as Fe2O3 or Ag2O, underscores
the high phase purity of the synthesized nanocomposites. Furthermore, as anticipated,
the relative intensity of the Ag diffraction peaks exhibits a systematic enhancement with
increasing nominal Ag:Fe molar ratio, indicative of a greater volume fraction of the metallic
silver phase within the composite structures.

Figure 2. (A) XRD pattern of Ag/Fe3O4 magnetic nanocomposites with different structure, (B) N2

adsorption–desorption isotherms of Ag/Fe3O4 magnetic nanocomposites. The inset in Figure (B) is
pore diameter distributions of Ag/Fe3O4 magnetic nanocomposite.

The morphological and structural evolution of the Ag/Fe3O4 nanocomposites, as a
direct function of the Ag:Fe precursor ratio, was elucidated through transmission electron
microscopy (TEM) analysis. Representative micrographs in Figure 3 reveal a systematic
architectural progression from dense core-shell to porous core-shell and finally to Janus
structures. At the lowest Ag:Fe ratio (0.1:1, Figure 3A,E), the nanocomposites exhibit a
classic, dense core-shell morphology. The distinct contrast, characterized by a dark, electron-
dense Ag core and a lighter, electron-translucent Fe3O4 shell, arises from the significant
difference in electron scattering cross-sections between the high-atomic-number Ag and
the lower-atomic-number iron oxide. Statistical analysis (Figure S1A,E) confirms a well-
defined structure with an Ag core diameter of 119.18 ± 29.65 nm, a total particle diameter
of 310 ± 39.90 nm, and a corresponding dense Fe3O4 shell thickness of approximately
191 ± 36.60 nm. From SEM image (in Figure 4A), AgFe-0.1 nanocomposites also shows
spherical structure with particle diameter of 310 nm.

This core-shell formation is governed by differential reduction kinetics in the polyol
medium. The higher standard reduction potential of Ag+/Ag0 (+0.80 V vs. SHE) com-
pared to Fe3+/Fe2+ (+0.77 V vs. SHE) facilitates the preferential nucleation and growth of
metallic Ag seeds at lower temperatures (~160 ◦C) [51]. These pre-formed Ag nanoparticles
subsequently act as heterogeneous nucleation sites. We propose a synergistic mechanism
where the Ag0 surface catalyzes the reduction of Fe3+ to Fe2+, which promotes the localized
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precipitation and growth of a continuous, dense Fe3O4 shell in the presence of hydroxide
ions from sodium acetate.

Figure 3. (A–H) TEM images of Ag/Fe3O4 magnetic nanocomposites with different structure:
(A,E) AgFe-0.1, (B,F) AgFe-0.2, (C,G) AgFe-0.4, (D,H) AgFe-0.6. (I) HR-TEM images of AgFe-0.4
magnetic nanocomposites. (J–L) The corresponding inverse FFT images in Figure (I): (J) position 1,
(K) position 2, and (L) position 3.

Figure 4. (A–D) SEM images of Ag/Fe3O4 magnetic nanocomposites with different structure:
(A) AgFe-0.1, (B) AgFe-0.2, (C) AgFe-0.4, and (D) AgFe-0.6. (E) EDS elemental mappings of AgFe-0.4
magnetic nanocomposites.

Upon increasing the Ag:Fe ratio to 0.2:1 and 0.4:1, a fundamental morphological
transition occurs. While a core-shell geometry is maintained (Figure 3B,C,F,G), the nanos-
tructures undergo a significant size reduction and the Fe3O4 shell becomes porous. Particle
size analysis (Figure S1B,C,F,G) shows the total diameter decreases to 105.79 ± 15.74 nm
(Ag:Fe-0.2) and 51.64 ± 13.11 nm (Ag:Fe-0.4), with the Ag core diameter concurrently
decreasing to 45.88 ± 11.43 nm and 24.07 ± 7.48 nm, respectively. Diameter decrease
from Ag:Fe-0.1 to Ag:Fe-0.4 also proved by SEM images in Figure 4. This trend is a direct
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consequence of the fixed Fe precursor concentration combined with increasing AgNO3. The
higher Ag+ availability promotes a greater number of nucleation events, yielding a larger
population of smaller Ag seeds. The limited iron precursor is then insufficient to form com-
plete, dense shells over all available seed surfaces, resulting in the formation of a porous
Fe3O4 matrix [52]. The N2 adsorption–desorption isotherms of the magnetic composites
were shown in Figure 2B, which exhibited the characteristic curves of porous materials.
The BET surface area, pore volume, and pore size were obtained from the isotherms as
shown in Figure 2B and Table S1, which confirmed a substantially larger specific sur-
face area for the porous AgFe-0.4 nanocomposite compared to the dense-shell analogue.
Ag:Fe-0.4 nanocomposites were characterized with SEM and EDX elemental mapping in
Figures 4E and S2C.

HR-TEM of the optimized porous AgFe-0.4 nanocomposite (Figure 3I) confirms its
high crystallinity. Lattice fringe analysis of the designated regions, supported by inverse
Fast Fourier Transform (IFFT) images (Figure 3J–L), reveals distinct interplanar spacings
of 0.296 nm, 0.236 nm, and 0.20 nm. These values correspond unambiguously to the
(220) plane of Fe3O4, the (111) plane of Ag, and the (200) plane of Ag, respectively [53,54],
confirming the intimate coexistence of both crystalline phases at the interface. At the
highest Ag:Fe ratio of 0.6:1, the structural evolution culminates in a Janus morphology
(Figure 3D,H). In this configuration, the Fe3O4 phase deposits asymmetrically, covering
only a portion of the Ag seed surface. This occurs when the population of Ag seeds is
maximized, and the limited iron species undergo preferential nucleation on specific facets
or regions of the Ag seeds, resulting in the observed heterodimer structure. EDS (Figure S2)
and quantitative analysis (Table 1) verify the co-localization of Ag and Fe in all architectures
and confirm that the elemental composition shifts consistently with the nominal precursor
ratios. The heterogeneous Ag/Fe3O4 nanocomposites with controlled morphology and
nanostructure enables the tuning plasmonic resonance, shown in Figure S3 [55].

Table 1. The element percentages of Ag/Fe3O4 magnetic nanocomposites: (A) AgFe-0.1, (B) AgFe-0.2,
(C) AgFe-0.4, and (D) AgFe-0.6.

Ag/Fe3O4 Magnetic
Nanocomposite

ICP EDS

Ag (Molar %) Fe (Molar %) Ag (Molar %) Fe (Molar %)

AgFe-0.1 9.77 90.23 11.84 88.16
AgFe-0.2 16.45 83.55 18.99 81.01
AgFe-0.4 28.95 71.05 35.09 64.91
AgFe-0.6 39.44 60.56 44.14 55.86

XPS was employed to probe the surface chemical states and investigate the interfacial
electronic interaction between Ag and Fe3O4. The survey spectra (Figure 5A) confirm the
expected elemental composition. For the AgFe-0.1 and AgFe-0.2 nanocomposites, only
Fe and O signals are detectable, indicating that the thick, dense Fe3O4 shell completely
attenuates the photoelectrons from the underlying Ag core. In contrast, distinct Ag 3d peaks
emerge in the spectra of the AgFe-0.4 and AgFe-0.6 nanocomposites, consistent with their
porous and Janus structures, which expose the Ag domains to the surface. High-resolution
analysis of the Ag 3d region (Figure 5B) reveals doublet peaks corresponding solely to
metallic Ag0 (Ag 3d5/2 and Ag 3d3/2), with no evidence of Ag+ species. A critical trend is
observed in the precise binding energy of the Ag 3d5/2 peak. As the Ag content increases
from the AgFe-0.2 to the AgFe-0.6 sample, the Ag 3d5/2 binding energy undergoes a
progressive negative shift, from 368.1 eV to 368.3 eV and finally to 368.15 eV [56]. This shift
toward lower binding energy indicates an increase in electron density on the Ag atoms.
Critical evidence for interfacial electronic coupling was derived from the Fe 2p spectra.
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A systematic positive shift in the Fe 2p binding energy was observed, increasing from
710.85 eV for AgFe-0.2 to 711.35 eV for AgFe-0.6. This consistent increase is indicative of a
decrease in electron density around the Fe species in Fe3O4. This phenomenon is attributed
to a charge transfer effect, wherein electron density is donated from the metallic Ag seeds
to the Fe3O4 shell at their interface [41,47]. The magnitude of this binding energy shift
correlates with the Ag content, suggesting that a higher density of Ag seeds enhances
the electronic interaction. Such interfacial charge transfer is known to modify the local
electronic structure, which can significantly influence the catalytic and functional properties
of the heterostructures [47].

Figure 5. (A) XPS full spectra, (B) Ag 3d, (C) Fe 2p, and (D) O 2p of Ag/Fe3O4 magnetic nanocomposites.

2.2. Catalytic Performance of Ag/Fe3O4 Magnetic Nanocomposites
2.2.1. Catalytic Activity and the Role of Nanostructure

The catalytic efficacy of the Ag/Fe3O4 magnetic nanocomposites was evaluated us-
ing the benchmark reduction of 4-NP to 4-AP using NaBH4 in aqueous solution. The
reaction progress was monitored via UV-vis spectroscopy by tracking the decay of the
4-nitrophenolate ion absorbance at 400 nm (Figure 6A) [57,58]. Control experiments con-
firmed the reaction is negligible without a catalyst. A stark contrast in performance was
observed among the different nanostructures. The dense AgFe-0.1 core-shell nanocompos-
ite showed negligible activity, as the 400 nm peak intensity remained constant (Figure 6B).
This is attributed to its non-porous Fe3O4 shell (Figure 3A,E), which physically blocks
reactant access to the active Ag core. In contrast, the introduction of porous Ag@Fe3O4

nanocomposites (AgFe-0.2 and AgFe-0.4) resulted in a rapid decrease of the 400 nm peak,
concomitant with the rise of a new peak at 300 nm corresponding to 4-AP (Figure 6A). This
confirms the critical role of the porous morphology (Figure 3B,C,F,G), which facilitates
mass transport, as further evidenced by their higher BET surface areas (Figure 2B).

2.2.2. Quantitative Kinetic Analysis

Given the significant excess of NaBH4, its concentration remained effectively constant,
allowing the reaction kinetics to be treated as pseudo-first-order with respect to 4-NP.
The apparent rate constant k was therefore determined from the linear slope of a plot of
−ln(At/A0) versus time (Figure 6C), according to the integrated rate law:

−ln(Ct/C0) = −ln(At/A0) = kt

where C0 and Ct represent the initial concentration and the concentration at time t, and A0

and At are the absorbances at 400 nm at the initial state and at time t, respectively.
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Figure 6. Catalytic performance of Ag/Fe3O4 magnetic nanocomposites for the reduction of 4-NP.
(A) The adsorption spectra of 4-NP, 4-NP and NaBH4 solution, and 4-AP. (B) Normalized At/A0 at
λ = 400 nm vs. reaction time for the reaction catalyzed by different nanocomposites. (C) Pseudo-
first-order kinetic plots derived from the data in (B). (D) Bar chart of the apparent rate constant (k)
calculated from the slopes in (C).

The AgFe-0.4 nanocomposite achieved complete conversion in just 75 s with a rate
constant of 6.29 × 10−2 s−1, significantly higher than that of AgFe-0.2 (4.06 × 10−2 s−1)
and AgFe-0.6 (3.08 × 10−2 s−1). To enable a fair comparison of intrinsic activity, the
normalized rate constant (kn) and turnover frequency (TOF) were calculated. The AgFe-0.4
catalyst delivered outstanding values (kn = 3742 s−1 mmol−1; TOF = 1042 h−1), which are
competitive with, or superior to, other leading catalysts (Table 2).

Table 2. The comparison of catalytic performances of various nanocatalysts.

Catalysts Catalyst (mg) Reaction
Time

k
(s−1)

knor
(s−1 mmol−1)

TOF
(h−1) Ref.

AgFe-0.2 0.005 150 s 4.06 × 10−2 4068 1133 This work
AgFe-0.4 0.005 75 s 6.29 × 10−2 3742 1042 This work
AgFe-0.6 0.005 200 s 3.08 × 10−2 1398 389 This work

Ag/PAM/PPy/GO 4 2.5 min 3.38 × 10−2 60.24 [59]
Ag-Au-rGO 0.1 360 s 0.35 × 10−2 152 [60]

Ag NPs@SCOF 50 3 min 17.6 × 10−2 81 [61]
Ag@CMP 7.4 1 h 0.135 × 10−2 1.84 17 [62]

Cu/AgNSs 0.0075 6 min 0.53 × 10−2 720 [63]
AgNDs 0.054 8 min 0.21 × 10−2 25.8 [64]

HPGNPs 9 min 0.747 × 10−2 94 [65]
PCB-AgNPs 60 s 0.43 × 10−2 10.617 [66]

Ag/C spheres 1 25 min 0.17 × 10−2 0.331 [67]
Ag/nanodendrites 600 s 0.56 × 10−2 0.304 [68]

Ag/nanosilica 2 78 min 0.076 × 10−2 1.130 [69]
0.5%Au/PDA (Sol) 5 240 s 0.973 × 10−2 10,125 [70]

AuNPs/Al2O3 2 12 min 0.46 × 10−2 [71]
Al2O3/Ag 10 120 s 3.535 × 10−2 [72]

AgNSs-DP20 0.02 6 min 1.196 × 10−2 [73]
FeNi@NPG-0.08 0.3 180 s 0.49 × 10−2 [74]
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2.2.3. Mechanistic Insight: Correlating Electronic Structure with Activity

The superior performance of the AgFe-0.4 catalyst cannot be explained by porosity
alone. The lower activity of the similarly porous AgFe-0.6 and Janus structure points to
an additional electronic factor. Our XPS analysis provides direct evidence for this: the
observed charge transfer from Ag to Fe3O4 (Figure 5) is most favorable in the AgFe-0.4
sample. This electron donation creates d-hole vacancies on the Ag surface, enhancing the
adsorption of H− intermediates and thereby accelerating the catalytic kinetics, consistent
with the Langmuir–Hinshelwood mechanism depicted in Figure 7 [5,75].

Figure 7. The proposed reaction mechanism for the catalytic reduction of 4-NP.

2.2.4. Magnetic Properties and Recyclability

The practical utility of the optimal AgFe-0.4 catalyst was demonstrated through
its excellent recyclability. The nanocomposite exhibited superparamagnetic behavior
(Figure 8A) with a saturation magnetization of 48.6 emu/g, enabling rapid magnetic
separation within one minute (Figure 8B). Over eight consecutive cycles, the catalyst main-
tained a conversion efficiency of >95% without significant deactivation (Figures 8C and S4).
After being repeated eight times, AgFe-0.4 nanocomposites maintained good morphology
and structure, a shown in Figure 8D.

Figure 8. (A) Field-dependent magnetization curves of Ag/Fe3O4 magnetic nanocomposites at
300 K, (B) The enrichment and redispersion process of porous AgFe-0.4 magnetic nanocomposites,
(C) The reusability of porous AgFe-0.4 magnetic nanocomposites, and (D) TEM images porous
AgFe-0.4 magnetic nanocomposites after 8 times repeatability tests.
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2.2.5. Catalytic Performance of Porous Ag@Fe3O4 Magnetic Nanoreactors for
Hydrogenation of Different Nitroaromatics

To verify the prepared porous Ag@Fe3O4 magnetic nanoreactors with generality
and robustness, we investigated the catalytic reduction of nitroaromatics bearing differ-
ent functional groups. Nitrobenzene, p-NT (with methyl group), p-NCB (with halogen),
p-NAN (with amino group), and 6-NPI (heterocyclic ring compound) were used as sub-
strate to characterize the catalytic properties, as shown in Figures 9 and S5. The catalytic
performance for different nitroaromatics were listed in Table 3. For all substrates, the
reduction reaction completed within 3 min. All the conversion efficiency were above 95%.
The hydrogenation of different nitroaromatics exhibited high-rate constants.

Figure 9. Catalytic performance of porous Ag@Fe3O4 magnetic nanoreactors for the reduction of
different Nitroaromatics (A,B) and for reduction 4-NP in river water and lake water (C,D): (A,C)
Normalized At/A0 versus reaction time, (B) Pseudo-first-order kinetic plots derived from the date in
(A), and (D) Pseudo-first-order kinetic plots derived from the date in (C).

Table 3. Catalytic properties of porous Ag@Fe3O4 magnetic nanoreactors in the NaBH4-mediated
hydrogenation reduction of different nitroaromatics.

Substrate Substrate Product Reaction
Time (s) Conv. [%] k

(s−1)

Nitrobenzene 95 95 3.16 × 10−2

p-NT 100 95 2.69 × 10−2

p-NCB 120 95 2.94 × 10−2

p-NAN 85 95 4.47 × 10−2

6-NPI 150 95 2.79 × 10−2
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2.2.6. Catalytic Performance of Porous Ag@Fe3O4 Magnetic Nanoreactors for Reduction
4-NP in Natural Environments

To verify the prepared porous Ag@Fe3O4 magnetic nanoreactors with real application
in environment governance, we investigated the catalytic reduction of 4-NP in natural
aqueous solution. As shown in Figure 9C,D, the porous Ag@Fe3O4 magnetic nanoreactors
in river water and lake water remains good catalytic performance towards the reduc-
tion of 4-NP. The reduction reaction completed within 100 s. The conversion efficiencies
were above 95%. The catalytic rate constants were 5.51× 10−2 s−1 (in river water) and
4.98× 10−2 s−1 (in lake water) in Table 4, respectively. In our experiment, the chemical
composition of natural water was not analyzed. Ions (Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, or
others) present in natural water could potentially affect the degradation reaction of 4-NP,
but this is not the focus of our article. The porous Ag@Fe3O4 magnetic nanoreactors in
river water and lake water remained good catalytic performance towards the reduction
of 4-NP. These catalytic results confirm the practical applicability of our catalyst in real
environmental samples.

Table 4. Catalytic hydrogenation of 4-NP by porous Ag@Fe3O4 magnetic nanoreactors in
natural environments.

Solution Reaction
Time (s) Conv. [%] k

(s−1)

river water 105 95 5.51 × 10−2

lake water 100 95 4.98 × 10−2

3. Materials and Methods
3.1. Materials

The following analytical grade reagents were used as received: Iron (III) nitrate nonahy-
drate (Fe(NO3)3·9H2O), silver nitrate (AgNO3), sodium borohydride (NaBH4), ethylene gly-
col (EG), anhydrous sodium acetate (NaOAc), and ethanol (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China). Nitrobenzene, 4-nitrophenol (4-NP), p-nitroaniline (p-NAN),
and 6-nitrobenzimidazole (6-NPI) were obtained from Aladdin Co. p-Nitrotoluene (p-NT)
and p-nitrochlorobenzene (p-NCB) were purchased from Shanghai Macklin Biochemical
Co., Ltd., Shanghai, China. All experiments utilized ultrapure water (18.2 MΩ·cm). Before
use, all glassware was meticulously cleaned with freshly prepared aqua regia (HCl:HNO3,
3:1 v/v) and rinsed with ultrapure water.

3.2. Preparation of Ag/Fe3O4 Nanocomposites

Ag/Fe3O4 nanocomposites with tunable morphologies were synthesized via a mod-
ified one-step polyol method [41,76]. In a representative procedure for synthesizing the
porous AgFe-0.4 nanocomposite, AgNO3 (0.0459 g), and Fe(NO3)3·9H2O (1.0908 g) were
dissolved in 30 mL of EG under vigorous stirring at 600 rpm to form a clear, homogeneous
solution. Subsequently, sodium acetate (1.8 g) was added as an alkaline mineralizer and
electrostatic stabilizer. After stirring for 30 min, the resulting suspension was transferred
to a 100 mL Teflon-lined stainless-steel autoclave and heated at 200 ◦C for 7 h to facilitate
simultaneous reduction and nucleation processes.

After the autoclave cooled to room temperature naturally, the black magnetic product
was collected using an external magnet. The product was then washed sequentially with
anhydrous ethanol and ultrapure water (three times each) to remove residual organics and
salts. Finally, the product was divided into two portions: one was dried under vacuum at
room temperature for 24 h to obtain a black powder for solid-state characterization, and the
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other was redispersed in ultrapure water to form a stable colloidal suspension (0.1 mg/mL)
for catalytic tests.

To investigate the effect of composition on morphology, the Ag:Fe molar ratio was sys-
tematically varied while keeping the total reaction volume and Fe precursor concentration
constant. The corresponding samples are denoted as AgFe-0.1, AgFe-0.2, AgFe-0.4, and
AgFe-0.6, where the number indicates the nominal Ag:Fe molar ratio.

3.3. Evaluation of Catalytic Performance

The catalytic performance of the Ag/Fe3O4 nanocomposites was evaluated using the
benchmark reduction of 4-NP to 4-AP by NaBH4 in aqueous solution [57,58]. A standard
catalytic test was conducted as follows: first, 50 µL of the catalyst colloidal suspension
(0.1 mg mL−1) was mixed with 2.57 mL of ultrapure water in a quartz cuvette. Then,
180 µL of an aqueous 4-NP solution (1.1 mM) was added, followed by the rapid injec-
tion of 200 µL of a freshly prepared NaBH4 solution (0.4 M) to initiate the reaction. This
resulted in a total reaction volume of 3.0 mL with final concentrations of approximately
1.67 µg mL−1 catalyst, 0.066 mM 4-NP, and 26.7 mM NaBH4. All catalytic reactions
were carried out at 25 ◦C. The reaction does not require stirring. The large excess
of NaBH4 relative to 4-NP ensured pseudo-first-order reaction kinetics with respect to
4-NP concentration.

The cuvette was immediately transferred to a UV-Vis spectrophotometer, and the
temporal decay of the 4-nitrophenolate ion absorbance at 400 nm was monitored at room
temperature (ca. 25 ◦C). For recyclability tests, the catalyst was magnetically separated
after each reaction cycle, washed thoroughly with ultrapure water to remove any adsorbed
reactants or products, and then redispersed in a fresh reaction mixture to start the next
cycle under identical conditions.

During catalytic reduction of 4-NP in natural aqueous solution experiments, the
step was same except that the river water and lake water were used. The river water
used in our study was collected from Benghe River (Linyi section, China, 35◦08′01′ ′ N,
118◦17′15′ ′ E). The Lake water was collected from Litter Lake in Linyi University (35◦07′17′′ N,
118◦16′38′ ′ E). The collected natural water was filtered through a 200 nm filter membrane
and spiked with 4-NP to simulate contamination.

3.4. Characterization

The synthesized nanocomposites were characterized to determine their structural,
compositional, optical, and magnetic properties. The crystalline structure and phase
composition were analyzed using X-ray diffraction (XRD) on a Rigaku SmartLab3000
diffractometer (Rigaku Holdings Corporation, Tokyo, Japan). Morphology, size, and ele-
mental composition were investigated using a JEM-2100 transmission electron microscope
(JEOL Ltd., Tokyo, Japan) operated at 200 kV, equipped with an energy-dispersive X-ray
spectroscopy (EDS) detector; particle size distributions were statistically determined from
over 100 individual particles in TEM images. Morphology, size, and elemental composition
were also investigated using a FE-SEM-5000 scanning electron microscope (CIQTEK, Hefei,
China) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector. Surface
chemical states were probed by X-ray photoelectron spectroscopy (XPS) on a Thermo
Fisher ESCALAB Xi+ system with an Al Kα X-ray source (1486.6 eV), and all binding
energies were referenced to the C 1 s peak at 284.8 eV. Quantitative elemental analysis of
silver and iron was performed by inductively coupled plasma optical emission spectrome-
try (ICP-OES) using an EXPEC6000 instrument. Optical properties, including extinction
spectra and time-dependent absorbance during catalytic reactions, were recorded with
a Shimadzu UV-3600 UV-Vis spectrophotometer. Magnetic properties were measured at
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300 K using a LakeShore 7404 vibrating sample magnetometer (VSM), with magnetization
curves collected between −20 kOe and +20 kOe. Finally, textural properties were assessed
from nitrogen adsorption–desorption isotherms measured at 77 K on a Quantachrome
NOVAtouch LX3 analyzer (Anton Paar, Austria), with the specific surface area calculated
using the Brunauer–Emmett–Teller (BET) method.

4. Conclusions
In summary, this work demonstrates Ag@Fe3O4 nanocomposites were controllably

synthesized by a facile one-pot polyol method. By varying the Ag:Fe precursor ratio, the
structure could be tuned from dense and porous core-shell to Janus architectures. The
porous Ag@Fe3O4 nanoreactors (Ag:Fe-0.4) exhibited exceptional catalytic performance,
achieving complete 4-NP reduction within 75 s, with an apparent rate constant (k) of
6.29 × 10−2 s−1, a normalized rate constant (kn) of 3742 s−1 mmol−1, and a TOF value
of 1042 h−1. XPS results verified that the excellent activity originated from the porous
structure and interfacial charge transfer from Ag to Fe3O4. The catalysts showed super-
paramagnetism and could be reused for at least eight cycles with >95% conversion retained.
It also displayed high efficiency in reducing diverse nitroaromatics and in natural water.
This work highlights the significance of structural and electronic modulation, providing a
scalable strategy for magnetically recyclable catalysts toward environmental remediation
and heterogeneous catalysis.
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//www.mdpi.com/article/10.3390/catal16050445/s1: Figure S1. The size distribution of Ag/Fe3O4
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Ag/Fe3O4 magnetic nanocomposite. (A) AgFe-0.1, (B) AgFe-0.2, (C) AgFe-0.4, and (D) AgFe-0.6.
Figure S3. The UV-Vis spectral of Ag/Fe3O4 magnetic nanocomposite: (A) AgFe-0.1, (B) AgFe-0.2,
(C) AgFe-0.4, and (D) AgFe-0.6. Figure S4. The UV-Vis spectra of 4-NP after reduction in different
cycles. Figure S5. The adsorption spectra of nitrobenzene, p-nitroaniline (p-NAN), p-Nitrotoluene (p-
NT) and p-nitrochlorobenzene (p-NCB) and 6-nitrobenzimidazole (6-NPI) before and after addition
of NaBH4 solution. Table S1. Surface area, pore radius and total pore volume of Ag/Fe3O4 magnetic
nanocomposites measured by BET.
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