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The efficient reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) has garnered significant interest
in the fields of environmental remediation and chemical manufacturing. However, conventional catalytic
reduction methods encounter challenges such as insufficient catalyst activity, poor stability, and high
costs. Nickel—-iron bimetallic systems offer promise due to their synergistic effects, and recent studies
have shown that boron incorporation (Ni-Fe—B) further enhances activity through electronic modulation
and improved charge transfer. Despite these advantages, the potential of Ni—Fe—-B for 4-NP reduction
remains largely unexplored. In this study, a series of Ni—Fe—B catalysts with tunable Ni/Fe ratios were syn-
thesized via ultrasound-assisted reduction and evaluated for the catalytic reduction of 4-NP at room
temperature. By systematically adjusting the Ni/Fe molar ratio, we optimized the morphology and elec-
tronic structure of the catalysts, leading to significantly enhanced catalytic performance. Notably, this
study pioneers the application of Ni—Fe—B catalysts for 4-NP reduction. Remarkably, the NizFe;—B sample
demonstrated exceptional activity, achieving complete 4-NP conversion within just 3 minutes, surpassing
the performance of monometallic borides (Ni—-B or Fe—B). This enhancement is attributed to the strong
synergistic effect between Ni and Fe, where electron redistribution facilitated by boron incorporation pro-
motes hydrogenation kinetics. Furthermore, NizFe;—B exhibited excellent cycling stability, maintaining
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high activity over multiple runs without significant degradation, which is crucial for practical applications.
These findings not only establish Ni-Fe—B as a highly efficient catalyst system for 4-NP reduction but also
provide fundamental insights into the design of bimetallic boride materials for sustainable chemical
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have been employed to mitigate the hazards associated with

Introduction

4-NP, including electrochemical treatment,”  Fenton
Nitroaromatic compounds are widely utilized in the chemical ~degradation,'®"* photocatalytic degradation,"*'* microbial
industry as raw materials for pesticides, explosives and other degradation,">*® microwave catalytic oxidation,"”
chemical products, contributing significantly to environmental —adsorption,'®° and electrocatalytic reduction.*’”>*> However,

pollution, particularly water pollution, and thereby posing a
threat to living organisms."™ 4-Nitrophenol (4-NP) is a highly
toxic nitroaromatic compound that resists degradation in
natural environments and can bioaccumulate over time. It is
classified as carcinogenic, hepatotoxic, and mutagenic, pre-
senting significant risks to human health.®”® various methods
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these methods are often complicated and costly, leading to
growing interest in the green and straightforward reduction of
4-NP to 4-aminophenol (4-AP) using sodium borohydride
(NaBH,) as a reducing agent. This approach is advantageous
as it operates under mild conditions and can be performed in
aqueous media. Furthermore, 4-AP is an important compound
that finds widespread application in dyes, pharmaceuticals,
and pesticides.”* > Despite its potential, the slow self-hydro-
lysis of NaBH, significantly hampers the rate of hydrogenation,
making the presence of a catalyst essential for efficient reac-
tions.*® Therefore, developing cost-effective catalysts with high
catalytic activity is of paramount importance.

So far, a considerable number of catalysts have been devel-
oped for the catalytic reduction of nitroaromatic
compounds.’™** Significantly, noble metal-based catalysts

This journal is © The Royal Society of Chemistry 2025
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have been extensively studied due to their high -catalytic
efficiency in the hydrogenation of 4-NP to 4-AP.>**> However,
their widespread application is constrained by issues of scar-
city and high costs. Consequently, there is a pressing need for
more accessible and economical alternatives, such as non-pre-
cious transition metal borides, nitrides, carbides, sulfides,
selenides, and phosphides.®*?° Transition metal-based
borides, in particular, have garnered significant attention for
their low cost and potential catalytic activity.’*”*> More metal
borides can be obtained by ultrafast synthesis, which exhibit
good catalytic performance.”®** Previous research indicates
that NiB, exhibits superior catalytic properties compared to
pure nickel catalysts.*® However, metal borides tend to aggre-
gate into larger particles during synthesis,*” which diminishes
their catalytic activity. The introduction of another metal
element can effectively inhibit the aggregation of catalyst par-
ticles and adjust the adsorption of reactants on the active
sites, thus affecting the catalytic activity.’® For instance, Ni-
supported Co-Mo-B catalysts have demonstrated promising
catalytic capabilities for the hydrolysis of NaBH,.*>°
Furthermore, the optimized ratio of Ni/Fe/B in the NiFeB cata-
lyst can provide abundant synergistic active sites for the N,
reduction reaction,” and the intervention of Fe is helpful for
the formation of electron-rich metal centers and strong acidic
centers within the catalyst.® These examples encourage us to
construct efficient bimetallic borides for catalytic reduction of
4-NP to 4-AP.

In this work, we developed amorphous nickel-iron bi-
metallic boride (Ni-Fe-B) catalysts via a facile ultrasound-
assisted reduction method for efficient 4-NP reduction at
ambient temperature. Remarkably, the optimized Niz;Fe,-B
catalyst achieved >99% conversion of 400 mg L™ 4-NP (80 mL)
within 3 minutes, exhibiting an outstanding apparent rate con-
stant (1.363 min~"). Systematic comparisons revealed that
both boron incorporation and Ni-Fe synergy are critical: (i)
boron modulates the electronic structure, enhancing electron
transfer from BH,~ to 4-NP, while (ii) the bimetallic interaction
optimizes intermediate adsorption. Furthermore, Ni;Fe,-B
demonstrated excellent cycling stability over ten consecutive
runs with negligible activity loss (<10%), underscoring its prac-
tical potential for wastewater treatment. To our knowledge,
this work represents the first demonstration of Ni-Fe-B as a
catalyst for 4-NP reduction.

Experimental section
Chemicals and materials

All materials were used as received without additional purifi-
cation. Nickel(u) nitrate hexahydrate (Ni(NOj),-6H,O, 99.9%)
and iron(m) nitrate nonahydrate (Fe(NO;);-9H,0, 99%) were
obtained from Sigma-Aldrich. Sodium borohydride (NaBH,,
98%), anhydrous ethanol (EtOH, 99.7%) and 4-nitrophenol
(4-NP, 99%) were sourced from Sinopharm Chemical Reagent
Co. Ltd. Ultrapure water (Millipore, 18.25 MQ cm™") was used
in all experiments.
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Synthesis of NizFe;-B

Bimetallic NizFe;-B was synthesized through ultrasound-assisted
reduction. Initially, 0.6 mmol of Ni(NOj3),-6H,0 and 0.2 mmol of
Fe(NO3);-9H,0 were dissolved in 5 mL of absolute ethanol and
sonicated for 5 minutes to form a metal salt solution.
Subsequently, 1.0 mL of freshly prepared NaBH, (1.6 mol L)
was added dropwise to the metal salt solution, resulting in
immediate formation of bubbles and black precipitates.
Sonication was continued for 30 minutes until no more bubbles
were observed, indicating complete reduction of Ni** and Fe®".
The black precipitate was then centrifuged, washed multiple
times with absolute ethanol, and finally dried in a vacuum oven
at 40 °C for 12 hours to obtain the Ni;Fe,-B samples.

Bimetallic Ni-Fe borides were synthesized using a similar
method for comparison purposes. The total metal content in
the metal salt solution was maintained at 0.8 mmol. The Ni/Fe
molar ratios in the initial metal salt solution were varied to
3:1, 1:1, and 1:3, resulting in the production of NisFe;-B,
Ni;Fe;-B, and Ni;Fe;-B, respectively. These names are based
on the actual metal molar ratios determined by subsequent
ICP-OES analysis of bimetallic borides.

Catalyst characterization

The morphological and structural characteristics of the syn-
thesized samples were studied in detail using various analyti-
cal techniques. Field emission scanning electron microscopy
(FESEM, Gemini300), transmission electron microscopy (TEM,
JEM-1400) and high-resolution transmission electron
microscopy (HRTEM, JEM-2100F) were used to observe the
morphology of the samples. Elemental profiling of samples
was performed by means of a built-in energy dispersive
spectrometer (EDS). X-ray diffraction (XRD) spectra were
obtained using a Bruker D8 Focus 2000 X-ray diffractometer
and X-ray photoelectron spectroscopy (XPS) analysis was per-
formed with a Thermal Science ESCALAB 250XI system. The
actual metal molar ratios of the samples were determined
using inductively coupled plasma mass spectrometry
(ICP-OES, ICAP-7200). The specific surface area of the sample
was measured via nitrogen adsorption desorption isotherm
measurement using a specific surface area and pore size analy-
zer (BET, Tristar II 3020). In addition, monitoring of catalytic
reaction changes was performed using an ultraviolet-visible
absorption spectrophotometer (UV-vis, UV-1900).

Testing the catalytic performance

The reduction of 4-NP by NaBH, served as a model reaction to
test the catalytic activity of the prepared samples. The reaction
was typically carried out in a beaker at room temperature, and
monitored using UV-vis spectroscopy. An aqueous solution of
4-NP (80 mlL, 400 mg L") was mixed with 2 mL of NaBH,
(1.0 mol L") to form a bright yellow solution. Subsequently,
NizFe;-B dispersed in absolute ethanol (0.5 mL, 10 mg mL ™)
was added to the yellow reaction solution described above.
During the reaction, 150 pL of the reaction supernatant was
collected, diluted to 3 mL with ultrapure water, and tested
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using a UV-vis absorption spectrophotometer with a scanning
range of 250-500 nm. The apparent rate constant (k,pp) was
calculated using the following equation (eqn (1)):

c\ (A
—kapp -t =1n <Co) =In (Ao) (1)

where C, and C, represent the concentrations of 4-NP at time ¢
and the initial state. The concentration (C) is directly pro-
portional to the absorbance (4) according to Beer’s law.

In the cycling test, ten consecutive reactions of NizFe,-B
were measured. After the first run, 75 mg of NaBH, and
1.0 mL of 32 g L™" 4-NP were added directly to the reaction
system for the second run, and the same process occurred for
the next runs.

Results and discussion
Preparation and structural characterization of NizFe,-B

Ni-Fe-B catalysts were synthesized by a one-step process as
shown in Fig. 1a. In the reaction, NaBH, not only acts as a

Ni;Fe,-B

NaBH,,

Ultrasound
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strong reductant, but also acts as a boron source, releasing a
large amount of boron, which is integrated into the metal
matrix, thus promoting the formation of metal borides.>®

As indicated in Tables S1 and S3,T the ICP-OES and XPS
elemental analysis confirmed the successful synthesis of Ni-
Fe-B catalysts with varying Ni/Fe metal ratios. The XRD diffrac-
tion pattern shown in Fig. 1b shows no distinct diffraction
peaks, indicating that NizFe,;-B has an amorphous structure.
Meanwhile, Fig. S1t shows that Ni-Fe-B catalysts with
different metal ratios all exhibit an amorphous structure,
aligning with previous studies.>® Further TEM morphological
studies revealed that Ni;Fe,-B is composed mainly of irregular
nanosheets (Fig. 1c-e). From Fig. S2a,7 it is observed that Ni-B
has obvious aggregation of nanosheets, but it is improved in
NizFe;-B. These results indicate that proper Fe addition affects
the aggregation process of the catalyst, but excessive Fe
addition makes the nanosheets broken (Fig. S2b-df).
Nanoflowers formed by stacking of nanosheets can be detected
in FESEM images of NizFe;-B (Fig. S3t), which is consistent
with TEM results. Importantly, no dots or distinct rings were
found in the selected area electron diffraction (SAED) pattern

(b)

Intensity(a.u.)

20 30 40 50 60 70 80
2-Theta(degree)

Fig. 1 (a) Schematic diagram of the synthesis of NisFe;—B; (b) XRD patterns of NizFe;—B; (c and d) TEM images and (¢) HRTEM image of NizFe;—B
(inset: SAED pattern of the sample); and (f—i) elemental mapping of Ni, Fe and B.
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of NizFe,;-B (inset in Fig. 1e), further confirming the amor-
phous structure of Niz;Fe;-B. In addition, elemental mapping
of the NisFe;-B sample shows that Ni, Fe and B elements are
uniformly distributed on the catalyst surface, indicating the
successful formation of Ni-Fe-B catalysts (Fig. 1f-i).

The surface chemical state and electronic structure of
NizFe;-B were further analyzed using XPS. Fig. 2 shows XPS
spectra of (a) survey, (b) Ni 2p, (c) Fe 2p and (d) B 1s. The
whole scanning survey spectrum indicates the existence of Ni,
Fe and B (Fig. 2a), which is consistent with the EDS
analysis (Fig. S41). All elements were calibrated with a C 1s
peak at 284.8 eV. As shown in Fig. 2b, peaks from the Ni 2ps/,
spectrum correspond to Ni bonded to B (Ni-B, 852.5 eV), Ni**
(856.2 eV and 873.7 eV) for nickel oxide/hydroxide, and satel-
lite peaks, respectively.>>™” The fitted peaks in the Fe 2ps,
spectrum correspond to Fe bonded to B (Fe-B, 708.1 eV), Fe**
and Fe** (712.4 eV, 715.6 eV and 725.8 eV).’® The
coexistence of metal and metal oxide species is thought to
facilitate hydrogen activation and provide active sites for cata-
Iytic reactions.>® For the B 1s spectrum (Fig. 2d), the peak at
192.1 eV confirms the presence of boron oxide species, while
the peak at 187.8 eV indicates the formation of metal-boron
bonds.>>*® Boron oxide can accelerate the hydrolysis of BH,~
to produce active hydrogen species (H*) through surface
hydroxyl groups (-OH) and transfer them to nearby Ni/Fe
active sites.

Catalytic reduction of 4-NP

The catalytic process was elucidated through the model reac-
tion of 4-NP reduction to 4-AP. As shown in Fig. 3a, the orig-
inal solution of 4-NP shows a distinct absorption peak at
317 nm, which shifts to 400 nm when freshly prepared NaBH,
is added, due to deprotonation under alkaline conditions.
After adding only NaBH, to the 4-NP solution and letting it
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Fig. 2 The XPS spectra of (a) survey, (b) Ni 2p, (c) Fe 2p, and (d) B 1s of
Ni3Fel—B.
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stand for 30 minutes, no spectral changes were observed
(Fig. 3b), indicating that catalytic hydrogenation does not
occur even with an excess of NaBH, in the absence of a
catalyst,’"®* further demonstrating the importance of the cata-
lyst. To demonstrate the essential role of a reducing agent, we
conducted a control experiment in the absence of the reducing
agent (NaBH,). When only the catalyst was added to the 4-NP
solution, the characteristic absorption peak decreased by
merely 10% within 10 minutes (Fig. S5t), confirming that both
the catalyst and reducing agent are indispensable for efficient
4-NP reduction. These results also indicate that there is only
limited physical adsorption between the catalyst and reactants,
and the rapid decrease of the 4-NP concentration during cata-
Iytic reduction is mainly due to catalytic reaction on active
sites rather than the adsorption effect.

As shown in Fig. 3¢, NizFe;-B exhibits the highest catalytic
efficiency, achieving complete conversion of 4-NP to 4-AP
within just 3 minutes. Comparative studies reveal progressively
slower reaction kinetics for other compositions: Ni-B (4 min,
Fig. S6at), Ni;Fe;-B (5 min, Fig. S6bt), Ni;Fe;-B (15 min,
Fig. Séct), and Fe-B (13 min for only ~40% conversion,
Fig. S6df). The catalytic performance follows the order:
NizFe;-B > Ni-B > Ni,;Fe,;-B > Ni;Fe;-B > Fe-B (Fig. 3d), with
NisFe,-B demonstrating superior activity. Kinetic analysis
based on pseudo-first-order reaction models further confirms
this trend.®*® The linear plots of In(4/4,) versus time (Fig. 3e
and f) yield apparent rate constants (kapp) of 1.363 min™'
(NizFe;-B), 1.118 min~" (Ni-B), 0.803 min~" (NisFe,-B),
0.198 min~" (Ni;Fe;-B), and 0.014 min~" (Fe-B). The steepest
slope and highest k,p, value observed for Ni;Fe,-B indicate its
optimal charge transfer kinetics. These results unambiguously
demonstrate that: (1) Ni-Fe bimetallic borides outperform
their monometallic counterparts, and (2) the Ni/Fe atomic
ratio critically determines catalytic performance through syner-
gistic electronic effects.

To elucidate the role of boron incorporation and reducing
agent selection, we systematically evaluated the catalytic per-
formance under different conditions. First, comparative
studies between NizFe;-B and NiFe alloy revealed that boron
doping significantly enhances catalytic activity by optimizing
the electronic structure (Fig. S7at). Second, when comparing
different reducing agents, while N,H,-H,O achieved similar
conversion times, the apparent rate constant (k,p,) was higher
with NaBH, as the hydrogen source (Fig. S7b-d¥), indicating
its superior reduction capability in this system.

Table S21 shows a comparative analysis of the catalytic per-
formance of the synthesized catalysts in this study and various
nanomaterials from the existing literature for the reduction of
4-NP. It is noteworthy that NizFe;-B exhibits catalytic activity
superior to that of several noble metal-based catalysts. This
remarkable activity of NizFe,-B is attributed to the synergistic
effect between nickel and iron, along with the electronic inter-
action between boron and metallic components, as confirmed
by the previous analysis. Therefore, Ni;Fe;-B is the most
efficient catalyst among the five materials synthesized in this
study.
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Fig. 3

(@) The UV-vis absorption spectra of 4-NP, 4-AP and 4-NP + NaBHy,; (b) UV-vis absorption spectrum of 4-NP reduction in the absence of a

catalyst; (c) UV-vis absorption spectrum of NizFe;—B; (d) plots of C;/Cy against the reaction time; (e) plots of In(A/Ap) against the reaction time; and

(f) the calculated k,pp value in different catalysts.

Exploration of experimental conditions

The results show that there is a relationship between the cata-
lytic rate on the catalyst surface and the initial concentration
of 4-NP and the concentration of the reductant. The mecha-
nism of 4-NP reduction was elucidated by varying the concen-
trations of (i) 4-NP (400-1000 mg L") and (ii) NaBH,
(0.33-1.32 mol L™"). As shown in Fig. 4a-c and Fig. S8, the
reaction rate decreases with increasing 4-NP concentration,
resulting in a corresponding decrease in kapp values. This is
due to high concentrations of 4-NP and its reaction intermedi-
ates being readily adsorbed on the catalyst surface, which
hinders desorption and inhibits catalytic reduction.
Conversely, as shown in Fig. 4d-f and Fig. S9,7 the reaction
rate increases with increasing NaBH, concentration in the
range of 0.33-1.0 mol L™". However, when the concentration
increased to 1.32 mol L™, the reaction rate decreased slightly.
This result indicates that excess reductant leads to competitive
adsorption on the catalyst surface, thereby preventing 4-NP
molecules from binding to the active site. This competition
limits the availability of the active site of 4-NP, reducing overall
conversion.

Stability evaluation

Catalyst stability is crucial for evaluating performance and
practical applications. We evaluated the stability of NizFe,-B
through ten consecutive experiments at room temperature. As
shown in Fig. 5a, the cycle test indicated that NizFe,;-B had

10258 | Dalton Trans., 2025, 54, 10254-10262

excellent cycling performance over ten cycles. The catalytic per-
formance of the catalyst slightly decreased after ten cycles but
still maintained over 90%, as shown in Fig. S10.} Fig. 5b also
shows that the absorbance value at 300 nm increased steadily
during the reaction, along with the gradual accumulation of
product 4-AP. Additionally, the XRD pattern (Fig. 5¢) and TEM
image (Fig. 5d) remained largely unchanged compared to the
original catalyst, further confirming the excellent stability of
Ni;Fe;-B in the catalytic reduction of 4-NP.

Catalytic reduction mechanism

Previous studies provide theoretical support for the catalytic
reduction of 4-NP by Ni-Fe-B catalysts through density func-
tional theory (DFT) calculations. First, studies on amorphous
NiB, *¢ reveal that boron facilitates electron transfer and sub-
strate adsorption, analogous to 4-NP activation on Ni-Fe-B.
Second, Co,B research®® shows that Ni/Fe ratios tune catalytic
activity by modulating surface charge distribution. Third,
boron-doped Ni/Fe nanohybrids®” demonstrate bimetallic
synergy and electron delocalization enhance hydrogenation.
These findings align with the role of NizFe;-B in adsorbing
reactants and mediating electron transfer from BH,".

Niz;Fe;-B nanostructures provide adsorption sites for reac-
tants and facilitates electron transfer between BH,™ (as an elec-
tron donor) and the nitro group (-NO,, as an electron accep-
tor). Experimental results and the related literature indicate
that the catalytic reduction process involves several key steps
(Fig. 6): (I) adsorption of 4-NP and NaBH, on the Ni;Fe;-B

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Reusability test of pre-prepared NizFe;—B in 4-NP catalytic
reduction at room temperature; (b) UV-visible absorption spectra of
4-AP formation; (c) XRD patterns of NizFe;—B before and after reaction;
and (d) TEM image of NizFe;—B after reaction.

surface, which promotes the decomposition of NaBH, and
releases active hydrogen; (II) electron transfer from Niz;Fe;-B to
adsorbed 4-NP, allowing the -NO, group to gain electrons; (III)
active hydrogen generated from NaBH, is also transferred to
the 4-NP molecule, reducing the -NO, group to the amino

This journal is © The Royal Society of Chemistry 2025

%290
o
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Fig. 6 Mechanistic diagram of the catalytic reduction of 4-NP.

group (-NH,); and (IV) desorption of product 4-AP from the
catalyst surface.

The XPS analysis of NizFe;-B before and after the reaction
(Fig. S11at) reveals that electron transfer on its surface is
crucial for its catalytic activity. As shown in Fig. S11b,T the
binding energy of metallic Ni decreases slightly, and the oxi-
dation peak area reduces, indicating an increase in the elec-
tron cloud density of Ni atoms. Ni serves as an active center,
becoming more reduced with a lower oxidation state. The XPS

Dalton Trans., 2025, 54,10254-10262 | 10259
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spectrum of Fe 2p (Fig. S11ct) shows a slight decrease in the
binding energy of metallic Fe and an increase in the peak area
of Fe*". This suggests that Fe*" readily loses electrons during
the reaction, transferring them to the reactants or Ni atoms,
and gets oxidized to Fe*", thereby promoting the reduction of
reactants. As shown in the XPS spectra of B 1s in Fig. S11d,¥
the binding energy of B shifts positively by 0.4 eV after the
reaction compared to before, indicating that B participates in
electron transfer, altering its bonding with metal atoms and
adjusting the electron cloud distribution, which increases the
binding energy of M-B bonds. Ni tends to gain electrons and
get reduced, Fe promotes the reduction of reactants by losing
electrons, and B participates in electron transfer by adjusting
its bonding with metals. The synergistic effect of the three
elements achieves efficient electron transfer, driving the cata-
lytic reaction.

As shown in Fig. S12,1 the synergistic effect of Ni and Fe is
demonstrated. Ni, as the main active center, adsorbs and
initially activates the reactants, while Fe, after accepting elec-
trons from Ni, experiences an increase in its electron cloud
density and a change in its electronic structure. Therefore, Ni
together with Fe enhances the catalyst’s activity and stability.
The XPS analyses of Ni-Fe-B catalysts with varying Ni/Fe metal
ratios were also performed (Fig. S13}). Regulating the Ni/Fe
ratio could optimize the electronic structure by modulating
charge distribution between Ni (57) and Fe (§). A Ni-rich
environment (e.g., Ni;Fe;-B) enhances H* generation and sub-
strate adsorption, while balanced Ni/Fe (Ni;Fe;-B) enables
efficient electron transfer and Fe®*/Fe** redox cycling for -NO,
reduction. Excess Fe (Ni;Fe;-B) shifts the electron density to
Fe, but may form passivation layers, impairing activity.
Electrochemical impedance spectroscopy (EIS) demonstrates
that NizFe;-B exhibits enhanced electron transport kinetics
and excellent intrinsic conductivity, as shown in Fig. S14a.t
Additionally, the amorphous structure enhances the adsorp-
tion of reactants. Subsequently, cyclic voltammetry (CV)
revealed that Ni;Fe;-B has a high specific surface area
(Fig. S14b¥). According to the BET data (Fig. S157), the specific
surface area of NizFe;-B is significantly greater than those of
Ni-B and Fe-B. This substantial difference has a notable
impact on the catalytic reduction performance of 4-NP. The
increased specific surface area of NizFe;-B provides more
active sites, enhancing the contact area between 4-NP mole-
cules and the catalyst. Consequently, this improves the adsorp-
tion efficiency of reactant molecules on the catalyst’s surface,
optimizes the mass transfer efficiency in the catalytic process,
accelerates the reduction rate of 4-NP, and enhances overall
catalytic activity, resulting in superior performance for the
catalytic reduction of 4-NP.

Conclusions

In summary, we successfully synthesized Ni-Fe-B catalysts via
an ultrasound-assisted reduction method. Systematic investi-
gation of Ni/Fe molar ratios (3:1, 1:1, and 1: 3) revealed that

10260 | Dalton Trans., 2025, 54,10254-10262
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the atomic composition critically determines both microstruc-
ture and catalytic activity. Among all tested catalysts, Ni;Fe;-B
(Ni/Fe = 3:1) exhibited exceptional performance, achieving
complete 4-NP conversion within 3 minutes at ambient temp-
erature, which outperform both other bimetallic compositions
(Ni;Fe;-B, Ni;Fe;-B) and monometallic counterparts (Ni-B,
Fe-B). The optimized NizFe;-B demonstrated an outstanding
apparent rate constant (k,pp = 1.363 min_l), surpassing most
reported non-noble metal catalysts for this transformation.
This superior activity originates from: (1) optimal electronic
structure modulation through boron incorporation; (2) syner-
gistic interplay between Ni and Fe active sites; and (3)
enhanced hydride transfer kinetics from NaBH,. This work
not only provides a new strategy for designing efficient and
stable boride-based catalysts but also advances the fundamen-
tal understanding of bimetallic synergy in catalytic reduction
reactions, paving the way for future developments in environ-
mental and industrial catalysis.
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