Open Access Article. Published on 16 2024. Downloaded on 08/11/25 20:30:29.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC

Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
243

Received 29th August 2024
Accepted 14th December 2024

DOI: 10.1039/d4su00531g

I ROYAL SOCIETY
PPN OF CHEMISTRY

Advances in the catalysis of reduction of
nitroaromatics and its mechanism: a tutorial review
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Wenjie Guo, Yisha Zheng, Wenlong Xiang and Yanhui Zhang

This paper reviews the research on the conversion of nitroaromatics to aminoaromatics through catalysis.
The traditional catalytic technology employs iron powder as a catalyst, which tends to generate a large
amount of solid waste and water pollutants, making it the focus of research for improvement. The
current research status of the catalytic reduction of nitroaromatic reactions is introduced, highlighting
the main catalytic mechanism currently employed and the work conducted by our group in furthering
this research. The current status and limitations of the catalytic reduction of nitroaromatic reactions are
discussed. Additionally, the possibility of modulating the reaction pathway and the future development of
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the reaction are explored.

Sustainability spotlight

Nitroaromatic compounds, widely used as essential chemical intermediates in numerous industrial applications, pose significant environmental and health
risks due to their carcinogenic, mutagenic, and teratogenic properties. These compounds are among the most persistent pollutants, presenting major chal-
lenges for environmental remediation. Traditional methods for their removal, such as adsorption, ozonation, bioremediation, and electrochemical processes,
are often inefficient, particularly for large-scale applications. Recent advancements in room-temperature catalytic reduction offer a promising alternative,
primarily due to its effectiveness and the relatively low toxicity of the resulting product, aminophenol (AP), which is a valuable fine chemical. The comprehensive
utilization of industrial waste water has attracted tremendous interest in recent times. Therefore, exploring related reduction techniques including recycling of
wastes containing harmful substances within aqueous ecosystems is not only the most elemental environmental problem but also crucial for economic
performance. Traditional methods for nitroaromatic reduction often involve the use of toxic reagents and high-energy-consuming processes, which pose
significant environmental hazards. The review identifies important gaps in the current understanding, such as the precise role of hydrogen sources in the
reduction process, and emphasizes the need for further exploration in this area. The development of highly efficient, sustainable catalysts is crucial for opti-
mizing room-temperature catalytic reduction technologies, which not only address environmental concerns related to hazardous nitroaromatic compounds but
also contribute to the broader challenge of industrial wastewater management. These advancements have the potential to improve both the economic viability

and environmental sustainability of industrial processes, particularly in the context of wastewater recycling and pollution reduction.

Introduction

Among organic pollutants, nitro-phenolic compounds are
considered to be some of the main pollutants causing water
pollution due to their high solubility and stability in water.*>
However, they occupy an important place in chemical produc-
tion and are of great use in the fields of medicine, dyes, and
rubber.>* Due to their toxicity and carcinogenicity, it is neces-
sary to degrade them into less toxic compounds.>® The amine
compounds obtained from the reduction of aromatic nitro
compounds are relatively less toxic and represent important
fine chemicals.”™ With the development of arylamine deriva-
tives for medical anticancer applications, the quest for envi-
ronmentally friendly and efficient methods to reduce
nitroaromatic hydrocarbons to arylamines has also gained
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considerable attention.’*™* Scientists have proposed many
methods for reducing nitrophenols, including catalytic hydro-

genation,”™'® metal reduction,”™  hydrazine hydrate
reduction,** alkali sulfide reduction,* electrochemical
reduction,** catalytic hydrogen transfer,”*>* photocatalytic
reduction,*** glucose reduction,* and enzyme-catalyzed

reduction.*

Generally, the traditional industrial methods of preparing
aromatic amines from nitroaromatics include (1) reduction of
nitroaromatics using sulfide bases, with commonly used sulfide
bases being Na,S, NaHS, Na,S,, etc.;***” (2) using nitroaromatics
as the raw material, with iron powder employed for reduction in
an acidic medium. The reaction solution is neutralized, washed,
and distilled to obtain the finished product;***° (3) nitro-
aromatics or their derivatives are reduced in a fluidized bed
vessel by gas phase hydrogenation in the presence of RANEY®
Ni or an active Cu catalyst. The reaction product is then
condensed and distilled under reduced pressure to obtain the
desired product.*®*" There are various methods for treating
nitroaromatic pollutants in water, and catalytic technology
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meets the dual requirements of achieving both economic and
environmental benefits through wastewater treatment, owing to
its simplicity, high efficiency, and low cost.*>*” However, the
traditional catalyst, iron powder, tends to produce a large
amount of iron sludge during the reaction process, which is not
easy to dispose of. Therefore, catalyst preparation becomes
crucial for improving efficiency.*®

The main catalytic techniques for the green reduction of
nitroaromatics are room temperature catalysis and photo-
catalysis. Catalyst activation or electron transfer becomes
challenging in room temperature reactions alone. Therefore,
NaBH, is often used as the hydrogen source and electron donor,
which greatly restricts its popularity in catalytic reactions due to
the difficulties in long-term preservation at room temperature
and the limited supply of NaBH,.** In contrast, photocatalytic
technology does not require the participation of a reducing
agent and uses the proton solvent as the hydrogen source,
thereby eliminating the need for an additional hydrogen source
and overcoming the drawbacks associated with NaBH,. The
catalytic reduction reaction involves the transfer of nitro-
aromatics and hydrogen reduction, highlighting the impor-
tance of the hydrogen source and electron transfer in exploring
the mechanism. Additionally, further research focuses on the
reuse potential of the products and by-products.

In this paper, we review the research progress on the
reduction of nitroaromatics within the framework of catalytic
nitroaromatic reduction-amination reactions, focusing on the
catalytic mechanisms.

Main catalytic mechanism
Precious metal catalysts

The currently widely accepted mechanism, proposed by Haber®
in 1898 based on experiments with the electrochemical reduc-
tion of nitrobenzene, is divided into two pathways, the “one-
step hydrogenation” and the “condensation reaction”, as
depicted in Fig. 1.°* The direct route involves N-phenyl-
hydroxylamine as an intermediate, while the indirect route
involves the oxidation of azobenzene as an intermediate. In this
process, the reductive dehydration of aniline first produces
nitrobenzene. Nitrosobenzene can react with hydrogen to first
produce the phenylhydroxylamine intermediate, which is then
reduced to aniline. Alternatively, it can undergo a condensation
reaction with the resulting phenylhydroxylamine to produce
azobenzene oxide. In this case, the oxidized azobenzene can be
further reduced to aniline through the intermediate process of
azobenzene.

Gelder and co-workers® improved the hydrogenation reac-
tion mechanism of nitroaromatics and their derivatives,
building on the mechanism proposed by Haber, as depicted in
Fig. 2. Based on the low rate of aniline production from the
hydrogenation of nitrosobenzene and the observation of
different kinetic isotope effects, they concluded that nitro-
sobenzene is not an intermediate of the nitrobenzene hydro-
genation reaction. Furthermore, in the reduction reaction of
nitrobenzene with hydrogen, the initial product was found to be
oxidized azobenzene, resulting from the condensation reaction,
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Fig. 1 Two reaction routes of the reduction of nitrobenzene.
Reprinted with permission from ref. 51. Copyright 2018, American
Chemical Society.

rather than phenylhydroxylamine. Notably, no aniline produc-
tion could be detected when nitrobenzene was not completely
converted to oxidized azobenzene. Through further studies,
Gelder and colleagues proposed the presence of another surface
intermediate, Ph-N(OH) (a). During the hydrogenation of
nitrobenzene, Ph-N(OH) (a) reacts with adsorbed hydrogen;
while during the reaction of nitrobenzene, Ph-N(OH) (a) reacts
with itself to undergo dehydration and produce azobenzene
oxide.

Makaryan and Savchenko,* by loading Ir, Pt, and Pd on
carbon as catalysts, proposed a new argument for the mecha-
nism of catalytic hydrogenation of nitroaromatics. They argued
that the conversion of aromatic nitro compounds to aniline
occurs through the disproportionation of the corresponding
hydroxylamine rather than vie hydrogenation. Studer and
colleagues® addressed this disproportionation mechanism
creatively by using catalysts such as iron salts and vanadium
salts in solution to promote the disproportionate reaction of
hydroxylamine and nitroso intermediates, thereby preventing
the accumulation of hydroxylamine. On the other hand,
Visentin and co-workers,* utilizing calorimetry, FTIR-ATR
(attenuated total reflection), and gas absorption signals with

Ph-NO, Ph-N(OH)H

+H,

Ph-NOH(a) 4
“H +Ph-NOH(a)
“H,0
- » Ph-NH-NH-Ph

Ph-N(O)=N-Ph ‘- -- - 3 Ph-N=N-Ph -----
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Ph-NO

Fig. 2 Mechanism of nitrobenzene hydrogenation proposed by
Gelder. Reprinted with permission from ref. 52. Copyright 2005, Royal
Society of Chemistry.
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Pd/C as the catalyst, concluded that the findings of Makaryan
and Savchenko were consistent with a direct hydrogenation
route, without significant hydroxylamine accumulation.

Corma and his team®® proposed the reaction pathway for the
hydrogenation reaction of aromatic nitro compounds on Au/
TiO,, which is shown in Fig. 3. The concentration of nitro-
sobenzene decreased during the reaction, while the concen-
trations of phenylhydroxylamine and aniline gradually
increased. This observation suggests that under the influence of
hydrogen, nitroaromatics undergo dehydration and reduction
to form nitrosobenzene compounds. Subsequently, these
compounds are further reduced to phenylhydroxylamine
through reaction with hydrogen. Finally, phenylhydroxylamine
undergoes hydrogenation to yield aniline. The reaction pathway
was inferred from in situ FTIR experiments involving nitro-
benzene and nitrosubstituted benzene. Corma and his
colleagues proposed that the reaction may not proceed through
nitrosubstituted benzene as an intermediate, but rather directly
reduce nitrobenzene to phenylhydroxylamine. This direct
reduction pathway contributes to aniline production, aligning
with the findings of Gelder and his team. These observations
suggest that nitrobenzene may not serve as an intermediate
product in the hydrogenation of nitrobenzene.

Electronic transmission pathways

In the reduction of nitroaromatics, the choice of catalyst directly
influences the reaction efficiency, selectivity, and the formation
of by-products. Sodium borohydride is a commonly used strong
reducing agent that effectively provides hydrogen atoms.*” It is
stable under mild conditions and has a wide range of applica-
tions. Its low reactivity and easily controllable hydrogen by-
products make it safer for practical use. Aminoborane, on the
other hand, is a mild reducing agent with good selectivity and
operates under mild conditions.”® However, it is prone to
hydrolysis, so moisture should be avoided during its use.
Alcohol-based reductants are easy to handle and have low
toxicity, but they exhibit weaker reducing power and are less
efficient than sodium borohydride.*>* Formic acid is used in
acidic environments with mild reaction conditions, but its
reducing power is limited, often requiring high temperatures or
catalysts to enhance its effectiveness.®* Hydrazine hydrate is an
efficient reducing agent that provides hydrogen atoms.®> The
hydrogen bonds in the hydrazine hydrate molecule contribute
to its stability. However, during the reaction, hydrazine hydrate

Fast Step +2H,
] -H,0 1

N NO —»+H2 \ ——R\ NHOH
\ /  -Ho0 \_/

Slowest Step t §O

RQNH2

Fig. 3 Hydrogenation pathways of aromatic nitro compounds on Au/
TiO,. Reprinted with permission from ref. 56. Copyright 2007, Wiley.
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preferentially dissociates the N-H bond to form N,H; and H'.
After several N-H bond cleavages, hydrazine decomposes into
nitrogen and hydrogen, making it relatively environmentally
friendly.® Although hydrazine hydrate is highly efficient, it
should be used with caution, as excessive temperatures and
acidic conditions can trigger its decomposition. Additionally, it
is somewhat toxic, necessitating careful handling.

During the catalyzed reaction, both nitroaromatic
compounds and reducing agents are adsorbed onto the surface
of the catalyst. Specifically, the electrons from NaBH, are
transferred to the nitroaromatic molecules, facilitating the
reaction.® The rate of this electron transfer process is strongly
influenced by the surface potential of the catalyst, particularly
that of the metal nanoparticles.®**® Metal nanoparticles with
a higher surface potential can support a stronger electron flow,
thereby accelerating the transfer of electrons from NaBH, to the
nitroaromatic compounds.

The ability of metal nanoparticles to accelerate electron
transfer primarily stems from their unique electronic structure,
particularly the properties of their atomic valence and Fermi
energy levels. First, the atomic valence of a metal determines
the number and reactivity of electrons in the outermost electron
shell. Metals with higher atomic valence generally have more
electrons, making it easier for them to interact with external
substances. In catalytic reactions, these additional electrons are
more likely to participate in the electron transfer process. For
example, on the surface of metal nanoparticles, metals with
higher atomic valence can provide more electrons, enabling
stronger interactions with adsorbed reactants (e.g., NaBH, and
nitroaromatics), thus facilitating electron transfer. Additionally,
the Fermi energy level of a metal represents the highest energy
state of its electrons, reflecting the electron distribution within
the material. In redox reactions, the electron transfer process is
often governed by the Fermi energy level. Metals with higher
Fermi energy levels can more readily donate or accept electrons,
accelerating the reaction. When the Fermi energy level is high,
electrons on the metal surface are more easily detached and
transferred to neighboring reactants, thereby enhancing the
overall reaction rate.®” Therefore, when selecting a catalyst, both
the Fermi energy level and surface potential of the metal are
critical factors for accelerating the reaction.

Overall, the role of metal nanoparticles in catalytic reactions
extends beyond providing catalytic sites; they also enhance
electron mobility and accelerate the transfer of electrons from
NaBH, to nitroaromatics through their surface potential,
atomic valence, and Fermi energy levels. These properties
determine the catalysts' activity and efficiency and are key
factors to consider when designing effective catalysts.

In bimetallic or polymetallic catalysts, the synergistic effects
between metals—encompassing both electronic and geometric
effects—play a key role in the catalytic process.®® The electronic
effect refers to the transfer of electrons between metal atoms. In
bimetallic catalysts, there are typically metal atoms with high
activity, where the outer electrons are more readily involved in
the reaction. These highly active metal atoms can transfer
electrons to neighboring, less active metal atoms through
additional electrons in their outer orbitals. In this process, the
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higher-activity metal atoms donate electrons to the lower-
activity metal atoms, creating an electron-rich region.®® This
electron redistribution enhances the activity of the catalytic
reaction, particularly by facilitating the transfer of electrons
from the adsorbed reductant to the reactants, which is crucial
for the reaction's success. On the other hand, geometric effects
refer to how the morphology, size, and arrangement of metals
influence catalytic performance. The catalyst's geometry deter-
mines how reactants interact with the metal surface, which in
turn impacts the reaction efficiency. For example, metal nano-
particles, with their large specific surface area, provide more
active sites compared to bulk metals, thereby enhancing reac-
tant adsorption and increasing the reaction rate.

In bimetallic catalytic systems, a typical example is that
nitroaromatic molecules are more readily adsorbed on Au
atoms, while NaBH, tends to adsorb on Pt.” In this system, Au
atoms transfer electrons to neighboring Pt atoms due to their
higher electron density, resulting in electron enrichment on the
Pt surface. As a result, the electron-enriched Pt surface is more
likely to accept electrons from NaBH,, thereby facilitating the
electron transfer process. This electron transfer between metals
not only accelerates the reaction rate but also enhances the
overall activity of the catalyst.

Liu et al.”* introduced a novel approach to investigate the
catalytic reduction of nitroaromatics by Ag nanoparticles (NPs)
in the presence of NaBH,. In their study, they proposed that
silver nanoparticles play a more complex role in the reaction,
not only acting as conventional catalysts but also enhancing
reaction efficiency through a unique catalytic mechanism. First,
when silver nanoparticles are immersed in a solution contain-
ing NaBH,, NaBH, undergoes a decomposition reaction that
produces a large amount of H,. They suggested that this process
accelerates hydrogen generation by adsorbing BH,  onto the
surface of the silver nanoparticles. The adsorption of BH,™
lowers the energetic barrier for the reaction, facilitating
hydrogen release. The generated H, molecules then interact
with the surface of the silver nanoparticles, specifically
exchanging electrons with the d-orbitals of the silver atoms.
Silver atoms, rich in d-orbital electrons, donate electrons to the
H, molecule via antibonding molecular orbitals. This interac-
tion reduces the bonding level of the H, molecule, activating it.
Specifically, the molecular orbitals of the H, molecule change,
and the antibonding molecular orbitals receive electrons from
the silver d-orbitals, making the H, molecule more susceptible
to cleavage, thereby generating highly reactive hydrogen atoms.
Additionally, the nitro (-NO,) group coordinates with the silver
nanoparticles. The oxygen atom in the nitro group interacts
with the unoccupied orbitals of silver through its electron-rich
region, transferring electrons from the nitro group's oxygen to
the d-orbitals of the silver atoms. The silver nanoparticles
provide a channel for electron transfer through their surface-
rich electrons, facilitating the reduction of nitroaromatics.
Electrons are transferred from the nitro group to the hydrogen
molecule, further promoting its activation. In this way, silver
nanoparticles act as mediators of electron transfer during the
catalytic process, accelerating the transfer of electrons from the
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nitro group to hydrogen. Ultimately, the highly activated
hydrogen atoms react to form metal hydrides.

Our group’s main work and its
extensions

Building upon the aforementioned mechanism, our research
group conducted a series of explorations to enhance the cata-
lytic efficiency of the reduction of nitroaromatics. Initially, we
employed room temperature catalysis to investigate the loading
of Au-Pd bimetallic catalysts. We synthesized Au-Pd/RGO,
taking into account the unique two-dimensional electronic
structure and properties of reduced graphene oxide (RGO). As
the field progressed towards metal-organic framework (MOFs)
catalysts with high crystallinity, we shifted our focus to these
materials. Subsequently, we synthesized a range of iron-based
MOFs, specifically MIL materials, and assessed their catalytic
performance in the reduction of nitroaromatics. Furthermore,
we explored a photocatalytic approach using CdS-ATP photo-
catalysts. This approach harnesses the energy of visible light to
facilitate the reduction of nitroaromatics under milder condi-
tions. Our research not only deepens the understanding of the
reduction reaction of nitroaromatics but also provides valuable
insights for investigating other catalytic reactions.

Metal-supported catalysts

Carriers typically possess a large specific surface area, providing
more catalytic sites and helping to disperse nanoscale catalyst
particles. This prevents aggregation during the reaction
process, thereby maintaining the catalyst's high efficiency.”
Additionally, the interfacial effect of the carrier strengthens the
interaction between the catalyst and the reactants, attracting
more reactant molecules to adsorb onto the catalyst surface.
This enhanced adsorption not only improves catalyst activity
but also facilitates the effective transfer of photogenerated
carriers, further boosting catalytic efficiency. Graphene, as
a carrier, possesses excellent electron transport properties,
which help increase the electron transport rate of the bimetallic
catalyst.”®7? Additionally, the synergistic effect of the bimetallic
catalyst enhances its catalytic activity. Moreover, graphene
exhibits high mechanical strength and chemical stability,
effectively preventing the exfoliation or deactivation of the
bimetallic catalyst and prolonging its service life.

Zhang's group® developed a simple and environmentally
friendly one-step method to prepare palladium (Pd) nano-
particles loaded on graphene oxide (GO). In this method, Pd
nanoparticles were uniformly anchored on the surface of gra-
phene oxide, preventing aggregation and ensuring high expo-
sure of active sites. The uniformly distributed palladium
nanoparticles provided sufficient channels for electron transfer,
further facilitating the efficient progress of the reaction. More
importantly, the small size of the palladium nanoparticles
effectively lowered the reaction's potential barrier, accelerating
the electron transfer rate and, consequently, the reduction
reaction. In the reaction, NaBH,, acting as a reducing agent in
an aqueous, basic environment, rapidly captured hydrogen ions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(H") from the nitrophenol molecule, leading to the formation of
nitrophenol  salts. This process promotes smooth
hydrogenation.

After investigating the selective catalytic reduction of p-
nitroaniline to p-phenylenediamine (PPD) using Au-Pd/RGO,
our group® found that Au-Pd/RGO exhibited the highest cata-
lytic activity compared to Pd/RGO and Au/RGO, primarily due to
its smaller particle size. Our investigation revealed that BH,
and p-nitroaniline diffused from the aqueous solution onto the
surface of the noble metal, as displayed in Fig. 4. The 2D-RGO
effectively dispersed the noble metal, providing more active
sites and enhancing electron transfer efficiency. Additionally,
the p—p stacking interaction exhibited high adsorption capacity,
facilitating the adsorption of BH,  and p-nitroaniline onto the
noble metal surface. Consequently, BH, transfers electrons to
the noble metal, which then catalyzes the reduction of p-nitro-
aniline to PPD by transferring electrons to it.

The importance of an actual hydrogen source for under-
standing the interfacial reaction mechanism from -NO, to -
NH, is often overlooked in research, where the reductant NaBH,
is generally considered as the hydrogen source. First, BH, is
activated on the catalytic metal surface, producing adsorbed H
species. This mechanism has been applied to most of the p-NP
catalytic reduction reactions on metal catalysts, such as Ag NPs,
Ag-Pd bimetallic alloys, and CuNPs. However, as a reaction
medium for catalytic reduction, H,O can also provide hydrogen
atoms or protons for the reaction. Wang and co-workers®
observed the important role of H,O in the reduction of
hydrides. Although both the reducing agent BH, and the
solvent H,O can contribute hydrogen to form the same reduc-
tion products, the hydrogen transfer pathways of BH,~ and H,O
are different: one originates from metal-H adsorbed at the
interface, and the other arises from protons in the solvent. Zhao
and co-workers® conducted deuterium isotope experiments
using heavy water (D,0) and sodium borohydride deuteride
(NaBD,). Based on the results of Raman, Fourier transform
infrared (FTIR), and 1H nuclear magnetic resonance (NMR)
spectroscopy, it was concluded that the hydrogen atoms used

Fig. 4 Proposed schematic mechanism for the catalytic selective
reduction of 4-nitroaniline to p-phenylenediamine over Au—Pd/RGO
under ambient conditions. Reprinted with permission from ref. 79.
Copyright 2018, Elsevier.
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for the conversion of -NO, to -NH, originate from the solvent
protons.

Metal-organic framework materials (MOFs)

MOFs have a very high specific surface area and can provide
a large number of active sites, improving the efficiency of the
catalyst. The pore size and pore structure of MOFs can be
precisely controlled by synthetic methods to achieve selective
adsorption and conversion of reactant molecules. These
numerous advantages make their application prospects very
promising.**

Furthermore, after investigating the catalytic reduction of p-
nitrophenol with simultaneous hydrogen production using
MIL-101(Fe)/SiO,, our group® found that the number of active
sites on the surface decreased after SiO, loading on MIL-
101(Fe). Unexpectedly, MIL-101(Fe)/SiO, exhibited better cata-
Iytic performance for aromatic reactions. Nevertheless, the
enhanced catalytic activity is not primarily attributed to the
increase in surface area. Simultaneously, the excellent alkali
resistance of MIL-101(Fe)/SiO, opens up new avenues for the
application of such materials. The mechanism of the catalytic
reaction was then proposed: the adsorption of NaBH, on the
unsaturated metal coordination site surface facilitates the
dissociation of NaBH, to release H-donating electrons. An
oxidation reaction between NaBH, and MIL-101(Fe) resulted in
the transfer of electrons to the surface of the coordinated Fe.
Subsequently, these electrons interacted with the p-NP
compounds adsorbed on the catalyst's surface, leading to the
transfer of electrons to p-NP and its reduction to p-amino-
phenol, as displayed in Fig. 5.

Building upon the aforementioned research, our group®
conducted a study on hydrogen production through the cata-
Iytic reduction of nitro-organics using MIL-101(Fe)-based
composites. We further optimized the catalytic reaction mech-
anism as follows: upon the addition of MIL-101(Fe) catalysts,
the adsorption of NaBH, on the unsaturated metal coordination
site surface facilitates the dissociation of NaBH, to release H-

Fig. 5 Schematic illustration of the proposed mechanisms of the
conversion of NP to AP by MIL-101(Fe)/SiO,. Reprinted with permis-
sion from ref. 88. Copyright 2020, Elsevier.
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donating electrons. The hydrogen atoms adsorbed from BH, ™
either combine with OH™ to form H,O or with neighboring
borohydride ions to generate H,. Subsequently, an oxidation
reaction takes place between NaBH, and MIL-101(Fe), resulting
in the transfer of electrons from the Fe surface to the reaction
center of the nitroxide. A source of hydrogen in water is then
utilized to reduce p-NP hydride to p-AP, followed by the acqui-
sition of protons from water by -NO,, leading to its conversion
into p-aminophenol ions through multiple intermediates, as
shown in Fig. 6.

Transition metal oxides

Transition metal oxides are widely used in chemical research
due to their unique electronic structure and tunable redox
properties, particularly in catalytic reactions where they
demonstrate excellent performance. Taking Mn,0; as an
example, this transition metal oxide not only exhibits good
catalytic activity but also offers strong stability and environ-
mental friendliness. The advantage of Mn,O; lies in its multiple
oxidation states (Mn>" and Mn>"),*® which allow it to deliver
excellent catalytic performance in a variety of reactions. In
particular, Mn,O; plays a key role in the oxygen reduction
reaction, where it effectively regulates electron transfer and
enhances catalytic efficiency.

Han's group® synthesized Mn,0O; nanorods using a calcina-
tion method. It was demonstrated that the higher proportion of
lattice oxygen in Mn,0O; nanorods significantly promotes
surface electron transfer, leading to excellent catalytic perfor-
mance, particularly in the reduction of nitroaromatics. As
shown in Fig. 7, during the reaction, NaBH, molecules first
adsorb onto the catalyst surface and decompose to form
NaB(OH), and active hydrogen (Mn-H™). These active hydro-
gens then attack the positively charged nitrogen in the nitro
group of the nitro compound, forming intermediate (1). At this
stage, the negatively charged oxygen in the nitro compound
absorbs protons (H") from the solvent, producing intermediate
(2). As the reaction progresses, active hydrogen further attacks

% H,0 & oH > Catalyst

Simultaneous H, production and green organic transformation

% BH, @9 H,

Fig. 6 Schematic illustration of the proposed mechanism of simul-
taneous H, production and green organic transformation. Reprinted
with permission from ref. 89. Copyright 2021, Royal Society of
Chemistry.
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Fig. 7 Plausible mechanism of reduction of nitroarenes catalyzed by
Mn,Oz nanorods. Reprinted with permission from ref. 91. Copyright
2024, Elsevier.

these intermediates, undergoing rearrangement and dehydra-
tion, ultimately leading to the rapid generation of aromatic
amines. During the catalytic process, the adsorbed oxygen in
the Mn,O; material may have some adverse effects on the
reduction reaction, as its oxidizing nature depletes active
hydrogen, inhibiting the reaction's efficiency. However, the
oxygen adsorbed in the Mn,0; nanorods has a high lattice
energy, which effectively prevents excessive oxidation and
reduces the consumption of active hydrogen. Moreover, the
lattice oxygens enhance surface electron transfer, further
accelerating the reduction reaction.

Non-metal catalysts

The structure of non-metallic catalysts is typically based on
elements such as carbon, nitrogen, and sulfur, which interact
with reactants through coordination or chemical bonding.
Unlike metallic catalysts, non-metallic catalysts do not rely on
electron transfer from metal sites; instead they promote reac-
tions through intermolecular interactions (e.g., hydrogen
bonding, electrostatic interactions, etc.).”> Specific active
centers on the catalyst (e.g., acid-base groups, lone electron
pairs, -electrons, etc.) enhance their interaction with reactants.
Non-metallic catalysts are abundant, inexpensive, and envi-
ronmentally friendly, as they do not introduce metal contami-
nation. Moreover, they offer better selectivity in certain
reactions, effectively control reaction pathways, and reduce by-
product formation.

Chen's group® successfully demonstrated the reduction of
nitroaromatics using phosphorus-doped carbon nanotubes (P-
CNTs) as metal-free catalysts. The P-CNT catalysts play a key
role in the adsorption and activation of hydrogen molecules due
to their unique structure and properties. Specifically, the
phosphorus atoms on the surface of P-CNTs influence the
electron distribution of the carbon nanotubes, leading to the
accumulation of localized charges and the formation of Lewis-
like acid-base pairs (FLP mechanism). This acid-base pair
facilitates the hydrogenation of nitroaromatics by polarizing
hydrogen molecules and dissociating them into hydrogen ions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(H") and hydride ions (H ™), generating a highly active hydrogen
source. The acidic and basic sites of the P-CNT catalysts work
together to enhance the activation efficiency of H,, enabling
smooth nitroaromatic reduction reactions under mild condi-
tions. Additionally, this synergistic effect effectively inhibits the
formation of by-products and ensures reaction selectivity. The
P-CNT catalysts exhibit good adaptability to nitroaromatics with
different functional groups, selectively reducing the nitro group
to an amino group without the need for additional steps. For
example, P-CNTs can selectively hydrogenate nitro groups on
nitroaromatics containing functional groups such as cyano and
acyl, with minimal by-product generation. Notably, the P-CNT
catalyst maintains efficient catalytic performance even for
difficult-to-reduce nitro compounds, such as dinitrobenzene
and iodonitrobenzene. It selectively converts these compounds
to the corresponding amino aromatics without dehalogenation
or other undesired reactions. This makes P-CNTs an ideal
catalyst for the efficient and highly selective hydrogenation of
nitroaromatics.

Semiconductor composite photocatalysts

Compared with precious metals, metals, and bimetals, photo-
catalysis offers mild reaction conditions with few by-products
and high energy utilization, aligning well with the principles
of green chemistry. Additionally, catalysts predominantly
consist of semiconducting materials or composites, known for
their stability and renewability. This technology has wide-
ranging application prospects and potential, emerging as
a hot topic of research in recent years.**

After investigating the catalytic reduction of p-NP by CdS-
ATP, our group® found that ATP (natural attapulgite, with the
ideal molecular formula Al,Mg,SigO,o(OH),(OH,),-4H,0)
possesses a porous structure that provides numerous micro-
reactive sites, effectively accelerating the adsorption of pollut-
ants. The dispersed deposition of CdS particles on the surface of
ATP carriers enhances resistance to photocorrosion. Addition-
ally, the CdS-20%ATP composite material, with its lower
impedance, promotes interfacial electron transfer, prolongs the
lifetime of photo-generated charge carriers, and thereby
increases the photocatalytic reaction rate.

A possible photocatalytic reduction mechanism is also
proposed: upon exposure to simulated solar light, electrons in
the valence band of CdS undergo excitation and transition to
the conduction band, transforming into photogenerated elec-
trons. The low charge transfer resistance of the composite
material effectively transfers electrons produced by CdS to ATP
quickly, prolonging the lifetime of photogenerated carriers.
During the reduction process, photogenerated holes are
captured by the hole sacrificial agent ammonium formate,
effectively preventing the recombination of electron-hole pairs,
while photogenerated electrons reduce p-NP to generate p-AP, as
shown in Fig. 8.

Quantum dots

Quantum dots are among the common nanomaterials known to
possess a band gap that varies with size. Scientists have

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 Possible mechanism of photocatalytic reduction of p-NP under
simulated solar light. Reprinted with permission from ref. 95. Copyright
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discovered that modifying wide-bandgap semiconductors with
narrow-bandgap semiconductor quantum dots can lead to
rapid charge transfer through the swift diffusion of charge
carriers at the interface, thereby significantly enhancing pho-
tocatalytic activity. To the best of our knowledge, CdS is a crucial
narrow-bandgap semiconductor with a notable quantum size
effect, featuring excellent absorption properties for visible light
and demonstrating superior photocatalytic activity.***”

By coupling InOOH with CdS, Wang's group®® synthesized
CdS-In heterojunction semiconductors, which enhance the
separation efficiency of photo-generated charge -carriers,
leading to an increase in available electrons. It was also
observed that optimizing the photodeposition time could result
in the effective dispersion of CdS QDs on InOOH and an
excellent response to visible light, thus enhancing activity.
Based on this, the CdS-In-120 catalysts were prepared (where
120 refers to 120 minutes of irradiation with a 254 nm UV lamp
prior to centrifugation), and their performance was investi-
gated. The decreased PL intensity observed in CdS-In-120
suggests that the recombination of photogenerated charge
carriers is impeded by the heterojunction formed between CdS
QDs and InOOH. Explicitly, a possible mechanism for the
photocatalytic reduction of nitroaromatics by CdS-In-120 was
proposed, as shown in Fig. 9. Upon exposure to visible light,
CdS QDs are excited to create electron-hole pairs. By utilizing

Visible Light
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NH, @ ' MO
Ay BA Ul
=L
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NH,

cpgA/—m— |
CdS|QDs
“i=—= | mOOH - R
R: -NH,, -CH;, -OH
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by HCOONH,

N

Fig. 9 Mechanism proposed for the visible light-induced photo-
catalytic reduction of nitro aromatics using CdS-In-120. Reprinted
with permission from ref. 98. Copyright 2021, Elsevier.
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the appropriate band alignment between CdS QDs and InOOH,
as well as a well-defined interface structure, electron transfer
from the conduction band (CB) of CdS QDs to that of InOOH is
achieved, significantly enhancing the efficiency of photo-
generated charge carrier separation. Meanwhile, the addition
of HCOONH, as a hole scavenger under a N, atmosphere allows
the photogenerated holes in CdS-In-120 to be captured, thereby
lowering the likelihood of electron-hole complex formation and
providing sufficient photogenerated electrons for the reaction.
This effectively prevents the oxidation reaction of
nitroaromatics.

Under room temperature catalytic conditions, different
catalysts using NaBH, as a reducing agent exhibit significant
differences in their performance in reduction reactions, as
shown in Table 1. Metal-carrier type catalysts exhibited the
highest reduction efficiency within a short time, owing to the
small size of the metal nanoparticles and the use of appropriate
carrier materials. This suggests that both the size of the nano-
particles and the design of the carrier play a crucial role in the
catalytic reaction. Fine metal nanoparticles enhance the expo-
sure of active sites, while the carrier material ensures the
uniform dispersion of nanoparticles, which in turn improves
substrate adsorption and reactivity. Other types of materials
also offer unique advantages. MOF materials promote electron
transfer through the effective dispersion of unsaturated metal
sites. Although their reaction efficiency is relatively low, their
structural design holds significant potential. On the other hand,
transition metal oxide catalysts promote surface electron
transfer through the involvement of lattice oxygen. Despite
requiring longer reaction times, they maintain a reduction
efficiency of up to 99%, and their inexpensive raw materials
make them promising for practical applications.

Semiconductor composites and quantum dot -catalysts
exhibit unique structural properties. The uniform dispersion of
CdS particles enhances photocorrosion resistance, while
quantum dot catalysts optimize the dispersion of photo-
generated carriers through photodeposition techniques.
Although the reaction time is relatively long (40 minutes), the
advantage of photocatalytic reactions lies in their ability to
utilize renewable light sources to drive the reaction, thereby
avoiding the need for large quantities of chemical reductants
such as NaBH,, which are commonly used in traditional
chemical reduction reactions. This characteristic aligns with
the sustainable development principles of green chemistry. A
key future direction for green chemistry may involve the opti-
mization of catalyst nanostructures and the design of carrier
materials. Specifically, the synthesis of catalysts with efficient
electron transfer properties could further enhance reaction
rates and selectivity. Therefore, when designing catalysts, it is
crucial to consider not only the selection of suitable active sites
but also the electronic properties, carrier design, and stability of
the catalysts in practical applications.

Summary and outlook

In conclusion, although the reduction of nitroaromatics can be
achieved under mild conditions using strong reducing agents

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and a large number of catalysts, the high cost, operational
complexity, and extensive catalyst use limit the scalability of
this method for industrial production. Future research should
focus on optimizing catalysts and exploring alternatives,
particularly the development of greener, low-cost, and efficient
catalytic systems. For example, metal-free catalysts such as
phosphorus-doped carbon nanotubes (P-CNTs) can effectively
promote the activation and dissociation of hydrogen under
mild reaction conditions, enabling efficient reduction of nitro-
aromatics with good potential for industrial application. These
catalysts not only eliminate the need for strong reducing agents
and excess catalysts, but also demonstrate excellent selectivity
and high efficiency. Additionally, catalytic systems based on
Lewis acid-base pairs show great promise. These novel catalysts
can efficiently activate hydrogen and achieve selective reduction
of nitroaromatics through precise modulation of surface elec-
trons. Although these approaches are still in the research and
development stage, they represent more environmentally
friendly and sustainable reduction strategies, with the potential
to overcome the limitations of existing technologies. Overall,
while the nitroaromatic reduction reaction has made significant
progress as a probe reaction for MOF materials and quantum
dot materials in the past two decades, further optimization of
catalyst design, cost reduction, and improvements in the
stability and reproducibility of the catalytic process are still
necessary to address challenges in practical applications. These
directions undoubtedly offer a broad prospect for future
research.

In summary, the catalytic efficiency and stability of catalysts
can be effectively improved by selecting suitable carriers for
loading the catalysts and doping the carriers with heteroatoms.
Although significant research has been conducted in recent
years to develop greener, environmentally friendly, stable, and
cost-effective efficient catalysts, the understanding of the
reduction process of nitroaromatics remains incomplete.
Additionally, the presence of by-products during the reaction
and the effects of related additives are unclear. For instance,
does the use of different hole-trapping agents in the photo-
catalytic reaction have varying effects on different types of
catalysts, directly impacting the rate of recombination of elec-
tron-hole pairs, reaction kinetics, and product selectivity? Will
further treatment be required to separate the catalysts from the
water? If different products are formed, could different reaction
pathways be regulated by adjusting the surface properties of the
catalysts, optimizing reaction conditions, and controlling the
generation of reaction intermediates and the conversion
process? Therefore, future research should focus on the
following aspects: (1) Further strengthening the study of reac-
tion by-products and their reaction pathways. Regulation of
product selectivity can be achieved for different reaction paths
and products by adjusting the surface properties of the catalyst,
optimizing reaction conditions, controlling the generation of
reaction intermediates, and the conversion process. (2) Modu-
lating reaction pathways to increase the generation of target
products. (3) Optimization of the reaction process for green,
recyclable, easily recoverable, and large-scale preparation. (4)
Investigating the relationship between different additive
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auxiliaries, nitroaromatics, and catalysts. Further exploration of
the mechanism of different types of hole-trapping agents on
various catalysts, including their impact on photogenerated
carrier utilization efficiency, electron-hole pair recombination
rate, reaction kinetics, and product selectivity. (5) Exploring the
application of electrocatalytic technology in the reduction of
nitroaromatics to achieve an efficient reaction using the elec-
tron transfer process. This will help expand future studies from
exploring the fundamental aspects of the nitroaromatic reduc-
tion process to its potential impact in different areas, providing
new ideas and methods for studying the reaction mechanism
and industrial production of aromatic nitro compounds.
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