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ABSTRACT: The  selective  reduction  of  nitrobenzene  is
considered the  primary  route  for  synthesizing  azoxybenzene,  yet
this  process  often  suffers  from  over-reduction,  resulting  in  low
selectivity  toward  the  target  product.  Achieving  efficient  N–N
coupling of key intermediates thus remains a central challenge for
improving  selectivity.  To  address  this,  we  prepared  a  series  of
oxygen-vacancy-rich  CeO2  nanosphere  catalysts  by  modulating
acetic  acid  concentration  and  temperature  during  hydrothermal
synthesis. These catalysts exhibit  high specific surface areas (up
to  184.1  m2·g−1)  and  demonstrate  excellent  performance  in  the
highly  selective  reduction  of  nitrobenzene  to  azoxybenzene.
Mechanistic  studies  reveal  that  oxygen  vacancies  on  the  CeO2

surface  promote  the  condensation  of  nitrosobenzene  and
phenylhydroxylamine  into  azoxybenzene  via  a  confinement  effect.  Moreover,  X-ray  photoelectron  spectroscopy  (XPS)
analysis  shows  that  azoxybenzene  adsorbs  much  more  weakly  on  the  catalyst  surface  than  nitrobenzene  or  aniline,
favoring  its  rapid  desorption  and  thereby  suppressing  further  reduction.  This  work  clarifies  how  oxygen  vacancies  in
confined microenvironments on CeO2 enhance the N–N coupling pathway, providing important theoretical and experimental
guidance for designing highly selective catalytic systems for nitroarene reduction.
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 1    Introduction
Azoxybenzene,  distinguished  by  its  characteristic –N=N(O)–
functional group, serves as a central building block in both naturally
occurring compounds [1] and synthetic functional materials [2, 3].
It  is  extensively  utilized  in  the  synthesis  of  pharmaceuticals  [4−6],
agrochemicals [7], and liquid crystal materials [8, 9]. Currently, the
primary synthetic methods for azoxybenzene include the reduction
of  nitrobenzene  [10−14]  and  the  oxidation  of  aniline  [15−19].
These  approaches  often  involve  harsh  conditions,  rely  on  noble
metal catalysts, or generate substantial waste. Therefore, developing
green, efficient, and highly selective catalytic synthetic routes is not

only an inherent need for upgrading the fine chemical industry but
also  holds  significant  strategic  importance  in  achieving the  carbon
neutrality goals.

Azoxybenzene  is  most  commonly  produced  industrially  via  the
selective  reduction  of  nitrobenzene.  This  multi-step  reduction
proceeds  through  intermediates  such  as  nitrosobenzene,
phenylhydroxylamine,  and azobenzene,  ultimately  yielding aniline.
However,  in  most  conventional  catalytic  systems,  the  reaction
readily  proceeds  beyond  the  azoxybenzene  stage  toward  deeper
hydrogenation,  resulting  in  low  selectivity  for  the  target  product
[20−22].  Therefore,  how to precisely control  the reaction progress,
suppress  over-reduction,  and  effectively  promote  N–N  coupling
between  key  intermediates  such  as  nitrosobenzene  or
phenylhydroxylamine  to  achieve  high-selectivity  synthesis  of
azoxybenzene  remains  a  long-standing  core  challenge  and  a  key
scientific issue in this field.

In  recent  years,  cerium  dioxide  (CeO2),  as  a  common  metal
oxide, has attracted widespread attention due to its excellent redox
properties  [23, 24].  The  fluorite  structure  and  abundant  surface
defects  of  CeO2 collectively  facilitate  the  efficient  and  reversible
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conversion between Ce4+ and Ce3+, thereby endowing it with tunable
redox characteristics. In this process, oxygen vacancies (Ov) serve as
key active sites, directly participating in and driving the adsorption
and activation of reactants, demonstrating unique advantages in the
selective transformation of nitroarenes. For instance, Ren et al. [25]
developed  the  dual-site  Pt/CeO2 catalyst  to  convert  sulfur-
containing nitroarenes. In this system, the Ov on the CeO2 support
are designed to directly activate nitro groups, whereas the Pt metal
sites  are  dedicated  solely  to  activating  hydrogen  via  the  hydrogen
spillover  effect.  This  strategy  successfully  achieves  efficient
conversion  of  sulfur-containing  nitroarenes  while  effectively
avoiding  sulfur  poisoning  issues.  Similarly,  Zhang  et  al.  [26]
reported  the  Ag1-Pd1/CeO2 dual-atom  catalyst,  where  Ov on  the
CeO2 surface  synergize  with  the  dual-atom  sites  to  promote  the
coupling condensation of nitroarenes and further guide the efficient
conversion of condensation intermediates into aromatic amines.

Although  Ov serve  as  crucial  active  sites  capable  of  efficiently
activating nitro-substrates, relying solely on their electronic effects is
often  insufficient  for  precisely  controlling  the  regioselectivity  and
chemoselectivity  of  coupling  steps.  By  constructing  atomically
dispersed dual sites, the confinement effect can impose both spatial
and  electronic  constraints,  enabling  nitro-derived  intermediates  to
align  directionally  in  close  proximity  [27, 28].  This  significantly
enhances  the  probability  of  N–N  coupling  while  suppressing  side
reactions.  Integrating  confinement  structures  with  the  activation
function of  Ov holds  promise  for  multidimensional  modulation of
reaction pathways,  offering a  new catalytic  platform for  the  highly
selective synthesis of compounds containing N–N bonds.

Based  on  this,  the  present  study  prepared  a  series  of  oxygen
vacancy-rich  CeO2 nanosphere  catalysts  by  modulating  the  acetic
acid addition and reaction temperature in hydrothermal synthesis.
This series of catalysts possesses a high specific surface area (up to
184.1 m2/g), exhibits excellent catalytic performance in the catalytic
reduction  of  nitrobenzene,  and  demonstrates  good  tolerance
toward  substrates  with  various  substituted  functional  groups.
Mechanistic  studies  indicate  that  Ov on the  CeO2 surface  promote
the  condensation  of  nitrosobenzene  and  phenylhydroxylamine  to
efficiently form azoxybenzene through a confinement effect.  X-ray
photoelectron  spectroscopy  (XPS)  analysis  further  reveals  that  the
adsorption  strength  of  azoxybenzene  on  the  catalyst  surface  is
significantly  lower  than  that  of  nitrobenzene  and  aniline.  This
weaker  adsorption  favors  rapid  product  desorption,  thereby
effectively inhibiting its further reduction. This work elucidates the
promotion  mechanism  of  CeO2 surface  Ov on  the  N–N  coupling
pathway under a confined microenvironment, providing important
theoretical and experimental foundations for the design of selective
reduction catalytic systems for nitroarenes.

 2    Experimental

 2.1    Preparation of catalysts
In a typical synthesis, 3 g of Ce(NO3)3·6H2O was dissolved in 2 mL
of  deionized  water  under  ultrasonic  dispersion.  Then,  4  mL  of
glacial  acetic  acid and 40 mL of  ethylene glycol  were added to the
mixture,  which was stirred continuously for 30 min.  The resulting
solution was transferred into a Teflon-lined autoclave and subjected
to  hydrothermal  treatment  at  160  °C  for  220  min.  After  the
reaction,  the  product  was  collected  and  washed  repeatedly  with
deionized water and ethanol, followed by drying at 60 °C for 8 h in

a  vacuum  oven.  Finally,  CeO2 nanospheres  were  obtained  after
calcination at 500 °C for 1 h. The specific surface area of the CeO2

nanospheres was modulated by varying the amount of glacial acetic
acid  and  the  hydrothermal  temperature.  The  catalysts  prepared
with  different  volumes  of  acetic  acid  (2,  3,  4,  and  5  mL)  were
denoted  as  CeO2-2mL,  CeO2-3mL,  CeO2-4mL,  and  CeO2-5mL,
respectively.  Similarly,  samples  synthesized  at  different
hydrothermal temperatures (140, 160, and 180 °C) were labeled as
CeO2-140°C, CeO2-160°C, and CeO2-180°C.

 2.2    Characterization
The  microstructure  and  crystal  structure  of  the  catalyst  were
analyzed  by  scanning  electron  microscopy  (SEM),  transmission
electron  microscopy  (TEM),  and  X-ray  diffraction  (XRD).  The
surface  elements  of  the  catalysts  were  analyzed by XPS.  The Ov of
the catalyst were analyzed by electron spin paramagnetic resonance
(EPR) spectroscopy. The reaction pathway was explored by in situ
infrared spectroscopy.

 2.3    Catalytic performance test
A typical catalytic test was conducted in a 10 mL Schlenk tube. The
reaction  mixture  containing  25  mg  of  catalyst,  0.3  mmol  of
nitrobenzene,  0.75  mmol  of  hydrazine  hydrate  (N2H4·H2O),  and
4  mL  of  acetonitrile  was  first  stirred  in  the  dark  for  15  min  to
achieve adsorption–desorption equilibrium. The reaction was then
performed  at  60  °C  for  2  h  under  a  N2 atmosphere.  After
completion,  the  reaction  was  quenched  with  deionized  water  and
extracted  with  dichloromethane.  The  organic  phase  was  collected
and  analyzed  by  gas  chromatography  to  determine  substrate
conversion and product selectivity.

 3    Results and discussion

 3.1    Catalyst characterization
CeO2 with  high  specific  surface  area  was  prepared  by  a  simple
solvothermal method, and the microstructure and crystal structure
of  the  catalyst  were  characterized  by  SEM,  TEM,  and  high-
resolution  TEM  (HRTEM).  From  the  characterization  results
(Figs. 1(a)–1(c)), CeO2 exhibits a uniform nanosphere morphology
with a size of about 180 nm. In the TEM images, the 0.32 nm lattice
spacing  belongs  to  the  (111)  facet  of  CeO2 (Fig.  1(c))  [29].  The
above  characterization  proves  the  successful  preparation  of  CeO2

catalyst.
The  crystal  structure  and  surface  defects  of  the  CeO2 catalysts

were  further  characterized  by  XRD  and  EPR.  As  shown  in
Figs.  1(d) and 1(e),  all  the  synthesized  CeO2 samples  exhibit
characteristic diffraction peaks consistent with the fluorite structure
of  CeO2 (JCPDS  No.  34-0394)  [30],  confirming  the  successful
formation  of  the  target  phase.  Notably,  the  sample  prepared  with
4  mL  of  acetic  acid  at  a  hydrothermal  temperature  of  160  °C
showed  sharper  and  more  intense  diffraction  peaks,  suggesting
improved  crystallinity  under  these  conditions.  Furthermore,  the
EPR spectrum (Fig. 1(f)) displays a distinct signal at 2.03, which is
characteristic  of  Ov,  confirming  their  presence  in  the  CeO2

catalysts [31].
The  surface  chemical  composition  and  oxidation  states  of  the

CeO2 catalysts were further examined by XPS (Fig. 1(g)). As shown
in Fig.  1(h),  the  high-resolution  Ce  3d  spectrum  can  be
deconvoluted  into  multiple  characteristic  peaks.  Specifically,  the
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peaks located at 900.43, 903.53, 907.43, and 916.25 eV are assigned
to  the  Ce  3d3/2 level,  while  those  at  881.90,  884.71,  888.02,  and
897.92  eV  correspond  to  the  Ce  3d5/2 level.  This  spectral  profile
confirms  the  coexistence  of  both  Ce3+ and  Ce4+ oxidation  states  in
the  CeO2 sample.  Furthermore,  the  O  1s  spectrum  (Fig.  1(i))  was
fitted into three components centered at binding energies of 529.04,
531.26,  and  533.34  eV,  which  are  attributed  to  lattice  oxygen,
oxygen  species  associated  with  Ov,  and  surface-adsorbed  hydroxyl
groups, respectively [32, 33].

It  is  well  established  that  the  specific  surface  area  significantly
influences  the  catalytic  activity.  Generally,  a  larger  specific  surface
area provides more adsorption and active sites, which is conducive
to  enhancing  catalyst  performance  [34].  In  this  study,  we
modulated the specific surface area of CeO2 catalysts by varying the
amount  of  acetic  acid  and  the  hydrothermal  temperature.  The
textural properties of the synthesized CeO2 series were characterized
by N2 adsorption–desorption measurements.  As illustrated in Figs.
S1(a)  and  S1(b)  in  the  Electronic  Supplementary  Material  (ESM),
the  N2 adsorption–desorption  isotherms  of  the  modified  catalysts

exhibit  a  typical  Type  IV  characteristic  [35],  indicative  of
mesoporous materials. This is further corroborated by the pore size
distribution  profiles  (Figs.  S1(c)  and  S1(d)  in  the  ESM),  which
reveal  that  the  pore  structure  of  CeO2 was  effectively  modulated,
showing  a  well-defined  mesoporous  architecture.  As  summarized
in Table S1 in the ESM, the specific surface area of the CeO2 catalyst
could be significantly enhanced through the optimization of acetic
acid content and hydrothermal temperature, achieving a maximum
value of 184.1 m2/g.

 3.2    Study on catalytic performance
The  catalytic  performance  of  the  synthesized  CeO2 materials  was
initially evaluated in the reduction of nitrobenzene to azoxybenzene
at 60 °C under a N2 atmosphere for 4 h. As shown in Figs. 2(a) and
2(b),  the  CeO2-4mL,  CeO2-160°C,  and  CeO2-180°C  catalysts
demonstrated  optimal  performance  under  these  conditions,
achieving a nitrobenzene conversion of 99% with an azoxybenzene
selectivity  of  90%.  To  further  investigate  the  performance
differences  between  the  two  catalysts,  the  reaction  time  was

 

Figure 1    (a) SEM image, (b) TEM image, and (c) HRTEM image of CeO2.  (d) XRD patterns of CeO2 prepared with different amounts of glacial acetic acid. (e) XRD
spectra of CeO2 prepared at different hydrothermal temperatures. (f) EPR spectrum of CeO2. (g) XPS survey spectrum of CeO2. (h) Ce 3d XPS spectrum of CeO2. (i) O 1s
XPS spectrum of CeO2.
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shortened  to  3  h  for  comparison  between CeO2-160°C and CeO2-
180°C.  The  results  revealed  that  CeO2-160°C  maintained  superior
activity,  with  99%  conversion  and  89%  selectivity  (Fig.  2(c)).  This
performance trend is consistent with the Brunauer–Emmett–Teller
(BET)  surface  area  measurements,  indicating  that  a  larger  surface
area  facilitates  the  nitrobenzene  reduction  reaction.  Consequently,
the catalyst synthesized with 4 mL of acetic acid at 160 °C (denoted
as CeO2 hereafter) was selected for all subsequent tests.

Subsequently, a detailed investigation was conducted to evaluate
the  effects  of  reaction  time,  solvent,  equivalent  ratio,  catalyst
loading,  atmosphere,  and  temperature  on  the  nitrobenzene
reduction.  The  reaction  time  was  first  optimized.  When  the  time
was  shortened  to  2  h,  nitrobenzene  conversion  (>  99%)  and
azoxybenzene  selectivity  (98%)  reached  their  optimum  values.  A
further reduction to 1 h led to a significant decrease in conversion
(74%).  Therefore,  2  h  was  selected  as  the  standard  reaction  time
(Fig.  2(d)).  The  solvent  was  found  to  have  a  profound  impact  on
the  reaction  efficacy.  The  use  of  tetrahydrofuran  (THF),  N,N-
dimethylformamide  (DMF),  or  1,2-dichloroethane  (DCE)
markedly  impeded  the  reaction,  yielding  minimal  nitrobenzene
conversion, which can be ascribed to insufficient catalyst dispersion.
Although  toluene  enabled  a  high  conversion  (>  99%)  and  a
selectivity  of  94%  to  azoxybenzene,  acetonitrile  proved  superior
with a selectivity of 98%. Consequently, acetonitrile was chosen for
all  follow-on  investigations  (Fig.  2(e)).  Replacing  N2 with  air
resulted in a significant drop in conversion (23%), and under an O2

atmosphere, the reaction was completely suppressed, indicating the
inhibitory  effect  of  oxygen  (Fig.  2(f)).  Control  experiments
confirmed that both the catalyst and hydrazine hydrate are essential

for  the  reaction  to  proceed  (Figs.  2(g) and 2(h)).  Varying  the
amount of N2H4·H2O to 0.6 or 0.9 mmol led to decreased selectivity
toward  azoxybenzene.  Increasing  the  hydrazine  equivalent
promoted  over-reduction  to  azobenzene  or  aniline,  thereby
reducing  the  selectivity  for  azoxybenzene  (92%).  Finally,  lowering
the reaction temperature to 40 °C resulted in a conversion of only
37%  (Fig.  2(i)),  confirming  that  60  °C  is  more  suitable  for  this
transformation. The optimal reaction conditions were established as
follows: Nitrobenzene (0.3 mmol), hydrazine hydrate (0.75 mmol),
CeO2 (25  mg),  and  acetonitrile  (4  mL)  were  reacted  under  N2 at
60  °C  for  2  h.  Under  these  optimized  conditions,  the  CeO2-
catalyzed reduction of  nitrobenzene achieved a  conversion of  99%
with  a  selectivity  of  98%  for  azoxybenzene.  This  performance
compares  favorably  with  previously  reported  systems,  highlighting
the superior efficiency of the present CeO2 catalyst (Table S2 in the
ESM).

Under the optimal conditions, the functional group tolerance of
the  CeO2-catalyzed  nitrobenzene  reduction  was  investigated.  As
summarized  in Table  1,  excellent  conversion  and  selectivity  were
achieved  for  substrates  bearing  either  electron-withdrawing  or
electron-donating  groups,  demonstrating  the  remarkable  substrate
generality of the CeO2 catalyst for the reduction of nitrobenzene to
azoxybenzene.  However,  a  significant  yield  reduction  (21%–71%)
was observed for ortho-substituted substrates, indicating that steric
hindrance is a decisive factor influencing the reaction.

 3.3    Stability test and analysis of catalyst
Stability  is  a  critical  performance  metric  for  catalysts  and  holds
paramount  importance  in  guiding  their  design.  To  this  end,  we

 

Figure 2    Screening (a) the amount of acid and ((b) and (c)) hydrothermal temperature of CeO2 catalyst. The effects of (d) reaction time, (e) solvent, (f) atmosphere, (g)
N2H4·H2O amount, (h) catalyst loading on the reduction of nitrobenzene, and (i) reaction temperature.
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evaluated  the  CeO2 catalyst  for  its  cycling  stability.  As  shown  in
Fig.  3(a),  after  three  consecutive  reaction  cycles,  the  selectivity  for
the  reduction  of  nitrobenzene  to  azoxybenzene  remained  largely
unchanged, while the conversion rate exhibited a marginal drop. To
investigate the cause of this performance decay, cycled catalyst was
characterized by XRD (Fig.  3(b)),  XPS (Figs.  3(c)–3(e)),  SEM (Fig.
S2 in the ESM),  and Fourier  transform infrared (FTIR) (Fig.  3(f)).
The SEM, XRD, and FTIR results indicated no significant changes
in  the  morphology  or  crystal  structure  of  CeO2 after  cycling,
demonstrating  its  robust  structural  stability  under  reaction
conditions. Further XPS analysis revealed that the chemical states of
Ce and O elements remained essentially consistent before and after

the  reaction.  However,  N  1s  peaks  were  detected  in  the  spent
catalyst, with binding energies at 404.48 and 399.33 eV, attributable
to  the  nitro  nitrogen  from  nitrobenzene  and  the  amino  nitrogen
from  aniline,  respectively  [36].  These  observations  suggest  that
incompletely converted nitrobenzene and a small amount of the by-
product  aniline  may  adsorb  and  remain  on  the  CeO2 surface,
thereby  covering  some  active  sites  and  leading  to  the  gradual
decline  in  catalytic  performance.  Furthermore,  only  adsorbed
species  of  nitrobenzene  and  aniline  were  detected  on  the  CeO2

surface,  while  no  other  intermediates  or  azoxybenzene  were
captured. This indicates that the adsorption energy of the latter on
CeO2 is  significantly  lower  than  that  of  nitrobenzene  and  aniline,
allowing  azoxybenzene  to  desorb  more  readily  from  the  catalyst
surface once formed, thereby avoiding its excessive adsorption and
further conversion.

 3.4    Reduction mechanism of nitrobenzene
At  present,  there  are  two  reduction  pathways  of  nitrobenzene
proposed in the literature (Fig. S3 in the ESM). First, nitrobenzene
is  reduced  to  nitrosobenzene  and  phenyl  hydroxylamine,
and then different reaction pathways occur (Fig. S3 in the ESM). In
the  first  pathway,  nitrosobenzene  and  phenyl  hydroxylamine  are
coupled  to  form  azobenzene  oxide,  which  then  further  reacts  to
form  azobenzene,  and  the  second  route  is  the  direct  formation  of
aniline  from  nitrobenzene  and  phenylhydroxylamine  without
coupling [37].

To elucidate the reaction pathway and the origin of selectivity in
the  CeO2-catalyzed  reduction  of  nitrobenzene,  a  series  of
mechanistic  experiments  were  conducted.  First,  to  examine
whether azoxybenzene could be formed via the oxidation of aniline,
a  control  experiment was performed using aniline as  the substrate
under standard conditions (Fig. S4 in the ESM). The results showed
no  formation  of  azoxybenzene,  thus  ruling  out  the  pathway
involving aniline oxidation.  To further confirm the reaction route,

 

Table 1    Nitrobenzene reduction substrate expansiona

aReaction conditions: nitrobenzene (0.3 mmol), N2H4·H2O (0.75 mmol),
catalyst (25 mg), solvent (4 mL), and reaction for 2 h.

 

Figure 3    (a) Performance of nitrobenzene reduction cycle catalyzed by CeO2. (b) XRD patterns. XPS spectra of (c) Ce 3d, (d) O 1s, and (e) N 1s. (f) FTIR spectra before
and after CeO2 stability test.
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in  situ FTIR  spectroscopy  was  employed  to  monitor  the
nitrobenzene  reduction  process.  As  shown  in Fig.  4(a),  the
absorption  peaks  at  1380  and  1558  cm−1 are  attributed  to  the
asymmetric  stretching  vibrations  of  the –NO2 group  in  nitro-
benzene.  The peak at  1184 cm−1 is  assigned to the N–O stretching
vibration  of  phenylhydroxylamine,  while  the  signal  at  1426  cm−1

corresponds to the N=O stretching vibration in nitrosobenzene or
the –N=N–O stretching vibration in azoxybenzene [38, 39]. These
results  indicate  the  presence  of  nitrosobenzene  and
phenylhydroxylamine  intermediates  during  the  CeO2-catalyzed
reduction  of  nitrobenzene  and  confirm  that  azoxybenzene  is
formed  via  N–N  coupling  between  these  two  intermediates.
Notably,  in  many  catalytic  systems,  the  N–N  coupling  step  is
unfavorable,  and  the  reduction  of  nitrobenzene  often  stops  at  the
phenylhydroxylamine  [39, 40]  or  proceeds  further  to  aniline
[20, 21]. We propose that the abundant Ov on the CeO2 surface play
a key role in directing the selective formation of azoxybenzene. The
Ov can  strongly  adsorb  the  oxygen  atoms  of  nitrosobenzene  and
phenylhydroxylamine  in  a  vacancy-filling  manner,  thereby
significantly  increasing  the  proximity  and  interaction  between  the
two intermediates and promoting their coupling reaction.

Subsequently,  we  further  investigated  the  influence  of  reaction

time  on  the  product  distribution  to  examine  whether  prolonged
reaction time would lead to the over-reduction of azoxybenzene to
azobenzene or aniline. As shown in Fig. 4(b), both the nitrobenzene
conversion (> 99%) and the selectivity toward azoxybenzene (98%)
reached their maximum values at a reaction time of 2 h. Even when
the  reaction  was  extended  to  5  h,  the  selectivity  to  azoxybenzene
remained  at  84%,  showing  only  a  minor  decrease.  These  results
indicate  that,  within  this  catalytic  system,  azoxybenzene  does  not
undergo  significant  side  reactions  to  form  azobenzene  or  aniline
over extended time, confirming its good stability under the reaction
conditions.  Combined  with  the  XPS  results  of  CeO2 after  three
cycles, we propose that the reaction stops at the azoxybenzene stage
and does not proceed further to aniline likely because of  the weak
adsorption of azoxybenzene on CeO2, which inhibits its subsequent
reduction to azobenzene or aniline [41, 42].

Based on the experimental  results  above,  we propose a  reaction
mechanism,  as  illustrated  in Fig.  5.  Under  heating,  the  Ov on  the
CeO2 surface  preferentially  adsorb  and  activate  the  nitrobenzene
molecule  [22].  Subsequently,  the  active  hydrogen  species  released
from  hydrazine  hydrate  attack  the  activated  nitrobenzene  [43],
reducing  it  to  a  nitrosobenzene  intermediate.  This  intermediate  is
further  hydrogenated  on  CeO2 to  form  phenylhydroxylamine.

 

Figure 4    (a) In situ infrared spectra of nitrobenzene reduction catalyzed by CeO2. (b) Distribution of nitrobenzene reduction products catalyzed by CeO2 over time.
 

Figure 5    Nitrobenzene reduction reaction mechanism.
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Through  the  spatial  confinement  effect  of  the  Ov,  nitrosobenzene
and  phenylhydroxylamine  are  confined  to  adjacent  active  sites,
where  they  undergo  dehydration  coupling  to  generate  the  target
product, azoxybenzene [44, 45].

Due  to  its  relatively  large  steric  hindrance,  the  interaction
between azoxybenzene and Ov weakens significantly,  allowing it  to
desorb  rapidly  from  the  catalyst  surface  and  preventing  further
reduction  to  aniline.  Moreover,  the  Ov sites  are  regenerated  and
enter the next catalytic cycle. The stable concentration of Ov before
and  after  the  reaction  (Fig.  S5  in  the  ESM)  further  confirms  the
effectiveness  of  this  confinement–coupling–desorption  dynamic
mechanism.

 4    Summary
In summary, this study successfully prepared high-specific-surface-
area  CeO2 nanosphere  catalysts  rich  in  Ov by  modulating
hydrothermal  conditions.  These  catalysts  achieved a  conversion of
> 99% and an azoxybenzene selectivity of 98% in the nitrobenzene
reduction  reaction,  while  also  demonstrating  excellent  substrate
universality.  Mechanistic  studies  indicate  that  the  surface  Ov

promote  the  condensation  of  key  intermediates  to  form  N=N
bonds  through  a  confinement  effect,  while  the  weak  adsorption
characteristic of azoxybenzene effectively inhibits its deep reduction.
This  work  not  only  reveals  the  dual  role  of  Ov in  regulating  the
reaction  pathway  and  product  selectivity  but  also  provides  a
referable strategy and theoretical support for designing efficient and
highly selective non-noble metal oxide catalysts.

 Electronic  Supplementary  Material: Supplementary  material  (N2

adsorption–desorption  isotherms  and  pore  size  distributions  of
CeO2 catalysts,  SEM  after  CeO2 stability  test,  nitrobenzene
reduction  mechanism diagram,  EPR spectrum after  CeO2 stability
test, and NMR characterization of the products and supplementary
tables)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2026.94908483.
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