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ABSTRACT: Fundamentally,  the  type-II  and  Z-scheme
heterojunctions exhibit identical band alignments but diverge in
the  charge  carriers  transfer  mechanisms.  Here,  we
demonstrate  that  the  Au-mediated  heterojunction  transition
from type-II to Z-scheme dictates the subsequent photocatalytic
NO reaction pathway to obtain excellent activity and selectivity.
As  proven  by  density  functional  theory  (DFT)  calculations,
Kelvin  probe  force  microscopy  (KPFM),  and  in-situ  X-ray
photoelectron  spectroscopy  (XPS),  the  type-II  to  Z-scheme
heterojunction  transition  is  regulated  by  incorporating  Au
nanoparticles as electron bridges within  in-situ  fabricated NH2-
MIL-125/TiO2  through  controllable  hydrolysis.  This  transition
maintains  robust  redox  potentials  to  generate  more  reactive
active  species  through  effectively  separated  charge  carriers
under the high-efficient built-in electric field. As a result, the Z-
scheme (NH2-MIL-125/Au/TiO2)  exhibits  an impressive NO removal  efficiency of  82.0%,  surpassing the original  NH2-MIL-
125  by  3.7  times  and  the  type-II  (NH2-MIL-125/TiO2)  by  1.2  times,  while  shows  a  selectivity  of  almost  100%  toward
NO2

−/NO3
−.  The  in-situ Fourier transform infrared (FT-IR) and DFT reveal that, in comparison with the type-II  favored NO+

intermediates, the Z-scheme favors NO−  intermediates with enhanced O2/H2O activation, enabling ideal Gibbs free energy
for  NO-to-NO3

−  conversion.  This  study  achieves  a  metal-nanoparticle-mediated  strategy  for  precisely  engineering  metal-
organic  framework  (MOF)-based  heterojunction  architectures,  which  regulates  the  NO  reaction  pathways  for  efficient
environmental purification.
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 1    Introduction
The  combustion  of  fossil  fuels  releases  nitric  oxide  (NO),  which
exacerbates  environmental  pollution  such  as  photochemical  smog
[1−3].  At  ppb  levels,  NO  can  persist  stably  in  air  for  extended

periods.  Therefore,  achieving  selective  deep  oxidation  of  low-
concentration NO while  avoiding the formation of  the more toxic
byproduct NO2 has become a critical challenge that urgently needs
to  be  addressed  in  the  environmental  field.  Photocatalysis,  which
enables  the  generation  of  reactive  oxygen  species  under  mild
conditions  to  remove  pollutants,  has  emerged  as  a  promising
technology  for  this  purpose  [4, 5].  The  key  to  photocatalytic  NO
oxidation  lies  in  controlling  the  reaction  pathway  to  generate
appropriate  intermediates  [6, 7],  thereby  facilitating  the  deep
oxidation of NO into the desired final product (nitrate) [8, 9].

The  photocatalytic  oxidation  of  NO  primarily  involves
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photoinduced  electron–hole  pair  creation  and  separation,
transformation into reactive oxygen species (ROS), and ROS-driven
NO  oxidation  [10, 11].  The  effective  separation  of  photoinduced
electron–hole pairs critically governs the progression of subsequent
steps,  while  high-yield  ROS  production  facilitates  the  complete
conversion  of  NO  into  desirable  nitrate  products  [12].  Although
heterojunction  construction  stands  as  a  prevalent  and  effective
strategy  for  enhancing  charge  carrier  separation,  the  conventional
type-II  heterojunction  inevitably  compromises  redox  potentials,
thereby diminishing the material’s redox capability so as to impede
the  ROS  generation  [13, 14].  The  insufficient  ROS  yield  usually
leads  to  incomplete  NO  oxidation,  resulting  in  the  formation  of
toxic byproducts especially the more toxic NO2 [15]. In contrast, the
Z-scheme  heterojunction  inspired  by  natural  photosynthesis
preserves  high  redox  potentials  while  maintains  high-efficient
charge  carrier  separation  efficiency  through  directional  electron
transport  channels  [16, 17].  Balancing  the  relationship  between
charge carrier separation efficiency and redox capability, along with
regulating  ROS  generation  and  product  selectivity,  is  crucial  for
advancing photocatalytic NO removal applications [18, 19].

While type-II and Z-scheme heterojunctions share an analogous
band  alignment,  their  charge  transfer  pathways  diverge  sharply.
[20].  Current  researches  on  heterojunction  configuration
transformation  from  type-II  to  Z-scheme  architectures  face
substantial  challenges.  Given  the  intrinsic  correlation  between
Fermi  levels  and  work  functions,  heterojunction  transformation
should  consider  not  only  band  matching  but  also  work  function
disparities  among components,  which enables precise control  over
charge transfer  pathways [21].  Notably,  the strategic  incorporation
of  noble  metal  nanoparticles  (NPs)  (Au,  Ag,  and  Pt)  as  interfacial
electron mediators offers a promising solution by modifying charge
redistribution  [22].  These  metal  NPs  can  optimally  function  as
electronic  bridges  when sandwiched in intimate contact  with both
components,  which  can  effectively  regulate  charge  transfer
pathways  within  heterojunction  interface,  enabling  intelligent
switch from type-II to Z-scheme configurations [14]. However, the
conventional ex-situ synthesis approach to metal NPs introduction
for  heterojunction  transformation  frequently  encounters  critical
limitations  including  inadequate  interfacial  adhesion,  lattice
mismatches,  and suboptimal  charge transfer  efficiency that  restrict
effective heterojunction transformation [23, 24].

Metal-organic  frameworks  (MOFs),  distinguished  by  their
exceptional specific surface areas, tunable porous architectures, and
abundant coordinatively unsaturated metal sites [25], have emerged
as  superior  templates  for  engineering in-situ heterojunctions  with

excellent  interfacial  properties.  Among  various  MOFs,  the  NH2-
MIL-125  stands  out  as  an  ideal  candidate  for  heterojunction
engineering  due  to  the  synergistic  effects  between  its  visible-light-
responsive  amino-ligands  (NH2-BDC)  and  catalytically  active  Ti-
oxo  clusters  [26].  Through  pyrolysis  or  hydrolysis  reaction,  the
partial  Ti-oxo  nodes  within  its  framework  can  be  controllably
transformed  into  TiO2,  forming  a  tight  NH2-MIL-125/TiO2

heterojunction  [27, 28].  More  importantly,  the  inherent  structure
porosity  and  flexibility  of  NH2-MIL-125  facilitate  a  series  of
interface engineering. The prior incorporation of Au NPs into NH2-
MIL-125  enables  the  uniform  dispersion  of  nanoparticles  without
compromising  the  structural  integrity  of  the  framework,  precisely
following  to  controllable  hydrolysis  to  obtain  NH2-MIL-
125/Au/TiO2 with  adequate  interface  effect.  By  strategically
incorporating Au NPs at  the  interface  between NH2-MIL-125 and
TiO2,  they  act  as  electron  mediators,  reconfiguring  the  charge
transfer pathways and enabling the transformation from a type-II to
a  Z-scheme  configuration.  This  approach  not  only  addresses  the
limitation of ex-situ constructed heterojunctions  but  also  leverages
the  unique  properties  of  MOFs  to  achieve  precise  control  over
heterojunction type [29]. Until now, despite the growing interest in
heterojunction  engineering,  current  research  on  MOF-based
heterojunctions  predominantly  focuses  on  static  construction  of
single  types  (type-II  or  Z-scheme),  the  studies  on  the
transformation heterojunction in MOFs remain scarce.

Building  upon  above  foundation,  through  Au  NPs
incorporation,  we in-situ engineer  a  solid-state  Z-scheme  (NH2-
MIL-125/Au/TiO2, Scheme  1),  achieving  enhanced  NO  oxidation
performance. Experimental results demonstrate an exceptional NO
removal  efficiency  (82.0%)  with  stable  activity  retention  over  five
consecutive  cycles  and  only  transient  NO2 detected  within  initial
5  min (≤  5  ppb)  followed by  complete  elimination to  near  0  ppb.
The  transition  mechanism  from  the  type-II  to  the  Z-scheme
heterojunction  via  Au-mediated  bridging  layers  is  in-depth
explored  by  density  functional  theory  (DFT)  calculations, in-situ
Fourier transform infrared (FT-IR), and in-situ X-ray photoelectron
spectroscopy (XPS). This  work establishes  a  new paradigm for in-
situ heterojunction fabrication and type regulation in MOFs-based
photocatalyst systems for photocatalytic NO deep oxidation.

 2    Experimental section

 2.1    Synthesis of NH2-MIL-125
NH2-MIL-125  was  synthesized  following  a  modified  literature

 

Scheme 1    Synthesis of NH2-MIL-125/Au/TiO2.
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protocol. Briefly, 1.62 g of NH2-BDC was homogenized in a mixed
solvent system containing N,N-dimethylformamide (DMF, 28 mL)
and methanol  (MeOH,  3  mL).  Subsequently,  0.85  mL of  titanium
butoxide  (TBT)  was  injected  dropwise  to  the  homogeneous
solution.  The  resulting  mixture  was  then  transferred  into  Teflon-
lined  autoclave  and  subjected  to  solvothermal  treatment  (150  °C,
24  h).  After  cooling  to  ambient  temperature,  the  precipitate  was
collected and sequentially washed with DMF and MeOH to remove
residual reactants. Finally, the product was vacuum-dried at 60 °C.
The  specific  sources  of  the  experimental  reagents  can  be  found in
Text S1 of the Electronic Supplementary Material (ESM).

 2.2    Synthesis of NH2-MIL-125/TiO2

The  NH2-MIL-125/TiO2 composite  was  prepared  through  a
hydrothermal deposition process. Initially, 0.4 g NH2-MIL-125 was
ultrasonically  suspended  in  30  mL  of  deionized  water.  This
suspension  underwent  thermal  treatment  in  a  flask  maintained  at
70  °C  for  2  h.  Following  gradual  cooling  to  ambient  temperature,
the product underwent sequential purification with both water and
organic  ethanol.  The  final  material  was  obtained  after  desiccation
under reduced pressure at 60 °C.

 2.3    Synthesis of NH2-MIL-125/Au/TiO2

The  NH2-MIL-125/Au/TiO2 composite  was  prepared  through  a
hydrothermal  deposition process.  Initially,  0.4  g  NH2-MIL-125/Au
was  ultrasonically  suspended  in  30  mL  of  deionized  water.  This
suspension  underwent  thermal  treatment  in  a  flask  maintained  at
80  °C  for  2  h.  Following  gradual  cooling  to  ambient  temperature,
the product underwent sequential purification with both water and
organic  ethanol.  The  final  material  was  obtained  after  desiccation
under reduced pressure at 60 °C.

 3    Results and discussion

 3.1    Characterization
The  crystal  structures  were  systematically  characterized  by  X-ray
diffraction  (XRD)  (Fig.  1(a)).  The  distinct  diffraction  peaks
observed at 6.9°, 9.8°, and 11.9° correspond to the (101), (002), and
(211)  crystal  planes  of  NH2-MIL-125,  respectively,  confirming  the
successful  synthesis  of  the  original  NH2-MIL-125  with  high
crystallinity  [26].  Subsequently,  TiO2 is in-situ grown within  NH2-
MIL-125  via  the  hydrolysis  reaction  of  Ti-oxo  clusters.  The  XRD

 

Figure 1    (a)  The  XRD  spectra  of  simulated  NH2-MIL-125,  anatase  TiO2,  derived  TiO2,  Au,  NH2-MIL-125,  NH2-MIL-125/TiO2,  NH2-MIL-125/Au,  and  NH2-MIL-
125/Au/TiO2.  (b)  Au 4f  spectrum of  NH2-MIL-125/Au/TiO2.  (c)  C 1s,  (d)  O 1s,  (e)  N 1s,  and (f)  Ti  2p spectra  of  NH2-MIL-125,  NH2-MIL-125/TiO2,  and NH2-MIL-
125/Au/TiO2. (g) TEM image and (h) EDS mapping of NH2-MIL-125/Au/TiO2.
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analysis  of  NH2-MIL-125/TiO2 reveals  complete  retention  of  the
parent MOFs’s crystalline structure, along with the appearance of a
distinct  diffraction  signal  at  25.3°  assignable  to  anatase  TiO2 [30].
Furthermore,  prior  to  TiO2 in-situ deposition,  the  Au  NPs  are
introduced  onto  NH2-MIL-125.  The  XRD  analysis  of  NH2-MIL-
125/Au  reveals  an  additional  diffraction  peak  at  38.1°,  which  is
indexed to the (111) plane of Au NPs [14], providing unambiguous
evidence  for  the  successful  incorporation  of  Au.  When  TiO2 NPs
are  subsequently in-situ grown  within  the  Au-modified  MOF
matrix,  the  resulting  ternary  NH2-MIL-125/Au/TiO2 retains  all
primary  characteristic  peaks  of  NH2-MIL-125/Au,  though  a  slight
reduction  in  peak  intensity  is  observed  after  hydrothermal
treatment.  Notably,  a  prominent  new diffraction peak appeared at
25.3°, which is assigned to the anatase TiO2. The coexistence of NH2-
MIL-125,  Au,  and  TiO2 confirms  the  successful  construction  of  a
ternary  composite  while  maintains  the  structural  stability  of  the
overall MOFs.

To  further  elucidate  the  chemical  components  and  structural
integrity  of  samples,  FT-IR  was  carried  out.  The  FT-IR  spectra  of
both  NH2-MIL-125/Au/TiO2 and  NH2-MIL-125/TiO2 match  the
parent  MOFs  (Fig.  S1  in  the  ESM),  establishing  that  neither  TiO2

nor  Au  incorporation  compromises  the  MOF  overall  structural
integrity.  The  characteristic  peaks  observed  at  1360–1580  cm−1

correspond to the symmetric (1572 and 1537 cm−1) and asymmetric
(1380  and  1424  cm−1)  stretching  vibrations  of  the  carboxylate
groups (–COOH) [31],  while the peaks at 1255 and 1624 cm−1 are
attributed  to  the  C–N  stretching  vibrations  [32].  Additionally,  the
vibration modes of Ti-oxo clusters are identified within the range of
500–800  cm−1 (767,  628,  and  540  cm−1)  [33].  Vibrational
spectroscopy  reveals  attenuated –COOH  band  intensities  in  the
NH2-MIL-125/Au/TiO2 relative  to  the  unmodified  MOFs,
suggesting  partial  ligand  dissociation  during  hydrolysis  [34].  The
partial  removal  of  organic  ligands  leads  to  the  exposure  of  Ti-oxo
species,  which  serve  as  active  sites  for  the  hydrolytic  formation  of
TiO2 nanoparticles [28]. To further investigate the thermal stability
and  composition  change,  thermogravimetric  analysis  (TGA)  was
performed (Fig. S2 in the ESM), and the weight loss associated with
NH2-BDC  ligands  in  pristine  NH2-MIL-125  was  approximately
39.54%,  whereas  this  value  decreased  to  34.75%  for  NH2-MIL-
125/Au/TiO2.  This  observation  is  in  line  with  the  partial
degradation of NH2-BDC ligands noted.

XPS  was  employed  to  analyze  the  chemical  composition  and
electronic states of samples. The survey spectra (Fig. S3 in the ESM)
reveal  distinct  signals  for  C,  N,  O,  and  Ti  in  all  samples.  Notably,
additional  characteristic  peak  corresponding  to  Au  element  is
clearly  observed  in  the  full  spectrum  of  NH2-MIL-125/Au/TiO2.
High-resolution  XPS  analysis  of  the  Au  4f  region  (Fig.  1(b))
displays  characteristic  doublet  peaks  at  83.6  and  87.3  eV,
confirming  the  presence  of  metallic  Au0 within  the  NH2-MIL-
125/Au/TiO2 [35, 36].  High-resolution  XPS  analysis  of  the  C  1s
region  (Fig.  1(c))  identifies  characteristic  components  at  284.8
(C–C), 286.4 (C–N), and 288.6 eV (C=O) [37]. Upon modification,
while the C–C and C–N peaks remain stable,  the carboxyl carbon
peak exhibits a systematic positive shift, indicating altered electronic
environments.  The  O  1s  XPS  analysis  (Fig.  1(d))  reveals  three
oxygen  environments  characteristic  of  Ti–O  bonds  (530.4  eV),
C=O (531.9  eV),  and terminal  hydroxyls  (533.0  eV) in NH2-MIL-
125  [28].  The  O  1s  spectra  of  NH2-MIL-125/TiO2 and  NH2-MIL-
125/Au/TiO2 exhibit  significant  changes,  especially  the  content  of
Ti–O bonds  increasing  markedly  compared to  that  of  the  pristine

NH2-MIL-125, rising from 32% to 62%, which is attributed to the in-
situ formation  of  TiO2.  Additionally,  a  slight  shift  toward  lower
binding  energy  can  be  observed  in  the  Ti–O  peak  position.  The
high-resolution  N  1s  spectra  (Fig.  1(e))  reveal  two  characteristic
nitrogen  states:  amino  ligand  (–NH2)  at  399.3  eV  and  protonated
species  (–N+ or –NH–+)  at  401.6  eV in  NH2-MIL-125  [34, 38].  In
the  functionalized  composites,  these  peaks  exhibit  both  intensity
reduction and positive binding energy shifts (–NH2), which may be
attributed  to  the  detachment  of  NH2-BDC  ligands  during  metal
oxide formation. The Ti 2p spectra (Fig. 1(f)) exhibit characteristic
doublet peaks at 458.9 (2 p3/2) and 464.6 eV (2 p1/2), confirming the
presence of Ti4+ species in the prepared materials  [39, 40].  Overall,
compared with the pristine MOFs, the peaks primarily assigned to
NH2-MIL-125 exhibit a general shift toward higher binding energy,
while  those  mainly  attributed  to  TiO2 show  a  trend  toward  lower
binding  energy,  providing  the  evidence  for  electron  density
redistribution between TiO2 and NH2-MIL-125 [14].

Sample  morphology  was  characterized  by  scanning  electron
microscopy  (SEM).  NH2-MIL-125  (Fig.  S4(a)  in  the  ESM)
showcases  a  polished  surface  topography,  consistent  with  findings
in  the  existing  scholarly  literature  [41].  In  contrast,  the  successful
integration  of  either  uniformly  dispersed  TiO2 (Fig.  S4(b)  in  the
ESM) or Au (Fig.  S5(a) in the ESM) into NH2-MIL-125 leads to a
notable  increase  in  surface  roughness  [42].  For  comparative
purposes,  Au NPs are  also  immobilized  on NH2-MIL-125/TiO2 to
create NH2-MIL-125/TiO2/Au (Fig. S5(b) in the ESM) with further
analogous  surface  roughness  compared  to  NH2-MIL-125/TiO2

alone.  Furthermore,  after  the in-situ growth  of  TiO2 within  NH2-
MIL-125/Au,  the  resulting  ternary  NH2-MIL-125/Au/TiO2 (Fig.
S4(c) in the ESM) maintains a similar overall morphology to NH2-
MIL-125/Au  while  exhibiting  even  more  pronounced  surface
texture.  To  further  verify  the  structural  information  of  NH2-MIL-
125/Au/TiO2,  high-resolution  transmission  electron  microscopy
(HRTEM)  was  conducted.  The  lattice  spacing  analyses  (Fig.  1(g)
and  Fig.  S6  in  the  ESM)  reveal  distinct  crystallographic  features:
The measured interplanar spacing of 0.352 nm corresponds to the
(101)  crystal  plane  of  anatase  TiO2 [43],  while  the  interplanar
spacing  of  0.238  nm  is  attributed  to  the  (111)  crystal  plane  of  Au
NPs [44].  The  results  conclusively  demonstrate  the  co-presence  of
TiO2 and Au NPs in the NH2-MIL-125/Au/TiO2 composite. Energy-
dispersive  X-ray  spectroscopy  (EDS)  (Fig.  1(h))  verifies  the
elemental  composition,  revealing  distinct  signals  for  C,  N,  O,  Ti,
and Au, which corroborated the successful synthesis of the ternary
NH2-MIL-125/Au/TiO2 system.

To elucidate the combined influence of interface architecture and
Au NPs mediation,  we  conducted DFT calculations.  Based on the
classic  type-II  heterojunction,  once  the  NH2-MIL-125  forms  a
heterojunction  with  TiO2,  electrons  spontaneously  transfer  from
NH2-MIL-125’s conduction band to TiO2’s conduction band due to
NH2-MIL-125’s more negative conduction band position compared
to TiO2. As we expected, at the NH2-MIL-125/TiO2 heterojunction,
the  calculations  of  the  differential  charge  density  distribution
(Fig.  2(a))  and  the  planar  average  differential  charge  (Fig.  2(b))
indicate that TiO2 tends to gain electrons while NH2-MIL-125 tends
to lose electrons when the heterojunction is formed. While type-II
heterojunctions  effectively  separate  charge  carriers,  this
configuration  inherently  compromises  the  redox  potential  of  the
photocatalytic system. However, in fact, the NH2-MIL-125/Au/TiO2

exhibits  stronger  ability  to  ROS.  This  is  likely  due  to  the
introduction of  Au NPs,  which alters  the charge transfer  direction
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of  the  heterojunction,  leading  to  a  possible  transformation  in  the
heterojunction type [45]. By calculating the density of states (DOS)
of  NH2-MIL-125/TiO2 and  NH2-MIL-125/Au/TiO2,  we  gain
insights into the band structures of the heterojunction (Fig. 2(c) and
Fig. S7 in the ESM). The conduction bands (CB) of both NH2-MIL-
125/TiO2 and NH2-MIL-125/Au/TiO2 are primarily contributed by
Ti,  while  the  valence  bands  (VB)  are  mainly  contributed  by  O.
Notably, the introduction of Au leads to additional energy bands in
NH2-MIL-125/Au/TiO2 that  overlap  with  the  conduction  and
valence  bands  of  the  heterojunction,  indicating  that  the  Au  NPs
cause a redistribution of electrons and bridge the NH2-MIL-125 and
TiO2, facilitating enhanced interfacial charge transfer [14].

Additionally,  work  functions  (WF)  for  NH2-MIL-125,  Au,  and
TiO2 (Figs. 2(d)−2(f)) reveal interfacial energy alignment critical for
charge transfer  dynamics  in  the heterojunction system.  NH2-MIL-
125,  Au,  and TiO2 show gradually  increasing  WF,  which are  3.57,
5.01,  and  8.39  eV,  respectively  [14, 46, 47],  establishing  a
unidirectional  electron  transfer  gradient.  Therefore,  in  the  NH2-
MIL-125/Au/TiO2 heterojunction,  electrons  from  the  conduction
band  of  NH2-MIL-125  spontaneously  transfer  to  Au,  and  the
electrons  on Au further  transfer  to  the  valence  band of  TiO2 until
achieving Fermi level alignment across the three components.  The

introduction of Au NPs leads to a redistribution of charge, bringing
out an increase in the electron density of TiO2 and a decrease in the
electron  density  of  NH2-MIL-125,  forming  a  built-in  electric  field
(IEF) of NH2-MIL-125 pointing towards TiO2. The following in-situ
XPS  results  of  NH2-MIL-125/Au/TiO2 demonstrate  that
photogenerated  electrons  in  TiO2’s  conduction  band  migrate
toward  NH2-MIL-125’s  valence  band  under  the  IEF,  where  they
recombine  with  holes  of  NH2-MIL-125.  This  Z-scheme  charge
transfer  mechanism  effectively  preserves  the  photogenerated
electrons  on  NH2-MIL-125  and  photogenerated  holes  on  TiO2,
allowing their  participation in  subsequent  photocatalytic  reactions,
maintaining strong redox potentials  while  achieving spatial  charge
separation (Fig. 2(g)).

To  further  investigate  the  charge  transfer  process  within  the
samples,  the  femtosecond  transient  absorption  (fs-TA)
spectroscopy was employed. As shown in Fig. S9(a) in the ESM, the
pristine  NH2-MIL-125  exhibits  an  excited-state  absorption  (ESA)
signal  at  610  nm,  which  can  be  attributed  to  the  ligand-to-metal
charge  transfer  (LMCT) effect.  The NH2-MIL-125/TiO2 (Fig.  3(a))
displays  a  similar  ESA  signal  but  with  significantly  enhanced
intensity.  Notably,  the  ternary  NH2-MIL-125/Au/TiO2 exhibits
distinct ESA features (Fig. 3(b)), with double ESA signals observed

 

Figure 2    (a) Differential charge density distribution, (b) two-dimensional plane differential charge, and (c) density of states of NH2-MIL-125/Au/TiO2.  ((d)–(f)) Work
functions of (d) NH2-MIL-125, (e) Au, and (f) TiO2. (g) Electron migration route of Z-scheme heterojunction of NH2-MIL-125/Au/TiO2.
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around  390  and  610  nm,  and  a  broader  spectral  response.
Furthermore,  the  temporal  evolution  of  the  transient  absorption
spectra is monitored at 610 nm for the three samples. As shown in
Figs.  S9(b)  and  S9(c)  in  the  ESM,  NH2-MIL-125  and  NH2-MIL-
125/TiO2 exhibit similar spectral profiles,  both featuring a ground-
state bleach (GSB) signal at around 315 nm and an ESA signal near
610  nm.  The  more  obvious  ESA  signal  in  NH2-MIL-125/TiO2

suggests  that  the  type-II  heterojunction  effectively  facilitates  the
separation of photogenerated charge carriers. In addition, NH2-MIL-
125/Au/TiO2 (Fig.  S9(d)  in the ESM) displays  a  distinct  additional
ESA signal at 390 nm, which may be attributed to the generation of
hot  electrons  via  the  plasmonic  effect  of  Au  nanoparticles.
Simultaneously, Au serves as an electron bridge between TiO2 and
NH2-MIL-125,  enabling  the  recombination  of  photogenerated
electrons  from  TiO2 with  holes  from  NH2-MIL-125.  Moreover,  a
more  intense  GSB  signal  is  observed,  indicating  a  higher  yield  of
photogenerated  charge  carriers  in  the  NH2-MIL-125/Au/TiO2

system. The normalized fs-TA decay curves (Fig. 3(c)) indicate that
the  NH2-MIL-125/Au/TiO2 Z-scheme  heterojunction  decays  more
rapidly compared to the type-II NH2-MIL-125/TiO2 heterojunction.
Time-resolved photoluminescence (TRPL) spectroscopy (Fig. S9(e)
in  the  ESM) further  supports  this  finding,  in  which  the  Z-scheme
NH2-MIL-125/Au/TiO2 exhibits  the  short  photoluminescence
lifetime  in  comparison  to  the  type-II  NH2-MIL-125/TiO2.  These

results  collectively  demonstrate  the  more  fast  and  efficient
migration  rate  of  photogenerated  charge  carriers  in  the  Z-scheme
heterojunction.

In  addition,  the  Kelvin  probe  force  microscopy  (KPFM)  was
performed  to  examine  the  surface  potential  distribution  of  the
heterojunction  before  and  after  light  irradiation.  For  NH2-MIL-
125/TiO2 (Figs. 3(d)−3(f), and Figs. S9(f) and S9(g) in the ESM), the
surface  potential  decreases  significantly  after  illumination,
indicating  that  TiO2 in  the  type-II  heterojunction  gains  electrons
under  light.  In  contrast,  NH2-MIL-125/Au/TiO2 (Figs.  3(g)−3(i),
and Figs.  S9(h)  and S9(i)  in  the  ESM) shows  a  certain  increase  in
surface  potential  after  illumination,  suggesting  that  TiO2 in  the  Z-
scheme  heterojunction  tends  to  lose  electrons.  The  obviously
opposite  behavior  further  corroborates  the  distinct  charge  transfer
pathways in the two types of heterojunctions.

 3.2    Photocatalytic NO removal
Assessment  of  photocatalytic  NO  oxidation  under  visible  light
reveals  a  removal  rate  of  22.1%  for  pristine  NH2-MIL-125
(Fig.  4(a)).  Remarkable  enhancements  were  achieved  through
strategic  modifications,  and  the  introduction  of  either  TiO2 or  Au
NPs  individually  boosts  the  NO  removal  efficiency  to  67.3%  and
63.8%  for  NH2-MIL-125/TiO2 and  NH2-MIL-125/Au,  respectively.
These  significant  improvements  demonstrate  that  both  the

 

Figure 3    ((a) and (b)) The fs-TA spectra of (a) NH2-MIL-125/TiO2 and (b) NH2-MIL-125/Au/TiO2. (c) Normalized fs-TA decay curves of NH2-MIL-125/TiO2 and NH2-
MIL-125/Au/TiO2 at  610  nm.  ((d)–(i))  The  KPFM  potential  images  in  the  dark,  under  irradiation,  and  surface  potential  spectra  of  ((d)–(f))  NH2-MIL-125/TiO2 and
((g)–(i)) NH2-MIL-125/Au/TiO2.
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formation  of  a  type-II  heterojunction  through in-situ TiO2

incorporation  and  the  introduction  of  Au  NPs  can  substantially
enhance  the  photocatalytic  performance.  However,  first
constructing  NH2-MIL-125/TiO2 heterojunction  followed  by  Au
deposition results  in  inferior  photocatalytic  NO removal  efficiency
(49.4%).  This  obvious  decrease  may  be  attributed  to  that  the  Au
NPs  blocked  almost  all  the  NH2-MIL-125/TiO2’s  micropores  (as
shown in Table S3 and Fig.  S10 in the ESM),  thereby significantly
reducing its  specific surface area.  During the NO removal process,
the adsorption–desorption equilibrium is first achieved under dark
conditions.  When  the  samples  possess  insufficient  specific  surface
area  and  active  sites,  this  situation  leads  to  an  initial  increase  in
removal  efficiency  followed  by  a  gradual  decline  over  time.  In
dramatic contrast, the Z-scheme NH2-MIL-125/Au/TiO2, fabricated
by in-situ TiO2 growth  on  pre-deposited  Au-modified  NH2-MIL-
125,  achieves  an  exceptional  NO  removal  efficiency  (82.0%).  This
exceptional  performance  originates  from  the  precisely  controlled
architecture,  where  Au  NPs  are  positioned  as  interfacial  bridges
between NH2-MIL-125 and TiO2,  enabling efficient charge transfer

across  the  Z-scheme  heterojunction.  Furthermore,  this  system
demonstrates  superior  NO  removal  performance  compared  to
other photocatalysts (Fig. 4(b) and Table S4 in the ESM).

While evaluating NO degradation, we monitored the generation
of NO2, a toxic byproduct. The NO2 production levels (Fig. 4(c)) for
original NH2-MIL-125, NH2-MIL-125/TiO2, NH2-MIL-125/Au, and
NH2-MIL-125/TiO2/Au are remarkably low (< 25 ppb), accounting
for only 5% of the initial NO concentration (550 ppb). Of particular
significance,  the  NH2-MIL-125/Au/TiO2 not  only  achieves  an
exceptional  NO  removal  efficiency  of  82.0%  but  also  exhibits  the
lowest NO2 production levels among all tested samples. During the
photocatalytic  reaction,  the  NH2-MIL-125/Au/TiO2 exhibits  only
minimal  NO2 generation  during  initial  reaction  stages,  with  the
NO2 concentration dropping to almost 0 ppb in subsequent stages.
The  result  demonstrates  that  NH2-MIL-125/Au/TiO2 effectively
avoids  the  generation  of  secondary  toxic  pollutants  during  NO
removal.  Instead,  it  predominantly  converts  NO  into  harmless
nitrate  and  nitrite  species,  achieving  100%  selectivity  toward
NO2

−/NO3
− after 30 min of reaction. To further verify the stability of

 

Figure 4    (a) The NO removal efficiency and (c) the corresponding NO2 production of NH2-MIL-125, NH2-MIL-125/TiO2, NH2-MIL-125/Au, NH2-MIL-125/Au/TiO2,
and  NH2-MIL-125/TiO2/Au.  (b)  The  comparison  of  the  photocatalytic  NO removal  rate  with  of  other  photocatalysts.  (d)  NO removal  efficiency  under  5  consecutive
experiments. (e) The free radical capture experiments of NH2-MIL-125/Au/TiO2. (f) NO molecule interactions with NH2-MIL-125, NH2-MIL-125/TiO2, and NH2-MIL-
125/Au/TiO2.
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the NO purification efficiency and the structural  integrity of  NH2-
MIL-125/Au/TiO2,  we conducted five consecutive NO purification
cycle  experiments.  The  NH2-MIL-125/Au/TiO2 exhibits
outstanding  stability  in  NO  removal,  maintaining  a  removal
efficiency  consistently  above  82.0%  over  five  cycles  (Fig.  4(d)).
Moreover,  only  trace  amounts  of  NO2 secondary  pollutants
(<  5  ppb)  are  detected  during  the  initial  min  of  each  cycle  (Fig.
S11(a)  in  the  ESM),  with  subsequent  concentrations  of  NO2

secondary  contaminants  consistently  at  0  ppb,  confirming  the
material’s  capability  for  deep  and  long-term  NO  oxidation.
Additionally, XRD and SEM analyses reveal no significant changes
in  its  crystal  structure  or  morphology  of  NH2-MIL-125/Au/TiO2

after  cycling  tests  (Figs.  S11(b)–S11(d)  in  the  ESM),  further
supporting  its  potential  as  a  stable  and  efficient  photocatalyst.  To
elucidate the reactive species involved in NO photo-oxidation over
NH2-MIL-125/Au/TiO2,  radical  trapping  experiments  were
performed.  As  depicted  in Fig.  4(e),  the  introduction  of  specific
scavengers  suppresses  the  reaction  efficiency,  indicating  the
participation  of  multiple  radicals  in  the  photocatalytic  process.
Notably,  the  photocatalytic  efficiency  decreases  most  significantly
when benzoquinone (PBQ), a trapping agent for ·O2

−, is added. This
result indicates that the ·O2

− is the primary active free radical in the
NH2-MIL-125/Au/TiO2 system.

Through the DFT calculations, the interaction capability between
NO and the samples was also elucidated (Fig. 4(f)). The adsorption
energies  of  NO  for  NH2-MIL-125,  NH2-MIL-125/TiO2,  and  NH2-
MIL-125/Au/TiO2 are −1.36, −0.23, and −2.31 eV, respectively. The
Bader  charges  between  NO  and  NH2-MIL-125,  NH2-MIL-
125/TiO2,  and  NH2-MIL-125/Au/TiO2 are  +0.394  e, −0.176  e,  and
+0.359  e,  respectively.  Of  particular  significance  is  that  NH2-MIL-
125/Au/TiO2 exhibits more negative adsorption energy, indicating a
more convenient interaction ability with NO, which is favorable for
NO removal [48]. In the NH2-MIL-125/Au/TiO2 Z-scheme system,
the NO molecule tends to gain electrons, facilitating the formation
of the NO− intermediate and optimizing the NO reaction pathway.
In  contrast,  in  the  NH2-MIL-125/TiO2 type-II  system,  the  NO
molecule  tends  to  lose  electrons  via  oxidation  to  obtain  NO+

intermediate.

 3.3    The possible photocatalytic NO removal mechanism
The  trapping  experiments  confirm  that  ·O2

− and  ·OH  play  a
significant  role  in  the  photocatalytic  oxidation  of  NO,  with  high
contribution rates of 21.27% and 11.83%, respectively (Fig. 5(a)). To
directly  detect  the  active  free  radicals  generated  during  the
photocatalytic  reaction,  we  employed  electron  paramagnetic
resonance  (EPR)  spectroscopy  to  analyze  NH2-MIL-125/TiO2 and

 

Figure 5    (a) The contribution rates of each free radical in NO removal of NH2-MIL-125/Au/TiO2. ((b) and (c)) EPR detection under darkness and light (b) ·O2
− and (c)

·OH of NH2-MIL-125/TiO2 and NH2-MIL-125/Au/TiO2. ((d) and (e)) The adsorption and activation capabilities and bader charge analysis of NH2-MIL-125/Au/TiO2 for
small molecule (d) O2 and (e) H2O. (f) C 1s, (g) N 1s, and (h) O 1s in-situ illuminated XPS spectra of NH2-MIL-125/TiO2 and NH2-MIL-125/Au/TiO2.
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NH2-MIL-125/Au/TiO2 (Figs.  5(b) and 5(c)).  EPR  is  a  highly
sensitive technique capable of directly detecting and identifying free
radicals,  particularly  under  light  irradiation,  where  signals  of
radicals such as ·O2

− and ·OH can be captured in real time. Under
dark  conditions,  almost  no  free  radical  signals  are  detected,
however, under light irradiation, both NH2-MIL-125/TiO2 and NH2-
MIL-125/Au/TiO2 exhibit  intense  signals,  with  a  characteristic
intensity  ratio  of  1:1:1:1  for  ·O2

− and  1:2:2:1  for  ·OH.  Notably,  the
signal  intensities  of  ·O2

− and  ·OH  generated  by  NH2-MIL-
125/Au/TiO2 are  significantly  stronger  than  those  of  NH2-MIL-
125/TiO2.  This  enhancement  originates  from  Au  NPs’ dual
functionality,  mediating  interfacial  electron  transport  between
semiconductor  and  MOF  components  and  generating  localized
surface plasmon resonance (LSPR)-induced hot carriers that boost
radical formation through improved charge separation.

To  investigate  the  generation  of  ROS,  we  employed  DFT
calculations to examine the adsorption and activation capabilities of
samples  toward  O2 and  H2O.  The  adsorption  energies  (Eads)
(Fig.  5(d) and Fig.  S14 in the ESM) of O2 on NH2-MIL-125, NH2-
MIL-125/TiO2,  and  NH2-MIL-125/Au/TiO2 are −1.27, −1.55,  and
−2.73 eV, respectively. In the O2 system for NH2-MIL-125/Au/TiO2,
the  O2 molecules  tend  to  gain  electrons  and  display  the  longest
O–O  bond  length,  facilitating  the  reduction  to  obtain  ·O2

−.  At  the
same  time,  the  corresponding  adsorption  energies  for  H2O  are
−0.75, −1.66,  and −1.70  eV,  respectively.  Simultaneously,  in  the
H2O  system  for  NH2-MIL-125/Au/TiO2 (Fig.  5(e)),  the  H2O
molecules  more  easily  lose  electrons,  and  the  longest  O–H  bond
length  is  beneficial  to  the  O–H  bond  cleavage  for  H+ generation,
promoting the evolution from H2O2 to ·OH [49]. The Eads of O2 and
H2O  clearly  demonstrate  the  spontaneous  adsorption  ability  for
both  O2 and  H2O  on  all  samples,  in  which  the  NH2-MIL-
125/Au/TiO2 exhibits  more  negative  adsorption  energy,  indicating
that NH2-MIL-125/Au/TiO2 more readily adsorbs and activates O2

and  H2O  molecules  [50].  Furthermore,  we  analyzed  the  bond
interaction  and  electron  transfer  situation  between  the
photocatalysts  and  small  molecules  through  combined  electron
localization function (ELF) and Bader charge values (Fig. S15 in the
ESM).  During  the  O2 and  H2O  activation  process,  obvious
interactions occur between the photocatalysts and small molecules,
in  which  the  NH2-MIL-125/Au/TiO2 also  exhibits  the  superior
interactions  with  O2 and  H2O  that  significantly  contributed  to  the
generation of ROS.

In-situ XPS  analysis  was  conducted  to  monitor  the  charge
dynamics  before  and  after  light  irradiation,  which  provides  direct
experimental  evidence  of  the  charge  transfer  direction  for
photocatalyst during the photocatalytic process. Light-irradiated in-
situ XPS  characterization  of  NH2-MIL-125/TiO2 demonstrates
binding  energy  changes,  and  the  carboxyl  group  C=O  (Fig.  5(f))
and amino group N (Fig. 5(g)) peaks exhibit positive shifts of +0.1
and +0.2 eV, respectively. Concurrently, the Ti–O bond (Fig. 5(h))
exhibits  a  shift  toward  lower  binding  energy.  The  previous  XPS
analysis  (Fig.  1(f))  reveals  that  the  formation  of  TiO2 significantly
alters the O 1s spectrum, with a substantial increase in Ti–O bond
content, confirming that the Ti–O bond primarily originated from
TiO2.  After  illumination,  the  peaks  associated  with  NH2-MIL-125
shift  to  higher  binding energy,  while  those  related  to  TiO2 shift  to
lower values, indicating that photogenerated electrons migrate from
NH2-MIL-125 to TiO2 during the photocatalytic reaction, consistent
with  the  charge  transfer  pathway  of  a  type-II  heterojunction.
Conversely,  the in-situ XPS  spectra  of  NH2-MIL-125/Au/TiO2

exhibit  an  opposite  trend  after  illumination,  and  the  peaks
corresponding to the amino and carboxyl groups of NH2-MIL-125
decrease toward lower binding energy,  while those associated with
TiO2 increase  toward  higher  binding  energy,  suggesting  that
photogenerated  electrons  transfer  from  TiO2 to  NH2-MIL-125
during  the  photocatalytic  process,  demonstrating  the  typical
photoinduced  carrier  transfer  featured  of  Z-scheme  photocatalytic
systems.

In-situ FT-IR  tracks  the  evolution  of  intermediates  and  final
products  during  sequential  dark  adsorption  and  light  irradiation
phases. Figure 6(a) and Fig. S16(a) in the ESM present the spectral
evolution  during  NO  adsorption  and  photocatalytic  conversion
over  NH2-MIL-125.  Remarkably  similar  infrared  spectra  are
observed  between  dark  adsorption  and  visible  light  irradiation
conditions.  Characteristic  absorption  peaks  at  1049,  1078,  and
1639  cm−1 confirm  NO  adsorption  on  NH2-MIL-125.  Additional
peaks  at  907,  948,  and 1724 cm−1 are  identified  as  NO2 (948  cm−1)
and  N2O4 (948  and  1724  cm−1),  suggesting  that  NO  preferentially
reacted  with  O2 to  form  these  toxic  byproducts  because  of  the
limited  oxidative  potential  of  the  NH2-MIL-125.  The  reversible
NO2/N2O4 equilibrium  is  clearly  observed.  Simultaneously,  a
characteristic  peak  at  1163  cm−1 is  detected,  assigning  to  NO−,  an
ideal reaction intermediate formed through electron acquisition by
NO molecules. Furthermore, distinct peaks at 1362, 1400, 1500, and
1590 cm−1 corresponding to nitrite (1500 and 1590 cm−1) and nitrate
species (1362 and 1400 cm−1) are detected under both dark and light
conditions,  indicating partial  NO oxidation by NH2-MIL-125.  The
NH2-MIL-125/TiO2 system  exhibits  nearly  identical  FT-IR  spectra
under dark and illuminated conditions (Fig. 6(b) and Fig. S16(b) in
the ESM), with characteristic peaks for NO (1639 cm−1), NO2 (838,
885,  920,  and  939  cm−1),  N2O4 (1724  cm−1),  and  NO+ (1689  cm−1)
clearly  visible.  Obvious  vibrational  modes  corresponding  to  nitrite
(1500  and 1590  cm−1)  and nitrate  (1044,  1362,  and 1411  cm−1)  are
also  observed.  After  illumination,  the  peak  of  NO  weakens
(1639 cm−1) and the peak of NO3

− strengthens (1362 and 1411 cm−1),
indicating the enhancement of photocatalytic activity. Figure S16(c)
in  the  ESM  shows  the  spectral  evolution  during  dark  NO
adsorption of  NH2-MIL-125/Au/TiO2.  The  characteristic  NO peak
at  1639  cm−1 intensifies,  accompanied  by  the  appearance  of  NO−

(1158  cm−1)  signatures.  Nitrite  species  (860,  1500,  and  1590  cm−1)
and  nitrate  species  (1362  and  1400  cm−1)  are  also  detected.  After
light  irradiation  (Fig.  6(c)),  the  absorption  peak  of  1639  cm−1

weakens and the absorption intensities of NO3
− (1362 cm−1) increase

substantially  compared  to  dark  conditions,  confirming  that  visible
light promotes deep NO oxidation over NH2-MIL-125/Au/TiO2.

The contour projection results during the photocatalytic reaction
stage (Figs. 6(d)−6(f)) further reveal that NH2-MIL-125 maintains a
certain  concentration  level  of  NO while  producing  more  NO2

−.  In
contrast,  both  NH2-MIL-125/TiO2 and  NH2-MIL-125/Au/TiO2

exhibit  significantly  greater  NO3
− formation,  with  NH2-MIL-

125/Au/TiO2 demonstrating  particularly  pronounced  NO3
−

accumulation  over  prolonged  reaction  time,  clearly  indicating  its
superior deep oxidation capability for NO conversion.  The species
corresponding  to  various  peaks  are  listed  in  Tables  S5–S7  in  the
ESM.  The  analysis  of  the  corresponding  contour  plots  reveals
distinct  photocatalytic  behaviors,  an  the  NH2-MIL-125  primarily
adsorbs  NO  with  partial  conversion  to  toxic  NO2 and  minimal
nitrate  formation.  The  NH2-MIL-125/TiO2 shows  improved  NO
oxidation  capacity,  generating  more  nitrite  species  but  still  limited
nitrates,  while  the  NH2-MIL-125/Au/TiO2 achieves  the  most
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complete  NO  oxidation,  producing  abundant  nitrate  species.  The
observed  improvement  likely  stems  from  Au  nanoparticles’ dual
roles,  and  beyond  their  plasmonic  effects,  they  mediate  the
transition  from  type-II  to  Z-scheme  heterojunction  configuration.
The heterojunction structure rearrangement dramatically improves
the  promotion  of  photogenerated  charge  carriers,  collectively
enhancing  reactive  oxygen  species  production  and  enabling  deep
pollutant oxidation. Specifically, the reaction pathways of NO in the
NH2-MIL-125/TiO2 and  NH2-MIL-125/Au/TiO2 systems  are  listed
in Schemes S1 and S2 in the ESM.

Based on the distinct charge transfer mechanisms (Fig. S17 in the
ESM)  of  NH2-MIL-125/TiO2 and  NH2-MIL-125/Au/TiO2,  their
oxidative  behaviors  toward  NO  also  differ  significantly,  leading  to
divergent  reaction  pathways  (Fig.  6(g)).  Specifically,  in  the  type-II
heterojunction NH2-MIL-125/TiO2, the limited reductive capability
hinders  electron  gained  by  adsorbed  NO  molecules.  Instead,  it
facilitates  the  formation  of  the  NO+ intermediate.  The  presence  of
this toxic intermediate impedes the deep oxidation of NO to NO3

−,
inevitably  leading  to  the  generation  of  incompletely  oxidized  NO2

species  during  the  photocatalytic  process  [49−51],  as  corroborated
by our activity tests. Gibbs free energy analysis further confirms that
NO  is  thermodynamically  more  favorable  to  oxidize  into  NO2.
Although NO2 can be subsequently converted to NO3

−, this stepwise
oxidation  pathway  (NO  →  NO2 →  NO3

−)  results  in  substantial
accumulation  of  toxic  intermediates.  In  contrast,  in  the  Z-scheme
heterojunction  NH2-MIL-125/Au/TiO2,  which  possesses  strong
reductive  ability,  NO  readily  gains  electrons  to  generate  NO−

species,  effectively  suppressing  NO2 formation  [52],  in  agreement
with  the  activity  test  results.  The  NO− intermediate  is
predominantly formed and subsequently converted to NO2

−, which
is  further  oxidized  to  NO3

− (NO  →  NO2
− →  NO3

−).  Notably,  this
reaction pathway exhibits a lower Gibbs free energy, indicating that
NH2-MIL-125/Au/TiO2 promotes  deeper  oxidation  of  NO
pollutants under photocatalytic conditions.

On  the  basis  of  comprehensive  characterization  and
computational analysis, the proposed reaction mechanism for NH2-
MIL-125/Au/TiO2 is schematically illustrated in Fig. 6(h). In this Z-
scheme  heterojunction  system,  the  WF  increase  sequentially  from

 

Figure 6    ((a)–(c)) In-situ FT-IR spectra of (a) NH2-MIL-125, (b) NH2-MIL-125/TiO2, and (c) NH2-MIL-125/Au/TiO2 for NO removal under light irradiation conditions
and ((d)–(f)) the corresponding contour projections for photocatalytic reaction. (g) The NO reaction path calculated for NH2-MIL-125/TiO2 and NH2-MIL-125/Au/TiO2.
(h) The possible mechanism of NO removal by NH2-MIL-125/Au/TiO2.
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NH2-MIL-125  to  Au  to  TiO2,  while  their  Fermi  levels  decrease
correspondingly.  Upon  formation  of  the  heterojunction,  electrons
migrate spontaneously from NH2-MIL-125 to Au and then to TiO2,
establishing  an  IEF  directed  toward  TiO2.  Under  light  irradiation,
photogenerated electrons in the conduction band of TiO2 are driven
by  the  IEF  to  recombine  with  the  photoexcited  holes  localized  in
the  valence  band  of  NH2-MIL-125.  Within  this  Z-scheme
architecture, the Au nanoparticles serve a dual role. They act as an
electron  bridge  that  alters  the  charge  transfer  pathway,  facilitating
spatial  separation of  photogenerated  charge  carriers,  and they  also
exhibit  an  LSPR  effect  that  enhances  the  photocatalytic  activity.
Importantly, this Z-scheme charge transfer dynamics preserves the
strong reduction capability of NH2-MIL-125.

Under visible light irradiation, NH2-MIL-125/Au/TiO2 is excited
to  generate  electron–hole  pairs  (Eq.  (S11)  in  the  ESM).  Owing  to
the Z-scheme mechanism, electrons accumulate on the conduction
band  of  NH2-MIL-125,  which  has  sufficiently  negative  potential
(−0.89  V)  to  reduce  adsorbed  O2 to  ·O2

− (O2/·O2
− (−0.33  V))  (Eq.

(S12)  in  the  ESM).  The  generated  ·O2
− can  further  transform  into

·OH (Eqs. (S13) and (S14) in the ESM). Both ·O2
− and ·OH serve as

the  primary  reactive  species  in  the  subsequent  photocatalytic
oxidation  process.  In  a  continuous-flow  NO  reactor,  the
photocatalytic  NO  removal  process  initiates  with  molecular
adsorption,  where  NO  can  react  with  electrons  to  form  NO− (Eq.
(S15) in the ESM) or be directly oxidized by ·O2

− to NO3
− (Eq. (S16)

in  the  ESM).  The  intermediate  products  are  further  completely
converted into nitrate and nitrite species under the action of active
radicals (Eqs. (S17)–(S19) in the ESM).

 4    Conclusions
In conclusion, through incorporation of Au NPs as electron bridges
within in-situ fabricated  NH2-MIL-125/TiO2,  we  successfully
transformed  the  type-II  heterojunction  into  Z-scheme
heterojunction,  enabling  the  regulation  of  the  NO  oxidation
pathway  and  achieving  efficient  deep  oxidation.  Activity  tests
demonstrate  that  Z-scheme  NH2-MIL-125/Au/TiO2 exhibits  an
impressive NO removal efficiency of 82.0%, surpassing the original
NH2-MIL-125 by 3.7  times  and the  type-II  NH2-MIL-125/TiO2 by
1.2 times. Combining DFT calculations, fs-TA spectroscopy, and in-
situ FT-IR, we identified that the superior performance of NH2-MIL-
125/Au/TiO2 stems  from  the  establishment  of  the  Z-scheme
heterojunction,  which  facilitates  ROS  generation  and  controls  the
NO  reaction  pathway.  NH2-MIL-125/Au/TiO2 demonstrates
enhanced  adsorption  and  activation  capabilities  for  O2/H2O
molecules, promoting ROS production. Moreover, within the NH2-
MIL-125/Au/TiO2 system,  the  NO− intermediate  product  is
preferentially generated, facilitating its deep oxidation to NO3

−. This
process  effectively  suppresses  the  formation  of  toxic  by-products
(NO2 and  NO+)  while  regulating  the  rate-determining  step  of  NO
oxidation.  This study aims to explore Au-mediated heterojunction
transition from type-II to Z-Scheme to develop highly efficient and
long-term stable MOFs-based photocatalysts for regulating the NO
reaction  pathway,  offering  significant  implications  for
environmental purification.

 Electronic  Supplementary  Material: Supplementary  material  (the
chemical  composition,  morphological  structure,  photogenerated
carrier  separation  ability,  band  structure  of  the  photocatalysts,  as
well  as  NO removal  activity  tests,  DFT calculations, in-situ FT-IR,

etc.)  is  available  in  the  online  version  of  this  article  at
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