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Abstract: Glyphosate is one of the most commonly used herbicides that is frequently observed in soil and water systems. Its persis-
tence and toxicity pose serious concerns to human health and the environment. Conventional treatment methods such as adsorp-
tion and biological processes are often inadequate as these approaches either transfer the pollutant to another phase or show par-
tial mineralization. In this work, MXene (Ti3C2Tx) and graphitic carbon nitride (g-C3N4) supported over activated carbon fibre (ACF)
were integrated to create a Schottky-type heterojunction as a stable photoanode for photoelectrochemical (PEC) degradation of
glyphosate. For single-chamber PEC operation, g-C3N4 served as the visible-light absorber, metallic MXene acted as an electron
sink while ACF as a conductive and sustainable support. Strong interfacial coupling between MXene and g-C3N4 was established
by structural and spectroscopic investigations that supported band bending at the interface and enabled effective charge separa-
tion.  The  hybrid  system  accelerated  the  oxidation  of  glyphosate  by  significantly  increasing  the  production  of  reactive  oxygen
species. Under ideal conditions, glyphosate was degraded to around 100% in 270 min at a bias potential of 1.4 V. These findings
highlight the potential of MXene-g-C3N4/ACF photoanode as a scalable, cost-effective, and visible light active platform for remedia-
tion of glyphosate and potentially other organic contaminants in water.
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 1.  Introduction

N-(phosphonomethyl) glycine (PMG) or glyphosate is a widely
used  broad-spectrum  herbicide  extensively  used  in  modern
agricultural weed management. It inhibits the shikimate path-
way, a vital route present in plants, fungi, and some microorgan-
isms [1]. Its widespread use has raised several concerns regard-
ing environmental persistence, toxicity, and challenges in degra-
dation.  PMG  possesses  high  water  solubility  (~11.6  mg/L  at
25°C) that facilitates its rapid transport through soil and water
systems  that  intensify  contamination  risks  [2].  The  European
Union (EU) has set a rigorous threshold of 0.1 µg/L for PMG in
drinking water due to its toxicity and widespread detection [3,
4].  However,  concentrations  exceeding  regulatory  thresholds
have  been  recorded  globally.  In  some  regions  PMG  levels  in
groundwater  is  found  to  be  ~76  mg/L  in  container  effluent
from herbicide containers  [5].  PMG has been detected in  sur-
face  freshwater  bodies  across  Europe  at  concentrations  of
approximately  50  μg/L  [6, 7].  In  agricultural  pond  systems,

reported PMG levels range from 12–221 μg/L in Argentina and
up to 427 μg/L in the USA, while concentrations near agricul-
tural regions in Brazil reach as high as 2160 μg/L [8-10].

PMG and its primary metabolite aminomethylphosphonic
acid  (AMPA)  are  known  for  its  persistence  and  toxicity  [11].
Both compounds can affect non-target organisms, disrupt soil
microbial  communities  and  impair  ecological  functions  such
as  nutrient  cycling  and  soil  fertility  [9,12, 13].  PMG  has  also
been  associated  with  endocrine  disruption,  biodiversity  loss,
and  potential  carcinogenicity,  according  to  the  International
Agency for Research on Cancer (IARC) [14, 15]. Various studies
have  reported  that  even  trace  concentrations  (<0.02  mg/L)
may lead to endocrine disruption and carcinogenic outcomes
in humans [16, 17]. These data underscore the urgent need for
efficient  technologies  to remediate PMG-contaminated water
before levels become unmanageable.

Addressing  the  environmental  impact  of  PMG  requires
effective degradation strategies.  In  this  context,  conventional
treatment  methods  such  as  adsorption,  biological  treatment,
and advanced oxidation processes  (AOPs)  have been applied
for PMG removal and degradation [18-20]. For instance, adsorp-
tion-based  approaches  using  materials  like  biochar,  metal
organic frameworks (MOFs), and ion-exchange resins offer sim-
plicity  and  cost-effectiveness  [21, 22].  However,  these  meth-
ods  are  non-destructive  and  generate  secondary  waste.  For
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example, Fe3+-preloaded D151 resin demonstrated high adsorp-
tion  capacity  (481.85  mg/g)  in  saline  water  [23].  Despite  its
high  efficiency  and  salt  resistance,  the  adsorption  process
proved non-destructive and failed to degrade PMG molecules.
This  limits  its  suitability  for  complete  detoxification  particu-
larly in comparison to approaches focused on complete degra-
dation of pollutants.

However,  AOPs  enable  effective  mineralization  of  PMG
through  generation  of  highly  reactive  radicals  including
hydroxyl  species  ( •OHs)  that  are  capable  of  degrading  com-
plex  organics  to  simpler  and  less  harmful  molecules  [24].
Among  AOPs,  photocatalysis  and  electro-oxidation  have
emerged as the most widely studied methods for PMG degrada-
tion in aqueous systems [25-30]. However, traditional photocata-
lysts like TiO2 face challenges such as wide bandgap, fast elec-
tron-hole recombination, and reduced performance under visi-
ble  light  [31, 32].  Therefore,  recent  advancements  have  been
introduced focussing on designing hetero-structured systems
to overcome the intrinsic limitations of single-component pho-
tocatalysts [33, 34]. These limitations include wide band gaps,
high  rates  of  photogenerated  charge  recombination,  and
reduced  catalytic  activity  under  visible  light  [35].  Develop-
ment  of  a  heterojunction  has  emerged  as  a  powerful  tool  to
improve photocatalytic efficiency by promoting charge separa-
tion. Early developments led to type-II  heterojunctions where
photogenerated holes and electrons transfer between semicon-
ductors  based  on  its  band  positions  [36, 37].  However,  this
design  had  several  flaws  such  as  thermodynamic  instability
and deviation between theoretical  and actual  charge transfer
pathways [38]. The Z-scheme mechanism, though an improve-
ment, still shows low efficiency due to the use of electron media-
tors [39].

In contrast, metal-semiconductor systems based on Schot-
tky junction provide a simpler and effective alternative. These
junctions form when a semiconductor comes in contact with a
metal possessing a lower work function that results in the devel-
opment of a Schottky barrier [40]. This barrier drives unidirec-
tional transfer of electrons to the metal from the semiconduc-
tor that promotes charge separation and suppress recombina-
tion [41]. Such interfaces are particularly effective in photocatal-
ysis where the metal acts as an electron sink enabling the accu-
mulation of  electrons  that  participate  in  redox reactions  with
targeted pollutants. For instance, a Schottky junction was con-
structed  between  Sn–Bi–MOF  and  MXene  in  a  recent  study
enabled directional electron transfer and enhanced charge sep-
aration [42]. The system achieved 96.2% tetracycline degrada-
tion in 90 min under visible light demonstrating the effective-
ness  of  Schottky-based  structure  for  photocatalytic  pollutant
removal.

In  this  study,  a  composite  photocatalyst  comprising
MXene  (Ti3C2Tx)  and  graphitic  carbon  nitride  (g-C3N4)  sup-
ported over activated carbon fibre (ACF) was engineered to con-
struct a Schottky junction for enhanced photoelectrochemical
(PEC) degradation process. This novel catalyst was applied for
the  first  time  for  the  PEC  degradation  of  PMG,  a  widely  used
and environmentally persistent herbicide.  The MXene–g-C3N4

composite has emerged as promising photocatalyst owing to
its synergistic structural and electronic characteristics [43]. Incor-
poration  of  g-C3N4 with  MXene  facilitates  improved  visible-
light  absorption  and  enhances  the  migration  and  separation

of photogenerated charge carriers [44, 45]. The MXene–g-C3N4

interface forms a Schottky junction due to the fermi level differ-
ence between the two materials. This junction facilitates unidi-
rectional electron transfer from the conduction band of g-C3N4

to the metallic MXene surface. [46]. The formation of this junc-
tion promotes spatial charge separation and suppresses recom-
bination  losses,  thereby  enhancing  photocatalytic  efficiency
across  diverse  environmental  systems.  Notably,  g-C3N4 has
gained  significant  attention  due  to  its  role  as  a  visible-light-
active photocatalyst [47]. It offers a suitable bandgap and visi-
ble-light activity therefore, serves as an efficient semiconduct-
ing  photo  absorber  [48, 49].  Nevertheless,  bulk  g-C3N4 often
shows limited photocatalytic performance [47]. The main rea-
son is the inefficient separation and slow transfer of photogen-
erated charge carriers. These limitations reduce its overall activ-
ity under light irradiation. To overcome this limitation, g-C3N4

is widely incorporated to heterojunction systems. Such configu-
rations enhance interfacial charge transfer and reduce recombi-
nation losses. On the other hand, MXene functions as the elec-
tron sink owing to its metallic conductivity and favourable elec-
tronic structure [47, 50]. MXene possesses the potential to cou-
ple with semiconductor photocatalysts and results the forma-
tion of a Schottky junction [51]. Formation of such junction sig-
nificantly  promotes  efficient  separation  of  photoinduced
charge  carriers,  thereby  improve  photocatalytic  performance
of  the  catalyst.  In  the  present  study,  by  integrating  MXene
with  g-C3N4 to  form  a  Schottky-type  photocatalyst,  this  work
aims  to  demonstrate  enhanced  PEC  degradation  of  PMG,
improved redox efficiency, and reduced electron–hole recombi-
nation. This approach contributes to the development of eco-
nomical and scalable catalysts for advanced wastewater treat-
ment technologies.

 2.  Materials and methods

Urea  (NH2CONH2),  di-sodium  tetraborate  decahydrate
(Na2B4O7.10H2O),  sodium  chloride  (NaCl),  potassium  chloride
(KCl),  lithium  fluoride  (LiF),  hydrochloric  acid  (HCl)  and  di-
sodium  hydrogen  phosphate  (Na2HPO4)  were  procured  from
Merck,  India.  9-fluroenylmethyl  chloroformate  (97%)  (FMOC-
Cl) was purchased from Sigma Aldrich, India. Phenolic precur-
sor-derived activated carbon fibres (ACF) were supplied by Nip-
pon  Kynol  Inc.  (Japan).  Ti3AlC2 MAX  phase  powder  was  pur-
chased  from  Nanochemazone  Inc,  Canada.  Sodium  sulfate
(Na2SO4),  and  acetonitrile  (ACN,  HPLC  grade)  were  obtained
from SRL Pvt.  Ltd.,  India.  Nafion 117 was procured from Sinsil
International,  India.  The  ultrapure  Milli-Q  water  was  obtained
from the purification system installed at the Indian Institute of
Technology, Patna India.

 2.1.  Catalyst preparation

The first component, g-C3N4 was prepared via thermal polymer-
ization of urea. [52, 53]. Briefly, an initial mass of 10 g urea was
carefully  wrapped  in  an  aluminium  foil.  The  wrapped  sample
was then placed inside a tubular reactor furnace. The heating
was carried out at a ramp rate of 4.6°C per min until 550°C was
attained.  Upon  reaching  the  target  temperature,  the  sample
was held at 550°C for 3 h to ensure complete polymerization.
Following heat treatment, the sample underwent natural cool-
ing until ambient conditions were attained.

The  procedure  described  in  a  published  study  was
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employed  to  etch  the  aluminum  layers  and  delaminate  the
MXene with slight modifications as illustrated in Figure 1 [54].
MXene  was  prepared  using  chemical  etching  of  Ti3AlC2 with
in-situ hydrofluoric acid produced from LiF and HCl. Initially, 2
g of Ti3AlC2 was measured accurately. This powder was slowly
added to a mixture of LiF and HCl. The addition was done gradu-
ally  to  ensure  controlled  exothermic  reaction  and  safety.  The
mixture  underwent  constant  agitation  at  150  rpm.  The  reac-
tion was carried out at room temperature and maintained for
48  hours.  After  completion  of  the  etching  process,  the  resul-
tant  dispersion  was  subjected  to  repeated  washing.  Milli-Q
water  was  used  for  washing,  and  centrifugation  was  per-
formed  at  6000  rpm  during  each  cycle.  Washing  was  carried
out  repeatedly  until  the  supernatant  exhibited  a  neutral  pH.
The  resulting  solid  residue  was  then  separated  and  dried
overnight to yield MXene.

The photocatalyst  was  synthesized by  combining MXene
and  g-C3N4 in  equal  proportions  (Figure  2).  For  this  purpose,
0.5 g each of MXene and g-C3N4 were precisely measured with
a  digital  analytical  balance.  Each  material  was  then  subse-
quently placed in individual centrifuge tubes. The process was
followed  by  the  addition  of  50  mL  of  deionized  (DI)  water  to
each  tube  to  prepare  uniform  suspensions.  The  tubes  were
securely  capped  to  avoid  contamination.  The  two  suspen-
sions were poured to a clean reaction flask. The combined mix-
ture  was  then  stirred  using  a  magnetic  stirrer.  The  stirring
speed was maintained at 400 rpm. Continuous stirring was car-
ried  out  for  24  hours.  This  prolonged  stirring  allowed  proper
mixing as a result uniform dispersion of MXene within g-C3N4

[55].  The  resulting  material  was  considered  as  the  final
MXene–g-C3N4 photocatalyst.

The  photoanode  was  prepared  by  coating  the  synthe-
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Fig. 1. Preparation of MXene using chemical etching process. HF produced from LiF and HCl.
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Fig. 2. Schematic diagram illustrating the preparation process of MXene–g-C3N4.
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sized  photocatalyst  on  ACF.  The  ACF  cloth  used  as  the  sub-
strate measured 1.5 × 3.5 cm2. The catalyst ink for coating was
prepared  by  dispersing  the  photocatalyst  in  50  mL  of  iso-
propanol  (IPA)  at  a  concentration  of  1  mg/mL.  Subsequently,
50 µL of Nafion binder was added to promote adhesion of the
photocatalyst  on the ACF surface.  The mixture was then sub-
jected  to  constant  stirring  for  3  hours  to  ensure  homoge-
neous dispersion of the photocatalyst within the solution. The
resultant  catalyst  ink  was  carefully  drop-casted  on  ACF  sur-
face  ensuring  uniform  distribution  of  the  photocatalyst  over
the substrate. The coated electrode was dried at 50°C. The dry-
ing process  ensured proper  adhesion and formation of  a  sta-
ble catalyst layer on ACF surface.

 2.2.  Material characterization

The physicochemical characteristics of the prepared materials
were  thoroughly  investigated  using  several  characterization
techniques.  The  field  emission  scanning  electron  microscopy
(FESEM, JEOL model JSM-7800 F) was employed to analyze sur-
face morphology and microstructural  features  at  high resolu-
tion.  Crystallinity  and  lattice  orientation  were  examined  via
selected  area  electron  diffraction  (SAED)  pattern,  facilitating
insight  to  the  ordered  regions  within  the  nanostructures.
High-resolution transmission electron microscopy (HRTEM, FEI
Tecnai  G2)  provided  nanoscale  imaging  of  the  lattice  struc-
ture, enabling visualization of interplanar spacing. Bright-field
and  dark-field  modes  were  utilized  to  enhance  contrast  and
delineate structural heterogeneities. X-ray photoelectron spec-
troscopy (XPS, K-th PHI 5000 Versa Prob ΙΙ, FEI inc., USA) was con-
ducted to analyze the surface elemental composition and oxida-
tion  states.  The  binding  energy  scale  was  referenced  to  the
C1s peak at 284.6 eV, corresponding to sp2 hybridized carbon.
Fourier  transform  infrared  spectroscopy  (FTIR,  Perkin  Elmer
Spectrum Two) was performed in transmittance mode to iden-
tify functional groups and evaluate chemical bonding interac-
tions.  The  crystalline  phase  and  structural  composition  were
analyzed using X-ray diffraction (XRD, X'Pert Pro, PANalytical).
The obtained diffraction patterns were matched against stan-
dard reference data to confirm phase identity and evaluate crys-
tallinity.

Optical  absorption  properties  and  bandgap  energies  of
the material was evaluated by constructing a Tauc plot, where
the  Kubelka–Munk  function  was  plotted  against  photon
energy (hv), and the relationship was analyzed using the follow-
ing  expression:  αhv=  k(hv−Eg)n/2 where, Eg denotes  the  esti-
mated  bandgap  energy, k represents  a  non-zero  constant
related to the absorption edge, v is  the frequency of incident
light, h is Planck’s constant, and α stands for the absorption coef-
ficient  [52].  All  electrochemical  analysis  was  performed  using
potentiostat (Autolab 302 N, Metrohm India Ltd, Netherlands).
Electrochemical behaviour of the synthesized materials was pre-
liminarily assessed using CV.  The CV measurements were car-
ried out using a conventional three-electrode configuration. A
glassy  carbon  electrode  coated  with  the  test  materials  was
used as the working electrode. An Ag/AgCl electrode and a plat-
inum rod were employed as the reference and the counter elec-
trodes respectively. Phosphate buffer solution was used as the
electrolyte.  The  CV  curves  of  MXene,  g-C3N4,  and  MXene–g-
C3N4 samples were recorded in the potential range of −2 to +2
V. Mott Schottky plots were obtained in 0.5 M Na2SO4 solution

at  a  frequency  of  1000  Hz.  Photoelectrochemical  tests  were
taken  in  1  M  Na2SO4 solution,  and  the  cell  was  illuminated
with a solar simulator (ORIEL, Sol 3 A, Newport suppliers, Nether-
lands). For the determination of organic matter present in the
samples,  Chemical  Oxygen  Demand  (COD)  removal  analysis
was  performed  using  the  standard  potassium  dichromate
method.  Assessment  of  PMG  mineralization  were  done  using
Total  Organic Carbon (TOC) analyzer  (Shimadzu,  Japan 5050).
Prior to TOC analysis,  samples were filtered using 0.22 μm fil-
ter. To analyse the final mineralization products ion identifica-
tion  was  done  using  ion  chromatograph  (Metrohm  Eco  IC
925).

 2.3.  Experimental setup

PMG degradation was performed in a batch-type single-cham-
ber PEC reactor. The system was configured with a three-elec-
trode setup. The prepared working electrode was fixed using a
Teflon frame and connected through a  brass  rod.  A platinum
rod  served  as  the  counter  electrode  while  an  Ag/AgCl  elec-
trode  was  employed  as  the  reference  electrode.  The  reactor
was  filled  with  200  mL  of  an  aqueous  solution  containing  50
mg/L PMG and 0.05 M sodium sulfate as the supporting elec-
trolyte. A 25 W LED lamp as the light source was used for photo-
catalysis.  During  the  experiment,  a  constant  magnetic  stirrer
was  used  to  ensure  uniform  mixing  of  the  reaction  solution.
The configuration of the electrical connections in the PEC reac-
tor was adapted from a previously reported setup [56]. The refer-
ence electrode (Ag/AgCl) was inserted in the solution and posi-
tioned close to the working electrode. The applied bias poten-
tial was controlled using an external DC power supply. A digi-
tal  multimeter  was  used  for  independent  monitoring  of  the
potential difference between the working and reference elec-
trodes.  The setup allowed precise  control  and real-time mea-
surement of the PEC parameters during the reaction.

The  reaction  was  performed  for  2  hours  under  continu-
ous  illumination  and  stirring.  Aliquots  of  2  mL  were  with-
drawn every  30  min to  monitor  PMG degradation.  Each sam-
ple underwent a derivatization step using FMOC-Cl [16]. Deriva-
tization was  performed by mixing 2  mL of  the  sample  with  2
mL  of  FMOC-Cl  solution  followed  by  the  addition  of  1.25  mL
borate  buffer.  The  mixture  was  vortex  for  5  min  to  ensure
proper derivatization followed by washing with diethyl ether.
The  upper  layer  was  discarded  and  the  washing  step  was
repeated.  Subsequently,  1  mL  of  the  bottom  aqueous  layer
was collected and mixed with 3 mL of borate buffer. The final
mixture  was  analyzed  using  UV–visible  spectroscopy  at  264
nm to observe the degradation progress.

 3.  Results and discussion

The surface morphology of the prepared materials was investi-
gated  using  FESEM  as  shown  in Figure  3.  The  bare  ACF
exhibits  a  smooth,  cylindrical  surface  with  no  visible  surface
irregularities, indicating its pristine nature (Figure 3a). This sur-
face  served  as  a  suitable  support  for  active  material  deposi-
tion. The synthesized g-C3N4 resulted in formation of agglomer-
ated, wrinkled nanosheets with a high degree of surface rough-
ness  (Figure  3b).  These  features  suggest  a  high  surface  area
that supports improved interaction with co-catalysts or charge
carriers. The SEM image of MXene displays a characteristic lay-
ered, partially delaminated morphology with well-defined inter-
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layer spacing, indicating successful etching and exfoliation (Fig-
ure 3c). Such morphology improves electrical conductivity and
offers abundant active sites. The SEM image of MXene–g-C3N4

presents a heterogeneous and rough surface (Figure 3d).  The
g-C3N4 particles  were  visibly  embedded  within  or  deposited
on MXene layers indicating the interfacial contact between g-
C3N4 and MXene. It combines the ability of g-C3N4 to drive pho-
tocatalysis  under  visible  light  with  the  electrical  conductivity
and  redox-active  surfaces  of  MXene.  This  hybrid  morphology
is anticipated to enhance charge separation and facilitates pho-
togenerated electron transport. Figure 3e shows that drop-cast-
ing of MXene–g-C3N4 solution on ACF produced a relatively uni-
form coating on the fibrous carbon surface. At higher magnifica-
tion  (~5.0  µm)  the  MXene–g-C3N4 film  appeared  densely
packed  with  nanoscale  roughness  (Figure  3f)  confirming
strong adhesion and coverage over the ACF. surface.

TEM  analysis  was  used  to  investigate  the  topographical
characteristics  of  the  MXene–g-C3N4 sample  providing
detailed  insights  in  its  layered  structure  and  interfacial  con-
tact  between  the  components.  The  dark-field  image  shows
well-dispersed MXene–g-C3N4 particles with bright contrast as
seen  in Figure  4b,  indicating  the  presence  of  crystalline
domains  within  the  MXene–g-C3N4 sample.  These  bright
zones  suggest  the  presence  of  nanocrystalline  features  dis-
persed  across  the  matrix.  The  corresponding  bright-field
image revealed a layered and aggregated structure, typical of
2D  materials  (Figure  4a).  The  HRTEM  image  of  the  MXene–g-
C3N4 sample displays clear lattice fringes with well-defined inter-
layer spacing thereby confirming the successful integration of
both  materials  at  the  nanoscale  (Figure  4c).  The  SAED  pat-
terns  further  provide  insights  to  the  crystallinity  of  the
MXene–g-C3N4 sample.  The SAED pattern in Figure 4d shows
discrete diffraction spots and ring-like patterns, indicating poly-
crystalline  regions  of  MXene  within  the  MXene–g-C3N4 sam-
ple.  The  presence  of  both  diffuse  and  sharp  diffraction  fea-
tures  suggested  a  mixed-phase  structure  with  amorphous  g-

C3N4 regions and crystalline MXene domains coexisting.
CV  was  performed  to  examine  the  electrochemical

behaviour  and  charge  transfer  characteristics  of  MXene,  g-
C3N4,  and the MXene–g-C3N4 heterostructure (Figure 5a).  The
hybrid electrode exhibited a higher current response than the
individual  components  that  reflected  the  improved  electro-
chemical activity and faster interfacial charge transfer. MXene
acts as an electron sink due to its high electrical conductivity,
thereby  facilitating  directional  electron  transfer  from  g-C3N4

and improving the overall  charge separation efficiency of the
heterostructure. The enhanced current density at anodic poten-
tials  >1.2  V  versus  Ag/AgCl  is  consistent  with  the  optimum
bias (1.4 V) required for maximum PEC degradation of PMG. It
confirmed  the  role  of  MXene  in  facilitating  directional  elec-
tron transport and suppressing recombination. The quasi-rect-
angular CV profile without sharp redox peaks indicates capaci-
tive-dominated behavior  with  overlapping Faradaic  contribu-
tions  suggesting  stable  operation  and  efficient  charge  stor-
age/transfer processes. These results validated that the Schot-
tky  junction  between  MXene  and  g-C3N4 promotes  favorable
charge dynamics for driving reactive oxygen species (ROSs) gen-
eration during PEC degradation.

The  optical  band  gaps  of  MXene,  g-C3N4,  and  the
MXene–g-C3N4/ACF  were  determined  using  Tauc  plots  con-
structed  from  UV–Vis  absorption  spectra  (Figure  5b).  The  g-
C3N4 sample  exhibited  a  direct  band  gap  of  ~2.96  eV.  The
observed  band  gap  corresponds  closely  to  values  docu-
mented  in  prior  studies  on  g-C3N4 photocatalysts  [57, 58].
MXene showed a significantly lower band gap near 0.87 eV, con-
firming its metallic or narrow-gap semiconducting nature. The
MXene–g-C3N4 sample presented a slightly reduced band gap
of 2.89 eV compared to pristine g-C3N4. This decrease in band
gap  value  suggests  improved  absorption  of  visible  light  and
enhanced  interfacial  charge  transfer.  The  shift  in  the  absorp-
tion  edge  of  the  MXene–g-C3N4 indicates  electronic  interac-
tion among the components. Such narrowing of the band gap
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Fig. 3. FESEM images of: (a) Bare ACF showing smooth fibrous texture; (b) g-C3N4 with aggregated, wrinkled nanosheets; (c) MXene exhibiting lay-
ered, exfoliated morphology; (d) MXene-g-C3N4 showing rough, heterogeneous surface; (e) MXene–g-C3N4 coated on ACF, forming an adherent
layer; and (f) high-magnification image of (e) revealing a dense, nanostructured coating.
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proves favorable for photocatalytic applications under solar irra-
diation.

To quantitatively evaluate the enhancement in the active
sites following MXene incorporation onto electrode, a capaci-
tive study of the catalyst was further performed. CV measure-
ments for g-C3N4 and MXene–g-C3N4 coated over ACF were con-
ducted  at  different  scan  rates  ranging  from  0.005  to  0.10  V/s
(Figure S5a, b) to evaluate their double-layer capacitance. The

capacitive current was extracted from the non-Faradaic poten-
tial region for both the materials. The current showed a linear
dependence  on  the  scan  rate  according  to  the  relationship
i=Cdlν, where i represents the capacitive current, Cdl is the dou-
ble-layer  capacitance,  and  ν  is  the  scan  rate.  The  slope
obtained,  i.e.,  Cdl,  from  the  linear  fitting  corresponding  to
MXene–g-C3N4 and  g-C3N4 was  found  to  be  58.44  µF  and
46.42 µF, respectively (Figure S5c). Furthermore, electrochemi-
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Fig. 4. TEM images of the g-C3N4–MXene sample: (a) Bright-field image illustrating layered morphology; (b) dark-field image showing crystalline
domains; (c) HRTEM image with visible lattice fringes; and (d) SAED patterns showing polycrystalline features.
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Tauc plots of g-C3N4, MXene, and MXene–g-C3N4/ACF showing optical absorption characteristics and edge shifts.
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cal  active  surface  area  (ECSA)  can  be  calculated  as  ECSA  =
Cdl/Cs,  where  Cs is  the  specific  capacitance  of  standard  elec-
trode  materials  on  a  unit  surface  area.  Cs can  be  considered
equal for both the catalysts based on reported literature [59].
This  implies  that  ECSA  of  MXene–g-C3N4 is  1.25  times  larger
than that of g-C3N4. Significantly improved ECSA of MXene–g-
C3N4 heterostructure  indicates  the  provision  of  more  abun-
dant  electrochemically  accessible  sites.  Enhanced  ESCA  cou-
pled with the high electrical conductivity of the MXene acting
as an electron sink, facilitated the rapid interfacial electron trans-
fer and reduced charge recombination.

To get a better mechanistic insight of the charge transfer
within  the  engineered  heterojunction  relative  band  structure
alignment is  studied.  The conduction and valence band posi-
tions are calculated using Butler and Ginley relationship [60]. 

EVB=X − Ee+0.5Eg (a)
 

ECB=EVB − Eg (b)

EVB is  valence  band  (VB)  edge  potentials;  ECB is  conduc-
tion  band  (CB)  edge  potentials;  Eg is  the  band  gap  energy  of
semiconductor; X is the Mulliken electronegativity of semicon-
ductor  and  Ee represents  energy  of  free  electrons  on  hydro-
gen scale  (4.5  eV).  The Mulliken electronegativity  of  g-C3N4 is
4.72  eV,  as  obtained  from  the  literature  [61].  Eg,  calculated
from the tauc plots, is 2.96 eV. The corresponding ECB and EVB

values  thus  obtained  are -1.26  V  and  1.7  V,  respectively.  The
work function of MXene with F terminations is reported to be
around  +0.15  eV  vs  NHE  [62].  Further,  Mott-Schottky  plots
were  obtained  to  calculate  the  flat  band  potential  (Efb)  of  g-
C3N4 coated over ACF. It reveals the affinity of electron migra-
tion  from  g-C3N4 towards  MXene.  In  Figure  S6a,  the  positive
slope  of  Mott  Schottky  plot  demonstrates  g-C3N4 to  be  a  n-
type semiconductor. From the x-intercept Efb of g-C3N4 was cal-
culated to be −1.22 V vs Ag/AgCl. 

ENHE=EAg/AgCl+0.197 (c)

From eq. c, Efb of g-C3N4 was calculated to be −1.023 V vs
NHE [63]. Because of high density of electrons in n-type semi-
conductors Efb is generally found close to ECB edge [64].

The  favourable  energy  band  alignment  shows  the  opti-

mal conditions for electron migration from CB of g-C3N4 to the
Fermi  level  of  MXene.  On  the  formation  of  heterojunction
Fermi level of both g-C3N4 and MXene will  align and result  in
upward  bending  of  the  CB  and  VB  of  g-C3N4.  This  creates  an
internal  electric  field  and  a  Schottky  barrier,  which  facilitates
the  efficient  separation  of  photogenerated  carriers  by  trap-
ping electrons in the metallic MXene and suppressing charge
recombination [47].

Chopped  light  photocurrent  measurements  were  made
for  g-C3N4 and  MXene–g-C3N4,  both  coated  over  ACF.  Cata-
lysts  deposited  over  ACF  were  illuminated  under  solar  radia-
tion  in  a  regular  interval  of  60  seconds.  As  shown  in  Figure
S6b,  the  current  response  increased  with  the  solar  light  on,
achieving  a  stable  plateau  region  and  decays  slowly  in  the
dark.  The  photocurrent  density  of  MXene–g-C3N4 can  be
observed to be three times higher than that of pristine g-C3N4.
This rapid and stable response provides direct evidence of a sta-
ble heterojunction formation and enhanced charge migration
from g-C3N4 towards MXene.

The FTIR spectra of MXene, g-C3N4, MXene–g-C3N4 compos-
ite,  and  ACF  are  presented  in Figure  6a.  A  broad  band  in  the
region  of  3000–3500  cm−1 was  observed  at  the  spectra  of  g-
C3N4 and  the  MXene–g-C3N4 samples  attributed  to  the  N–H
stretching  of  terminal –NH2 groups,  commonly  found  in  g-
C3N4 structures  [65].  The  peaks  in  the  range  of  1632–1400
cm−1 were related to C–N and C=N stretching modes indicat-
ing  the  presence  of  aromatic  nitrogen  heterocycles  [66, 67].
The band observed from 1230 to 1402 cm−1 indicates C−N(−C)
or C−NH−C stretch [66, 67]. The other bands observed at 1200
and 800 cm−1 in g-C3N4 and MXene–g-C3N4 samples may con-
tain triazine section [68, 69]. The band appeared at 1450 cm−1

in the spectrum of ACF indicates CH bending vibrations. The sig-
nal  at  1060  cm−1 corresponded  to  C–OH  and  C–O–C  stretch-
ing  indicating  oxygen-containing  surface  functionalities  on
ACF  [70].  The  FTIR  spectrum  of  MXene  shows  a  peak  ~597
cm−1 corresponded to Ti–O bond deformation i.e., a typical fea-
ture of Ti-based MXene materials [71]. The MXene–g-C3N4 spec-
trum  combined  the  features  of  g-C3N4,  MXene,  and  ACF.  It
showed  peaks  from  all  components  without  significant  shifts
and  referring  the  successful  incorporation  of  MXene–g-C3N4

within the ACF.
The XRD pattern of  g-C3N4 displayed characteristic  peaks

at  13.09°  and  27.83°,  corresponding  to  the  (100)  and  (002)
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planes respectively (Figure 6b). The (100) reflection is ascribed
to  in-plane  structural  arrangement  of  tri-s-triazine  units.
Another prominent peak (002) signifies the interlayer accumula-
tion of conjugated aromatic domains along the graphitic direc-
tion consistent with a layered structure of g-C3N4 [72, 73]. The
XRD  profile  of  MXene  shows  a  dominant  peak  at  18.1°
attributed to the (004) plane, confirmed successful etching of
the  Al  layer  from  the  MAX  phase  [74].  The  other  peaks  at
36.15°  (103)  and  41.8°  (105)  indicates  residual  TiC  phases
derived  from  the  parent  Ti3AlC2 structure,  as  reported  in  a
recent  study  [75].  The  XRD pattern  of  ACF displayed two dis-
tinct  peaks at  2θ ≈ 26.7°  and 43.5°,  assigned to the (002)  and
(110)  lattice  planes,  respectively.  These  peaks  signify  the
graphitic nature of the carbon framework, indicating the pres-
ence of well-ordered graphitic domains within the ACF matrix.
The  fabricated  hybrid  structure  of  MXene–g-C3N4 sample
shows peak at 2θ ≈ 27.83° from g-C3N4 and another peak at 2θ
≈  18.1°  from  MXene  suggesting  the  successful  integration  of
both phases without structural disruption. The crystallite dimen-
sion of the synthesized MXene–g-C3N4 sample was estimated
from  the  XRD  pattern  using  the  Scherrer  equation,  D  =
Kλ/βCosθ; where D is the crystallite dimension, K is the Scher-
rer  constant,  λ  is  the  X-ray  wavelength,  θ  is  the  Bragg  angle
and β is the full width at half maximum (FWHM) of the diffrac-
tion peak (in radians) [76]. Based on the XRD data, the average
crystallite  dimension  was  found  to  be  15.65  nm.  In  the
MXene–g-C3N4/ACF  electrode,  the  diffraction  pattern  com-
bined  the  characteristic  peaks  of  all  three  components,  with
noticeable  retention of  the  (002)  peak  from g-C3N4,  the  (004)

and TiC-associated peaks from MXene, and the (002), (110) fea-
tures  from  ACF.  These  data  confirmed  the  successful  fabrica-
tion of a hybrid heterostructure incorporating g-C3N4, MXene,
and ACF.

The XPS profiles of C1s, Ti2p, F1s, O1s, and N1s in g-C3N4,
MXene, ACF, MXene–g-C3N4/ACF, and the MXene–g-C3N4 com-
posite were investigated through deconvolution of its cumula-
tive  peaks.  The  detailed  deconvolution  results  for  MXene–g-
C3N4 are  presented  in  the  main  manuscript  (Figure  7),  while
those for  the other  materials  are provided in the supplemen-
tary file (Figures S1–S4). The C1s spectrum for g-C3N4 contains
five peaks located at 284.9, 286.3, 288.3, 289.1 and 293.6 eV, cor-
respond  to  the  adventitious  graphitic  carbon  (C–C),  C–NH2,
N–CN, COOH and localized π–π transition, respectively (Figure
S1a)  [72, 77, 78].  The  MXene  exhibited  binding  energies  of
281.8, 284.8, and 286.3 eV, corresponding to Ti–C–Ti, C–C, and
C–O bonds, respectively. (Figure S2b) [79]. ACF exhibited C–C,
C–O,  and  C=O  functionalities  at  284.5,  285.5,  and  287.3  eV,
respectively  (Figure  S3a).  In  the  MXene–g-C3N4,  the  energy
shift for C1s spectrum can be seen at 284.9, 281.6, 286.4, 288.3,
and  289.1  eV  that  may  be  the  stretches  of  C–C,  C–Ti,  C–O,
N–CN and C=N respectively (Figure 7c) [79, 80]. The C1s peaks
for  MXene–g-C3N4/ACF showed three components  located at
284.7,  288.1,  and  288.58  eV  assigned  to  the  adventitious
graphitic  carbon,  C=O  and  N–CN  respectively  (Figure  S4c).  In
Ti2p  region  of  bare  MXene,  the  binding  energies  of  455,
455.79,  456.2,  461.1,  and  461.4  eV  correspond  to  Ti–C,
C–Ti2+–(O/OH), Ti–O, Ti–C (2p1/2), C–Ti2+–(O/OH)(2p1/2), respec-
tively  (Figure  S2a)  [79, 81].  In  the  XPS specturm of  MXene–g-
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C3N4/ACF, the binding energies of 455.1, 460.65, and 457.2 eV
corresponded  to  Ti–C,  Ti–Fx and  C–Ti3+ respectively  (Figure
S4d). The XPS band of the MXene–g-C3N4 sample showed sig-
nals  for  Ti2p  at  455.2,  456.3  and  461.3  eV  indicated  to  Ti–C
(2p3/2),  Ti–O  and  Ti–C  (2p1/2)  bonds  respectively  (Figure  7d).
The F1s spectrum of MXene was deconvoluted in two peaks at
685 and 686.4 eV assigned to the C–Ti–F and Al–F bonds respec-
tively  (Figure  S2c)  [79].  These  features  are  typical  of  fluorine-
functionalized MXene following HF etching of the MAX phase
[82]. In MXene–g-C3N4 sample, the F1s peaks slightly shifted to
684.5  and  686.27  eV  (Figure  7b).  The  downward  shift  in  the
C–Ti–F signal suggests modification of the Ti surface environ-
ment due to interfacial interaction with g-C3N4. After incorpora-
tion on ACF, the F1s profile showed peak at 685.35 assigned to
the  C–Ti–F.  The  O1s  spectrum  peaks  of  ACF  were  deconvo-
luted in three peaks at 532.1, 533.5, and 535.9 eV assigned to
C=O, O=C–O and C–OH, respectively [83].

 3.1.  Evaluation of degradation performance

Various comparative experiments were performed under differ-
ent operational conditions to elucidate the effects of pH varia-
tion, light irradiation and electrochemical bias on PMG degrada-
tion. TOC and COD removal was also analysed to quantify the
degree  of  PMG  mineralization.  The  mineralization  products
were  further  analysed  by  IC.  The  influence  of  solution  pH  on
PMG  degradation  was  investigated  in  the  range  of  3 – 11
under  PEC  conditions  (Figure  8a).  A  pronounced  pH  depen-
dence  was  observed  with  acidic  conditions  favoring  faster
degradation.  At  pH  3,  the  pollutant  concentration  decreased
sharply  and reaching nearly  complete removal  after  270 min.

Degradation efficiency decreased progressively at higher pH val-
ues with residual concentrations of ~30% at pH 7, ~50% at pH
9,  and  >70%  at  pH  11  post  same  reaction  time.  Notably,  the
enhanced activity under acidic conditions can be attributed pri-
marily to proton-assisted ROS generation with surface charge
effects  potentially  contributing to interfacial  interactions.  The
availability of protons at lower pH facilitates superoxide transfor-
mation pathways and promotes efficient interfacial redox reac-
tions leading to improved degradation performance [84]. The
point  of  zero  charge  (PZC)  of  the  MXene–g-C3N4 was  deter-
mined using the pH drift method and was found to be approxi-
mately 3.2 (Figure S7). At pH values below 3.2, the catalyst sur-
face  acquires  a  positive  charge.  PMG  exhibits  three  dissocia-
tion constants (pKa ≈ 2.3, 5.6, and 10.6) and at pH 3 it predomi-
nantly exists in its monoanionic form. Acidic medium favoured
the electrostatic attraction between PMG and catalyst surface.
This  promotes  the  extent  of  PMG  degradation  at  lower  pH
level of medium. Moreover, proton-assisted radical transforma-
tion  pathways  promoted  at  low  pH  also  resulted  in  aug-
mented  interfacial  redox  reactions  contributing  to  superior
degradation efficiency [85]. In contrast, alkaline conditions sup-
press  radical  generation  and  reduce  adsorption  affinity  lead-
ing to slower degradation kinetics [28].

The degradation performance of PMG was first evaluated
using  bare  ACF  to  establish  a  baseline  for  comparison.  Bare
ACF  exhibited  minimal  degradation  activity,  both  under  dark
and illuminated conditions (Figure 8b). ACF is used as the scaf-
fold because it provides durable yet flexible support with excel-
lent  electron  mobility  and  enhanced  surface  area,  ensuring
the catalyst is effectively exposed to the reaction medium. To
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eliminate  effect  of  adsorption,  all  the  degradation  experi-
ments  were  conducted  after  saturating  ACF,  catalyst  and
MXene–g-C3N4 coated  over  ACF  with  PMG  in  the  dark  for  60
mins.  This  ensured  achievement  of  an  adsorption-desorption
equilibrium with the working concentration prior to PEC degra-
dation. As shown in Figure 8d, PMG concentration stays nearly
unchanged  over  ACF  and  catalyst  under  dark.  This  confirms
that equilibrium is well established. A moderate improvement
(~55% degradation) was observed when ACF was used under
light irradiation and applied potential suggesting a minor contri-
bution from electrochemical oxidation in the absence of a pho-
tocatalyst. This confirmed that neither photolysis nor the indi-
vidual components possessed sufficient activity for PMG oxida-
tion. Although the addition of the MXene–g-C3N4 catalyst and
subsequent  visible-light  exposure  resulted  in  a  significant
enhancement of degradation efficiency (~65%), confirming its
photocatalytic  activity.  The  most  significant  degradation  was
achieved  under  PEC  conditions  where  simultaneous  applica-
tion  of  light  and  external  bias  in  the  presence  of  the  catalyst
resulted in ~100% PMG removal within 270 min. This enhance-
ment can be attributed to more effective separation of photoex-
cited  charge  carriers  promoting  the  generation  of  ROSs  and
accelerating oxidation of PMG.

The  effect  of  applied  bias  potential  was  evaluated  in  the
range of 1.0 – 1.8 V (Figure 8c). The external bias enhanced the
band  bending  within  the  semiconductor  depletion  region  at
the metal–semiconductor junction [86]. It aids in expansion of
the  space-charge  region  and  strengthen  the  internal  electric
field  across  the  MXene–g-C3N4 junction  [87, 88].  This  electric
field  promoted  directional  separation  of  photogenerated
charge  carriers  by  driving  electrons  toward  the  metallic
MXene  and  concurrently  forcing  photogenerated  holes
toward the photoanode/electrolyte interface. As a result, accu-
mulation of the interfacial holes increased facilitating direct oxi-
dation  of  PMG  molecules  and  surface-bound  water  species
prior to bulk recombination. Such bias-assisted band bending
and  hole  migration  were  well-established  characteristics  of
Schottky-type PEC photoanodes and were critical in achieving
high  oxidation  efficiencies  under  visible-light  irradiation  [89].
The  degradation  rate  increased  with  applied  potential  up  to
1.4  V,  beyond  which  further  increase  resulted  in  a  gradual
decline  in  efficiency.  At  1.4  V,  nearly  complete  degradation
was  achieved  within  270  min,  whereas  lower  potentials  (1.0
and  1.2  V)  exhibited  incomplete  removal.  The  decline
observed at higher potentials (1.6 and 1.8 V) can be attributed
to the onset of competing anodic reactions, particularly the oxy-
gen  evolution  reaction  (OER)  [90, 91].  At  elevated  potentials,
the  thermodynamically  favorable  OER  increasingly  consumes
photogenerated holes at the anode surface, thereby suppress-
ing interfacial  charge transfer toward PMG oxidation.  In addi-
tion, intensified OER can promote bubble formation and local
mass-transfer limitations, further reducing the effective utiliza-
tion  of  charge  carriers  for  pollutant  degradation  [92].  Similar
potential-dependent competition between OER and organic oxi-
dation  has  been  widely  reported  in  PEC  and  electrocatalytic
degradation systems. These observations indicated that an opti-
mum  bias  potential  of  1.4  V  provides  the  best  balance
between charge separation efficiency and minimization of com-
peting processes.

The  effect  of  initial  PMG  concentration  was  also  investi-

gated in the range of 50 – 150 ppm (Figure 8d). A strong concen-
tration  dependence  was  observed  where  lower  concentra-
tions  enabled  more  rapid  and  complete  degradation.  At  50
ppm,  the pollutant  was  nearly  eliminated within  the reaction
period.  However,  residual  concentrations  of  ~12  and  20%
retained  in  100  and  150  ppm  samples,  respectively  after  270
min. The reduced efficiency at higher concentrations is primar-
ily  due  to  increased  competition  for  active  sites  on  the  cata-
lyst surface. It is further influenced by stronger light scattering
and  absorption  by  PMG  molecules,  as  well  as  possible  mass
transfer  limitations.  These  findings  confirmed  that  the  devel-
oped catalyst system was highly effective at environmentally rel-
evant pollutant levels.

Although  optimization  of  catalyst  loading  and  operating
conditions would be necessary for higher concentration levels.
COD  analysis  provides  the  amount  of  O2 required  to  com-
pletely  oxidize  the  organic  matter  present  in  the  solution
whereas  TOC  content  provide  how  much  of  the  organic  car-
bon is left that can be converted to CO2. After 270 mins of exper-
iment  COD  and  TOC  removal  analysis  showed  85%  and  70%
removal,  respectively.  Lower  TOC  removal  extent  was
observed compared to COD removal. It implies though major-
ity of PMG is mineralized, some of it  gets converted and exist
into  stable  oxidized  intermediates.  Moreover,  IC  analysis  was
done  over  initial  PMG  samples  and  final  degraded  samples
after 270 mins. IC graphs (Figure S8) have shown no presence
of phosphate or nitrate ions in the initial PMG samples. In the
final  degraded  samples  phosphate  and  nitrate  ions  were
observed  with  the  concentration  of  nitrate  ions  much  higher
than  phosphate  ions.  This  confirms  that  most  of  the  PMG  is
degrading via C-N cleavage producing AMPA and nitrate ions
eventually. However, C-P bond is found to be much more resis-
tant, resulting in less phosphate ions release. This finding is con-
sistent  with the COD and TOC analysis.  These results  suggest
that while the current system is highly effective at higher con-
centrations, it could be potentially integrated with other effec-
tive techniques,  such as biodegradation, to achieve complete
and effective mineralization of PMG.

Scavenger  experiments  were  performed  to  identify  the
dominant reactive species involved in PMG degradation. p-ben-
zoquinone (BQ), isopropyl alcohol (IPA) and ethylenediaminete-
traacetic acid disodium salt (EDTA-2Na) were used as selective
quenchers  for • O2

−, • OH  and  h+,  respectively  (Figure  S9).  The
addition of BQ reduced the degradation efficiency to 11.07%,
indicating a strong inhibition of  the PEC degradation process
due to effective quenching of •O2

− radicals. In contrast, the pres-
ence  of  IPA  resulted  in  33.45%  degradation,  indicating  lower
contribution of •OH. However, the generation of •OH from the
CB of g-C3N4 is less likely due to the positioning of its VB. The
oxidizing  potential  for  H2O  to  convert  into •OH  is  more  posi-
tive than the EVB of g-C3N4. The major pathway thus remains is
conversion of •O2

− into •OH via an oxidative pathway, resulting
majorly in degradation of PMG.

In addition,  a  catalyst  reusability  study was performed to
evaluate  durability  of  the  prepared  photocatalyst.  After  each
cycle  of  sequential  batch  experiments  the  PMG  and  elec-
trolyte-laden water was replaced. The MXene-g-C3N4/ACF was
thoroughly rinsed with DI water, before reusing the catalyst in
the next run, to remove any mineralization products adsorbed
on the catalyst surface. All the operating conditions, including
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the  time  of  degradation,  were  kept  constant  in  each  experi-
ment. After 5 cycles of photocatalyst reuse the extent of degra-
dation  was  almost  unchanged.  As  shown  in  Figure  S10,  the
degradation efficiency reached 93% in the final cycle post 22.5
h  of  cumulative  operating  time.  It  shows  the  remarkable
reusability of the catalyst, indicating robust stability of hetero-
junction even under the strong acidic environment.

 3.2.  Proposed reaction mechanism

Under  visible  light  irradiation,  g-C3N4 absorbed  photons  and
generated electron-hole pairs (Eq. 1). The photogenerated elec-
trons  migrated  from  the  conduction  band  (CB)  of  g-C3N4

towards MXene surface owing to the Schottky barrier at the het-
erojunction  interface.  Such  Schottky-type  junction  between
MXene  and  g-C3N4 facilitated  unidirectional  electron  transfer
and  suppress  recombination,  thereby  enhancing  photocat-
alytic efficiency [93]. 

g − CN + hν → e−(CB) + h+(VB) (Eq.1)

Notably,  MXene acted as  an electron sink that  effectively
suppressed recombination and enabled continuous charge sep-
aration.  This  role  of  MXene  as  an  efficient  electron  acceptor
that traps photogenerated electrons and reduces recombina-
tion has also been reported previously [94]. A scheme of the pro-
posed degradation pathway is presented in Figure 9. The accu-
mulated electrons on the MXene surface reduce dissolved oxy-
gen to •O2

− (Eq. 2) that further participated in generating •OH
and other ROSs. 

e−(MXene ) +O →
•O−

 (Eq.2)

The  generated • O2
− species  underwent  protonation  to

form  hydroperoxyl  radicals  (HO2
• s),  followed  by  dismutation

reactions  producing  H2O2 (Eq.  3a-b).  The  subsequent  reduc-
tion of  H2O2 led  to  the formation of  highly  reactive •OH radi-
cals  (Eq.  3c).  Similar  oxygen-mediated  ROS  generation  reac-
tions have been reported in photocatalytic degradation of pollu-
tants  [95].  These  ROSs,  possessing  strong  oxidative  potential,
were primarily responsible for attacking the C–P, C–N, and C–C
bonds of PMG. 

•O−
 + H+

→ HO• (Eq.3a)
 

2HO•
2→H2O2+O2 (Eq.3b)

 

HO + e
−
→

•OH +OH− (Eq.3c)

The successive oxidation steps converted PMG to intermedi-
ate products such as AMPA and glyoxylic acid (Eq. 4). With pro-
longed irradiation, these intermediates undergo further break-
down, ultimately yielding CO2, H2O, and inorganic ions such as
PO4

3− and NO3
− (Eq. 5). 

CHNOP + HO → CHNOP + CHO + H+ + e−

(Eq.4)
 

CHNOP+
•OH→CO+HO+HPO

−
+NO

−
+H

++e−

(Eq.5)

The  MXene–g-C3N4 Schottky  junction  efficiently  directed
electron  transfer,  stabilized  charge  carriers,  and  sustained
ROSs generation, enabling complete PEC degradation of PMG
through sequential  oxidation and mineralization.  This  finding
is also in coherence with the fact that decreasing of pH is result-
ing in increment of the PMG removal. It should also be noted
that quenching of •OH has less effect than quenching of •O2

−,
indicating  that  superoxide  radicals  are  also  contributing  in
direct degradation of PMG. Using EDTA-2Na for quenching h+

resulted  in  degradation  efficiency  of  90%.  The  slight  decre-
ment  in  the  degradation  efficiency  can  be  attributed  to  the
direct oxidation of PMG via h+ at  the VB of g-C3N4.  Moreover,
holes accumulated at the VB of g-C3N4 has liekly oxidize water
molecules  to  O2.  These  mechanistic  insights  not  only  clarify
the pathway of pollutant breakdown but also underscore the
central  role  of  interfacial  charge  dynamics  in  driving  efficient
degradation.

 4.  Conclusions

A  MXene–g-C3N4/ACF  photoanode  was  successfully  fabri-
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cated to develop a Schottky-type heterojunction for PEC degra-
dation  of  PMG.  Physico-chemical  and  electrochemical  analy-
ses showed strong interfacial coupling and formation of hetero-
junction  between  g-C3N4 and  MXene.  Mott-Schottky  analysis
confirmed  that  g-C3N4 behaves  as  an  n-type  semiconductor
and indicated a band alignment that promotes electron trans-
fer  toward MXene.  Furthermore,  transient  photocurrent  mea-
surement  demonstrated  an  improved  charge  separation
within  the  heterojunction.  Under  visible  light  along  with
applied bias, the system exhibited excellent photoelectrochemi-
cal  synergistic  effect,  leading to nearly  complete degradation
of PMG within 270 min at an ideal potential of 1.4 V. Applying
an external bias enhanced band bending at the metal-semicon-
ductor  interface.  It  improved  the  charge  separation  and  pro-
moted  oxidation  reactions  at  the  interface.  Control  experi-
ments showed that adsorption of PMG on ACF contributed mini-
mally  to  removal  of  pollutant.  Separate  scavenger  experi-
ments revealed that superoxide radicals (•O2

−) were the domi-
nant reactive species responsible for the degradation of PMG.
Mineralization  analysis  showed  COD  and  TOC  removal  of  85
and 70% respectively. This process also accompanied by the for-
mation  of  nitrate  and  phosphate  ions  detected  by  ion  chro-
matography.  These  findings  suggested  that  the  MXene–g-
C3N4 Schottky heterojunction effectively promotes the charge
separation and ROS generation.  As  a  result,  it  offers  an effec-
tive  approach  for  the  PEC  degradation  of  persistent  herbi-
cides in aqueous systems. Although the system achieved signifi-
cant  degradation  along  with  partial  mineralization,  further
study is needed to improve mineralization efficiency. It is also
important  to  evaluate  its  performance  in  real  water  matrices
where competing ions and natural  organic matter  may affect
the  process.  These  investigations  will  be  essential  to  validate
the  practical  applicability  of  MXene–g-C3N4 PEC  systems  for
treatment of herbicide-contaminated water.
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