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Spatial construction of Pd and MnOx on a
facet-engineered BiVO4 photocatalyst for efficient
removal of glyphosate pesticide
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As a widely used organophosphorus pesticide, glyphosate in aquatic environments and soil is causing

increasing risks to public health and the environment, and feasible solutions to eliminate glyphosate con-

taminants are still in demand. Herein, we report on the photocatalytic removal of glyphosate using a dec-

ahedron bismuth vanadate (BiVO4) photocatalyst by incorporating Pd and MnOx cocatalysts on different

exposed facets. It is elucidated that the selective deposition of Pd on the electron-accumulating {010}

facets of BiVO4 substantially enhances the oxygen reduction reaction, thereby accelerating the formation

of •O2
− radicals. Concurrently, the construction of MnOx on the hole-accumulating {110} facets promotes

the water oxidation reaction, augmenting the production of •OH radicals. The synergistic integration of Pd

and MnOx dual cocatalysts onto different facets of BiVO4 results in a striking enhancement in glyphosate

degradation rates, surpassing those of pristine BiVO4 by two orders of magnitude. Furthermore, the opti-

mized BiVO4 was assembled on cellulose fabric and shows effective degradation capability in glyphosate-

polluted soil. This study underscores the significance of rationally designing semiconductor photocata-

lysts at the nano-/micrometer scale for application in the removal of persistent environmental

contaminants.

Introduction

Organophosphorus contaminants (OCs) have been emerging
as one kind of universal pollutant due to their widespread
presence in agricultural environments, of which glyphosate
(GP) stands out as the most prevalently used organopho-
sphorus pesticide renowned for its broad-spectrum applica-
bility and effectiveness in the control of weeds.1–3 However,
the extensive utilization of GP leads to residues in water and
the soil, resulting in a potentially serious risk to public health
and the ecological environment.4 Currently, various treatment
techniques, including adsorption, chemical oxidation, bio-
degradation, and photo-degradation, are employed to remove
GP.5–12 However, these methods possess some disadvantages,
including a low capacity to capture GP, high energy consump-
tion or the requirement of oxidants such as persulfates.13–16

Photocatalysis is emerging as a promising approach for
environmental remediation owing to its various merits, includ-
ing complete mineralization, no secondary pollution, low cost,
and mild operating temperature and pressure conditions.17–19

Photogenerated charge separation is a key process that
determines the efficiency of semiconductor-based
photocatalysis.20–23 Charge separation among different facets
of photocatalysts has gained more attention for its feasibility
in promoting charge separation and the rational assembly of
cocatalysts on particulate photocatalysts.24,25 Meanwhile, the
decoration of cocatalysts or an interfacial layer is a universal
strategy for optimizing photocatalytic reaction.26,27 Facet
engineering has also been shown to activate the contaminant
molecules due to the unique surface structure.28–30 In particu-
lar, BiVO4 is one of the most representative photocatalysts with
the definite spatial separation of photogenerated electrons and
holes among the {010} and {110} facets.31 The ideal behavior
of the charge carriers is driven by the variance of the surface
energy among different facets that function as facet hetero-
junctions. The distinct spatial separation of charge carriers is
favorable to the regulation of specific reactions for the particu-
lar reaction sites on different facets. Furthermore, it was
reported that selective decoration of cocatalysts on specific
crystal facets of semiconductors could modify the reaction†These authors contributed equally to this work.

aState Key Laboratory of Tea Plant Germplasm Innovation and Resource Utilization,

Agricultural Photocatalysis Laboratory, School of Materials and Chemistry, Anhui

Agricultural University, Hefei 230036, China
bState Key Laboratory of Catalysis, Dalian National Laboratory for Clean Energy,

Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023,

P. R. China

This journal is © the Partner Organisations 2026 Inorg. Chem. Front., 2026, 13, 1097–1107 | 1097

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 5

/3
0/

20
26

 3
:2

3:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0003-4423-694X
http://orcid.org/0000-0003-2314-2856
http://orcid.org/0000-0002-8099-0934
http://crossmark.crossref.org/dialog/?doi=10.1039/d5qi01894c&domain=pdf&date_stamp=2026-01-29
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi01894c
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI013003


path due to the uniform electronic and structural
properties.25,32 One of the key challenges is how to accomplish
the high generation rate of reactive oxygen species (ROS),
which are the crucial species acting as oxidizing reagents for
degradation, and the formation mechanism of ROS involves
the participation of photogenerated electrons or holes.33–35

Nevertheless, how the crystal facets of semiconductor-based
photocatalysts affect the formation of ROS is still elusive.
Moreover, unraveling the role of cocatalysts in oxidized degra-
dation reactions on particulate photocatalysts is crucial for the
efficient removal of persistent organic contaminants from pol-
luted water and soil.

Herein, we report the photocatalytic removal of glyphosate
using a decahedron BiVO4 photocatalyst with the rational
assembly of Pd and MnOx cocatalysts spatially on different
facets. Facet-selective deposition of Pd nanoparticles as a coca-
talyst onto the {010} facets results in a remarkable promotion
of charge separation and acceleration of the oxygen reduction
reaction, leading to the generation of •O2

− radicals, which
serve as the main reactive species for glyphosate degradation.
Further construction of MnOx on the hole-accumulating {110}
facets facilitates the water oxidation reaction to promote the pro-
duction of •OH radicals. The synergistic integration of the Pd
and MnOx dual cocatalysts gives a remarkable augmentation of
the glyphosate degradation rates compared to BiVO4. Cellulose
non-woven fabric is an eco-friendly material derived from natural
cellulose fibers, renowned for its biodegradability, lightweight,
and excellent hydrophilic properties,36 making it an ideal
support for the BiVO4 photocatalyst in wastewater treatment.
Moreover, the optimized BiVO4-coated cellulose fabric can be
implemented in flow panel systems for agricultural contaminant
degradation in tea plantation soil, and exhibits superior activity
for glyphosate with an average removal rate over 80%. This uni-
versal strategy holds great significance in addressing pesticide
pollution and advancing the goal of green agriculture.

Experimental
Chemicals

Glyphosate (Innochem, 95%), Bi(NO3)3·5H2O (Sinopharm
Chemical, AR), NH4VO3 (Sinopharm Chemical, AR), NH3·H2O
(Sinopharm Chemical, AR), PdCl2 (Sinopharm Chemical,
99.9%), AgNO3 (Sinopharm Chemical, 99.8%), H2PtCl6
(Sinopharm Chemical, AR), Ni(NO3)2·6H2O (Sinopharm
Chemical, AR, 98%), Co(NO3)2·6H2O (Sinopharm Chemical,
AR, 98.5%), MnSO4 (Sinopharm Chemical, AR, 98%), dihy-
droethidium (DHE, Yeasen, ≥90%), nitrotetrazolium blue
chloride (NTB, Macklin, 98%), and 3,3′,5,5′-tetramethyl-
benzidine (TMB, Macklin, 99%) were used. All reagents were
used as received without further purification.

Synthesis of decahedron BiVO4 crystals

Decahedron BiVO4 crystals were synthesized as previously
reported.31 Typically, the precursors NH4VO3 (36 mmol) and Bi
(NO3)3·5H2O (36 mmol) were dissolved in 300 mL of 2.0 M

nitric acid solution, and the pH value of the solution was then
adjusted to 2.0 with ammonia solution under stirring until the
formation of an orange precipitate. After about 2 h of aging,
the orange precipitate at the bottom of the beaker was trans-
ferred to a Teflon-lined stainless-steel autoclave with a capacity
of 100 mL and hydrothermally treated at 200 °C for 24 h. After
the autoclave was cooled to room temperature, a vivid yellow
powder was separated by filtration, washed with deionized
water more than 3 times, and then dried at 60 °C in air
overnight.

Facet-selective photo-deposition of metals and/or oxides

Three different deposition routes (single photo-reduction,
single photo-oxidation and simultaneous photo-reduction and
photo-oxidation) were adopted, and all the photo-depositions
were similarly carried out at room temperature without adjust-
ing the pH value. Typically, 0.50 g of BiVO4 powder and a cal-
culated amount of deposition precursor (1 wt% noble metal or
0.5 wt% metal oxide) were mixed in 100 mL of deionized
water, and the suspension was then irradiated by a 300 W Xe
lamp (λ ≥420 nm) under continuous stirring. After 5 h photo-
deposition, the suspension was filtered, washed with de-
ionized water more than 3 times, and finally dried at 60 °C
overnight. The as-obtained powder was used for characteriz-
ations and/or activity tests. As for the photo-reduction of the
single Au, Pd or Ag particles, HAuCl4, PdCl2 and AgNO3 were
chosen as precursors, respectively, and the as-synthesized
samples were denoted as Au (Pd, or Ag)/BiVO4, respectively. To
ensure the counterpart oxidation reaction, 20% methanol as a
hole scavenger was also used as a sacrificial reagent for com-
parison. The photo-oxidation of the single MnOx, CoOx or
NiOx was achieved with MnSO4, Co(NO3)2 or Ni(NO3)2 as a pre-
cursor, and NaIO3 was employed as the electron acceptor. The
as-prepared samples were denoted as MnOx/BiVO4, CoOx/
BiVO4 and NiOx/BiVO4, respectively. For Pd/MnOx/BiVO4, the
deposition process is the same as that of MnOx/BiVO4 except
for the replacement of BiVO4 with Pd/BiVO4. For the impreg-
nated sample, MnOx was impregnated from MnSO4 solution
by post-calcination at 350 °C for 1 h, and the as-prepared
sample was denoted as MnOx(imp)/BiVO4.

Characterization

The as-prepared BiVO4 samples were characterized using X-ray
powder diffraction (XRD) on a Rigaku SmartLab powder diffr-
actometer. The scan rate of 20° min−1 was applied to record
the XRD patterns in the range of 10–60° at a step size of 0.01°.
UV–visible (UV–vis) diffuse reflectance spectra were recorded
on a UV–vis spectrophotometer (UV-2600, Shimadzu) equipped
with an integrating sphere. The morphologies and particle
sizes were examined by scanning electron microscopy (SEM,
S4800, Hitachi) and high-resolution scanning electron
microscopy (HRSEM, S5500, HITACHI).

Photocatalytic degradation experiments

The photocatalytic degradation performance of the BiVO4

system was evaluated in an in-house-fabricated photoreactor
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(250 mL) using a 300 W Xe lamp (Beijing Perfectlight
Technology Co., Ltd). Normally, 20 mg photocatalyst was dis-
persed in the 20 ppm glyphosate solution and stirred in the
dark for 2 h, followed by visible light irradiation (λ >420 nm).
After different times, 5 mL suspensions were taken out and
extracted using a 0.22 μm membrane filter for later detection.
The concentration of glyphosate was detected by high-perform-
ance liquid chromatography (HPLC system, Agilent 1260). An
Agilent C18 column (250 × 4.6 mm, 5 μm) with the mobile
phases of 20 mM PBS (A: 90%) and methanol (B: 10%) and a
flow rate of 1.0 mL min−1 was employed.

Preparation of the Pd/MnOx/BiVO4-loaded Cellulose fabric

500 mg of Pd/MnOx/BiVO4 powder was dispersed in 100 mL of
0.5 wt% Nafion isopropanol and ultrasonicated for 2 minutes
to obtain a homogeneous suspension. The homogeneous sus-
pension was dropped onto the cellulose-based non-woven
fabric (25 cm × 25 cm), and the non-woven fabric was dried in
a fume hood for 1 h to evaporate the solvent. Finally, the Pd/
MnOx/BiVO4-loaded fabric was washed in deionized water to
remove the loosely adhered Pd/MnOx/BiVO4.

Results and discussion

The decahedron BiVO4 photocatalyst was synthesized using a
previously reported hydrothermal process.31 The as-prepared
BiVO4 shows a smooth surface with a regular decahedron mor-
phology and a size of 1–2 μm, and the crystal structure is in
accordance with the pure monoclinic scheelite phase (Fig. S1–
S4). Meanwhile, the crystallite size is calculated to be 430 nm
according to the corresponding XRD peak of the (010) crystal-
lographic plane. As depicted in Fig. 1a, the deposition of the
cocatalyst was carried out using an in situ photo-deposition

method (the sample is denoted as X/BiVO4, X= Au, Ag, Pd,
CoOx, NiOx, MnOx). It can be clearly observed that selectively
reduced deposition of metallic nanoparticles (Au, Ag, Pd)
occurs on the (010) facet of the BiVO4 decahedron particles,
while photo-oxidation of metal ions to metal oxide species
(CoOx, NiOx, MnOx) only occurs on the (110) facets (Fig. S5
and S6). These results indicate that spatial charge separation
and selective photo-deposition between the (010) and (110)
facets can be well maintained in our prepared BiVO4 crystals.
Thereafter, dual cocatalysts (Pd and MnOx) were sequentially
deposited as cocatalysts on specific facets. The SEM images
show the morphology of the dual cocatalyst-deposited BiVO4,
where it can be seen that the oxidation and reduction cocata-
lysts are successfully deposited on the (110) and (010) facets of
BiVO4, respectively (Fig. 1b and S7). The deposited Pd nano-
particles are highly dispersed on the (010) facet with a size of
2–10 nm, and the particle density is about 8000 per μm2

(Fig. S8). Their existence is further confirmed by high-resolu-
tion TEM (Fig. 1c and d), in which the planar spacing of
0.22 nm well matches the (111) plane of metallic Pd.37 The oxi-
dation cocatalyst MnOx can also be validated on the hole-rich
(110) facets of BiVO4, as shown by the TEM and HRTEM
images (Fig. 1e and f) and the elemental mapping (Fig. 1g and
S8).38 The optical properties remain invariable for the samples
with cocatalyst deposition (Fig. S9). Furthermore, EDX imaging
for the different facets of Pd/MnOx/BiVO4 also shows that the
different substances on the different facets represent MnOx

and Pd, respectively (Fig. 1g).
Thermogravimetric analysis (TGA) of MnOx/BiVO4 and Pd/

MnOx/BiVO4 exhibits high thermal stability with negligible
weight loss step at 25–500 °C (Fig. S10). Pd/MnOx/BiVO4 shows
an increase in surface area (5.77 m2 g−1) versus MnOx/BiVO4

(4.03 m2 g−1) by BET measurement, confirming enhanced
active site exposure for the highly dispersed Pd cocatalyst
(Fig. S11).

The photocatalytic degradation performance of glyphosate
by BiVO4 photocatalysts with different reduction cocatalysts
was evaluated first. As observed in Fig. 2a, the bare BiVO4 with
a simple crystal facet effect just presents poor activity for
photocatalytic decomposition of glyphosate, indicating that
the pristine decahedron BiVO4 is unable to accomplish the
effective degradation of glyphosate. On implementing the
selective deposition of Ag nanoparticles, the degradation
activity of Ag/BiVO4 exhibits a negligible increase, and superior
performance is realized when the Ag is replaced by Au, with
the degradation efficiency of 50% in 250 min. While the gly-
phosate degradation is significantly promoted by Pd cocata-
lyst-decorated BiVO4, the efficiency distinctly increases to 80%
within 120 min. The kinetic constant is also significantly
enhanced with metal cocatalyst deposition, especially for the
Pd cocatalyst (Fig. 2b). As noble metals with a relatively large
work function on BiVO4 promote the electron transfer from
BiVO4 to metal nanoparticles, the decoration of Pd could
enhance charge separation. The choice of suitable reduction
cocatalysts is substantial for constructing efficient photo-
catalytic degradation systems of glyphosate. As Pd is generally

Fig. 1 Morphology characterization of the BiVO4 photocatalysts. (a)
Schematic illustration for the photo-deposition. (b) SEM image of Pd/
MnOx/BiVO4. (c) TEM image of Pd on Pd/MnOx/BiVO4, and (d) HRTEM
image of metal Pd in c. (e) TEM image of MnOx on Pd/MnOx/BiVO4, and
(f ) HRTEM image of MnOx in e. (g) Element mapping images of Pd/
MnOx/BiVO4.
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utilized in O2 reduction reactions as a cocatalyst due to its
excellent performance, the enhanced mechanism is very likely
the result of O2 reduction to produce a sufficient amount of
•O2

−, thus leading to fast glyphosate degradation through a
free radical-related reaction process.

Correspondingly, different oxidation cocatalysts were also
employed in BiVO4, and Fig. 2c shows the photocatalytic degra-
dation performance of different metal oxides (MnOx, CoOx,
and NiOx) as oxidation cocatalysts. It can be seen that the
loading of the single oxidation cocatalyst can only achieve
slightly better activities for the photocatalytic degradation of
glyphosate, and better performances were all obtained for
different oxide cocatalyst-loaded BiVO4 than bare BiVO4. The
activity order is MnOx > CoOx > NiOx, which is more evident as
indicated by the degradation kinetics (Fig. 2d). The results
indicate that the mere loading of MnOx on BiVO4 can lead to
relatively low enhancement of photocatalytic degradation.
Specifically, when only Pd was deposited as the cocatalyst, the
degradation activity of glyphosate was increased much more
obviously than that with only MnOx as the cocatalyst. It seems
that the reduction reaction (generating •O2

−) is the possible
rate-determining step for the degradation of glyphosate.
However, when only the reduction cocatalyst was deposited on
BiVO4, the reaction activity was still unsatisfactory.

In this case, the dual cocatalysts were selectively decorated
on BiVO4 subsequently. Naturally, the degradation perform-

ance of glyphosate in the dual cocatalyst system (Pd/MnOx/
BiVO4) is obviously superior to that of the single cocatalyst
system (Fig. 2e). The possible reason is that dual cocatalysts
substantially facilitate the extraction of photogenerated car-
riers owing to the selective deposition on specific facets appro-
priately, and the proper location of the Pd cocatalyst sub-
sequently provides abundant active sites for O2 reduction to
•O2

−. Meanwhile, the dual cocatalysts have a synergistic effect
on charge separation, thus resulting in distinguished degra-
dation for glyphosate. The degradation curve obeys the
pseudo-first-order kinetic equation, and the rate constant is
determined to be 0.024 min−1 for Pd/MnOx/BiVO4, which is
2.4 times higher than that of Pd/BiVO4 (0.010 min−1), while
the degradation constants by sole BiVO4 and MnOx/BiVO4 are
very slow (Fig. 2f). The evident synergetic effect of dual cocata-
lysts is amply validated by comparison of BiVO4 with a single
cocatalyst or dual cocatalysts selectively deposited on the
corresponding correct facets. Furthermore, these results indi-
cate that the Pd cocatalyst is particularly vital for the removal
of glyphosate and verify the importance of the simultaneous
deposition of dual cocatalysts. Moreover, the stability tests over
3 cycles indicate satisfactory stability of Pd/MnOx/BiVO4

(Fig. S12). The XRD and SEM analyses indicated that the
morphology and crystalline structure remained well after the
stability test (Fig. S13 and S14). The ICP analysis of the post-
reaction solution demonstrated that the dissolution of the

Fig. 2 (a) Photocatalytic degradation performance of the M/BiVO4, where M represents Au, Ag, or Pd. (b) Kinetic analysis of glyphosate degradation
processes by M/BiVO4. (c) Photocatalytic degradation performance of the MOx/BiVO4, where MOx represents CoOx, NiOx, or MnOx. (d) Kinetic ana-
lysis of glyphosate degradation processes by MOx/BiVO4. (e) Photocatalytic degradation curves of glyphosate by BiVO4, Pd/BiVO4, MnOx/BiVO4, and
Pd/MnOx/BiVO4. (f ) Degradation kinetics curves of the corresponding BiVO4 samples. Reaction conditions: 20 ppm glyphosate, 100 mL solution,
50 mg photocatalyst, λ >420 nm.
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cocatalysts is negligible (Table S1). These results highlight the
stability of the Pd/MnOx/BiVO4 photocatalyst after multiple
reaction cycles.

The valence states of MnOx/BiVO4 and Pd/MnOx/BiVO4 were
examined using X-ray photoelectron spectroscopy (XPS). The
XPS results confirm the Mn3+ and Mn4+ oxidation state for
both MnOx/BiVO4 and Pd/MnOx/BiVO4, which is consistent
with the previous literature39 (Fig. S15, S16 and Tables S2, S3).
The binding energy of Pd 4f reveals that the deposited Pd
element on the BiVO4 exists in metallic form for the Pd/BiVO4

sample (Fig. S16 and Table S3). The valence state of the de-
posited Pd, including the positive chemical state of Pd2+, may
result from self-oxidation of metallic Pd on exposure to air.40

The states of Pd/MnOx/BiVO4 were also explored after the stabi-
lity test, and the XPS results indicate partial oxidation of MnOx

species as the role of the oxidation cocatalyst, while the states
of Pd are nearly the same as those of the prepared Pd/MnOx/
BiVO4 (Fig. S16 and Tables S3, S4).

The electrochemical performance of O2 reduction was
explored in O2-saturated electrolyte solution for the above
BiVO4 samples with different noble metals (Au, Ag, Pd). The
current density curves all exhibit the typical characteristic of
O2 reduction for the three metals (Fig. 3a).41 Notably, the per-

formance is remarkably increased for Pd/BiVO4 as compared
with the others, indicating the excellent activity of Pd nano-
particles in the oxygen reduction reaction. Mott–Schottky ana-
lysis quantitatively determines the conduction band (CB) edge
of BiVO4 at 0.05 V vs. RHE (Fig. S17a), and thus the valence
band (VB) is established at 2.45 V vs. RHE according to the
bandgap of 2.4 eV derived from UV–vis absorption.42 The
valence band edge of BiVO4 (2.45 V vs. RHE) exceeds the •OH/
H2O potential (2.31 V vs. RHE), and thus is favorable to
produce •OH.43 The band alignment diagrams for various
BiVO4 samples show negligible variance, which indicates the
nearly invariable energy band structure (Fig. S17b). Moreover,
the in situ EPR signals using DMPO as a probe molecule of
•OH demonstrate that MnOx/BiVO4 exhibits substantial inten-
sity compared to BiVO4, indicating that the MnOx can promote
the generation of •OH (Fig. S18). Photoelectrochemical
measurement was also conducted on BiVO4 and MnOx/BiVO4,
as only the oxidation half-reaction is evaluated, and the charge
extraction driving force provided by the loaded Pd is relatively
weak compared to the applied bias. The results verified the sig-
nificance of selective deposition of MnOx on BiVO4, as the
photocurrent response of MnOx/BiVO4 is superior to the
impregnated sample MnOx(imp)/BiVO4 (Fig. S19).

Fig. 3 (a) Electrochemical O2 reduction curves for Ag, Au and Pd deposited on BiVO4 in O2-saturated electrolyte solution (0.5 M Na2SO4). (b)
Photocatalytic degradation curves of glyphosate by different BiVO4 samples in a continuous gas stream (O2 or N2). (c) The corresponding production
on the Pd/MnOx/BiVO4 photocatalyst under an N2 or O2 atmosphere. (d) The concentration of mineralized PO4

3− in the degradation period of 8 h.
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Photoelectrochemical impedance spectroscopy (PEIS) of Pd/
MnOx/BiVO4 exhibits an evidently smaller charge-transfer re-
sistance compared to pristine BiVO4, Pd/BiVO4 and MnOx/
BiVO4, confirming accelerated charge separation (Fig. S20a).
Furthermore, the decay of photoluminescence (PL) of Pd/
MnOx/BiVO4 shows a prolonged carrier lifetime (τ = 13.5 ns vs.
5.2 ns for BiVO4 and the others), indicating suppressed elec-
tron–hole recombination due to dual cocatalyst-induced separ-
ation (Fig. S20b). When the MnOx cocatalyst was randomly de-
posited on the (110) facets, the photocurrent was obviously
increased as compared with the bare BiVO4 electrode. This
demonstrates that the photocurrent can be efficiently pro-
moted even when the oxidation cocatalyst is randomly distrib-
uted on the BiVO4. In addition, the increased photocurrent of
Pd/MnOx/BiVO4 is 3 times higher than that of the BiVO4 elec-
trode with MnOx randomly deposited on all of the facets. This
indicates that the MnOx can function efficiently for synchro-
nously accelerating charge separation and surface reaction,
which is in good agreement with the results of photocatalytic
degradation experiments.

The role of O2 was examined to identify the determining
factor during glyphosate degradation. As shown in Fig. 3b, the
degradation efficiency is further increased for all of the BiVO4

samples as the glyphosate degradation proceeds in streaming
pure O2 conditions, and complete degradation is accom-
plished within 60 min for Pd/MnOx/BiVO4. The corresponding
pseudo-first-order rate constants (kobs) are calculated to be
0.05 min−1, demonstrating that the degradation process of gly-
phosate is mainly accompanied by O2 participation (Fig. S21a).
Furthermore, from another control experiment in N2 stream-
ing, the results show that the degradation efficiency of glypho-
sate in an anaerobic system is only 70% within 120 min, and
the degradation rate constants decrease to 0.0092 min−1

(Fig. 3b and Fig. S21b). Obviously, O2 reduction to •O2
− plays a

pivotal role in the aerobic system, while the decomposition of
glyphosate in anaerobic conditions is severely hindered due to
the lack of •O2

−. The degradation is hindered because the
generation of •O2

− is forbidden under anaerobic conditions,
implying that O2 is essential for glyphosate degradation by the
BiVO4 system. Furthermore, the appropriate accumulation of
photogenerated electrons on the (010) facet is of great benefit to
the subsequent O2 reduction on Pd nanoparticles, which is
reasonable to maximize the synergistic effect of spatial charge
separation on specific facets and the rational construction of
reactive sites for rapid production of •O2

− with adequate O2

supply. The blank experiment was conducted to examine the
possible mechanism of direct reduction of p-benzoquinone to
hydroquinone by excited electrons,44 and the results showed neg-
ligible production of hydroquinone in the ultraviolet absorption
spectra (Fig. S22). The argon-degassed system exhibits significant
attenuation of glyphosate degradation by 78% (Fig. S23), while
O2-saturated solutions evidently enhanced the degradation
efficiency. These experiments conclusively validate the photo-
catalytic role of •O2

− and exclude the BQ/HQ side reaction.
Interestingly, the degradation products under O2 obtained

by liquid chromatography–mass spectrometry (LCMS) indi-

cated that Pd/MnOx/BiVO4 selectively decomposes glyphosate
to aminomethylphosphonic acid (AMPA), and the formation of
AMPA is well in agreement with the removal of glyphosate
(Fig. 3c). To evaluate the toxicity of the degradation products,
we further monitored the concentration of PO4

3− over a long
period of 8 h as organophosphate derivatives are the main
toxic substances (Fig. 3d). The combined results of AMPA and
PO4

3− indicates that glyphosate decomposes to AMPA initially
(within 2 h), and then the AMPA is further cleaved, releasing
PO4

3− anions as the degradation of glyphosate is completed.
To verify the primary active spices responsible for glypho-

sate degradation by BiVO4, we employed benzoquinone (BQ),
methanol (CH3OH), isopropyl alcohol (IPA), and potassium
dichromate (K2Cr2O7) to trap •O2

−, h+, •OH, and e−, respect-
ively (Fig. S24). To prominently distinguish the performance
differences in capturing different radicals, we normalized the
degradation efficiency against a normal control sample in
Fig. 4. As shown in Fig. 4a, the normalized degradation
efficiencies of glyphosate exhibit irregularity for bare BiVO4

upon adding any scavengers due to the sluggish degradation
kinetics. The performances are both enhanced upon adding
CH3OH and IPA for Pd/BiVO4, which results from the inhibited
photoexcited carrier recombination due to the rapid consump-
tion of h+ and •OH by CH3OH and IPA, allowing more photo-

Fig. 4 Normalized degradation efficiencies of glyphosate with the
addition of various scavengers by (a) BiVO4, (b) Pd/BiVO4, (c) MnOx/
BiVO4, and (d) Pd/MnOx/BiVO4. Time dependence of light absorption for
ROS generation under irradiation. (e) •O2

− production by NBT as a detec-
tor probe. (f ) •OH production by TMB as a detector probe.
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generated electrons to migrate to the Pd surface for •O2
− gene-

ration. However, after adding BQ, the degradation rate by Pd/
BiVO4 decreased significantly, suggesting that •O2

− is domi-
nant in the glyphosate degradation reaction. The capture
result of K2Cr2O7 further demonstrates the role of •O2

− as the
degradation activity decreases faster via the impediment of O2

reduction (Fig. 4b). As for MnOx/BiVO4, the photocatalytic
degradation performance is slightly promoted with the
addition of CH3OH (Fig. 4c). Meanwhile, the degradation
activity of the MnOx/BiVO4 system decreases when IPA and
K2Cr2O7 are added as scavengers for •OH and e−. This results
from the fact that the MnOx is responsible for accelerating
charge separation, and that the main active radicals are •OH
and e−-induced •O2

−. Additionally, we found a similar ten-
dency for the photocatalytic activity of the Pd/MnOx/BiVO4

system with Pd/BiVO4 after adding different scavengers
(Fig. 4d). This indicates that •O2

− radicals play a dominant role
in the photocatalytic degradation of glyphosate by Pd/MnOx/
BiVO4.

The production of ROS was semi-quantitatively measured
by visible light absorption spectroscopy. The nitroblue tetra-
zolium (NBT) was used as a probe molecule to measure the
production of •O2

−.45 The increased absorption intensity of
NBT also suggests the increase of •O2

− with continuous
irradiation, as shown in Fig. 4e. The yield of •O2

− on dual coca-
talyst-decorated BiVO4 rises dramatically compared to the one
produced by single cocatalyst-decorated BiVO4 and is six times
higher than that of bare BiVO4, suggesting that the combi-
nation of BiVO4 and cocatalysts enhanced the yield of •O2

−.
The production of •OH could be measured by 3,3′,5,5′-tetra-
methylbenzidine (TMB).46 A slight enhancement in absorption
intensity is observed for all of the samples, indicating that
photo-induced production of •OH is more favorable after the

deposition of MnOx (Fig. 4f). These results suggest that both
•O2

− and •OH radicals are promoted on the Pd/MnOx/BiVO4

photocatalyst under visible light, which is responsible for the
greatly enhanced photocatalytic degradation rates.
Comparative analysis with published photocatalytic glyphosate
degradation studies demonstrates that our system achieves
predominant degradation performance with nearly complete
efficiency within 120 min and further mineralization of orga-
nophosphorus (Table S5). Moreover, our work reveals that the
selective decoration of dual cocatalysts on facet-engineered
BiVO4 can strengthen the generation of specific radicals,
which highlights the significant scientific merit and potential
applications in the degradation of other pollutants and selecti-
vity regulation.

To further map the crystal facet-dependent photocatalytic
reaction sites of O2 reduction, laser scanning confocal fluo-
rescence microscopy (LSCM) was used to investigate the popu-
lation of •O2

− on individual BiVO4 particles (Fig. 5a). The dihy-
droethidium (DHE) oxidation induced by •O2

− is taken as the
probe reaction, which produces fluorescence at 610 nm.47

Fluorescence mapping for the BiVO4 crystals was implemented
in an air-saturated solution containing fluorescent probe mole-
cules under a 488 nm laser. As shown in Fig. 5b, evident green
fluorescence was observed during irradiation, and the
locations entirely overlapped on the surface of the BiVO4 crys-
tals. The fluorescence signal can be ascribed to the intrinsic
photoluminescence of excited BiVO4.

48 Moreover, the fluo-
rescence magnitude of the oxidized probe molecules is too
faint to be detected, suggesting that electron-induced oxygen
reduction nearly does not occur on the bare BiVO4 (Fig. 5c and
d). A similar appearance of intrinsic photoluminescence is
also observed on dual cocatalyst-decorated BiVO4 (Fig. 5e and
f). Interestingly, the bright red fluorescence clearly indicates

Fig. 5 Laser scanning confocal fluorescence microscopy of BiVO4 (a–d) and Pd/MnOx/BiVO4 (e–h). (a) Bright field image, (b) fluorescence mapping
at 535 nm, (c) fluorescence mapping at 613 nm and (d) the overlapping image of BiVO4; (e) bright field image, (f ) fluorescence mapping at 535 nm,
(g) fluorescence mapping at 613 nm and (h) the overlapping image of Pd/MnOx/BiVO4.
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strong enhancement on the generation of O2
− for Pd/MnOx/

BiVO4, indicating that the activity of electron-induced O2

reduction is dominated synergistically by charge separation and
catalytic processes (Fig. 5g). Surprisingly, red fluorescence spots
of the DHE probe on the green background were found to be
remarkable and preferentially located on the lateral (010) facet
of the BiVO4 decahedrons due to the selective deposition of Pd
nanoparticles on the (010) facet (Fig. 5h). The above results vali-
date that the reaction of photocatalytic O2 reduction to •O2

− is
related to the accumulation of photogenerated electrons and Pd
cocatalyst decoration simultaneously, which results from the
spatial charge separation and related reduction reaction. In
addition to the photogenerated holes and electrons preferen-
tially distributing at the different facets of the BiVO4 microcrys-
tal photocatalysts, we further reveal that the reduction of O2

tends to occur at the Pd sites on the (010) facet.
As glyphosate is one kind of common pesticide residue in

agricultural soil, the photocatalytic degradation of glyphosate
in soil was conducted by Pd/MnOx/BiVO4. As the traditional
configuration that combines a slurry of photocatalyst powder
and soil dispersion is unpractical as soil is an effective shield
against light, we assembled a continuous flow reactor to
examine the photocatalytic degradation capability for polluted
soil remediation (Fig. 6a). Thus, a separated configuration
with two parallel individual chambers was developed to ensure
the light absorption by the photocatalyst powder while
keeping it separate from the soil sample. As presented in
Fig. 6b, the reactor is composed of a water inlet system, a
photocatalyst chamber, a soil chamber, a water outlet system,
and a water circulation system. To ensure the light absorption
efficiency, the upper chamber is covered by Pd/MnOx/BiVO4-
loaded cellulose membrane for adequate light incidence, fol-
lowed by the soil layer being placed in the bottom chamber. A

continuous water stream flows from the photocatalyst
chamber to the soil layer through the membrane, and thus,
the eluted free glyphosate molecules from the soil can be
taken to the photocatalyst chamber for degradation.

To validate the degradation practicability for polluted soil
samples of our photocatalytic reactor, the degradation experi-
ment was carried out under simulated solar irradiation. The
degradation efficiency is up to 82% for the illumination time
of 10 h. The average light intensity is about 60 mW cm−2,
which is fundamentally enough to guarantee the photo-
catalytic removal of glyphosate. The average removal efficien-
cies of glyphosate in soil were maintained above 70% after 5
cycles (Fig. 6c). The aforementioned results indicate that the
glyphosate in soil can be effectively removed through consecu-
tive flow by appropriately decorating the BiVO4 system. Thus,
the integrated photocatalytic degradation device based on dual
cocatalyst BiVO4 has promising prospects in soil recovery appli-
cations under natural conditions.

Conclusions

In summary, we successfully constructed a photocatalyst
system with dual cocatalysts rationally decorated to achieve
highly efficient degradation of glyphosate. Remarkably
enhanced photocatalytic activities were observed for the ration-
ally assembled photocatalysts. Systemic investigations show
that the enhanced photocatalytic performances are ascribed to
the intrinsic nature of spatial charge separation among
different facets of BiVO4 and the induced synergistic effect of
dual cocatalyst selective deposition on specific facets of BiVO4.
This unique effect endows excellent performance for fast gene-
ration of •O2

− on selectively deposited Pd nanoparticles by
accumulated photogenerated electrons. Concurrently, the con-
struction of MnOx on the hole-accumulating {110} facets pro-
motes the water oxidation reaction, augmenting the pro-
duction of •OH radicals. These radicals serve as the primary
reactive species responsible for the photocatalytic degradation
of glyphosate. The synergistic integration of Pd and MnOx dual
cocatalysts onto different facets of BiVO4 results in a striking
enhancement of the glyphosate degradation rates, surpassing
those of pristine BiVO4 by two orders of magnitude.
Furthermore, we assembled a Pd/MnOx/BiVO4-loaded cellulose
fabric that shows effective remediation capability on glypho-
sate-polluted soil, suggesting potential in agricultural remedia-
tion. This work further demonstrates the distinctive property
that spatial charge separation and selective deposition of dual
cocatalysts on facet-engineered BiVO4 can be expanded to the
application of photocatalytic agricultural contaminant removal
and other environmental remediation processes.
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