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Enhancement of built-in electric field strength
of BiOCl/NMT Z-scheme heterojunctions
through photoinitiated defects for optimized
photocatalytic performance†

Libo Wang, *ac Xiayu Wu,a Yangyang Zhang,a Yitong Wang,a Qiguo Zhu,a

Ya Wang,ac Jingyao Li, ac Gang Liu*ac and Zhenhua Hou*b

Facilitating carrier migration within Z-scheme heterojunctions is essential for improving the efficiency

of photocatalytic nitrogen fixation. Herein, we successfully constructed BiOCl/NMT Z-scheme hetero-

junctions by a simple solvothermal process and adsorption–deposition methods. Under photoinitiation,

BiOCl quantum dots could be transformed into defective structures with more oxygen vacancies.

Increasing the concentration of oxygen vacancies in BiOCl not only altered the energy band structure,

but also further modulated the position of the Fermi energy level (Ef). The downward migration of the

Ef of BiOCl enhanced the built-in electric field (BEF) strength between it and NMT, which enabled the

rapid separation and migration of photogenerated carriers. 0.05-BiOCl/NMT expressed optimal nitrogen

reduction performance along with NH3 generation at a rate of 88.6 mmol g�1 h�1. The nitrogen fixation

rate of 0.05-BiOCl/NMT was 8.5 and 2.7 times higher than that of BiOCl and NMT. This work adjusted

the BEF intensity by a straightforward self-conversion to a defective structure, which offered fresh

insights into the promotion of carrier separation in photocatalytic nitrogen fixation.

1. Introduction

Global ammonia (NH3) consumption is about 180 million tons
per year.1 The increasing demand for ammonia is attributed to
the rapid development of the fertilizer, chemical and metal-
lurgical industries.2 As a relatively stable noble gas, nitrogen
has an NRN triple bond with an energy of 941.69 kJ mol�1.
Industrial ammonia synthesis (Haber–Bosch process) requires
the reduction of N2 with the assistance of energy provided by
fossil fuels.3 Accompanied by increased awareness of environ-
mental protection and continuous technological innovation,
ammonia synthesis is gradually transforming from high energy
consumption and high emission to green and low carbon.4

Renewable energy-driven nitrogen fixation reactions have
attracted extensive attention. Electrocatalytic nitrogen fixation

and photoelectrocatalytic nitrogen fixation have high energy
requirements, and the voltage and current need to be precisely
regulated.5 In contrast, photocatalytic ammonia synthesis utilizes
solar energy as a driving force, which allows for the activation and
fixation of N2 at ambient temperature and pressure.6 Photocataly-
tic nitrogen fixation is considered an advanced technology that
is sustainable and harmless to the environment.7 The method
utilizes renewable solar energy to react N2 and H2O under mild
conditions. Complex high-pressure reaction units are not required
for photocatalytic nitrogen fixation, and equipment investment
and operating costs are reduced.8 However, photocatalytic ammo-
nia synthesis still suffers from the issue of low yield. Researchers
modified the catalysts to address the thermodynamic and kinetic
challenges, such as extending the light absorption range, increas-
ing the active sites and promoting carrier migration.9

NH2-MIL-125(Ti) (NMT), as a typical Ti-based metal–organic
framework (MOF) material, has received wide interest in the
field of photocatalytic nitrogen fixation due to its distinct
structural and functional properties.10 Unlike other MOFs,
NMT remains chemically and structurally stable in aqueous
environments.11 NMT exhibits excellent porous and specific
surface area properties, and it shows excellent performance in
light absorption and reactant adsorption.12 The amino group
(–NH2) is positively charged, which is able to change the surface
electronic structure of NMT.13 The localized electronic states
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generated by –NH2 can effectively reduce the recombination
rate of carriers.14 The metal node Ti4+ can act as an active site
for photocatalysis attributed to the abundance of unoccupied
d orbitals, which can accept electrons for valence changes.15

However, the NMT monomer lacks active sites and shows a
high electron–hole complexation rate.

The fabricated heterojunction is capable of forming a BEF in
the catalysis, which drives the carriers to undergo rapid separa-
tion without any external energy consumption.16 In general, the
strength of the BEF is an important driving force that affects
the interfacial charge migration properties. In order to break
the bottleneck of the slow carrier migration rate in heterojunc-
tion type catalysts, several measures have been undertaken to
increase the strength of the BEF. Lan et al. modulated the
intensity of the BEF at the MOF/COF heterojunction interface
by changing the exposed crystalline surface of MOFs.17 The
elevated space charge separation in the heterojunction realized
an efficient photocatalytic reaction. Jiang et al. precisely con-
trolled the content of oxygen vacancies in WO3�x, which
enabled the construction of the NH2-MIL-125-Ti/WO3�x hetero-
junction with a strong charge driving force to accelerate the
carrier transfer kinetics.18 The bandgap properties can be tuned
by oxygen vacancy (OV) engineering, and this approach is con-
sidered to be a more efficient and economical strategy for
modulating the BEF strength at heterojunction interfaces. The
OVs have a low formation energy, which allows them to be the
most commonly researched anionic defects.19 The presence of
OVs increases the electron density around the defective structure,
and the ability of the catalyst to adsorb reactants is significantly
increased.20 Therefore, the construction of heterojunctions
between NMT and semiconductors with precisely tunable con-
centrations of OVs is an attractive method for designing highly
active catalysts.

BiOCl has been widely emphasized in the research in
the field of photocatalysis. The structure of BiOCl consists of
alternating stacked [Bi2O2]2+ layers and double Cl� layers.21 The
unique interlayer structure generates an electric field inside
BiOCl, which facilitates the separation of photogenerated
carriers.22 Moreover, researchers noticed that the color of BiOCl
shifts to grey after irradiation with UV spectra, which may be
attributed to the generation of OVs on the surface of BiOCl.23

The release of oxygen atoms from the BiOCl surface results in
special electronic properties and carrier separation. The OVs in
BiOCl possess tunability, and the positions of their Ef are
changed. Modifying the Ef positions of different components
in heterojunction catalysts effectively modulates the BEF strength.18

Elevating the BEF can provide a powerful internal driving force
to accelerate electron and hole migration between semiconductor
interfaces.24 Consequently, altering the content of OVs in BiOCl to
adjust the Ef position is a feasible strategy to elevate the BEF.

In this work, we immobilized BiOCl quantum dots on the
NMT surface (BiOCl/NMT) by an adsorption–deposition method.
Under photoinitiation, the concentration of OVs in BiOCl
increased and its Fermi energy level migrated downward.
Moreover, additional OVs in BiOCl could promote the adsorp-
tion of reactants by the catalyst and store photogenerated

electrons to inhibit electron–hole recombination. Signal peaks
associated with DMPO–�O2

� and DMPO–�OH appeared in 0.05-
BiOCl/NMT. The intensity of the signal peaks significantly
increased with the prolongation of light irradiation. The NH3

production rate of 0.05-BiOCl/NMT was 88.6 mmol g�1 h�1, and
the nitrogen fixation rates were 8.5 and 2.7 times higher than
those of BiOCl and NMT, respectively. The enhancement of
BiOCl/NMT catalytic activity was intimately related to three
factors: (i) a large contact area at the BiOCl/NMT heterojunction
interface provided transfer channels and abundant active sites
for carrier separation; (ii) enhancement of the BEF between
BiOCl and NMT contributed to the carrier separation and
migration; and (iii) the Z-scheme heterojunction raised the
light energy utilization and electron–hole pair redox capacity
of BiOCl/NMT. This study presents a new route to enhancing
the efficient photocatalytic nitrogen fixation performance of
Z-scheme heterojunctions.

2. Experimental
2.1 Preparation of NMT

NMT was prepared with reference to the literature.25 1.086 g of
the organic ligand 2-aminoterephthalic acid was weighed and
dissolved in a mixed solution, the solution consisted of 18 mL
of N,N-dimethylformamide (DMF) and 2 mL of methanol. The
solid–liquid mixture was stirred thoroughly to ensure that the
solids were completely dissolved in the solution. 0.52 mL of
tetrabutyl titanate was continued to be added to the mixture.
After stirring for 30 min, the obtained mixture was transferred
to a 100 mL Teflon-lined stainless steel autoclave and heated at
150 1C for 20 h. After cooling, the collected solid product was
washed with DMF and methanol. Further drying was carried
out to obtain NMT powder.

2.2 Preparation of BiOCl

3 mmol of KCl was dissolved in 22 mL of pure water to prepare
solution A. Solution B was acquired by adding 3 mmol of
Bi(NO3)3�5H2O in 22 mL of ethylene glycol ((CH2OH)2). Solution
B was mixed with solution A. The mixed solution was stirred
continuously for 3.5 h. The solid product was collected by
centrifugation. The collected solid product was washed with
deionized water and ethanol to remove residual impurities. The
white powder BiOCl was collected after drying in an oven
for 6 h.

2.3 Preparation of BiOCl/NMT

An adsorption–deposition method was employed to prepare
BiOCl/NMT complexes. 100 mg of NMT and an amount of KCl
were put into 22 mL of pure water. Bi(NO3)3�5H2O was dissolved
in 22 mL of (CH2OH)2. The above two solutions were mixed and
stirred for 3.5 h. The collected solid catalyst was washed several
times with deionized water and ethanol and dried in an oven.
Based on the theoretical mass percentage of BiOCl, the samples
were named 0.01, 0.05, and 0.10-BiOCl/NMT.
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2.4 Preparation of A-BiOCl and A-BiOCl/NMT

The properties of BiOCl upon light irradiation were studied
to illustrate that the concentration of OVs could be altered.
The synthesized catalysts BiOCl and BiOCl/NMT were used to
simulate the photocatalytic nitrogen fixation process. After the
photocatalytic nitrogen fixation, the catalyst was collected from
the reaction solution and vacuum-dried. The obtained solids
were labeled as A-BiOCl and A-BiOCl/NMT, respectively.

2.5 Photocatalytic nitrogen fixation experiments

Nitrogen fixation activity was investigated in a photocatalytic
reactor made of quartz. The prepared photocatalyst (0.05 g) and
pure water (100 mL) were added to the reaction device.
No sacrificial reagent was introduced into the catalytic solution.
The reaction device was placed in ultrasonic equipment to fully
disperse the catalyst in the water. High purity N2 was continu-
ously passed into the device under light-free conditions. After
30 min, the photocatalytic nitrogen fixation experiment was
simulated using the light produced by a 300 W xenon lamp as a
light source. Circulating water was injected into the periphery
of the catalytic unit to maintain a constant temperature during
the reaction. The rate of ammonia production was analyzed
utilizing the indophenol blue method.26

3. Results and discussion

A series of BiOCl/NMT were produced by the adsorption–
deposition method, where BiOCl quantum dots were attached
to the outer surface of NMT, as shown in Scheme 1. Under light
energy excitation, changes in the concentration of OVs in BiOCl
were able to modify the BEF intensity between BiOCl and NMT.
In Fig. 1a, the X-ray diffraction (XRD) spectrum of BiOCl
classified as a tetragonal phase with a JCPDS card no. of 06-
249.27 The signal peak positions of A-BiOCl were almost iden-
tical to those of the original BiOCl. However, the intensity of the
diffraction peaks became weaker. In the NMT spectra (Fig. 1b),
the diffraction peaks corresponding to (101), (200), (211), (222)
and (312) facets were located at 6.81, 9.81, 11.81, 16.71 and 17.91,
respectively.28 In the three composite catalysts synthesized, the
intensity of the signal peaks associated with NMT gradually
diminished with the increase in the content of BiOCl quantum
dots. After the attachment of BiOCl to the NMT surface, the
positions of diffraction peaks in the spectra of 0.01-BiOCl/NMT

and 0.05-BiOCl/NMT almost coincided with those of NMT.
When the loading of BiOCl was further increased, the signal
peaks at 32.61 and 33.51 in the 0.10-BiOCl/NMT spectra corre-
sponded to the (110) and (102) facets of BiOCl. By analyzing the
XRD data, we understand that BiOCl was successfully attached
to the NMT surface.

The vibrations of each functional group in the Fourier trans-
form infrared (FT-IR) spectroscopy spectra were utilized to
further deduce the structural features of the prepared samples.
In the spectrum of BiOCl (Fig. 2a), the stretching vibration of
the Bi–O bond appeared at 522 cm�1, and the signal peaks
generated in the range of 1000–1500 cm�1 were attributed to
the Bi–Cl bond.29 The water adsorbed on the surface of BiOCl
contained O–H functional groups, which produced the peak of
the stretching vibration emerging at 1625 cm�1. The intensity
of the stretching peaks induced by O–H in the spectra of
A-BiOCl was increased. The presence of OVs promoted the
adsorption of BiOCl to water, which was consistent with the
results previously reported in the literature.30 In the NMT
spectra (Fig. 2b), the stretching vibrations of the O–Ti–O bond
occurred in the short wavenumber between 400 and 800 cm�1.31

The vibrational peaks appearing at 1384 and 1537 cm�1 were
assigned to the O–C–O and CQO stretching vibrations in the
carboxyl group.32 The large band stretching vibrational peak at
3400 cm�1 was caused by water molecules or organic solvents
trapped in the pore. In the spectra of BiOCl/NMT, the positions of
the signal peaks remained essentially the same as those of NMT.
However, it could be observed that the signal peak located at
1042 cm�1 became stronger with the increase of BiOCl loading.
This might be related to the increase of Bi–Cl bonds in the
complex samples. The test results of the FT-IR spectrum likewise
demonstrated the synthesis of the target catalyst BiOCl/NMT.

Scheme 1 Schematic illustration of BiOCl/NMT by an adsorption–
deposition method.

Fig. 1 The XRD patterns of (a) BiOCl and A-BiOCl, and (b) NMT and
BiOCl/NMT.

Fig. 2 FT-IR of (a) BiOCl and A-BiOCl, and (b) NMT and BiOCl/NMT.
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Scanning electron microscopy (SEM) was utilized to observe
the microstructure and morphology of NMT and BiOCl/NMT, as
shown in Fig. S1, S2 (ESI†) and Fig. 3a. NMT was typical
of a disk-like structure, with a particle size distribution between
300 and 1100 nm. The particle size distribution of NMT is
shown in Fig. S1b (ESI†). After BiOCl deposition, BiOCl/NMT
still exhibited a disk-like structure. Due to the small size of the
BiOCl quantum dots, it was not possible to observe any changes
produced on the surface of the NMT from the SEM images. This
information implied that the BiOCl quantum dots were uni-
formly attached to the NMT surface. In order to understand
more precisely the size of quantum dots in BiOCl/NMT, the
characteristics of the sample was investigated using transmis-
sion electron microscopy (TEM). In Fig. 3b, BiOCl nanoparticles
were highly distributed on the NMT surface, and the average
size of BiOCl quantum dots was approximately between 3 and
5 nm. The elemental distribution mapping of BiOCl/NMT
revealed that N, O, Ti, Bi and Cl were uniformly dispersed
throughout the sample.

The surface elemental composition and chemical valence of
catalyst BiOCl/NMT were analyzed by X-ray photoelectron
spectroscopy (XPS) testing. In Fig. S3 (ESI†), the elements C,
N, O, and Ti appeared in the survey spectra of NMT. In the
survey spectrum of BiOCl/NMT, signal peaks of Bi and Cl
emerged in addition to those of the above elements. As shown
in Fig. 4a, the high-resolution spectrum of Ti 2p contained Ti
2p1/2 and Ti 2p3/2 signal peaks. The Ti 2p1/2 and Ti 2p3/2 in NMT
located at 463.1 and 457.1 eV, while the binding energies of
the corresponding signal peaks in NMT/BiOCl were 463.2 and
457.3 eV, respectively. As shown in Fig. 4b, the peaks with
binding energies positioned at 400.2 and 397.6 eV were classi-
fied as –NH2 and C–N in the NMT spectra. In the N 1s spectra of
BiOCl/NMT, the signal peaks of –NH2 and C–N were observed at
400.6 and 397.9 eV. In contrast to pure NMT, the locations of
both Ti 2p and N 1s in NMT/BiOCl exhibited a slight shift
toward higher binding energies. In Fig. 4c, three signal peaks
emerged in the high-resolution O 1s spectra of BiOCl/NMT, and
correspond to CQO, defective oxygen and Ti–O/lattice O,
respectively. The peak positions were located at 531.6, 530.3,
and 529.5 eV. The calculation revealed that the defective oxygen
accounted for 29.1% of the peak area. In Fig. 4d, the two peaks
displayed in the Bi 4f spectrum of BiOCl/NMT were located
at 163.3 and 158.0 eV, which were attributed to Bi 4f5/2 and

Bi 4f7/2. In the spectrum of Cl 2p (Fig. S4, ESI†), two signal
peaks at 200.5 and 198.7 eV were assigned to Cl 2p3/2 and Cl
2p5/2, respectively. The analysis of the XPS results indicated a
strong interaction of electrons between BiOCl and NMT, and
the electrons tend to transfer from NMT to BiOCl.33

To illustrate that BiOCl quantum dots would generate more
OVs under light radiation, we selected electron spin resonance
(ESR) to understand the content of OVs in BiOCl under dark
and light radiation conditions. As shown in Fig. 4e, the strong
signal peak at g = 2.003 in the plot was assigned to OVs.
The signal peak of BiOCl was stronger under light radiation
conditions than under dark conditions, indicating the for-
mation of new OVs on the surface of BiOCl after photoinitia-
tion. Moreover, BiOCl quantum dots could generate additional
OVs through light energy initiation. The ESR test spectra of
0.05-BiOCl/NMT under dark and light conditions are presented
in Fig. 4f. The signal peak of light-0.05-BiOCl/NMT was stronger
than that of dark-0.05-BiOCl/NMT, and the defective structures
of BiOCl in the heterojunction catalysts were similarly gener-
ated upon photoinitiation. Light energy irradiation adjusted
the concentration of OVs in BiOCl to break the scaling relation-
ships, which facilitated the reduction of energy barriers in the
photocatalytic nitrogen fixation reaction.34 In addition, a new
signal peak at g = 1.960 appeared in the spectrum of light-0.05-
BiOCl/NMT. The generated signal peak originated from the
formation of Ti3+, which had unpaired electrons in its atomic
orbitals. The formation of structural defects on the BiOCl
surface and the synergistic effect produced by the low valence
metal cations in NMT could inhibit the complexation of photo-
generated electrons and holes. In Fig S5 (ESI†), the signal peak
intensity of OVs in BiOCl/NMT was enhanced with increasing
BiOCl loading.

The surface characteristics of the prepared catalysts were
detected via N2 adsorption–desorption isotherms and pore size

Fig. 3 (a) SEM and (b) and (c) TEM images of 0.05-BiOCl/NMT, and (d)–(i)
elemental mapping of 0.05-BiOCl/NMT.

Fig. 4 (a)–(c) High resolution XPS of Ti 2p, N 1s, O 1s for 0.05-BiOCl/NMT
and NMT; (d) high resolution XPS of Bi 4f for 0.05-BiOCl/NMT; and (e) and
(f) ESR spectra of BiOCl and 0.05-BiOCl/NMT under light and dark
conditions.
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distribution profiles. The test results are presented in Fig. 5.
NMT, as a representative porous material, had a Brunauer–
Emmett–Teller (BET) surface area of 1008 m2 g�1. The N2

adsorption–desorption isotherm of NMT exhibited a type I
shape. Micropores would naturally form during the self-
assembly of metal clusters with organic ligands into NMT.
In the pore size distribution graph, it was similarly noticed
that the pores in NMT mainly manifested as micropores. Micro-
pores in NMT could provide large specific surface area and
abundant active sites contributing to the separation of electrons
and holes.35 The BET surface area of BiOCl/NMT was 1152 m2 g�1,
which was an improvement compared with NMT. This variation
could be attributed to the presence of a certain amount of OVs in
BiOCl quantum dots. In general, ultra-small size structures would
induce defects on the catalyst surface.36 The loading of BiOCl
quantum dots on the NMT surface promoted the adsorption
performance of the catalyst for N2. The pore size in BiOCl/NMT
did not change and remained microporous. Therefore, we could
optimize the adsorption performance of NMT on reactants by
loading of BiOCl quantum dots.

UV-vis diffuse reflectance spectroscopy (DRS) investigated
the light absorption properties of all prepared samples. In Fig. 6a,
the light absorption boundaries of BiOCl and A-BiOCl were
quite close in the test spectra. A-BiOCl had trailing after the
light absorption boundary, and A-BiOCl could utilize visible
light to some extent. After the photocatalytic reaction, the band
gap energy of BiOCl was reduced, and this might be related
to the fact that the OVs altered the local electronic state of
BiOCl.37 After loading BiOCl on the NMT surface (Fig. 6b and
Fig. S6, ESI†), the light absorption range was further shifted

towards longer wavelengths. Ultra-small size BiOCl quantum
dot structures evoked the creation of defective structures on
their surfaces. The absorption boundary of 0.05-BiOCl/NMT
reached 623 nm compared to 540 nm for NMT. The absorption
edge of A-0.05-BiOCl/NMT was further red-shifted. This indicated
that more OVs were produced in A-0.05-BiOCl/NMT, which
enhanced the light energy utilization of the sample. The band
gap energy of the samples was investigated for estimation of the
DRS data using the Kubelka–Munk formula.38 As shown in Fig. S7
(ESI†), the band gap energies of A-BiOCl and NMT were 3.04 and
2.61 eV, respectively. Increasing the concentration of OVs in BiOCl
by photoinitiation altered the energy band structure. The expan-
sion of the light absorption region of BiOCl/NMT greatly facilitated
the utilization of solar energy.

In order to clarify the complete energy band structure
information of the synthesized samples, the positions of the
conduction bands (CB) were determined through the Mott–
Schottky plot. In Fig. 7a, the flat band potential value for NMT
was �0.79 V. A saturated calomel electrode (SCE) was employed
as a reference electrode during the test. After conversion to a
standard hydrogen electrode (SHE), the corresponding flat
band potential was �0.55 V. Based on the positive slope of
the straight line segment of the Mott–Schottky curve within the
passivation region, it was determined that NMT was an n-type
semiconductor. Typically, the CB of an n-type semiconductor
would be 0.1 V more negative than the flat band potential.
Ultimately, the CB for NMT was established to be �0.65 V. We
tracked the valence band (VB) values of A-BiOCl using ultravio-
let photoelectron spectroscopy (UPS). As shown in Fig. 7b, the
VB of A-BiOCl was 2.83 V. The relationship between CB, VB and
band gap energy (Eg) was expressed as follows: E(VB) = E(Eg) + E(CB).
The VB value for NMT was evaluated as 1.96 V, and the CB value of
A-BiOCl was determined to be �0.21 V.

The separation of photogenerated carriers was analyzed with
the utilization of photocurrent and steady-state photolumines-
cence (PL) tests. As shown in Fig. 8a, BiOCl/NMT possessed
higher photocurrent densities compared to pure BiOCl and
NMT. 0.05-BiOCl/NMT had approximately 3.3 and 4.2 times the
photocurrent densities of BiOCl and NMT. The photocurrent
intensity was high for all BiOCl/NMTs, indicating that light
energy could be efficiently translated into free electrons and
holes on BiOCl/NMTs. Under the initiation of light energy,
more photogenerated electrons were aggregated on the surface
of BiOCl/NMT. The construction of heterojunction type catalysts

Fig. 5 (a) and (b) N2 adsorption–desorption isotherm and pore size
distribution of NMT and 0.05-BiOCl/NMT.

Fig. 6 UV-Vis spectra of (a) BiOCl and A-BiOCl, and (b) NMT, 0.05-BiOCl/
NMT and A-0.05-BiOCl/NMT. Fig. 7 (a) Mott–Schottky spectra of NMT and (b) UPS spectra of A-BiOCl.
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effectively promoted the separation efficiency of photogenerated
carriers.39 Suitable BiOCl loading was an essential factor affecting
the catalytic activity of BiOCl/NMT. The PL spectra similarly
indicated the excellent photogenerated carrier separation of the
synthesized BiOCl/NMT, as shown in Fig. 8b. In contrast to
pristine BiOCl and NMT, 0.05-BiOCl/NMT showed remarkably
low PL intensity. A low signal peak represented that 0.05-BiOCl/
NMT had a low carrier complexation rate. The electronic structure
of semiconductors strongly influenced the kinetics of photogen-
erated electron–hole interactions.40 The low PL intensity meant
that a favorable contact area was formed at the interface of BiOCl
and NMT. Energy level matching in heterojunction catalysts
promoted rapid carrier separation and suppressed complexation.

Electrochemical impedance testing was performed to detect
the resistance to photogenerated carrier migration to the
catalyst surface. In the Nyquist spectrum (Fig. S8, ESI†), the
arc radius of NMT was significantly larger than that of 0.05-
BiOCl/NMT. This indicated that the photogenerated electrons
were able to migrate between the interfaces of different semi-
conductors. The light absorption properties and multi-exciton
effect of nanoscale quantum dots BiOCl yielded multiple ben-
eficial effects.41 The 0.05-BiOCl/NMT possessed the smallest arc
radius under light energy radiation. The probability of photo-
generated carriers recombining inside the catalyst was reduced,
and the photoconversion efficiency was enhanced. The con-
ductivity of 0.05-BiOCl/NMT under light energy was better, and
the elevated concentration of OVs in BiOCl could capture more
electrons to promote the separation of electrons and holes.

The photocatalytic nitrogen fixation activity of the synthe-
sized samples was studied without the addition of any sacrifi-
cial reagent. Light emitted from a 300 W xenon lamp was
chosen as the light source for the simulated catalytic experi-
ments. After the formation of heterojunctions between NMT
and BiOCl quantum dots, the nitrogen fixation activity of
BiOCl/NMT remarkably elevated (Fig. 9a). The small sized
BiOCl quantum dots exhibited abundant OVs at the edges of
the structure, and these defective structures existed at the
interface between BiOCl and NMT. More OVs were generated
under photoinitiation, and the defect structures induced
changes in the interfacial microenvironment and the local
electronic structure.42 The additional OVs in BiOCl could
promote the adsorption of reactants by the catalyst and store

photogenerated electrons to inhibit electron–hole recombina-
tion. 0.05-BiOCl/NMT expressed optimal nitrogen reduction
performance along with the NH3 generation at a rate of
88.6 mmol g�1 h�1. The nitrogen fixation rate of 0.05-BiOCl/
NMT was 8.5 and 2.7 times higher than that of BiOCl and NMT.
The NH3 generation rate for 0.10-BiOCl/NMT was 73.4 mmol g�1 h�1.
The photocatalytic activity of the composite system was
enhanced with the increase of BiOCl loading. The OVs in BiOCl
contributed to the adsorption of reactant N2 and inhibited the
electron–hole pair complexation. But excessive loading of BiOCl
affected the rate of ammonia production, probably due to the
fact that excess BiOCl hindered the absorption of light energy by
the ligand in NMT. The high concentration of OVs in BiOCl may
become a complex center for photoexcited electrons and holes,
and the lifetime and effectiveness of photogenerated carriers
were reduced. In addition, the electrochemical impedance and
photocurrent intensity test results illustrated the optimal photo-
catalytic nitrogen fixation potential of 0.05-BiOCl/NMT. To illus-
trate the importance of OVs in BiOCl, we prepared BiOCl without
OVs (WO-BiOCl) by referring to the synthesis method in the
literature.30 And 0.05-WO-BiOCl/NMT was synthesized according
to a similar method, which had an ammonia synthesis rate
of only 42.7 mmol g�1 h�1. The controlled experimental data
indicated that OVs in BiOCl played a crucial role in photocata-
lysis. Comparing our work with some existing literature in the
field of photocatalytic nitrogen fixation (Table S1, ESI†), the
synthesized Z-scheme heterojunction BiOCl/NMT showed a high
ammonia generation rate. The enhanced BEF and fast carrier
migration rate in BiOCl/NMT served as an important basis to
ensure the efficient synthesis of ammonia. A controlled experi-
ment on the nitrogen fixation activity of 0.05-BiOCl/NMT was
performed with Nessler’s assay, and the results of the test are
shown in Table S2 (ESI†). The values obtained by the two test
methods were close to each other.

The conversion of nitrogen to ammonia was associated
with a multistep proton-coupled electron transfer, and control

Fig. 8 (a) Photocurrent of BiOCl, NMT and BiOCl/NMT, and (b) PL of NMT
and 0.05- BiOCl/NMT.

Fig. 9 (a) N2 reduction rates of NMT, BiOCl and BiOCl/NMT; NH3 production
rates of 0.05-BiOCl/NMT in (b) different pH and (c) non-hydrogen solvents;
and (d) N2 fixation performance in cyclic tests of 0.05-BiOCl/NMT.
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experiments to investigate the rate of ammonia production
were completed under different pH conditions (Fig. 9b).
In acidic environments at pH 3 or 5, the structures of NMT
and BiOCl tended to be disrupted leading to a significant
decrease in ammonia production rate of 0.05-BiOCl/NMT.
In addition, high proton concentrations caused an inhibitory
impact on the oxidation of water, which was similarly detri-
mental to ammonia production.43 Under alkaline conditions,
the insufficient concentration of protons severely impacted the
hydrogenation process of *N2 either by distal or alternating
mechanisms. Hence, an environment with a neutral pH was
suitable for ammonia production. To further validate the
necessity of protons for the photocatalytic nitrogen fixation
reaction, the non-protonic solvents dimethyl sulfoxide (DMSO)
and DMF were replaced with water as solvents. In Fig. 9c, the
efficiency of nitrogen fixation was significantly affected in
solutions which could not produce a hydrogen source. This
suggested that water was the proton source in the nitrogen
fixation process. In addition, we researched the nitrogen fixa-
tion activity under conditions of light radiation in an Ar atmo-
sphere or under darkness in an N2 environment. As shown in
Fig. S9 (ESI†), ammonia production was negligible for each
sample under both test conditions. Protons, light and N2 were
essential in the photocatalytic nitrogen fixation process. The
source of nitrogen in the product NH3 was explained by isotope
labeling experiments, as shown in Fig. S10 (ESI†). 14N2 and 15N2

were passed into the catalytic device as feed gases, and different
signal peaks appeared in the 1H nuclear magnetic resonance
(NMR) spectra. The control experiment indicated that the N in
the catalytic product NH3 originated from the reduction of the
feed gas.

Cycling experiments were undertaken to illustrate the stabi-
lity of the catalysts. After five cycles of testing, 0.05-BiOCl/NMT
still manifested promising nitrogen fixation performance. In
Fig. 9d, the ammonia production rate decreased from 88.6
to 76.1 mmol g�1 h�1. The catalyst was repeatedly collected
and dried during the cycle test. Inevitably, a small amount of
catalyst was lost during the operation. As a result, the photo-
catalytic nitrogen fixation rate of 0.05-BiOCl/NMT exhibited a
decreasing trend in the cycle test. In the previous data analysis,
we observed that new OVs formed on the surface of A-0.05-
BiOCl/NMT. The A-0.05-BiOCl/NMT placed in air for a long
period of time was observed with the assistance of charac-
terization methods, and no significant changes in the lattice
parameters and microscopic morphology of the catalyst were
detected (Fig. S11 and S12, ESI†). The ESR test result revealed
that A-0.05-BiOCl/NMT was exposed to air for a long time, in
which the intensity of the signal peaks of the OVs was wea-
kened (Fig. S13, ESI†). 0.05-BiOCl/NMT still largely maintained
its initial morphological features after photocatalytic nitrogen
fixation, and the added OVs in A-0.05-BiOCl/NMT were unstable
in air. A-0.05-BiOCl/NMT could be oxidized to 0.05-BiOCl/NMT
in air for a period of time.

Active species capture experiments were performed to
account for free radical species in the photocatalytic process,
as shown in Fig. S14 (ESI†). The nitrogen fixation process may

produce �O2
�, h+, and �OH, which were scavenged with benzo-

quinone (BQ), ethylene diamine tetraacetic acid (EDTA), and
isopropanol (IPA), respectively.44 From the test data, it was
noticed that the three reagents affected the nitrogen fixation
performance to different degrees. The order of influence of
active species on N2 reduction was �O2

�4 �OH 4 h+. The main
active species produced by 0.05-BiOCl/NMT were �OH and �O2

�

during photocatalytic nitrogen fixation. The radical species
yielded by 0.05-BiOCl/NMT were further analyzed by ESR spec-
tra, and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) acted as a
spin trapping agent. Signal peaks associated with DMPO–�O2

�

and DMPO–�OH appeared in 0.05-BiOCl/NMT (Fig. 10). The
intensity of the signal peaks was significantly increased with
the prolongation of light irradiation. Light radiation modified
the concentration of OVs in BiOCl, and rapid migration of
electrons and holes occurred in 0.05-BiOCl/NMT to promote
the production of �OH and �O2

�.
For clarifying the migration direction of photogenerated

electrons at the interface of BiOCl and NMT, we probed the
work functions (F) of both samples by the UPS test as shown in
Fig. 11 and Fig. S15 (ESI†). Based on the formula of the work
functions, the F values of NMT, BiOCl and A-BiOCl were 7.77,
8.87 and 9.32 eV, respectively.45 The values of Ef for NMT, BiOCl
and A-BiOCl of �7.77, �8.87 and �9.32 eV were acquired
through the conversion relation between the Ef and the work
function. The Ef positions underwent a downward migration
with the increase of OVs in A-BiOCl. The test data directly
indicated an increase in the Ef difference between NMT and
A-BiOCl. The different work functions of NMT and BiOCl would
lead to differences in their Ef levels. This resulted in the
formation of electron density differences between NMT and

Fig. 10 EPR spectra of (a) �O2
� and (b) �OH radicals for 0.05-BiOCl/NMT

under light.

Fig. 11 UPS spectra of (a) BiOCl and (b) A-BiOCl.
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BiOCl.46 After being constructed as heterojunction catalysts,
the Ef would reach a state of equilibrium after the formation of
interfacial contact between BiOCl and NMT (Fig. 12). Since the
Ef value of BiOCl was more negative than that of NMT, a BEF
was formed between the two samples pointing from NMT to
BiOCl.47 The electrons in NMT would migrate to the surface of
BiOCl after the formation of an interfacial contact. Thus, the Ef

values of BiOCl and NMT were overlapped. The NMT was
bended upward in its energy band due to the loss of electrons
to form an electron depletion region. In contrast, BiOCl was an
electron accumulating region due to the acquisition of elec-
trons, and its energy bands underwent a downward bending.48

The formed interfacial electric field suppressed the sustained
electron transfer from NMT to BiOCl. Both electrons and holes
were produced in the semiconductor material under the excita-
tion of light energy. By the common effect of energy band
bending and electric field force, the holes in NMT combined
with the electrons in BiOCl. Since A-BiOCl exhibited a lower
Fermi energy level, a stronger BEF between A-BiOCl and NMT
was formed to promote rapid carrier migration between the
interfaces.49 A Z-scheme heterojunction was established between
NMT and A-BiOCl, electrons and holes with strong redox poten-
tials could facilitate the smooth progress of catalytic reactions.
The OVs in BiOCl were tunable by light to enhance the BEF
intensity between it and NMT, which enabled the rapid separa-
tion and migration of photogenerated carriers.

The reaction mechanism of BiOCl/NMT photocatalytic nitro-
gen fixation was proposed based on the above test results. The
energy band relationship between NMT and BiOCl was feasible
for the construction of Z-scheme heterojunctions. Under the

radiation of light energy, photogenerated electrons and holes
were generated simultaneously in NMT and BiOCl. According
to the carrier migration mechanism of Z-scheme hetero-
junctions, the electrons in the CB of BiOCl migrated to the
VB of NMT. The content of OVs in BiOCl quantum dots
increased under the effect of light, and its Ef downward migra-
tion enhanced the BEF intensity between NMT and BiOCl. The
optimization of a BEF promoted the transport of photogener-
ated carriers at the interface of NMT and BiOCl. If the electrons
on the CB of the NMT migrated toward the CB of BiOCl
(Fig. 12d), the energy level position of the CB of BiOCl did
not satisfy the conditions for �O2

� generation (E(O2/�O2
�) =

�0.33 V vs. NHE). Ultrasmall-sized quantum dots resulted in
the creation of defective structures on the BiOCl surface.
In addition, the radiation of light caused additional OVs to be
produced in BiOCl. The formed OVs boosted the adsorption of
N2 by the catalysts. The adsorbed N2 could be reduced by �O2

�

and progressively hydrogenated by combining with protons to
finally produce NH3. Meanwhile, the holes on the VB of BiOCl
had a strong oxidizing ability to oxidize water to �OH, which
further promoted N2 reduction. The Z-scheme heterojunction
BiOCl/NMT with an adjustable BEF not only contributed to the
separation efficiency of photogenerated carriers, but also rea-
lized efficient nitrogen reduction.

The reaction mechanism of BiOCl/NMT photocatalytic nitro-
gen fixation was proposed based on the above test results. The
energy band relationship between NMT and BiOCl was feasible
for the construction of Z-scheme heterojunctions. Under the
radiation of light energy, photogenerated electrons and holes
were generated simultaneously in NMT and BiOCl. According
to the carrier migration mechanism of Z-scheme heterojunc-
tions, the electrons in the CB of BiOCl migrated to the VB of
NMT. The retained photogenerated h+ could oxidize water to
form O2 and protons. Photogenerated electrons were concen-
trated on the CB of the NMT, and had sufficient reducing energy
(�0.65 V) to allow O2 to be reduced to �O2

� (E(O2/�O2
�) =

�0.33 V vs. NHE). The content of OVs in BiOCl quantum dots
increased under the effect of light, and its Ef downward migra-
tion enhanced the BEF intensity between NMT and BiOCl. The
optimization of the BEF promoted the transport of photogen-
erated carriers at the interface of NMT and BiOCl. If the
electrons on the CB of the NMT migrated toward the CB of
BiOCl (Fig. 12d), the energy level position of the CB of BiOCl
(�0.21 V) did not satisfy the conditions for �O2

� generation.
Ultrasmall-sized quantum dots resulted in the creation of
defective structures on the BiOCl surface. In addition, the
radiation of light caused additional OVs to be produced in
BiOCl. The formed OVs boosted the adsorption of N2 by the
catalysts. The adsorbed N2 could be reduced by �O2

� and
progressively hydrogenated by combining with protons to
finally produce NH3. Meanwhile, the holes on the VB of BiOCl
had a strong oxidizing ability to oxidize water to �OH, which
further promoted N2 reduction. The Z-scheme heterojunction
BiOCl/NMT with an adjustable BEF not only contributed to the
separation efficiency of photogenerated carriers, but also rea-
lized efficient nitrogen reduction.

Fig. 12 Carrier migration mechanism and possible nitrogen fixation
mechanism in 0.05-BiOCl/NMT.
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4. Conclusions

In summary, a BiOCl/NMT Z-scheme heterojunction was con-
structed through a solvothermal process and adsorption–
deposition methods. Under photoinitiation, BiOCl quantum
dots could be transformed into defective structures with more
OVs. Increasing the concentration of defect structures in BiOCl
not only altered the energy band structure, but also further
modulated the position of the Fermi energy level. Since A-BiOCl
exhibited a lower Ef, a stronger BEF between A-BiOCl and NMT
was formed to promote rapid carrier migration between the
interfaces. Signal peaks associated with DMPO–�O2

� and
DMPO–�OH appeared in 0.05-BiOCl/NMT. The intensity of the
signal peaks significantly increased with the prolongation of
light irradiation. This might be related to the increased content
of OVs in BiOCl, which facilitated the formation of reactive
free radicals. 0.05-BiOCl/NMT expressed optimal nitrogen
reduction performance along with NH3 generation at a rate of
88.6 mmol g�1 h�1. The nitrogen fixation rate of 0.05-BiOCl/
NMT was 8.5 and 2.7 times higher than that of BiOCl and NMT.
This work adjusted the BEF intensity by a straightforward self-
conversion to a defective structure, which offered fresh insights
into the promotion of carrier separation in photocatalytic
nitrogen fixation. Photocatalytic nitrogen fixation was charac-
terized by low cost, low energy consumption and environmental
friendliness, and it provided a new development direction for
industrial ammonia synthesis.
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