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Based on facet engineering and Z-scheme heterojunctions, a series of MoO,/BiOBr Z-scheme
heterojunctions with different facet ratios of (102)/(001) were prepared for photocatalytic nitrogen
reduction. The performance of nitrogen reduction is greatly improved after constructing heterojunctions,
and the activity increases rapidly with the increase of the (102)/(001) ratio of BiOBr in the heterojunction.
MoQ,/BiOBr-0 with a (102)/(001) ratio of 0.167 exhibits the highest activity, reaching 176.66 pmol g—*
h~%, which is 4-5 times higher than that of pristine MoO, and BiOBr. Based on the built-in electric field
(BIEF) strength, bulk charge separation (BCS) efficiency, and theoretical calculation of the materials, it is
believed that due to the increase in the (102)/(001) facet ratio, the BIEF strength between the two phases
of the heterojunction is enhanced, resulting in a high BCS efficiency. This promotes more surface
enriched photo-generated electrons to act on nitrogen reduction, thereby achieving efficient
photocatalytic ammonia synthesis. According to DFT, compared to MoO, and BiOBr, MoO,/BiOBr not

only adsorbs N, more strongly than H, but also AGax in the potential energy determination step (PDS) is
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Accepted 3rd June 2024 lower, thus exhibiting superior NRR activity. The calculation is completely consistent with the

experimental results, further confirming that the construction of Z-scheme heterojunctions with a high
proportion of (102) facets greatly promotes the performance of MoO, and BiOBr in catalyzing nitrogen
rsc.li/materials-a reduction.
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1. Introduction high-energy intermediates such as N,H, greatly hinder its acti-
vation and selective transformation at room temperature and
Ammonia (NH;) plays a crucial role in industries such as pressure.”® By using appropriate catalysts in conjunction with
fertilizers, pharmaceuticals, daily chemicals, and energy. energy such as light and electricity, the nitrogen reduction
Currently, the production of ammonia in industry relies on the —pathway can be changed, promoting nitrogen dissociation and
high-temperature and high-pressure Haber-Bosch process, making the ammonia synthesis process less or less restricted by
which accounts for approximately 2% of global energy thermodynamic equilibrium.” Thus, photocatalytic nitrogen
consumption and generates approximately 1.6% of global reduction is considered a potential method to replace the
greenhouse gas emissions.'® Therefore, driving nitrogen industrial Haber-Bosch process for generating ammonia.
reduction to synthesize ammonia under mild conditions has Photocatalytic nitrogen reduction, with the assistance of
important scientific significance and significant application light, converts nitrogen and water into ammonia, which has
value. However, the inert molecular structure of N, and the high ~ significant advantages:'** (1) low energy consumption, as it
dissociation energy of N=N bonds, as well as the presence of uses clean solar energy as the energy source; (2) mild reaction
conditions, allowing it to be carried out at room temperature
and pressure; (3) environmental friendliness, as it replaces non-
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Huzhou College, Huzhou 313000, P. R Chl.m; " catalysts,™ transition metal oxides (TiO, and WO,),"*** nitrides
(C,N and BN),'*"” metal sulfides (MoS, and ZnIn,S,),"*" metal
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(MOFs).** Although there has been some research progress in
photocatalytic ammonia synthesis, it still faces difficulties and
challenges, mainly due to the low charge separation efficiency
of semiconductor catalysts, resulting in low energy conversion
efficiency, and the difficulty in activating nitrogen, resulting in
a small number of activated molecules participating in the
ammonia synthesis reaction.

Facet engineering is currently one of the important strategies
to improve the charge separation efficiency of photocatalysts.*
By selectively exposing specific crystal planes through facet
regulation, a cascade band structure can be formed between co-
exposed facets with anisotropy, driving efficient directional
migration and separation of photo-generated electrons and
holes. Meanwhile, the selectively exposed facets in photo-
catalysts can provide active sites/planes for photocatalytic
reactions or the loading of co-catalysts, resulting in facet
dependence in photocatalytic reactions.” For example, the (110)
surface of Cu,O single crystals exhibits photocatalytic activity
for CO, reduction to methanol, while the (100) surface exhibits
inertness.* The photogenerated electrons and holes generated
by Bi;0,Cl under photoexcitation tend to aggregate on the (110)
and (010) surfaces, respectively. That is, the (110) surface of
Bi30,Cl tends to undergo the oxygen evolution reaction, while
the (010) surface tends to undergo the hydrogen evolution
reaction.”

Although facet regulation can achieve directional separation
of photo-generated charge carriers and inhibit their surface
recombination, its effect is still limited in addressing the
problem of an insufficient number of activated molecules
involved in ammonia synthesis due to the difficulty of nitrogen
activation. Building heterojunctions is an effective means.”* A Z-
scheme heterojunction (also known as the S-scheme) is a typical
example, where the built-in electric field between the two pha-
ses can accelerate the separation and transfer of charge carriers,
allowing electrons to accumulate at high energy levels and holes
to accumulate at low energy levels, greatly maintaining the
redox energy of the photocatalyst.>”*® For example, Lam and Liu
et al. used 0D AgInS, nanoparticles and 2D MXene (Ti;C,)
nanosheets to construct a Z-scheme heterostructure with good
interfacial charge transfer ability.”® The yield of ammonia
synthesis by nitrogen reduction under visible light irradiation
can reach 38.8 umol g ' h™. Zhang et al. prepared BiVO,/Sy-
ZnIn,S, Z-scheme heterojunction photocatalysts containing S
vacancies, and the built-in electric field formed between the two
phases assisted the ammonia generation rate to reach 58.5
umol g~ " h™", which is 2.8 times and 3.3 times higher than that
of BiVO, and ZnIn,S,, respectively.*

Thus, combining facet regulation and Z-scheme hetero-
junctions, constructing a class of Z-scheme heterojunctions
with different facet ratios, is expected to alleviate the problems
of low charge separation efficiency and a small number of
activated molecules faced by current nitrogen reduction pho-
tocatalysts. The selection of Z-scheme heterojunction phases
with different facet ratios is crucial. Halogenated oxides (AOX (A
= Bi, La, etc.; X = Cl, Br, I)) are tetragonal crystal systems that
typically have a regular polycrystalline plane structure. They not
only have large specific surfaces, multiple active centers, and
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controllable energy bands, but also have advantages such as
high chemical stability and low toxicity. More importantly, their
conduction band bottom is higher than the nitrogen reduction
potential (N,/NH; = —0.0922 eV, NHE), making them very
suitable for the pNRR.** Nano-MoO, has advantages such as
strong chemical and photostability, small and regular particle
size, narrow bandgap, high (negative) conduction band poten-
tial, and strong reduction ability. It is applied in various pho-
tocatalytic reduction reactions and is an ideal material for
constructing heterojunctions.*

In summary, in this paper, a series of Z-scheme hetero-
junctions with adjustable crystal faces of BiOBr and MoO, were
prepared for photocatalytic nitrogen reduction synthesis of
ammonia. The activity, stability, and reusability of MoO,/BiOBr
Z-scheme heterojunctions with different (102)/(001) ratios for
photocatalytic nitrogen reduction were systematically dis-
cussed. The Z-scheme electron transfer mechanism of the het-
erojunction was verified by characterizing free radicals,
analyzing the band structure of the catalyst, and combining XPS
and differential charge density. The built-in electric field
strength and bulk charge separation efficiency of hetero-
junctions were investigated using surface photovoltage spec-
troscopy and  transient  fluorescence  spectroscopy
characterization. Finally, the energy barriers of the reaction
pathways and rate-determining steps of MoO,, BiOBr and
MoO,/BiOBr heterojunction catalytic nitrogen reduction were
analyzed and compared through theoretical calculations, and
a detailed mechanism analysis was finally provided.

2. Experimental

The details of the reagents, material characterization, and
nitrogen reduction experiments are listed in the ESLf

2.1. Preparation of BiOBr nanosheets (conventional
thickness)

Firstly, 1 mmol of Bi(NO3);-5H,0 was added to two beakers
containing 15 mL of distilled water and stirred for 30 minutes.
Secondly, 2 mmol of potassium bromide was dissolved in 30 mL
of distilled water, divided into two equal parts, and then added
dropwise to the above solution to obtain a mixed solution. The
pH was adjusted to 2 and 1 using a sodium hydroxide solution
(1 M) or nitric acid solution (1 M). The mixture was transferred
to a 50 mL PTFE lined stainless steel high-pressure vessel and
heated at 220 °C for 24 hours. It was cooled naturally to room
temperature, washed 3 times with deionized water and 2 times
with ethanol, and dried overnight at 60 °C to obtain catalysts
named BiOBr-1 and BiOBr-2.

2.2. Preparation of BiOBr nanosheets (ultrathin)

Firstly, 1.0 mmol Bi(NO;);-5H,0 was dissolved in 25 mL of
0.1 M mannitol solution and stirred for 10 minutes. Then, 5 mL
of saturated potassium bromide solution was slowly added to
obtain a uniform white suspension and stirred for 10 minutes.
Subsequently, it was transferred to a 100 mL PTFE lined stain-
less steel high-pressure vessel and heated at 160 °C for 3 hours.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta02394c

Published on 04 June 2024. Downloaded on 7/17/2025 5:52:03 PM.

Paper

It was washed several times with deionized water and ethanol
and the solid powder obtained was collected by centrifugation.
Finally, it was dried at 60 °C for 4 hours to obtain the catalyst
named BiOBr-0.

2.3. Preparation of MoO,/BiOBr heterojunctions

0.009 mmol (0.11 g) ammonium molybdate tetrahydrate was
dispersed in 30 mL of distilled water, stirred at room temper-
ature for 30 minutes, and then 8 mL of ethylene glycol was
added dropwise into the solution and stirred at room temper-
ature for 30 minutes. Under stirring, 0.328 mmol (0.1 g) of
BiOBr-0, BiOBr-1, and BiOBr-2 was dispersed in the above
solution and stirred at room temperature for 10 minutes. Then
all the solution was poured into a 100 mL PTFE lined stainless
steel high-pressure vessel and heated in water at 180 °C for 36
hours. After the reaction was completed, the reactor was cooled
to room temperature. The reaction solution was washed three
times with ethanol and distilled water and vacuum dried at 60 ©
C for 4 hours to obtain bismuth bromide supported molyb-
denum oxide photocatalysts (MoO,/BiOBr-0, MoO,/BiOBr-1,
and MoO,/BiOBr-2).

2.4. DFT calculation parameters

The model and parameter settings for DFT calculation can be
found in the ESL. Among them, the BiOBr (001) crystal plane is
constructed from optimized BiOBr units, while the MoO, (001)
crystal plane is constructed from optimized MoO, units, as
shown in Fig. S3.}

3. Results and discussion
3.1. Structure and morphology analysis

In order to analyze the microstructure and elemental compo-
sition of the MoO,/BiOBr-0 catalyst, SEM, TEM, HRTEM, and
EDX element mapping were used for characterization. From the
SEM images (Fig. 1a) and TEM images (Fig. 1b) of BiOBr-0, it
can be seen that its morphology is a sheet-like structure. The
high-resolution electron microscopy (HRTEM) image (Fig. 1c)
clearly shows that the lattice stripe spacing of 0.284 nm repre-
sents the (102) crystal plane of BiOBr-0.** The morphology of
MoO, is spherical (Fig. 1d), and the crystal plane with lattice
stripes of 0.246 nm represents the (200) plane of MoO,
(Fig. 1e).** In the SEM image of MoO,/BiOBr-0 (Fig. 1f), it is clear
that MoO, spherical particles are interspersed on the sheet-like
structure of BiOBr-0, and the distribution of the two phases can
also be seen in the TEM image of M0O,/BiOBr-0 (Fig. 1g). In
addition, clear lattice stripes and two-phase interfaces can be
seen from the HRTEM images of MoO,/BiOBr-0 (Fig. 1h), indi-
cating that the catalyst has good crystallinity. The lattice stripes
of 0.284 nm and 0.352 nm correspond to the (102) crystal plane
of BiOBr-0 and the (—111) crystal plane of MoO,, respectively.
The above results confirm the synthesis of the MoO,/BiOBr
heterojunction. Moreover, the EDX element map of MoO,/
BiOBr-0 shows a uniform distribution of Bi, Br, O, and Mo
elements (Fig. 1i).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

The crystal structure of the catalysts was further confirmed
through XRD (Fig. 2a). Clear diffraction peaks of (001), (102),
(110), and (200) crystal planes were observed in pristine BiOBr,
consistent with JCPDS cards 73-2061.** The -characteristic
diffraction peaks in pure phase MoO, correspond to the (—111)
and (—312) facets of JCPDS card 32-0671, respectively. The
characteristic diffraction peaks of BiOBr and MoO, simulta-
neously appear in MoO,/BiOBr-0, proving the successful
synthesis of the MoO,/BiOBr heterojunction.’® In addition, X-ray
photoelectron spectroscopy (XPS) was used to characterize the
elemental composition of the composite catalyst. The results are
shown in Fig. 2b, and diffraction peaks corresponding to Bi, Mo,
and O appeared in MoO,/BiOBr-0, indicating the formation of
a tight heterojunction interface between BiOBr and MoO,, which
is conducive to charge transfer within the catalyst.

3.2. Photoelectric performance analysis

The optical properties of the catalyst were investigated using UV
visible diffuse reflectance spectroscopy (UV-vis DRS), and the
results are shown in Fig. 2c. It can be seen that the visible light
absorption edge of pristine BiOBr is around 440 nm, while
MoO, does not have a clear visible light absorption edge. This
may be due to the narrow bandgap of MoO,, which does not
have a clear gap between its conduction band and valence band.
The light absorption ability of the catalyst after BiOBr and MoO,
complex formation is greatly improved in the visible light
region of 400-800 nm, especially for MoO,/BiOBr-0, which
expands its visible light response range to about 750 nm. This
indicates that when BiOBr is modified with MoO, with surface
plasmon resonance, its visible light absorption range is signif-
icantly improved. Meanwhile, the visible light absorption
intensity of the heterojunction has also been greatly
enhanced.?” The bandgap of BiOBr and MoO, can be calculated
using the Kubelka-Munk function (1):

(ahv) = A(hy — E" (1)

where « is the light absorption coefficient, 4v is the photon
energy, and A is the Planck constant. As shown in Fig. 2d, the
bandgap of BiOBr and MoO, is 2.72 eV and 2.24 eV, respectively.

The separation of photo-generated carriers in the catalyst was
characterized through transient photocurrent and electro-
chemical impedance spectroscopy (EIS). Fig. 2e shows the tran-
sient photocurrent results of BiOBr, MoO,, and MoO,/BiOBr-0. It
can be seen that MoO,/BiOBr-0 exhibits the maximum photo-
current response. Meanwhile, electrochemical impedance char-
acterization shows that MoO,/BiOBr-0 also exhibits the minimum
interface impedance, indicating that it has the highest photo-
generated electron-hole separation efficiency (Fig. 2f).

Based on the above analysis, it is demonstrated that the
obtained MoO,/BiOBr-0 has good visible light utilization effi-
ciency and photo-generated electron-hole separation efficiency.

3.3. Exploration of the facet ratio for BiOBr nanosheets

The crystal structure of BiOBr nanosheets with different facet
ratios was studied by X-ray diffraction (XRD) and scanning
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Fig.1 (a) SEMimage of BiOBr-0; (b) TEM image of BiOBr-0; (c) HRTEM image of BiOBr-0; (d) SEM image of MoO,; (e) HRTEM image of MoO5; (f)
SEM image of MoO,/BiOBr-0; (g) TEM image of MoO,/BiOBr-0; (h) HRTEM image of MoO,/BiOBr-0; (i) element mapping of MoO,/BiOBr-0.

electron microscopy (SEM). Fig. 3a shows that the XRD patterns
of all materials are consistent with the JCPDS cards 73-2061 of
BiOBr, in which BiOBr-2, BiOBr-1, and BiOBr-0 all have higher
exposed (001) and (102) surfaces.* The SEM images (Fig. 3b-d)
indicate that BiOBr nanosheets are all square in shape, but the
size of the nanosheets has changed. Fig. 3f~h show that the
nanosheets of BiOBr-2, BiOBr-1, and BiOBr-0 have thicknesses
of 347 nm, 133 nm, and 37 nm, respectively. According to the
formula for calculating the ratio of crystal planes in Fig. 3e, it
was found that the facet ratio of (102)/(001) of BiOBr-2, BiOBr-1,
and BiOBr-0 is 0.011, 0.053, and 0.167, which is continuously
increasing. This means that by adjusting the overall particle size
of the BiOBr crystal plane, the exposure of the (102) side
continuously increases (Fig. 3i-k).

The deposition of Ag (Ag" + e~ = Ag) on the side of BiOBr has
been demonstrated through photo-deposition experiments (Fig.
S4+t), and the literature has also reported that Pt and Au can be
deposited on the side of BiOBr, while MnO, can be deposited on

16880 | J Mater. Chem. A, 2024, 12, 16877-16891

the front.* That is to say, the (001) surface of BiOBr is conducive
to the deposition of holes as an oxidized active surface, while
the (102) surface is conducive to the deposition of electrons as
a reduced active surface. Therefore, in materials with different
facet ratios, BiOBr-0 with the highest (102)/(001) facet ratio may
have higher reduction efficiency. The SEM images of hetero-
junctions constructed from BiOBr and MoO, with different
facet ratios are shown in Fig. 4a-c, indicating that MoO, has
been successfully loaded onto BiOBr-2, BiOBr-1, and BiOBr-
0 nanosheets.

3.4. Photocatalytic nitrogen reduction by MoO,/BiOBr with
different facet ratios

The experimental results of photocatalytic synthesis of
ammonia are shown in Fig. 4d. Under visible light irradiation,
the activity of different catalysts is M0oO,/BiOBr-0 (176.66 pmol
g " h™") > M0oO,/BiOBr-1 (70.85 pmol g * h™') > M0O,/BiOBr-2
(61.23 umol g~* h™") > MoO, (40.57 umol ¢~' h™") > BiOBr

This journal is © The Royal Society of Chemistry 2024
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Fig.2 The characterization of samples: (a) XRD pattern and (b) XPS full spectrum; (c) UV-vis diffuse reflectance spectra; (d) plots of (ahv)? vs. hv
for all samples; (e) transient photocurrent; (f) electrochemical impedance.
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Mott—Schottky of (g) BiOBr and (h) MoO;; (i) the alignment of the band structure of MoO,/BiOBr-0.

(35.98 umol g~ * h™"). MoO,/BiOBr composites exhibit higher
photocatalytic efficiency for ammonia synthesis than MoO, and
BiOBr, which may be due to the higher visible light utilization
efficiency and photo-generated carrier separation efficiency of
the heterojunction compared to single-phase catalysts. Mean-
while, MoO,/BiOBr-0 exhibited the highest photocatalytic
activity for ammonia synthesis, which was 4.9 times and 4.3
times higher than that of pristine BiOBr and MoO,, respectively.
In addition, the NH," generation of all catalysts will increase
with the extension of the ammonia synthesis experiment time
(Fig. S571), proving that the photocatalytic ammonia synthesis
reaction has good stability. The reusability of the MoO,/BiOBr-
0 catalyst was further investigated, and the results showed that
the performance of the catalyst did not significantly decrease
after three cycles (Fig. 4e). Fig. 4f indicates that under an Ar
atmosphere, the catalyst has almost no synthetic ammonia
yield, indicating that the nitrogen in NH," mainly comes from
N,, and it is also evident that only ammonia is generated in H,O
solution, while there is almost no ammonia generated in DMF
and CH;CN solutions, indicating that the hydrogen in NH,"
mainly comes from H,O.

In addition, N, was used for isotope labeling (Fig. S61).
When only argon was introduced, the NMR spectrum had no
signal. When '*N, was introduced, since '*N has a spin of 1,

16882 | J Mater. Chem. A, 2024, 12, 16877-16891

there can be three spin states (+1, 0, and —1), which makes the
peak value become a triplet state with a coupling constant of 52
Hz.** When only "N, was introduced, the resonance split into
a double peak with a coupling constant of 72 Hz, because °N
has a spin of 1/2, which shows spin-spin coupling.**
Moreover, XRD characterization of MoO,/BiOBr-0 before and
after reaction was performed and the results are given in Fig.
S7.f It can be seen that the XRD curves of MoO,/BiOBr-
0 samples before and after the reaction are basically consis-
tent, indicating that the material has good structural stability.

3.5. Mechanism of photocatalytic nitrogen reduction

3.5.1 Band structure of catalysts. By exploring the band
structures of materials through Mott-Schottky spectroscopy,
the Schottky curves of BiOBr and MoO, are shown in Fig. 4g and
h. It can be seen that the flat band potentials of BiOBr and MoO,
are —0.47 eV and —0.16 eV, respectively. Due to BiOBr being a p-
type semiconductor and MoO, being an n-type semiconductor,
the Ecp values of BiOBr and MoO, can be approximately
—0.27 eV and —0.36 eV, respectively.*” In addition, the Eyp of
BiOBr and MoO, was calculated based on the formula Eyg = Ecp
+ Eg, and it was found that the Eyg of BiOBr and MoO, was
approximately 2.45 eV and 1.88 eV, respectively, indicating that

This journal is © The Royal Society of Chemistry 2024
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the energy bands of the two were cross arranged (Fig. 4i). Thus,
BiOBr and MoO, used for photocatalytic ammonia synthesis are
thermodynamically feasible.**

3.5.2 Built-in electric field and Z-scheme heterojunction.
In order to investigate the mechanism of the Z-scheme hetero-
junction, the catalyst was characterized by electron para-
magnetic resonance (ESR). The results are shown in Fig. 5a—f.
Under dark conditions, BiOBr, MoO, and MoO,/BiOBr-0 did not
produce DMPO--0O, and DMPO--OH signals. After 10 minutes
of illumination, MoO, and MoO,/BiOBr-0 showed signals of
DMPO--0, ", while BiOBr did not. For the signal of DMPO--
OH, BiOBr and MoO,/BiOBr-0 were generated after illumina-
tion, while MoO, was not. This indicates that the photo-gener-
ated electrons and holes in the MoO,/BiOBr catalyst cluster on
the conduction band of MoO, and the valence band of BiOBr,
respectively. This transport mode follows the transport mech-
anism of the Z-scheme heterojunction, rather than the
conventional type II heterojunction.**

Meanwhile, the work functions of BiOBr and MoO, were also
calculated using DFT. As shown in Fig. 5g and h, the work
functions of BiOBr and MoO, were 5.629 eV and 3.782 eV,
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respectively. The relationship between the Fermi level and the
work function is given as formula (2):

Ep = Eype — @i (2)

n which, Ey, E,,. and @ are the Fermi level, work function, and
vacuum level (usually 0). The Fermi levels (Er) of BiOBr and
MoO, were calculated to be —5.629 eV and —3.782 eV, respec-
tively. It is evident that the Fermi level of BiOBr is lower than
that of MoO,. Thus, when two phases come into contact, due to
the difference in Fermi levels, electrons will flow from MoO,
(higher Fermi level) to BiOBr (lower Fermi level), until the two
Fermi levels reach equilibrium.*> Negative charges will aggre-
gate on the surface of BiOBr, while positive charges will aggre-
gate on the surface of MoO,. The rearrangement of electrons in
the heterojunction creates a potential difference between them,
which leads to the generation of a built-in electric field (BIEF,
the direction of the electric field is MoO, — BiOBr). Under the
action of the BIEF, electrons on the conduction band of BiOBr
flow towards the valence band of MoO,, forming a Z-shaped
transmission path (Fig. 6a and 7e), allowing electrons to
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accumulate in the conduction band of MoO, and holes to
accumulate in the valence band of BiOBr, used for participating
in the synthesis of ammonia reaction.

To further demonstrate the charge transfer between BiOBr
and MoO,, the differential charge density of MoO,/BiOBr was
calculated using DFT, as shown in Fig. 6b. The red part in the
figure represents the accumulation of charges, while the blue
part is the departure of charges, indicating that the electron
density on the MoO, surface is higher than that of BiOBr, that
is, electrons continuously flow from the BiOBr surface to the
MoO, surface, enriching electrons on MoO,.*® The differential
charge density proves the existence of electron rearrangement
between the two phases of BiOBr and MoO, in the Z-scheme
heterojunction, and the direction of electron transfer is from
BiOBr to MoO,. As the direction of photo-generated electron
transfer induced by the built-in electric field is opposite to the
direction of the field strength, this further proves that the
direction of the electric field is from MoO, to BiOBr.

The variation of binding energy in the XPS high-resolution
spectrum is also related to the electron transfer pathway of het-
erojunctions.”” Therefore, Bi element in BiOBr and Mo element
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Binding energy (eV)

(a) Diagram of the formation process of the Z-scheme heterojunction; (b) charge difference density diagram; (c) XPS high-resolution

in MoO, were characterized by high-resolution XPS spectroscopy.
The XPS spectrum of Bi 4f indicates that the binding energy of Bi
4fs;, and Bi 4f;, in BiOBr is 164.33 eV and 158.99 eV (Fig. 6c¢),
respectively, while in MoO,/BiOBr-0, the binding energy of Bi 4f
shifts to 164.65 eV and 159.36 eV, indicating a decrease in elec-
tron density on the surface of BiOBr.*” For Mo 3d (Fig. 6d), there
are Mo*" 3ds/, and Mo*" 3d;, with Mo** chemical states, as well
as Mo®" 3ds, and Mo®" 3d;, with Mo®" chemical states.*
Compared with BiOBr, the binding energy of Mo 3d in MoO,/
BiOBr-0 shifts towards a lower value, indicating a decrease in
electron density, which means that high electron density is
located on the surface of MoO,. When BiOBr and MoO, come
into contact to form a heterojunction, electrons will transfer
from the surface of BiOBr to MoO,, and then gather on the
surface of MoO,. The consistency between the characterization
of the XPS high-resolution spectrum and the results obtained by
DFT also confirms the formation of a built-in electric field after
the contact between BiOBr and MoO,.

3.5.3 Strength of the built-in electric field (BIEF) and effi-
ciency of bulk charge separation (BCS). In order to investigate
the differences in photogenerated carrier separation and transfer

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Surface photovoltage (SPV) test; (b) transient fluorescence spectrum (TRPL) test; (c) built-in electric field (BIEF) intensity; (d) bulk-

charge separation (BCS) efficiency (npuu) for all samples; (e) No-TPD characterization; (f) schematic diagram of the built-in electric field (BIEF) in
the Z-scheme heterojunction; (g) schematic diagram of the mechanism of photocatalytic ammonia synthesis catalyzed by MoO,/BiOBr.

in MoO,/BiOBr Z-scheme heterojunctions with different facet
ratios, surface photovoltage spectroscopy (SPV) and transient
fluorescence spectroscopy (TRPL) were performed. Fig. 7a shows
the SPV results of five samples. The SPV response signals of
BiOBr and MoO, are relatively low, indicating that the separation
effect of photo-generated carriers in this region is not strong.
After forming the Z-scheme heterojunction, the SPV signal of
MoO,/BiOBr is significantly enhanced, indicating that the two-
phase recombination significantly enhances the charge separa-
tion efficiency of the material. More importantly, as the facet
ratio of (102)/(001) increases, the SPV response (maximum value)
of Mo0O,/BiOBr-2, MoO,/BiOBr-1, and MoO,/BiOBr-0 increases
significantly to 16.9 uv, 21.8 pv and 27.6 pV. The above results
indicate that forming a Z-scheme heterojunction can signifi-
cantly improve the performance of single-phase materials in
terms of electron and hole separation and transfer efficiency, and

This journal is © The Royal Society of Chemistry 2024

the above performance will significantly increase with the
increase of the (102)/(001) ratio.

Fig. 7b and Table S1f show the transient fluorescence
spectrum (TRPL) results of the samples. Based on the formulae
reported in the literature, the average decay lifetime of electrons
generated by the five materials was calculated (t,,).**® The
corresponding values for BiOBr, MoO,, M0O,/BiOBr-2, MoO,/
BiOBr-1 and MoO,/BiOBr-0 are 1.76 ns, 2.87 ns, 4.99 ns, 5.75 ns,
and 9.14 ns, respectively. It indicates that the MoO,/BiOBr Z-
scheme heterojunction is also significantly stronger in the
lifetime of photo-generated electrons compared to single-phase
BiOBr and MoO,, and the value significantly increases with the
increase of the (102)/(001) facet ratios.

Through the calculation of the work function, it is known
that an internal electric field is formed within the MoO,/BiOBr
heterojunction, which promotes the transfer of photo-

J. Mater. Chem. A, 2024, 12, 16877-16891 | 16885


https://doi.org/10.1039/d4ta02394c

Published on 04 June 2024. Downloaded on 7/17/2025 5:52:03 PM.

Journal of Materials Chemistry A

generated electrons along the direction of BiOBr to MoO,
between the two phases. Previous photoelectric performance
tests have shown that the efficiency of charge separation and
transfer is MoO,/BiOBr-0 > MoO,/BiOBr-1 > MoO,/BiOBr-2 >
MoO, > BiOBr. In order to explore its underlying reasons, the
changes in the BIEF intensity of these materials were measured
using a model developed by Kanata et al.,** as shown in Fig. 7c.
According to the model, the strength of the BIEF is determined
by surface voltage and surface charge density. Therefore, the
above parameters were measured through open circuit poten-
tial testing, simultaneous potentiometric titration, and
conductivity titration, and the results are shown in Fig. S8-
$10t.%>** The BIEF strengths of BiOBr and MoO, are only 8.98
and 11.34. After forming a heterojunction, the BIEF value of
MoO,/BiOBr significantly increased to 27.46-78.73. In partic-
ular, as the facet ratio of (102)/(001) increases, the BIEF value of
the MoO,/BiOBr heterojunction also increases positively, and
the maximum BIEF of MoO,/BiOBr-0 is 78.73. This fully
demonstrates that changing the (102)/(001) ratio can effectively
regulate the BIEF intensity of MoO,/BiOBr heterojunctions. The
strength of the BIEF directly affects the transfer of photo-
generated electrons and holes, thereby affecting the photo-
catalytic performance of the photocatalysts.>*

The bulk charge separation (BCS) efficiency of the five
samples was further measured using the equation reported by
Kim et al.>® Fig. 7d shows that the BCS efficiencies of BiOBr,
MoO,, Mo00,/BiOBr-2, MoO,/BiOBr-1 and MoO,/BiOBr-0 are
4.41%, 5.94%, 17.23%, 22.79%, and 50.86%, respectively. The
above results fully demonstrate that increasing the (102)/(001)
ratio can effectively increase the BCS efficiency of MoO,/BiOBr
heterojunctions, thereby increasing the number of electrons
and holes transferred to the catalyst surface. Thus, based on
previous photocatalytic activity results, it can be inferred that
facet engineering can regulate the strength of the BIEF in MoO,/
BiOBr, making it more advantageous to obtain high BCS effi-
ciency. This promotes the action of surface enriched photo-
generated electrons on nitrogen reduction, thereby achieving
efficient photocatalytic ammonia synthesis.

In addition, the adsorption capacity of the catalyst for N, was
studied using N,-TPD characterization, which is shown in
Fig. 7e. It can be clearly seen that MoO,/BiOBr-0 has stronger
adsorption compared to BiOBr and MoO,, indicating that the
loading of MoO, enables BiOBr to have stronger chemical
adsorption capacity for N, molecules.

3.5.4 Theoretical calculation of the nitrogen reduction
path. As shown in Fig. 8a, the different adsorption configura-
tions of nitrogen on the catalyst can lead to the NRR occurring
along different reaction pathways.>**” When N, is adsorbed end-
to-end on catalysts, the NRR will follow the distal, alternating,
and mixing paths. In the first step of the hydrogenation reaction,
the distant N atom will preferentially react to generate *NNH.
The distal path (red) is the hydrogenation reaction between the N
atom at the far end and the H atom in the first three steps to
generate the first NH;. After the N=N bond breaks, the adsorbed
near end N atom reacts with the three H atoms to generate NH;.
In the alternating path (green), H atoms are alternately added to
both ends of N atoms, and the fourth step of the hydrogenation
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reaction generates an *NH,NH, intermediate, which is then
further hydrogenated to produce the first NH; molecule. When
the two ends of the N, molecule are adsorbed on catalysts, i.e.
lateral adsorption, the two N atoms are equal in the first step of
the hydrogenation reaction, and the NRR will proceed along
enzymatic, consecutive, and mixed pathways. The hydrogenation
method of the enzymatic pathway (purple) is the same as that of
the alternating pathway, both of which involve sequential
hydrogenation at both ends. The consecutive path (blue) is the
same as the distal path because the N atom after the first step of
hydrogenation may react more easily with the subsequent H
atom. The mixed path (black) takes into account the possibility of
crossing among the first four paths.

The NRR pathways of MoO,, BiOBr, and MoO,/BiOBr were
calculated, and the relevant data and Gibbs free energy are
shown in Table 1 and Fig. 8. The common reason for limiting
the NRR is that the potential energy determination step (PDS) is
too high, which prevents the reaction from proceeding nor-
mally. According to literature reports and our previous
research, the first step hydrogenation reaction (*N, + H' + e~
= *NNH) and the last step hydrogenation reaction (*NH, + H' +
e~ = NH;) of the NRR are generally the PDS of the entire reac-
tion.”>*® The free energies of BiOBr's end and lateral adsorption
of N, are —0.249 eV and —0.335 €V, respectively, with a small
difference. There is no significant competition between the two
adsorption configurations. By comparing the PDS of five NRR
pathways on BiOBr, it was found that the potential barrier was
highest when generating *NH,NH, and *NH, intermediates,
and these two hydrogenation reactions were the PDS of the
entire reaction. The free energies for generating *NH,NH, in
alternating and enzymatic pathways are 0.834 eV and 0.869 eV,
respectively, while the free energy for generating NH, is the
highest, in which AG, is 1.309 eV (Fig. 8b and c). N, tends to
perform the NRR along alternating paths on BiOBr, AGax is
—0.834 eV, the limiting potential Uy, is —0.834 V, the free energy
is high, and the competitive hydrogen evolution reaction (HER)
will dominate, preventing the progress of the NRR. The occur-
rence of the NRR on MoO, exhibits a similar pattern to BiOBr
(Fig. 8d and e). The PDS on MoO, is also involved in a two-step
hydrogenation reaction to generate *NH,NH, and *NH, inter-
mediates, with the difference being that the free energy is
reduced, making the reaction easier to proceed. The lowest free
energy for the enzymatic pathway to generate the *NH,NH,
intermediate is 0.635 eV, which is 0.199 eV lower than the
alternative pathway of BiOBr to generate *NH,NH,. The free
energy (AGmay) of NH, intermediates generated by distal and
consecutive pathways on MoO, is 1.062 eV, and an excessively
high PDS prevents the progress of these two paths. Compared to
BiOBr, the Uy, of MoO, is —0.635 V, which has been reduced to
a certain extent, but the competitive HER will still dominate.
The weak adsorption of N, on BiOBr and MoO,, strong
competitive adsorption of H, and the high PDS indicate that
these two catalysts cannot effectively catalyze the NRR.

The adsorption free energy of MoO,/BiOBr for N, reached
—0.907 eV and —0.888 eV, indicating a significant improvement
in adsorption capacity. In the distal pathway of the NRR, the
first step hydrogenation reaction of MoO,/BiOBr generates

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Schematic diagram of various reaction pathways for nitrogen reduction to synthesize ammonia; free energy diagrams for the five

reaction paths on (b and c) BiOBr, (d and €) MoO, and (f and g) MoO,/
decision step (PDS).

a free energy (AGmax) of 0.489 eV for the *NNH intermediate,
which is the PDS of this path (Fig. 8f). The PDS of alternating
paths also appears in the generation of *NH,NH, intermedi-
ates, with a PDS of 0.606 eV (Fig. 8f). When N, is laterally
adsorbed on MoO,/BiOBr, the first step of the hydrogenation
reaction is the PDS of consecutive and mixed paths with a free
energy (AGmay) of 0.322 eV (Fig. 8g). The enzymatic pathway
involves the generation of *NH,NH, intermediates with a free
energy (AGmax) is 0.532 eV. MoO,/BiOBr tends to undergo the
NRR along both consecutive and mixed pathways, with a Uy, of
only —0.322 V, and a lower limiting potential allowing the
reaction to proceed more efficiently.

This journal is © The Royal Society of Chemistry 2024

BiOBr. Note: the numbers in the diagrams are the values of the potential

A comprehensive comparison of MoO,, BiOBr and MoO,/
BiOBr reveals that for the two single-phase materials, the
generation of *NH,NH, intermediates is more difficult and
requires more energy. After the formation of a Z-scheme het-
erojunction, the step of limiting the potential changes to
generate the first step *NNH, indicating that there are more
positions on the surface to accommodate the intermediate
*NH,NH,, making the reaction proceed better. MoO,/BiOBr not
only exhibits stronger adsorption of N, than H, but also free
energy (AGmax) is low, exhibiting excellent NRR activity. The
calculated data are completely consistent with the experimental
results, further confirming that constructing a Z-scheme
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Table 1 Gibbs free energies for the NRR paths on MoO,, BiOBr and
MoO,/BiOBr

Gibbs free energies (AG, eV)

Reaction steps BiOBr MoO, MoO,/BiOBr
Distal
R1: N, + * = *N, —0.249 —0.481 —-0.907

R2: *N, + H' + e~ = *NNH 0217 0119 —0.418
R3: *NNH + H' + e~ = *NNH, —~1.387 —1.529 —1.260
R4: *NNH, + H' + e~ = *N + NH, —1.590 —1.604 —1.859
R5: *N+H' +e = *NH —3.017 —2.864 —2.317
R6: *NH + H' + e~ = *NH, —~1.708 —1.802 —2.230
R7: *NH, + H' + e~ = *NH, —1.277 —1.284 —2.059

Alternating

R3: *NNH + H' + e~ = *NHNH
R4: *NHNH + H' + e~ = *NHNH, —1.298 —0.794 —1.504
R5: *NHNH, + H" + e~ = *NH,NH, —0.464 —0.081 —0.898
R6: *NH,NH, + H" + e~ = *NH, + NH; —1.708 —1.802 —2.230

—-0.301 —-0.291 -1.171

Enzymatic

R1: N, + * = *N, —0.335 —0.551 —0.888
R2: *N, + H + e~ = *NNH 0.456  0.014 —0.566
R3: *NNH + H" + e~ = *NHNH 0.114 —0.310 —1.445
R4: *NHNH + H' + e~ = *NHNH, —0.173 —0.712 —2.339
R5: *NHNH, + H" + e~ = *NH,NH, 0.691 —0.076 —1.807

R6: *NH,NH, + H + e~ = *NH, + NH; —1.708 —1.802 —2.230

Consecutive

R3:N*NH+H ' +e = N*NH, 0.148 —0.282 —1.106
R4: N*NH, + H' + e~ = *N + NH,4 —1.590 —1.604 —1.859
Total: N, + 6H" + 66~ = 2NH; —0.460 —0.460 —0.460

heterojunction can greatly promote the performance of MoO,
and BiOBr in catalyzing nitrogen reduction to synthesize
ammonia.

3.6. Summary of the mechanism of photocatalytic nitrogen
reduction

Based on the experimental results and theoretical calculations
mentioned above, a mechanism was proposed to enhance the
photocatalytic nitrogen reduction activity of heterojunctions by
controlling the facet ratio and adjusting the BIEF intensity
(Fig. 7g):

Firstly, MoO, and BiOBr form a Z-scheme heterojunction,
and due to the difference in Fermi energy levels, a built-in
electric field is formed between MoO, and BiOBr.

Secondly, in heterojunctions, the BIEF drives electron and
hole transfer and accumulates on MoO, and BiOBr, respec-
tively. Increasing the (102)/(001) facet ratio of BIOBr nanosheets
can enhance the strength of the heterojunction's BIEF.

Furthermore, the strength of the BIEF determines the effi-
ciency of electron migration to the catalyst surface for ammonia
synthesis. That is to say, higher BIEF intensity has a greater
surface charge separation efficiency (BCS), allowing the sepa-
rated electrons to better migrate from the bulk to the surface of
MoO, for photocatalytic synthesis of ammonia, thereby
obtaining higher activity.

Finally, compared to MoO, and BiOBr, MoO,/BiOBr not only
adsorbs N, more strongly than H, but AG,,y is also lower, thus
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exhibiting superior NRR activity. The calculated data are
completely consistent with the experimental results, further
confirming that the construction of heterojunctions greatly
promotes the performance of MoO, and BiOBr in catalyzing
nitrogen reduction. The activity increases with the increase of
the (102)/(001) ratio of BiOBr nanosheets in the MoO,/BiOBr
heterojunction.

4. Conclusions

This paper presents a MoO,/BiOBr Z-scheme heterojunction
formed by loading MoO, on BiOBr nanosheets with different
facet ratios, for photocatalytic nitrogen reduction synthesis of
ammonia. The Z-scheme heterojunction mechanism of the
catalyst was demonstrated through UV-visible diffuse reflection,
ESR characterization, and DFT calculations. The catalytic
activity results indicate that as the (102)/(001) ratio of BiOBr
increases, the photocatalytic activity of the MoO,/BiOBr Z-
scheme heterojunction for nitrogen reduction to ammonia
synthesis gradually increases, reaching a maximum of 176.66
umol g~ ' h™". Due to the increase in the (102)/(001) facet ratio,
the BIEF strength between the two phases of the heterojunction
is enhanced, resulting in a high BCS efficiency. This promotes
more surface enriched photo-generated electrons to act on
nitrogen reduction, thereby achieving efficient photocatalytic
nitrogen reduction for ammonia synthesis. The theoretical
calculation results of the nitrogen reduction pathway indicate
that compared to MoO, and BiOBr, MoO,/BiOBr not only
adsorbs N, more strongly than H, but also AG,,y is lower, thus
exhibiting superior NRR activity. The calculated data are
completely consistent with the experimental results, further
confirming that the construction of heterojunctions greatly
promotes the performance of MoO, and BiOBr in catalyzing
nitrogen reduction. This work combines facet engineering and
Z-scheme heterojunctions, providing guidance and reference
for constructing efficient photocatalysts for catalyzing nitrogen
to ammonia.
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