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iven conversion of nitrogen to
ammonia in pure water via hydrogenated bismuth
oxybromide†

Yuanqing Bi, Yu Wang, Xiaoli Dong, * Nan Zheng, Hongchao Ma and Xiufang Zhang

Solar-driven reduction of dinitrogen to ammonia under mild conditions has attracted widespread interest in

recent years. In this study, we first report low-temperature hydrogenated BiOBr for the direct synthesis of

ammonia from dinitrogen with high efficiency under solar-light irradiation. In a proof of concept, the

hydrogenation treatment can lead to surface disorder due to the strong reducing capacity of hydrogen.

Oxygen atoms can be activated, and they can escape from the surface structure to form oxygen

vacancies. Then, defect engineering can broaden the photoelectricity absorption window and effectively

trigger interfacial electron transfer from the semiconductor to the combined nitrogen. This method

exhibits a satisfactory result for photocatalytic nitrogen fixation, yielding about 2.6 times more NH3 than

that obtained from the original sample. The corresponding apparent quantum efficiency can reach

a significant value of 2.1% under 380 nm monochromatic light irradiation. These results may pave a new

way for the synthesis of highly active photocatalysts for efficient nitrogen fixation under solar light

irradiation.
1. Introduction

To the best of our knowledge, 60% atmospheric nitrogen can be
xed by molybdenum-dependent nitrogenase, which is an
excellent enzyme for the reduction of nitrogen to ammonia in
biological species.1,2 The basic concept is as follows: adenosine
triphosphate (ATP) must be combined with magnesium (Mg) to
form theMg–ATP complex. The typical (Fe-) protein and (MoFe-)
protein act as electronic carriers to deliver electrons in the
entire biological nitrogen xation process (eqn (1)).3–5

Compared to biological nitrogen xation, the photocatalytic
reduction of atmospheric nitrogen to ammonia under solar
light has received signicant attention;6–11 it has signicant
potential due to which it can be explored in the future for
nitrogen xation due to a fast and convenient pathway. Semi-
conductor photocatalysis is a green reaction that requires mild
conditions, and it is driven by abundant solar energy; in
contrast, the industrial process (classical Haber–Bosch process,
25 MPa 723–773 K) requires large quantities of chemical fuels
and causes environmental damage.12 Furthermore, in the pho-
tocatalytic nitrogen xation process, water is utilized as the
reducing agent to react with valence band holes (VB h+) (eqn
(2)), and nitrogen is reduced by the conduction band electrons
(CB e�) to form ammonia (eqn (3)).13,14
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N2 + 6H+ + nMg–ATP + 6e� / 2NH3 + nMg–ADP + nPi (1)

2H2O + 4h+ / O2 + 4H+ (2)

N2 + 6H+ + 6e� / 2NH3 (3)

However, in the past several decades, the results for photo-
catalytic nitrogen xation have been far from satisfactory. The
nitrogen molecule is highly stable on account of the N^N triple
bond. The decomposition of nitrogen molecules into atoms
requires absorption energy of 941.69 kJ mol�1. Additionally,
a crucial yet unsolved issue is the inefficient steering of electrons
from the bulk to the surface. Therefore, such signicant challenges
must be overcome to achieve efficient photocatalytic nitrogen
xation.

Nowadays, a variety of photocatalysts have been utilized in
ammonia formation such as graphitic carbon nitride (g-
C3N4),15–17 TiO2,18,19 MoS2,20 and WO3$H2O.21 Bismuth oxy-
bromide (BiOBr), a favorable layered ternary oxide semi-
conductor, has low-cost and is non-toxic and thus, it can be
a good starting material for photocatalytic nitrogen xation.
BiOBr possesses a sandwich-like structure consisting of [Bi2O2]

2+

layers and two bromine ion layers. Compared to anatase TiO2,
BiOBr is advantageous due to its open crystalline structure. BiOBr
has attracted extensive attention due to its narrow band gap,
more positive conduction band minimum (CBM), wide photo-
absorption region and consistent surface structure.22–26 However,
due to its poor combining capacity with nitrogen, only a small
amount of ammonia can be produced.
RSC Adv., 2018, 8, 21871–21878 | 21871
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Herein, we report a low-temperature hydrogen annealing
method to successfully synthesize BiOBr hollow microspheres
having abundant vacancies. The BiOBr hollow microspheres
show excellent photocatalytic nitrogen xation, with only water
as the reactant. The hydrogenation process can result in disor-
dered nanoparticle states owing to the reduction properties of H2,
causing the activation of oxygen atoms and their escape from the
surface structure. This is a facile strategy for generating oxygen
vacancies (OVs) and controlling the amount of OVs. Then, the
low-temperature hydrogenation reaction can prevent structural
collapse. Simultaneously, the structure of the hollow micro-
spheres has a high H2 storage capacity. It is possible for the
photocatalysts to be in a hydrogen-rich environment during the
reaction process. This process is simple, and it promotes excel-
lent absorbance under solar light. In addition, the efficient
energy coupling among excitons, photons and dinitrogen in the
photocatalytic system enables photocatalytic solar-driven
nitrogen xation to ammonia with distinguished performance.

2. Experimental section
2.1 Preparation of BiOBr hollow microspheres

In a typical procedure, 1.92 g Bi(NO3)3$5H2O and 0.416 g NaBr
were dissolved in 40 ml of heated ethylene glycol (EG) under
magnetic stirring. Aer complete dissolution to form a trans-
parent mixture, the above-mentioned solution was added
dropwise into 120 ml isopropanol (IPA). Aer stirring for
30 min, the nal solution was transferred into a 200 ml Teon-
stainless steel autoclave, which was then sealed and heated at
433 K for 12 h. Aer the autoclave had cooled to room
temperature, the resulting product was collected by centrifu-
gation and washed with distilled water and anhydrous ethanol.
The nal product was dried overnight in the drying bin.

2.2 Preparation of hydrogenated BiOBr hollow microspheres
(H-BiOBr)

BiOBr powder was calcined in a tube furnace at 473 K for 4 h
under H2 atmosphere, with a heating rate of 10�C min�1. For
control experiments, decient OVs of BiOBr hollow micro-
spheres (A-BiOBr) were formed by following the same calcina-
tion method except for the use of an air atmosphere.

2.3 Characterization

The crystalline structure and the purity of the samples were
characterized by the powder X-ray diffraction (XRD) analysis on
a Shimadzu XRD-6100 diffractometer at 40 kV and 40mAwith Cu
Ka radiation; the scan rate was 8� min�1, and the 2 theta range
was 10–80�. The chemical composition and distribution of the
elements were determined by energy dispersive spectroscopy
(EDS). The morphology of the samples was observed via eld-
emission scanning electron microscopy (JSM-7800F, JEOL). For
TEM and high resolution TEM (HRTEM) analyses, a JEOL JEM-
2100F transmission electron microscope was used. Optical
absorption property was tested by UV-vis diffuse reectance
spectra (UV-vis DRS, CARY 100 & 300, VARIAN); BaSO4 was used
as a reecting basement. The PL spectra were analysed via
21872 | RSC Adv., 2018, 8, 21871–21878
a Hitachi F-7000 uorescence spectrophotometer. X-ray photo-
electron spectroscopy (XPS) measurements were carried out with
a Thermo VG ESCALAB-250 system with Al-K and Mg-K sources
operating at 15 kV. Room-temperature ESR spectra were
measured using a JEOL JES-FA200 ESR spectrometer (300 K,
9.062 GHz). Chemical bonds and functional groups were tested
by Fourier transform infrared spectroscopy (FT-IR, Nicolet 380).
Nitrogen adsorption–desorption isotherms were measured using
Micromeritics Tristar 3000 at 77 K; the pore size distribution and
the specic surface area were tested using the Barrett–Joyner–
Halenda (BJH) and the Brunauer–Emmett–Teller (BET) methods.
2.4 Photocatalytic tests

All photocatalytic xation nitrogen experiments were carried
out at room temperature with a 300 W xenon lamp (PLS-SXE
300, Beijing Perfect Light Co., Ltd., China) to simulate
sunlight. For the photocatalytic nitrogen xation process, 0.02 g
of catalyst was added into 100 ml distilled water in the nitrogen
xation reactor, and the reactor was equipped with water
circulation to maintain a constant room temperature. The
mixture solution was constantly agitated in the dark with pure
nitrogen bubbled at a ow rate of 65 ml min�1 for 30 min. The
concentration of the solution was measured by Nessler's
colorimetry with a UV-vis spectrometer. The apparent quantum
efficiency (AQE) was measured in the same nitrogen xation
condition with different monochromatic light irradiations
(using different band-pass lters at 380 nm, 420 nm, 460 nm,
520 nm, and 600 nm). The light intensity was measured by an
irradiatometer (Beijing Normal University photoelectric instru-
ment factory, FZ-A), and the AQE values at different wavelengths
were calculated using the following equation:27

AQE ¼ The number of generated ammonia

The number of incident photons

¼ The number of generated ammonia� 3

The number of incident photons
� 100%

¼ 3� Na �M

pStl

hc

here, Na is the Avogadro's constant,M is the number of moles of
generated ammonia, P is the optical power density, S is the
irradiated area, t is the irradiation time, l is the wavelength of
monochromatic light, h is the Planck's constant, and c is the
velocity of light.
2.5 NH3 concentration detection

The concentration of the solution was measured by Nessler's
colorimetry with a UV-vis spectrometer (Shimadzu UV-2550).28

At rst, 5 ml of solution was removed every 30 min under
simulated sunlight. Then, the catalyst was removed with a 0.22
mm membrane lter and placed in a 20 ml sample tube. Next,
0.2 ml of Nessler's reagent was added to the sample tube and
mixed fully. The mixture was le to stand for 10 min for full
color processing. Finally, the concentration of NH3 was tested
with a UV-vis spectrometer at 420 nm. The standard curve of
NH3 with Nessler's regent is shown in Fig. S1.†
This journal is © The Royal Society of Chemistry 2018
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2.6 Electrochemical and photoelectrochemical
measurements

Electrochemical and photoelectrochemical measurements were
carried out in a three electrode system with saturated 0.1 M
Na2SO4 solution. The glassy carbon electrode was used as the
working electrode, the platinum electrode was used as the
counter electrode, and the saturated calomel electrode was used
as the reference electrode. For the photoelectrochemical
process, 4 mg catalyst and 10 ml of Naon solution (5 wt%) were
dispersed in 400 ml distilled water and 200 ml ethanol mixture
solution; aer ultrasonication for 20 min, 10 ml solution was
pipetted onto the working electrode surface and then nally
dried at room temperature. An electrochemical workstation
(CHI 660E) was used in the photoelectrochemical measure-
ments: Electrochemical impedance spectroscopy (EIS) was
carried out with 10 mV current at 0.1–105 Hz. Photocurrent
responses were obtained under turn on–off light irradiation
(300 W Xe lamp; PLS-SXE 300, Beijing Perfect Light Co., Ltd.).
The Mott–Schottky plot was measured under the dark condi-
tion, with 1000 Hz and 1 mV amplitude at potentials from
�0.5 V to 1 V.
Fig. 1 SEM images of BiOBr at different magnifications (a and b) and
H-BiOBr (d and e). The HRTEM image of BiOBr (c) and H-BiOBr (f); the
edge location and lattice disorder via hydrogenation treatment are
marked with red dashed lines and circles.
3. Results and discussion
3.1 Morphology and structure

The morphology of samples was analyzed by SEM (Fig. 1). It was
easy to identify many ower-like microspheres, whereas the
collapsed part showed a hollow structure (Fig. 1a and b). In the
preparation process, EG and bismuth nitrate produced a slow
nucleation; the surface energy of nanoparticles was reduced to
assemble the microspheres.29 Then, the microcrystallites on the
surface of the substance were assembled and dissolved; [Bi2O2]

2+

and Br� ions were generated via solvothermal conditions.30,31 The
process of dissolution and crystallization was carried out
repeatedly by Ostwald ripening. Finally, the ower-like hollow
microspheres were formed via aggregation of sheets.32,33 The
morphology of H-BiOBr was not noticeably different from that of
BiOBr, as visualized by SEM (Fig. 1d and e). The structure was
further analyzed by TEM (Fig. S1†); the HRTEM image of BiOBr
showed clearer lattice fringes (Fig. 1c). H-BiOBr displayed nano-
scale ne crystalline structure with interplanar spacing of
0.277 nm, corresponding to the (110) spacing of BiOBr. It was
easy for the oxygen atoms to escape at the edge of the (001)
spacing via hydrogenation treatment.34 The lattice edge is indis-
tinctive in the dotted portion, and the lattice fringe is distorted in
the dashed circles (Fig. 1f). X-ray diffraction (XRD) is an effective
tool to prove the crystalline structure of samples. The XRD
patterns of the two samples are shown in Fig. 2a. Several clear
diffraction peaks for BiOBr and H-BiOBr were observed at 10.9�,
25.3�, 32.3�, 39.4�, 46.3�, 57.3�, 67.6� and 76.9�, which were
indexed to (001), (011), (110), (112), (020), (212), (220) and (130)
crystal planes (JCPDS 73-2061), respectively, of the tetragonal
phase of BiOBr. The hydrogenation process did not change the
crystalline structure of the catalysts. However, the crystallinity of
H-BiOBr clearly decreased, because the hydrogenation operation
can produce more defects to inhibit the crystal growth of
This journal is © The Royal Society of Chemistry 2018
BiOBr.35,36 The surface area of the particles and the pore size
distribution were analyzed via nitrogen adsorption–desorption
isotherms. Both of these nitrogen adsorption–desorption
isotherms revealed a type IV classication, with conventional
hysteresis loops in the relative pressure range of 0.4–1.0, which
corresponded with mesoporous characteristics. The hydroge-
nated sample exhibiting the H3 hysteresis loop had a larger
adsorbing capacity at the high pressure site than the untreated
sample with the H4 hysteresis loop (Fig. 2b). The surface areas
before and aer hydrogenation were signicantly reduced
depending on nanocrystal growth through calcination in the
BiOBr shell (the data on surface area and average pore diameter
are presented in Table S1 in the ESI†). The chemical bonds and
functional groups of the catalysts were tested by FT-IR spectra.
Fig. S2† shows the peak for the conventional Bi-O functional
group at 510 cm�1. In the FT-IR spectra, the relative intensity of
H-BiOBr decreased because of the reduction in surface area,
corresponding to active hydroxyl vibrational modes at 1600 and
3448 cm�1; it could lose the internal hydroxyl inside the BiOBr
shell, leading to pore collapse through hydrogenation treatment.
The results were consistent with the results of nitrogen adsorp-
tion–desorption isotherms.37
RSC Adv., 2018, 8, 21871–21878 | 21873
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Fig. 2 XRD patterns of BiOBr and H-BiOBr (a). Nitrogen adsorption–
desorption isotherms of BiOBr and H-BiOBr; inset: the corresponding
pore-size distribution.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 1
1:

55
:2

2 
PM

. 
 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
3.2 Chemical composition

The elemental compositions of the samples were veried by
energy dispersive spectroscopy (EDS). It was easy to identify
bromine, oxygen, and bismuth (Fig. S3†). The corresponding
elemental information is shown in Table S2.† The ratio of the
atomic numbers of Br, O, and Bi was about 1 : 1 : 1, demon-
strating the successful synthesis of the BiOBr catalyst. X-ray
photoelectron spectroscopy (XPS) was further used to analyze
the elemental composition, atom content, valence state, and
surface energy state. The XPS survey spectra of the two samples
revealed that the elemental compositions were in accordance
with the results of the EDS images. Both of these samples
exhibited no clear changes in their binding energies. The cor-
responding surface energy states and element valence states
were studied (Fig. 3a). The high-resolution XPS spectrum of Bi
4f of the original sample revealed two main peaks correspond-
ing to Bi 4f5/2 and Bi 4f7/2 at 164.5 and 159.2 eV, respectively,
which illustrated the presence of the +3 oxidation state.
However, in the hydrogenated sample, two main peaks
appeared at 164.3 and 159 eV (Fig. 3b). The hydrogenated
sample exhibited a shi toward lower binding energy, which
illustrated the presence of low-charge bismuth ions in H-BiOBr.
This conclusion veried that Bi3+ ions were reduced to low-
charge Bi3�x ions (oxygen vacancies) through the simple
hydrogenation method.38 The XPS spectrum of Br 3d further
Fig. 3 XPS spectra of BiOBr and H-BiOBr. Survey (a), Bi 4f (b), Br 3d (c),
and O 1s (d).

21874 | RSC Adv., 2018, 8, 21871–21878
proved the inuence of OVs (Fig. 3c). The corresponding peaks
of the two samples appeared at 68.5 and 68.2 eV, which indi-
cated the presence of Br�1. The high-resolution XPS spectrum of
O 1s is shown in Fig. 3d. The peak at 530.3 eV for both samples
can be assigned to the main Bi–O peak (lattice oxygen). This
peak at 532 eV derived from the oxygen species chemisorbed
(adsorbed oxygen) via OVs, appeared in the spectrum of H-
BiOBr; this is a typical characteristic of hydrogenation, which
results in the formation of stabilized OVs via adsorbed oxygen
species.39–41

3.3 Broadening photoelectricity window

The UV/vis diffuse reectance spectra of BiOBr and H-BiOBr are
shown in Fig. 4a. Remarkably, H-BiOBr showed intense
absorption in the visible light region compared to the original
sample, indicating that the low-temperature hydrogen treat-
ment enabled H-BiOBr to form a narrow band gap with
enhanced light-harvesting performance. The corresponding
Tauc plot is shown in Fig. 4b; the band gaps of BiOBr and H-
BiOBr were about 2.88 and 2.76 eV, respectively. The energy
band gap was evaluated via the following formula (eqn (4)):

ahn ¼ A(hn � Eg)
1/2 (4)

here, A, hv, Eg and a are the proportional constant, photon energy,
energy gap and absorption index, respectively. A relatively narrow
band gap can shorten the distance of the electron transition from
the valence band to the conduction band, accelerating the
Fig. 4 UV-vis absorption spectra of BiOBr and H-BiOBr (a), the cor-
responding Tauc plot (b), Mott–Schottky plots of as-prepared two
samples (c), valence band XPS spectra of BiOBr and H-BiOBr (d),
proposed band structure schematic diagram (e), the PL spectra of
BiOBr and H-BiOBr (f).

This journal is © The Royal Society of Chemistry 2018
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separation of photogenerated electron–hole pairs, which reveals
the superior sunlight-driven activities. Correspondingly, the
conduction band (CB) and valence band (VB) potentials of the
photocatalysts are important for photocatalytic activity. Mott–
Schottky plots were adopted to indirectly calculate the CB poten-
tials via at band potentials (EFB). As shown in Fig. 4c, the positive
slope of the Mott–Schottky plots indicated that both samples were
n-type semiconductors. Then, the at band potentials of BiOBr
and H-BiOBr were obtained by extrapolating the tangent lines to 1/
C2¼ 0; they were found to be 0.12 V and 0.22 V, respectively (versus
the saturated calomel electrode at pH¼ 7), which corresponded to
0.36 V and 0.46 V, respectively, versus the normal hydrogen elec-
trode (NHE).42,43 According to previous reports, the at band
potential of an n-type semiconductor equals the Fermi level. Thus,
the EF values of BiOBr and H-BiOBr were 0.36 V and 0.46 V,
respectively.44–48 VB-XPS spectra were measured to establish the
energy band structure of the semiconductors (Fig. 4d). The energy
band structure of BiOBr was effectivelymodied via hydrogenation
treatment. The data revealed that the spacings between EF and the
valence band maximum (VBM) were 1.58 and 1.40 eV for BiOBr
and H-BiOBr, respectively. The calculated VB potentials of the two
samples were 1.94 and 1.86 V, respectively.49 The CB potentials of
the two semiconductors were calculated on the basis of the
equation ECB ¼ Eg � EVB. It was worth noting that the distance
from EF to CBwas closer for the two semiconductors, implying that
both samples were n-type semiconductors. These results were
consistent with the results of Mott–Schottky plots. The energy
band structure diagram is provided in Fig. 4e.50 It can be seen that
the CB positions of the BiOBr samples were higher than E0 (N2/
NH3 ¼ �0.09 V vs. NHE). This indicated that BiOBr can reduce N2

to NH3 based on thermodynamics.51 Photoluminescence (PL)
spectroscopy can further test the photon-generated carrier
recombination rate of the catalysts (Fig. 4f). High PL intensity
indicates high recombination rate of free charge carriers and low
efficiency of charge carrier transfer and separation. The low
recombination rate can enhance quantum yield and photocatalytic
activities. H-BiOBr displayed lower uorescence intensity at the
340 nm excitation wavelength compared to BiOBr; this was
possibly due to vacancy defects, which resulted in the formation of
an imperfect structure. Thereby, these defects captured electrons
to reduce the recombination rate. For photoelectrochemical
measurements, transient photocurrent (I–t curve) and electro-
chemical impedance spectroscopy (EIS) are effective methods to
Fig. 5 Amperometric I–t curves for BiOBr and H-BiOBr under simulate
mination (i.e., dark) (b), ESR spectra (c).

This journal is © The Royal Society of Chemistry 2018
further investigate surface charge recombination. From Fig. 5a, we
can deduce that the photocurrent density of H-BiOBr showed good
quality relative to that of BiOBr under on/off cycles with simulated
sunlight illumination. Thus, the hydrogenation method produced
higher separation efficiency of holes and electrons compared to
the results of primary samples. The photocurrent density of the
sample was slightly reduced owing to slight light corrosion.
Furthermore, EIS Nyquist plots are shown in Fig. 5b, which
adopted Randles circuit as a tting circuit. As depicted in the
gure, the hydrogenated sample revealed a smaller arc radius
relative to the primary sample. All these results indicated that the
introduced OVs serve as donor densities, which greatly promotes
the charge transportation and separation efficiency of the photo-
generated carriers while suppressing the recombination of elec-
tron–hole pairs. To further verify the condition of OVs, both
samples were analyzed via electron spin resonance (ESR) spectra
(Fig. 5c). All the samples exhibited uniformESR signal at g¼ 2.004,
which is a typical signal for OVs.52–54 The signal intensity of H-
BiOBr was higher than that of BiOBr, which could be ascribed to
the numerous OVs. The relatively weak signal of BiOBr suggesting
few OVs is due to the reducibility of EG. The A-BiOBr sample
exhibited the weakest signal intensity than the other two samples
(Fig. S5†). The corresponding photocatalytic nitrogen xation
performance was also the poorest (Fig. S6†). It can be inferred that
the amount of oxygen vacancies is a key factor in improving pho-
tocatalytic nitrogen xation performance.
3.4 Photocatalytic performance and mechanism

The photocatalytic performance of nitrogen xation of H-BiOBr
was veried using only water as the solvent under simulated
sunlight irradiation (Fig. 6a). Surprisingly, H-BiOBr exhibited
strong nitrogen reduction ability in the above situation; it
produced about 2.6 timesmore NH3 than BiOBr, which could be
due to more photoinduced surface OVs via the low-temperature
hydrogenation method. Compared to commercial P25 and
carbonaceous materials such as g-C3N4 nanosheets, the H-
BiOBr sample produced about 4.8 times and 3.6 times higher
NH3, respectively, under the same condition (Fig. S7†). For
comparison, photocatalytic nitrogen xation tests were pro-
cessed in argon gas. As expected, almost no NH3 was produced
in the two samples. This further proved that the produced
ammonia was converted through nitrogen xation.
d sunlight illumination (a), EIS spectrum of two samples with no illu-
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Fig. 6 Quantitative determination of photocatalytic NH3 generated under simulated sunlight illumination. Light source: 300W Xe lamp; catalyst:
20 mg; solution: deionized water 100 ml (a), wavelength-dependence of the AQE of H-BiOBr under different monochromatic light irradiations
(b), quantitative determination of photocatalytic NH3 generated at different temperatures (c).

Fig. 7 Multicycle photocatalytic NH3 generation under simulated
sunlight illumination (a), XRD pattern of H-BiOBr before and after
multicycle (b), proposed photocatalytic nitrogen fixation mechanism
(c), illustration of defect engineering possible electrons excitation
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Furthermore, we conducted dark nitrogen xation experiments
for the two kinds of catalysts (Fig. S8†). Clearly, under dark
reactions, the catalysts exhibited poor NH3 production. It was
determined that light irradiation could affect the activation of
OVs on the catalyst surface. The apparent quantum efficiency
(AQE) is a precise quantication for photocatalytic nitrogen
xation performance. The AQE values of the H-BiOBr photo-
harvester at different wavelengths along with the UV-vis DRS
spectrum is shown in Fig. 6b. The AQE value decreased with the
increase in the wavelength of monochromatic light, which was
in accordance with the absorption edge of the UV-vis DRS
spectrum. Under 380 nm monochromatic light irradiation, the
AQE value was calculated to be about 2.1%. The performances
of photocatalytic nitrogen xation for other photocatalysts are
exhibited in Table S3.† For controlling the reaction time, we
conducted photocatalytic nitrogen xation experiments via
calcined BiOBr at different temperatures (Fig. 6c). The color of
the sample changed from yellow-white (100 �C) to grey (200 �C),
which was due to the loss of oxygen atoms via hydrogen
reduction. The color of the sample became black when the
temperature rose to 300 �C; the sample thus exhibited a new
XRD pattern as its crystalline structure had changed (Fig. S9 and
S10†). This new XRD pattern could be indexed to the presence of
both Bi (JCPDS 44-1246) and BiOBr (JCPDS 73-2061) phases.
This result was obtained due to the high temperature hydro-
genation treatment, which caused more oxygen atoms to escape
and the bismuth atoms to be exposed on the surface. Further-
more, high stability of photoreactivity is one of the important
factors for catalysts. Hence, we veried the H-BiOBr nitrogen
xation performance via cycling experiments (Fig. 7a). Aer
performing the cycling test four times, a slight decrease in
photoreactivity for NH3 evolution was observed, which indi-
cated that H-BiOBr possessed excellent photocatalytic stability
for photocatalytic nitrogen xation. The XRD pattern of H-
BiOBr aer four cycles is shown in Fig. 7b. It can be seen that
the crystalline structure of the sample did not signicantly
change during the photocatalytic reaction process, which
further conrmed the photocatalytic stability. Based on the as-
prepared H-BiOBr, the photocatalytic nitrogen xation model is
exhibited in Fig. 7c, which only used water as the reactant under
solar light. With the above discussion, we can infer that the OV-
21876 | RSC Adv., 2018, 8, 21871–21878
induced defect states might act as the initial charge carrier
acceptors to inhibit photon-generated electron and hole
recombination and promote interfacial charge transfer from the
excited H-BiOBr microsphere to pre-activated N2 on OVs. These
defects corresponded to the numerous active sites in the
process of the reaction. The possible explanation shown in
Fig. 7d demonstrates that these active sites were introduced as
a sub-band in the band structure.55,56 The conventional excita-
tion path of the electrons was considered to be from VB to CB
(Path Ⅲ); nevertheless, for H-BiOBr, the electrons were rst
excited from VB to the defect level (Path Ⅰ) and then, the elec-
trons were excited from the defect level to CB (Path Ⅱ). This
defect level was equivalent to a springboard in the band struc-
ture, which could capture more electrons to decrease the
recombination rate for the photogenerated carriers and accel-
erate the transfer rate to CB. Moreover, the photogenerated
electrons could be quickly transferred to the surface of the
catalysts, or they were captured via vacancies in a proper band
gap. This triggered photocatalytic nitrogen xation via effective
transfer from the semiconductor to combine nitrogen.
pathways in band structure (d).

This journal is © The Royal Society of Chemistry 2018
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4. Conclusions

In summary, we have successfully synthesized H-BiOBr hollow
microspheres via a low-temperature hydrogen annealing
method. We obtained remarkable photocatalytic nitrogen xa-
tion performance under sunlight without using any organic
scavengers and noble metal co-catalysts. H-BiOBr microspheres
produced about 2.6 times more NH3 than the unmodied
sample. Furthermore, the corresponding AQE value reached
a satisfactory value of 2.1% under 380 nmmonochromatic light
irradiation. This simple and innovative approach could
generate and control surface defects. The oxygen vacancies in
this disorder engineering revealed a superior effect in many
aspects including proper band gap, intense absorbance, excel-
lent electron capture ability, effective interfacial electron
transfer, and reduced recombination rate of electrons–hole
pairs. Thus, this study clearly demonstrated that hydrogenation
treatment might serve as a versatile approach to modify cata-
lysts, which is applicable to the development of low-cost and
green photocatalysts. The mechanism of photocatalytic
nitrogen xation emphasized the advantage of defect engi-
neering in material chemistry. Finally, we believe that this study
represents a new step in the manufacture of innovative mate-
rials for photocatalytic nitrogen xation.
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