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ABSTRACT: Even though the well-established Haber−Bosch process has been the major artificial way to “fertilize” the earth, its
energy-intensive nature has been motivating people to learn from nitrogenase, which can fix atmospheric N2 to NH3 in vivo
under mild conditions with its precisely arranged proteins. Here we demonstrate that efficient fixation of N2 to NH3 can proceed
under room temperature and atmospheric pressure in water using visible light illuminated BiOBr nanosheets of oxygen vacancies
in the absence of any organic scavengers and precious-metal cocatalysts. The designed catalytic oxygen vacancies of BiOBr
nanosheets on the exposed {001} facets, with the availability of localized electrons for π-back-donation, have the ability to
activate the adsorbed N2, which can thus be efficiently reduced to NH3 by the interfacial electrons transferred from the excited
BiOBr nanosheets. This study might open up a new vista to fix atmospheric N2 to NH3 through the less energy-demanding
photochemical process.

■ INTRODUCTION

Nitrogen is needed by all living organisms to build proteins,
nuclei acids and many other biomolecules. Though constituting
about 78% of the Earth’s atmosphere, nitrogen, in its molecular
form, is unusable to most organisms because of its strong
nonpolar N−N covalent triple bond toward dissociation,
negative electron affinity, high ionization energy and so on.1

Thus, the industrial fixation of N2 to NH3 through the classical
Haber−Bosch process has to be conducted under drastic
conditions (15−25 MPa, 300−550 °C) in the presence of iron-
based catalyst to overcome the kinetic limitation, while
consuming 1−2% of the world’s annual energy supply and
producing 2.3 tons of fossil-derived CO2 per year.

2,3 So far, the
hydrogen gas used for the NH3 synthesis is primarily generated
from the steam reforming of methane, which uses up to 3−5%
of the world’s annual natural gas production and releases large
quantities of CO2.

4 In view of the fossil fuels shortage and
global climate change, nitrogen fixation through less energy-
demanding process is therefore a challenging and long-term
goal.
In contrast, nature uses nitrogenase in vivo to catalytically

reduce N2 to NH3 under mild conditions, accounting for over
60% of the total atmospheric N2 fixed in the biogeochemical
nitrogen cycle.5 The most abundant and best characterized

nitrogenase is the Mo-dependent enzyme composed of two
indispensable metalloproteins working in tandem, which are
respectively the electron-donating iron (Fe-) protein and the
catalytic molybdenum−iron (MoFe-) protein.6,7 At the core of
MoFe-protein lies the important metal cluster of MoFe-
cofactor, where N2 is reduced by electrons provided by Fe-
protein to yield NH3. The binding and activation of N2 on the
MoFe-cofactor theoretically and experimentally explain why the
entire biological N2 fixation process is less “up-hill”.8,9 Although
the exact mechanism is still unknown, concerted nature of the
biological N2 fixation process has inspired us that efficient N2
fixation under mild conditions may be feasible if both the
electron-donator and the catalytic activation center are
presented and can well collaborate with each other.
Among many pioneering work to duplicate the reactions of

nitrogenase, the heterogeneous photocatalytic strategy with the
features of plant photosynthesis is very promising for the
sustainable development. This is because the photocatalytic
strategy employs inexpensive semiconductors as the catalysts,
water as the solvent, and solar energy as the driving force, while
the use of any costly organic solvents, reducing agents and
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strong acids as well as the input of thermal/electric energy are
no longer required.10 Unfortunately, the efficiency of the state-
of-the-art semiconductor photocatalytic N2 fixation is far from
satisfactory due to the poor interfacial charge transfer,11−13 as
most photoexcited electrons tend to recombine with their
twinborn holes, rather than to be captured by the adsorbed N2.
Moreover, in comparison with the photocatalytic H2 evolution
and CO2 reduction, photocatalytic N2 fixation is more
challenging because the N2 fixation is seriously hampered by
the high-energy N2 intermediates in the reduced or protonated
form (N2

− or N2H).
14 For example, the reduction potential of

the N2
− formation is as negative as −4.2 V vs NHE via N2 + e−

→ N2
−
(aq). Though the proton-coupled electron transfer (N2 +

H+ + e− → N2H), the reduction potential becomes less
negative (−3.2 V vs NHE), which is still not energetically
accessible for traditional semiconductors (TiO2, ZnO, Fe2O3,
and CdS) in the absence of any organic scavengers and
precious-metal cocatalysts. Therefore, fabricating electron-
donating semiconductors with well-designed catalytic activation
center capable of activating the N−N triple bond as with the
MoFe-cofactor of nitrogenase might offer an accessible kinetic
pathway toward the efficient photocatalytic N2 fixation.
To realize this goal, we propose the introduction of oxygen

vacancies (OVs) on the semiconductors surface. First, OVs
with abundant localized electrons are of particular interests for
the enhanced adsorption and activation of inert gas molecules.
For example, OVs of TiO2 can directly activate O2 to reactive
oxygen species such as •O2

−, O2
2− and O4

2−, depending on its
coverage and adsorption geometry,15,16 while CO2 can be
indirectly activated to •CO2

−, which is the rate-limiting step for
CO2 reduction.

17,18 However, the feasibility of OVs for the N2
activation remains unexplored. Second, surface OVs with their
typical defect states can trap electrons or holes to inhibit the
charge carriers’ recombination, and may also promote the
transfer of these trapped charge carriers to the adsorbates.
Moreover, the transiently charged electronic states of
adsorbates through in situ activation by transitional metals or
OVs can remarkably lower the energy barrier for the interfacial
charge transfer.19−21 To confirm this opinion, visible-light-
responsive BiOBr was selected as the model semiconductor
because of its suitable energy band positions and layered
structure (characterized by [Bi2O2] slabs interleaved with
double slabs of bromine atoms), as well as its special {001}
facets that are terminated with oxygen atoms of high density
and thus inclined to generate OVs under very mild conditions
(Supporting Information Figure S1).

■ RESULTS AND DISCUSSION
Theoretical calculation was first used to check the possible N2
activation on the OVs of BiOBr {001} facets. The
chemisorption of N2 on the hydrogen-stabilized (001) surface
of BiOBr was ruled out because of their weak interaction. After
generating an OV on the surface, Bader charge of the two OV-
connected Bi atoms (Bi1, Bi2) in the sublayer increased from
2.87 e to 3.34 and 3.32 e, respectively (Figure 1a,b). This
indicated the partial reduction of Bi ions by the localized
electrons. Interestingly, N2 could be adsorbed on the OV
through coordinating with the two OV-connected and partially
reduced Bi atoms with an end-on bound structure (Figure 1c).
Charge density difference was then employed to trace the
electrons transfer behavior, which revealed that both the
exchange and transfer of electrons mainly took place between
the OV and N2. Obviously, back transfer of charges from OVs

to the adsorbed N2 (as depicted by the electron depletion on
the OV and electron accumulation on the adsorbed N2)
suggests the possible N−N triple bond activation. Such
interesting electron back-donation phenomenon can be found
in many transition metal−N2 complexes, in which the
transitional metals (metal = Fe, Mo, Ru and Co) donate
their available d-orbital electrons into the π N−N antibonding
system to activate the −N2 ligand.

22−24 The coordinated and
activated N2 create molecular steps mediating the formation of
high-energy intermediates (−N2

−, −N2H or HNNH) en
route to the final product of NH3 or N2H4 via successive proton
and electron transfer.25,26 The extent of N−N triple bond
activation (weakening) over the OV in our case can be reflected
by the N−N bond length increased to 1.133 Å, which is
between the triple bond length (1.078 Å) of free molecular
nitrogen and the double bond length (1.201 Å) of diazene.
Inspired by the theoretical calculation results, we adopted a

simple solvothermal method to synthesize {001} facet exposed
BiOBr nanosheets of OVs (BOB-001-OV) (Supporting
Information Figure S2).27 A reference photocatalyst without
OVs (BOB-001-H) can be obtained by annealing BOB-001-OV
in the saturated O2 atmosphere at 300 °C (Supporting
Information Figure S3). Using water as the solvent and proton
source, we subsequently evaluated the photocatalytic perform-
ance of BiOBr nanosheets of OVs under visible light (λ > 420
nm) by spectrophotometrically measuring the generated NH3
with Nessler’s reagent (Figure 2a). No significant amount of
NH3 was detected in the case of BOB-001-H photocatalysis
with or without N2 after 60 min, while BOB-001-OV could
generate a significant amount of NH3 in the atmosphere of N2
and the concentration of NH3 increased linearly along with
time (Figure 2b). The visible light driven photocatalytic N2
fixation rate was estimated to be 104.2 μmol/h per one gram of
catalyst of BOB-001-OV. To the best of our knowledge, this is
the first report on the visible light driven N2 fixation without
using any organic scavengers or precious-metal cocatalysts.
Under UV−vis light, the photocatalytic N2 fixation rate over
BOB-001-OV increased to 223.3 μmol/h per one gram of
catalyst (Supporting Information Figure S4a). Control experi-

Figure 1. Theoretical prediction of N2 activation on the OV of BiOBr
(001) surface. (a) Side and (b) top view of (001) surface of BiOBr
with an OV. (c) The adsorption geometry of N2 on the OV of BiOBr
(001) surface. (d) The charge density difference of the N2-adsorbed
(001) surface. The yellow and blue isosurfaces represent charge
accumulation and depletion in the space, respectively. For clarity, the
symmetric parts of the optimized slabs at the bottom are not shown.
The isovalue is 0.002 au.
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ments with using aprotic solvents (CH3CN and DMF) instead
of water revealed nongeneration of NH3, confirming the
necessity of H2O as the proton source for the photocatalytic N2

fixation (Supporting Information Figure S4b). The addition of
the electron scavenger AgNO3 significantly suppressed the N2

fixation photoreactivity of BOB-001-OV (Supporting Informa-

tion Figure S4c), indicating the primary active species were the
photoexcited electrons.
Similar with other traditional semiconductors, conduction

band (CB) potential of BiOBr was incapable of directly
reducing N2 or forming solvated electrons (Figure 2c),28

suggesting the activation of N2 adsorbed on the BiOBr surface

Figure 2. Photocatalytic N2 fixation over the as-prepared BiOBr nanosheets. (a) Schematic illustration of the photocatalytic N2 fixation model in
which water serves as both the solvent and proton source. (b) Quantitative determination of the generated NH3 under visible light (λ > 420 nm). (c)
Electronic energy-level diagram of BOB-001-OV. (d) Multicycle N2 fixation with BOB-001-OV. (e) Designed reaction cell for the in situ IR signal
recording. A layer of water molecules, which were necessary to provide protons in our functional model, was first preadsorbed on the surface through
bubbling a small amount of water vapor before the large amount of N2 was pumped in to construct a saturated N2 atmosphere. At last, visible light
was turned on and the IR signal was in situ collected through a MCT detector along with the reaction. (f) In situ FTIR spectra recorded during the
photocatalytic N2 fixation over BOB-001-OV. The error bars arise from values extracted from several measurements on multiple catalysts.

Figure 3. Influence of monochromatic light wavelength, OVs’ amount, and CO on the photocatalytic N2 fixation over BOB-001-OV. (a) N2 fixation
by BOB-001-OV under monochromatic light along with its light absorption spectra. (b) N2-TPD profiles of the as-prepared BiOBr photocatalysts.
(c) N2 fixation performance of the calcined BOB-001-OV as a function of the corresponding area of N2-TPD peak. (d) Effect of CO on the
photocatalytic fixation of N2 over BOB-001-OV. (The Ar/N2 mixture gas was used for comparison.) The error bars arise from values extracted from
several measurements on multiple catalysts.
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of OVs as revealed by the theoretical calculation results. After 8
times of cycling test, no significant photoreactivity decrease was
observed, indicating the photostability of BOB-001-OV for the
visible light N2 fixation (Figure 2d). To directly visualize the N2
reduction on the OVs of {001} facets, we employed in situ
diffuse reflectance Fourier transform infrared (FTIR) spectros-
copy to monitor the time-dependent change of the functional
groups on the BiOBr surface under visible light in a designed
reaction cell (Figure 2e). No significant change was observed
on the FTIR spectra of BOB-001-H (Supporting Information
Figure S4). As for BOB-001-OV, several absorption bands
gradually increased with the irradiation time for 0 to 30 min in
the N2 atmosphere (Figure 2f). A predominant overlapped
absorption band ranging from 3000 to 3700 cm−1 was first
observed, where the sharp band at 3550 cm−1 and the broad
band at 3400 cm−1 were assigned to the v(N−H) stretching
mode and the v(O−H) stretching mode of surface hydroxyl
groups or adsorbed water, respectively. Besides, the two
absorption bands at 1711 and 1557 cm−1 could be attributed
to the σ(N−H) bending mode, while the band at 1333 cm−1

was assigned to the σ(O−H) bending mode. Moreover, the
bands at 1300 and 1190 cm−1 were ascribed to the molecularly
adsorbed NH3 and the weak absorption bands at 2870 and
1415 cm−1 were arisen from the characteristic absorption of
NH4

+. These results strongly revealed that the introduction of
OVs on the surface significantly enhanced the visible light N2
fixation efficiency of BiOBr.
The electron-donating nature of excited BOB-001-OV for

photocatalytic N2 reduction was first proved by no trace of NH3
detected during N2 fixation over BOB-001-OV in the dark
(Supporting Information Figure S5). Meanwhile, the trend of
N2 fixation of BOB-001-OV just matched with its absorption

spectra under the monochromatic light of 380 and 420 nm,
which could directly excite BiOBr (Figure 3a). However, the
monochromatic light of wavelength (470, 530, and 590 nm)
longer than the absorption edge (440 nm) of BiOBr could not
induce the N2 reduction, although these monochromatic lights
might indirectly excite BOB-001-OV of distinct absorption tail
in the whole visible light region. These results suggested that
the number of localized electrons on the OVs were insufficient
to complete the complicated six-electron reduction of N2
adsorbed on the OVs of BiOBr {001} facets through the
indirect sub-bands excitation, but direct excitation of BiOBr did
work.
As the OVs of BiOBr nanosheets are regarded as the catalytic

centers capable of adsorbing and activating N2, the N2
reduction efficiency over BOB-001-OV would be highly
dependent on the presence of OVs. To verify this point of
view, temperature-programmed desorption of N2 (N2-TPD)
was first employed to investigate the N2 adsorption on the OVs.
A single desorption peak of N2 began to appear at 176 °C and
centered at 265 °C for BOB-001-OV, which is related to
chemisorbed N2, but no adsorption of N2 was observed on
BOB-001-H (Figure 3b). This difference confirmed the
indispensable role of OVs on the N2 adsorption. Subsequently,
we calcined BOB-001-OV in the saturated O2 atmosphere at
300 °C for different time to obtain BiOBr nanosheets with
decreased amount of OVs on the {001} facets (Supporting
Information Figure S6). As expected, the NH3 yields of
different BOB-001-OV samples were linearly related to the
peak area of their N2-TPD peak (Figure 3c), suggesting both
the adsorption and the reduction capacity of N2 of BOB-001-
OV were highly dependent on the OVs amount. Moreover,
after the interfacial charge transfer from BiOBr to N2 was

Figure 4. Characterization and discussion the possible charge carriers’ dynamics. The Ar and N2 atmosphere respectively simulates the inert and
reactive environment. (a) Room-temperature steady-state PL spectra of the as-prepared BiOBr photocatalysts. (b) The corresponding decay curves.
(c) Schematic illustration for enhanced interfacial electron transfer processes induced by OVs. OVs-induced defect states first dynamically trap the
directly excited electrons from the CB of BiOBr, thus suppressing the direct recombination of charge carriers (Step 1 and 2). Subsequently, the
indirect recombination of trapped electrons with photoexcited holes is also suppressed as the trapped electrons could efficiently be transferred to
populate the empty antibonding orbitals of adsorbed N2 (Step 3). (d) Transient photocurrent responses of different BiOBr photocatalysts.
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blocked by coating an insulator layer of SiO2 on BOB-001-OV
surface,29,30 the generation of NH3 was significantly suppressed
(Supporting Information Figure S7). We also interestingly
found that BOB-001-OV exhibited nitrogenase-like CO-
inhibiting phenomenon.31 For instance, bubbling a mixture
gas of CO/N2 ranging from 1:10 to 4:10 gradually inhibited the
generation of NH3 (Figure 3d), which was not observed in the
case of Ar/N2 mixture gas. This difference can be attributed to
the difficult reducibility of CO and its stronger adsorption on
the OVs than N2.

32

As aforementioned, the OVs-induced defect states might act
as the initial charge carriers acceptor to inhibit electron/hole
recombination, and also promote the interfacial charge transfer
from the excited BiOBr nanosheets to preactivated N2 on the
OVs. To confirm this hypothesis, room-temperature steady-
state and time-resolved photoluminescence (PL) spectroscopy
were employed to get collective information on the influences
of OVs and N2 on the charge carrier dynamics (separation, trap,
transfer and recombination). Under the Ar atmosphere, BOB-
001-OV possessed a broader and more intense peak centered at
about 600 nm in the steady-state PL, compared with BOB-001-
H (Figure 4a). This PL emission of lower energy emission
transition was arisen from the indirect radiative recombination
of electrons trapped at OVs-induced defect states (located
about 0.47 eV below the CB edge) with the holes at valence
band (VB). The PL peak decay of BOB-001-OV was much
slower than that of BOB-001-H (Figure 4b), which were fitted
most reasonably by a double-exponential model using eq 1,
where I(t) is the intensity of PL signal, τ1 and τ2 are the decay
times, and A1 and A2 are the corresponding magnitudes. The
double-exponential model suggested that two emissive states
were involved in the PL decay with τ1 = 0.37 ns and τ2 = 3.01
ns. The fast decay component (τ1) was attributed to the
radiative emission of direct interband exciton recombination,
and the much slower component (τ2) was originated from the
radiative emission via indirect recombination of trapped
electrons with VB holes.33−35 Direct recombination of excitons
was predominated in BOB-001-H, as revealed by its higher
proportion of short-living component (A1τ1, 74.2%). More
efficient trapping of electrons on the OVs states of BOB-001-
OV resulted in a higher proportion of long-living defect level
component (A2τ2, 67.4%) (Supporting Information Table S1).
The corresponding average lifetime (τBOB‑001‑OV = 2.15 ns) of
the PL spectra of BOB-001-OV was over two times longer that
of BOB-001-H (τBOB‑001‑OV = 1.06 ns), revealing that OVs-
induced trapping sites as the initial electron acceptor
significantly increased the lifetime of charge carriers. When
the Ar atmosphere was replaced with the N2 atmosphere, the
steady-state PL spectra of BOB-001-OV was significantly
quenched, accompanying with a reduced PL efficiency. The
quenched PL decay spectra of BOB-001-OV under the N2
atmosphere was found to almost coincide with that of BOB-
001-H under the Ar atmosphere, along with the proportion of
indirect excitons’ recombination largely decreased from 67.4 to
36.8%. Typically, the efficiency of a PL emission (η) is
determined both by radiative recombination and nonradiative
quenching processes, as given by eq 2, where Ir and Inr are
respectively the radiative and nonradiative transition proba-
bilities.36 Thus, the PL emission efficiency/intensity can be
enhanced by radiative recombination and reduced by non-
radiative quenching of charge carriers. As the electrons trapped
on the OVs are usually in the metastable state, the quenching of
PL spectra of BOB-001-OV under the N2 atmosphere is

possibly attributed to nonradiative transfer of trapped electrons
to the π antibonding orbitals of adsorbed N2 (Figure 4c). As
expected, the SiO2 coated BOB-001-OV, which blocked the
interfacial electron transfer, exhibited no significant change of
the (steady-state or time-resolved) PL spectra under the Ar and
N2 atmosphere (not shown here). This indirectly reflected the
OVs as the initial electron acceptor significantly promoted the
interfacial electron transfer. Transient photocurrent responses
of the as-prepared BiOBr nanosheets further confirmed this
point of view. There was no difference between the transient
photocurrent responses of BOB-001-H under the Ar and N2
atmosphere, indicating the interfacial electron transfer of BOB-
001-H was not disturbed by the surrounding N2. Intriguingly,
the photocurrent density of BOB-001-OV under the N2
atmosphere was merely 1/3 of that under the Ar atmosphere,
indicative of the strong interaction between the surface OVs
with N2 (Figure 4d). Assuming that the excitation of BOB-001-
H and BOB-001-OV are of equal probability under the same
light source, the presence of OVs was highly favorable for the
interfacial electron transfer from the excited BiOBr nanosheets
to the adsorbed N2. The rate of electrons being transferred
from trapped states of OVs to the adsorbed N2 was roughly
estimated to be 3.2 × 108 s−1, as calculated by (N2-
τBOB‑001‑OV)

−1 − (Ar-τBOB‑001‑OV)
−1, where N2-τBOB‑001‑OV and

Ar-τBOB‑001‑OV are respectively the PL spectra average lifetimes
of BOB-001-OV under the N2 and Ar atmosphere.37 Thus, the
interfacial electron transfer rate of BOB-001-OV was nearly 5
orders of magnitude faster than that (5.2 × 103 s−1) of BOB-
001-H under the N2 atmosphere.

τ τ= − + −I t A t A t( ) exp( / ) ( / )1 1 2 1 (1)

η = +I I I/( )r r nr (2)

Usually, photocatalytic N2 fixation to NH3 is of poor
selectivity with generating considerable amount of byproducts
such as N2H4, NO2

− and NO3
−.38−40 In this study, the amounts

of these byproducts were tiny (2.4% for N2H4, and 1.9% for
NO3

−), possibly because of the end-on coordinating mode of
N2 and the negligible NH3 oxidation by the in situ formed O2
(Supporting Information Figure S8a,b,c). The amount of in situ
formed O2 was close to 3/4 of the generated NH3 amount in
the early stage in a sealed reactor (Supporting Information
Figure S8d), revealing that water could efficiently act as the
sacrificial electron donor of photogenerated holes. Therefore,
the overall reaction of N2 reduction in this study could be
described with eq 3. However, the effect of in situ formed O2
on the OVs of BiOBr cannot be ignored. The OVs would be
quenched to decrease the photoreactivity if the in situ formed
O2 was not removed from the reaction medium in time
(Supporting Information Figure S8e).27 Fortunately, most of
the in situ formed O2 could be swept off from the aqueous
solution in an open reactor under the continuous N2 purging,
which could avoid the undesirable oxidation of NH3 and also
maintain the stability of OVs.41

λ

+ → +

>

2N 6H O 4NH 3O

(BiOBr of OVs, 420nm)

2(g) 2 (1) 3(g) 2(g)

(3)

■ CONCLUSIONS
In summary, we demonstrate that atmospheric N2 can be
efficiently reduced to NH3 by BiOBr nanosheets of OVs under
visible light, without using any organic scavengers and precious-
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metal cocatalysts. Along with the electron-donating nature of
BiOBr under visible light, the designed catalytic centers of OVs
could activate N2 and significantly promote the interfacial
electron transfer from the excited BiOBr nanosheets to the
adsorbed N2 (Supporting Information Figure S9). The N2
fixation rate of BOB-001-OV in this study was much higher
than those of other semiconductors (Supporting Information
Table S2). Actually, the external quantum efficiency of this
prototype N2 fixation at 420 nm monochromatic light has
reached 0.23% within 60 min for this complicated six-electron
reduction process. Although photocatalytic reduction is unlikely
to replace the Haber−Bosch process at present, this study
might open up a new vista to fix atmospheric N2 to NH3
through less energy-demanding photochemical process.

■ EXPERIMENTAL SECTION
Chemicals. All chemicals used were purchased from Sinopharm

Chemical Reagent Co., Ltd. (Shanghai, China) and were of analytical
grade and used without purification.
Preparation of {001} Facets Exposed BiOBr of OVs. For the

preparation of BiOBr microsphere assembled by {001} facets exposed
single crystalline nanosheets, 1.5 mmol Bi(NO3)·5H2O were added
slowly into 16 mL of ethylene glycol solution containing
stoichiometric amounts of KBr. The mixture was stirred for 1 h at
room temperature in air, and then poured into a 20 mL Teflon-lined
stainless autoclave. The autoclave was allowed to be heated at 160 °C
for 12 h under autogenous pressure, and then air cooled to room
temperature. The resulting precipitates were collected and washed
with deionized water and ethanol to remove the residual ions. The
final product was dried at 60 °C in air for further use. The
corresponding sample was designated as BOB-001-OV. For compar-
ison, the counterpart sample without OVs on the {001} facets was
synthesized by heating BOB-001-OV at 300 °C in the saturated O2
atmosphere for 4 h to reoxidize the surface and was denoted as BOB-
001-H.
DFT Theoretical Calculation. All calculations were performed

using the first-principles density of functional theory (DFT) + U
calculations with the exchange-correlation energy functional, which
were described by generalized gradient approximation with the by
Perdew−Burke−Ernzerhof (PBE) exchange-correlation function.42

The calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) with a plane-wave cutoff energy of 520
eV.43,44 To simulate the molecular nitrogen activation on surfaces, a (2
× 2) supercell with the vacuum thickness being larger than 20 Å was
used. During optimizations, the energy and force converged to 10−5

eV/atom and 0.02 eV/Å, respectively. The k-points were 3 × 3 × 1 for
optimizations and increased to 7 × 7 × 1 for the band energy and
DOS calculations of the BOB-001 structure.
Photocatalytic Activity Test. All photocatalytic activity experi-

ments were conducted at ambient temperature using a 300 W xenon
lamp with a 420 nm cutoff filter to simulate visible light, respectively.
For the fixation of molecular nitrogen, 0.05 g of photocatalyst was
added into 100 mL of double distilled water in a reactor. The reactor
was equipped with water circulation in the outer jacket in order to
maintain at room temperature of 25 °C. The mixture was continuously
stirred in the dark and under visible light with high-purity N2 bubbled
at a flow rate of 60 mL/min for 30 and 60 min, respectively. Five
milliliters of the solution was taken out each 15 min and after
centrifuged to remove the photocatalyst, and the concentration was
monitored by colorimetry with the Shimadzu UV-2550 UV−vis
spectrometer. Five LED light (UVEC-4II, Shenzhen Lamplic
Technology Co. Ltd. China) with total light intensity of 10 W/cm2

was utilized as a monochromatic light source. The external quantum
efficiency at 420 nm was calculated on the basis of the following
equation: external quantum efficiency = 100% × (number of generated
ammonia × 6)/number of incident photons. Oxidation of water was
carried out in a Pyrex reaction cell under 300 W xenon lamp with a
420 nm cutoff filter, which was sealed with a glass stopper and

connected to a N2 balloon. At certain time intervals, liquid (NH3) and
gas (O2) composition were respectively determined by the Nessler’s
reagent and gas chromatography (Trace 1300-ISQ, Thermo).
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