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ABSTRACT: The catalytic conversion of nitrogen to
ammonia is one of the most important processes in nature
and chemical industry. However, the traditional Haber-Bosch
process of ammonia synthesis consumes substantial energy
and emits a large amount of carbon dioxide. Solar-driven
nitrogen fixation holds great promise for the reduction of
energy consumption and environmental pollution. On the
basis of both experimental results and density functional
theory calculations, here we report that the oxygen vacancy
engineering on ultrathin BiOBr nanosheets can greatly
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enhance the performance for photocatalytic nitrogen fixation. Through the addition of polymetric surfactant
(polyvinylpyrrolidone, PVP) in the synthesis process, V,-BiOBr nanosheets with desirable oxygen vacancies and dominant
exposed {001} facets were successfully prepared, which effectively promote the adsorption of inert nitrogen molecules at
ambient condition and facilitate the separation of photoexcited electrons and holes. The oxygen defects narrow the bandgap of
Vo-BiOBr photocatalyst and lower the energy requirement of exciton generation. In the case of the specific surface areas are
almost equal, the V-BiOBr nanosheets display a highly improved photocatalytic ammonia production rate (54.70 ymol-g™*
h™"), which is nearly 10 times higher than that of the BiOBr nanoplates without oxygen vacancies (5.75 ymol-g~"-h™"). The
oxygen vacancy engineering on semiconductive nanomaterials provides a promising way for rational design of catalysts to boost

the rate of ammonia synthesis under mild conditions.

KEYWORDS: Photocatalytic nitrogen fixation, oxygen vacancies engineering, defect and bandgap modulation,

ultrathin bismuth oxybromide nanosheets

mmonia is one of the most highly produced chemicals in

the chemical industry that can serve as a vital precursor
for the synthesis of many nitrogenous compounds, especially
nitrogen fertilizers." Although nitrogen accounts for 78% of the
total volume of the Earth’s atmosphere, the fixation of nitrogen
to ammonia under mild conditions remains a grand challenge,
owing to the strong and nonpolar N—N triple bond (with
bond energy of 945 KJ-mol™') that makes the nitrogen
molecules extremely stable and inert.”” The traditional
Haber-Bosch method for ammonia synthesis is operated at a
high temperature of 300—500 °C and a high pressure of 15—25
MPa,%’ undergoing the drawbacks of high energy input and
severe environmental impacts.”” Therefore, it is highly
desirable to develop a new strategy to synthesize ammonia
with less power consumption and more environmentally
friendly process. Notably, the nitrogen-fixing bacteria in nature
can carry out the process of nitrogen fixation at room
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temperature and ambient pressure.'”'" Inspired by the natural
photosynthesis using sunlight as the driven force, photo-
catalytic ammonia synthesis has attracted growing research
attention. The photocatalytic nitrogen reduction in the TiO,
system was first reported by Schrauzer.'” Subsequently, many
efforts had been devoted to improve the nitrogen fixation
performance of TiO,-based photocatalysts by the doping of
other elements (e.g, Fe) and the assistance of noble metal
(such as Os, Ru, Pt)."”””'7 However, the efficiency of
photocatalytic dinitrogen reduction is usually low, owing to
the easy recombination of photoinduced electrons and holes,
the weak adsorption of inert dinitrogen molecules on the
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surface of catalysts and the multielectron nature of the
reaction.'®'” Theoretical analysis and experimental efforts
indicate that oxygen vacancies in photocatalysts with abundant
localized electrons are conducive to adsorb and activate
different target molecules and also can promote electron—hole
separatlon and reduce the energy barrier for interfacial charge
transfer.”’">* Some recent studies show that the introduction
of nitrogen, oxygen, or sulfur vacancies into catalysts can
contribute to the photochemical dinitrogen reduction reac-
tion.”>"* However, so far the controlled introduction of
specific defects in nanostructural materials is still difficult,
hence it is very desirable to explore facile and universal
strategies for the construction of superior photocatalysts with
favorable atomic vacancies and enhanced performance.
Bismuth oxybromide (BiOBr) is a layered ternary oxyhalide
semiconductor with the crystalline structure consists of
[Bi,0,]** slabs intercalated by the double slabs of Br~ ions
stacked along the z-direction (Figure 1). Recently, BiOBr
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Figure 1. Schematic diagrams of the laminar crystalline structure of
BiOBr. (a) The front view, (b) the side view, and (c) the top view of
BiOBr crystal unit cells.

nanocrystals has attracted rising attention due to its remarkable
photocatalytic performance in visible light range.’™** In this
study, we present that oxygen vacancy engineering on ultrathin
BiOBr nanosheets can significantly improve the performance
of photocatalytic nitrogen fixation. The preparation of BiOBr
nanosheets with major exposed {001} facets and abundant
oxygen vacancies (V5-BiOBr nanosheets) is controlled by
adding a certain amount of polyvinylpyrrolidone (PVP)
surfactant during the synthesis process. The as-prepared
products in the presence and absence of oxygen vacancies
are named as Vy-BiOBr nanosheets and BiOBr nanoplates,
respectively. Detailed characterizations and tests confirm that
the formation of oxygen vacancies in the crystal lattices of V-
BiOBr nanosheets can effectively narrow the bandgap, enhance
the light absorption, and facilitate the separation of photo-
induced electrons and holes. Moreover, density functional
theory (DFT) calculations also reveal the energetically
favorable adsorption of N, molecules on the surface of V-
BiOBr nanosheets. Therefore, compared to the BiOBr
nanoplates without oxygen vacancies, the V,-BiOBr nano-
sheets can greatly boost the reaction rate of photocatalytic
ammonia synthesis, even in pure water and without any
sacrificial reagent.

The Vy-BiOBr nanosheets and BiOBr nanoplates were
synthesized via a facile hydrothermal process at 160 °C, as
detailed in the Experimental Section of Supporting Informa-
tion. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to characterize the
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morphological features of the products. Figure 2a shows that
the Vy-BiOBr nanosheets consist of large-scale laminar

Figure 2. (a,d) SEM images, (be) TEM images, (c,f) HRTEM
images of the V,-BiOBr nanosheets and BiOBr nanoplates,
respectively.

nanosheets. TEM images further reveal its sheetlike structure
and rough surface with a thickness of 4—8 nm (Figure 2b).
The high-resolution TEM (HRTEM) image in Figure 2c
shows that the lattice fringes of V,-BiOBr nanosheets with a
lattice spacing of 0.277 nm, corresponding to the (110) planes
of tetragonal BiOBr. Additionally, it can be found that there
are crystalline boundaries and defects in the HRTEM image of
Vo-BiOBr nanosheets, which is ascribed to the abundant and
broadly distributed oxygen vacancies in the V,-BiOBr
nanosheets. As shown in the inset of Figure 2c, the
corresponding fast Fourier transform (FFT) pattern shows a
regular pattern, suggesting the single-crystalline characteristic
of V5-BiOBr nanosheets. The diffraction spots were recorded
along the [001] direction. The angle of 45° in FFT pattern is
in good agreement with the theoretical value of the angle
between (200) and (110) planes. In contrast, the BiOBr
nanoplates exhibit a disklike morphology and flat surface, with
an average size of ~200 nm and thickness of around 15 nm, as
depicted in Figure 2d,e. the HRTEM image of BiOBr
nanoplates presents a sharp lattice stripes with a d-spacing of
0.277 nm (Figure 2f), which is comparable with that of V-
BiOBr-nanosheets, but with much better crystallinity and
uniform contrast, which indicates the ordered single-crystalline
structure and fewer defects in BiOBr nanoplates.

The crystallographic structures of the as-synthesized samples
were also characterized by XRD analysis. As shown in Figure
3a, the XRD peaks of both V5-BiOBr nanosheets and BiOBr
nanoplates can be well assigned to the tetragonal phase BiOBr
(JCPDS No. 09-0393). The peak sharpness and relative
intensity of V5-BiOBr nanosheets are much lower than those
of BiOBr nanoplates, mainly owing to the oxygen vacancies in
Vo-BiOBr nanosheets. More specifically, in the case of V-
BiOBr nanosheets the intensity ratio of the (110) facet to
(001) facet was 2.5, which was smaller than of BiOBr
nanoplates (around 3.9). This indicates a preferred (001)
orientation in the V,-BiOBr nanosheets, which is in
accordance with the HRTEM results. The possible reason is
that during the nucleation process, the negatively charged
—C=0 bonds of PVP surfactant molecules tend to bind with
the unsaturated and positively charged Bi atoms on the BiOBr
surface in order to reduce the surface energy, leading to the
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Figure 3. (a) XRD patterns, (b) survey XPS spectra of V-BiOBr
nanosheets and BiOBr nanoplates, respectively. (c—e) High-
resolution XPS scans of (c) Bi 4f, (d) Br 3d, and (e) O Is regions
of V-BiOBr nanosheets and BiOBr nanoplates, respectively. (f) EPR
spectra of Vy-BiOBr nanosheets and BiOBr nanoplates at room
temperature.

generation of abundant oxygen vacancies.”*>> Moreover, PVP
molecules could selectively interact with specific crystalline
planes of BiOBr, which could significantly suppress the growth
of {102} facets during the hydrothermal synthetic process,
leading to the formation of V-BiOBr nanosheets with large
area, ultrathin thickness, and major exposed facets of {001}
crystalline planes. No obvious characteristic peaks from other
phases or impurities were observed, confirming the high purity
of the products. The specific surface areas of both samples
were measured by nitrogen adsorption/desorption isotherms
according to the Brunauer—Emmer—Teller (BET) model. As
presented in Figure S1, the specific surface area of V5-BiOBr
nanosheets (19.3 m>g™') is comparable to that of BiOBr
nanoplates (20.0 m*g™").

The surface compositions of the products were characterized
by XPS analysis. The survey spectra of XPS (Figure 3b)
confirmed the presence of Bi, O, and Br elements. The
adventitious carbon signal at 284.6 eV was employed to
calibrate the XPS peaks. To investigate the element valence
status of the samples, corresponding high-resolution XPS scans
(Figure 3c—e) were performed. For V,-BiOBr nanosheets, the
XPS spectrum at Bi 4f region (Figure 3c) shows two strong
peaks located at 158.4 and 163.6 eV, which are assigned to Bi
4f,/, and Bi 4f;/, bands of the Bi*" species, respectively. The
other two weak peaks at 157.2 and 163.1 eV are indexed to Bi
4f,,, and Bi 4f;, bands, which are originated from low valence
state Bi species accompanied by oxygen vacancies. The Br 3d
XPS spectrum of V-BiOBr nanosheets (Figure 3d) displays
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two peaks at 67.3 and 68.2 eV, assignable to Br 3ds,, and Br
3d;,, respectively. In contrast, the binding energies of Bi and
Br elements in BiOBr nanoplates are higher than those of V-
BiOBr nanosheets. In O 1s XPS spectrum of V5-BiOBr
nanosheets (Figure 3e), three peaks at 529.2, 530.6, and $31.9
eV are observed, which are attributed to the lattice oxygen
(O*") of BiOBr, the oxygen atoms in the vicinity of oxygen
vacancies, and the adsorbed O, molecules, respectively.”®>*
Compared to BiOBr nanoplates, the O 1s peak of the oxygen
atoms close to the oxygen vacancies in V5-BiOBr nanosheets is
much stronger and down-shifted from 531.8 to 530.6 eV,
indicating the presence of more oxygen defects in V5-BiOBr
nanosheets.

Electron paramagnetic resonance (EPR) spectra were
further employed to identify the oxygen vacancies. As shown
in Figure 3f, the EPR spectrum of V-BiOBr nanosheets shows
a strong peak at 348 mT, confirming the presence of oxygen
vacancies, whereas the EPR spectrum of BiOBr nanoplates
shows almost no signal. According to the previous reports,
oxygen vacancies can delocalize electrons and thus substan-
tially prevent the recombination of photogenerated electrons
and holes, beneficial to the photocatalytic processes.’”*’

To investigate the effect of oxygen vacancies on the
semiconductive and photocatalytic properties, further charac-
terizations were performed on the V-BiOBr nanosheets and
BiOBr nanoplates. UV—vis diffuse reflectance spectra (DRS)
show that the absorption edge of V5-BiOBr nanosheets is red-
shifted to 470 nm (Figure 4a), which is 30 nm longer than the
absorption edge of BiOBr nanoplates (440 nm). Moreover,
compared to BiOBr nanoplates, the V,-BiOBr nanosheets
show a stronger light absorption capability in the visible range
between 450—750 nm and also exhibit darker color (as shown
in the insets of Figure 4a). The Tauc plots (Figure 4b) reveal
the bandgap of V,-BiOBr nanosheets (2.43 V) is smaller than
that of BiOBr nanoplates (2.69 eV). XPS valence band spectra
were employed to further study the band structures of both
samples. As shown in Figure 4c, compared to the VBM of
BiOBr nanoplates (1.50 eV), the valence band maximum
(VBM) of V4-BiOBr nanosheets is shifted to 0.95 eV.
According to the combined analysis of band positions based
on the Tauc plots and XPS valence band spectra (Figure 4b,c),
it can be concluded that the conduction band minimum
(CBM) of Vo-BiOBr nanosheets is shifted to —1.48 eV, while
the CBM of BiOBr nanoplates is —1.19 eV. The enhanced light
absorption and up-shifted conduction band are beneficial to
the photocatalytic performance. The differences of energy
band positions between Vy-BiOBr nanosheets and BiOBr
nanoplates is illustrated in Figure 4d. On the basis of the above
analysis, the effect of oxygen vacancies to the photocatalytic
nitrogen fixation on Vy-BiOBr nanosheets and BiOBr
nanoplates can be deduced (Figure 4e). The photoinduced
electrons in the V5-BiOBr nanosheets are first captured by the
oxygen vacancies and then participate in the nitrogen
reduction reaction, thus facilitating the charge separation and
promote the reaction rate. In contrast, the photoinduced
electrons generated in the BiOBr nanoplates are directly used
to react with N, and H,0 molecules, which may suffer from
charge recombination.

Electrochemical impedance spectra (EIS) were used to
investigate the charge transport properties and interfacial
resistances of the samples (Figure Sab). For both Vo-BiOBr
nanosheets and BiOBr nanoplates, the arc radii of Nyquist
plots under illumination are smaller than those measured
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Figure 4. (a) UV—vis DRS curves of V,-BiOBr nanosheets and
BiOBr nanoplates. The insets show the color comparison of V-
BiOBr nanosheets (left) and BiOBr nanoplates (right). (b)
Corresponding Tauc ((Ahv)"? versus hv) plots, (c) valence band
XPS spectra and (d) band alignments of V-BiOBr nanosheets and
BiOBr nanoplates, respectively. (e) Schematic illustration of photo-
catalytic ammonia synthesis process on Vy-BiOBr nanosheets and
BiOBr nanoplates, respectively.

under dark, owing to the abundant photoinduced electrons and
holes on the catalysts generated under illumination. Notably,
no matter under dark or under illumination, the arc radii of V-
BiOBr nanosheets are smaller than those of BiOBr nanoplates,
indicating the oxygen vacancies in V-BiOBr nanosheets can
greatly promote charge transport and decrease the interfacial
resistance.

To compare the nitrogen adsorption capability of V5-BiOBr
nanosheets and BiOBr nanoplates, volumetric N, adsorption
measurements were performed under room temperature
(Figure Sc). The result reveals that the V(,-BiOBr nanosheets
are able to absorb N, molecules, while the BiOBr nanoplates
can hardly absorb N, at mild conditions. DFT calculations also
reveal the energetically unfavorable adsorption of N, molecule
on BiOBr slab model without the oxygen vacancies, as detailed
below. These result suggest that the introduction of oxygen
vacancies is very conductive to the adsorption of inert N,
molecules, which benefits to the reaction rate and conversion
efficiency of nitrogen photofixation.

The photocatalytic nitrogen fixation activities of V-BiOBr
nanosheets and BiOBr nanoplates were evaluated and
compared. The concentration of generated ammonia was
measured by Nessler’s reagent colorimetric method and
carefully calibrated (Figure S2). There is no ammonia detected
in the absence of photocatalyst or light illumination, suggesting
the photocatalyst and light illumination are essential to the
nitrogen fixation. Under the visible-light illumination of 300 W
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Figure 5. (a,b) Nyquist plots of Vo-BiOBr nanosheets and BiOBr
nanoplates (a) in dark and (b) in light, respectively. (c) The N,
adsorption isotherms V,-BiOBr nanosheets and BiOBr nanoplates
under room temperature. (d) The time curves of ammonia
concentrations measured with V,-BiOBr nanosheets and BiOBr
nanoplates under the illumination of 300 W Xe lamp with 420 nm
cutoff filter, respectively (50 mg photocatalyst + 100 mL ultrapure
water). (e) Controlled experiments on photochemical N, fixation of
Vo-BiOBr nanosheets and BiOBr nanoplates under different
conditions and atmospheres with the full spectrum irradiation of
300 W Xe lamp (50 mg photocatalyst + 100 mL solvent). (f) The
time histograms of ammonia concentrations obtained with different
samples and test conditions.

Xe lamp with a 420 nm cutoff filter, the V5-BiOBr nanosheets
display a much higher photocatalytic activity for ammonia
production than that of BiOBr nanoplates (Figure 5d). The
Vo-BiOBr nanosheets show an average rate of photocatalytic
ammonia generation of 49.04 ymol-g~"-h™" within 2 h, while
the average rate of photocatalytic ammonia generation of
BiOBr nanoplates is only 2.83 ymol-g”"-h™". Under the full-
range light illumination without cutoft filter, the photocatalytic
rate of V5-BiOBr nanosheets and BiOBr nanoplates increased
to 54.7 and 5.75 pmol-g~-h™", respectively.

To confirm the N source and the proton source of the
produced NHj; are originated from N, and H,O, the controlled
experiments of photochemical N, fixation reaction on Vo-
BiOBr nanosheets under Ar atmosphere and in acetonitrile
(CH4CN) were conducted, respectively. As shown in Figure
Se, there was no ammonia detected on Vo-BiOBr nanosheets
when N, and H,O were replaced by Ar and CH;CN,
indicating that N, and H,0 were the N and proton sources
of NHj; production, respectively. In addition, to investigate the
influence of adsorbed PVP, the photocatalytic nitrogen fixation
activity of the mixture of BiOBr nanoplates and PVP was
evaluated. As presented in Figure 5f, the addition of PVP has
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almost no impact on photocatalytic performance of nitrogen
fixation.

Besides, room-temperature EPR spectroscopy was per-
formed to evaluate the relative concentrations of oxygen
vacancies on Vo-BiOBr nanosheets before and after the UV—
visible light irradiation, respectively. As shown in Figure S3, the
signal intensity of the EPR spectra shows almost no change
before and after the UV—visible light irradiation, indicating
that the Xe lamp irradiation without cutoff filter cannot
produce more oxygen vacancies on Vo-BiOBr nanosheets. In
view of the identical chemical compositions and the
comparable specific surface areas between Vy-BiOBr nano-
sheets and BiOBr nanoplates, it can be concluded that the
oxygen vacancies generated during the synthesis process of V-
BiOBr nanosheets are responsible for the significantly
improved photocatalytic activity for nitrogen fixation.

As shown in Figure 5f, after working for 12 h under
illumination (repeated 6 testing cycles for 2 h periods), the V-
BiOBr nanosheets still well maintain the ability of photo-
catalytic N, fixation, delivering a total ammonia production
amount of 30.9 ymmol and an average ammonia generation
rate of 51.5 yummol-g~"+h™!, indicating the good stability during
the photocatalytic process. In addition, SEM and XRD
characterizations (Figures S4 and SS) show that the
morphology and crystalline structure of V5-BiOBr nanosheets
and BiOBr nanoplates remain almost unchanged after long-
term testing, further confirming the well-preserved structural
integrity of the BiOBr photocatalysts.

To understand the origins of enhanced photocatalytic N,
fixation performance on Vy-BiOBr nanosheets, it is important
to gain a fundamental insight into the role of oxygen vacancies
in reaction mechanism through theoretical simulations. DFT
calculations were carried out to investigate the possible
reaction pathways of N, fixation on the Vo-BiOBr (001)
surface with a slab model, as shown in Figure S6. For the N,
fixation on the exposed Vo-BiOBr (001) surface, DFT
calculations confirm that the reaction pathway favors the
hydrogenation of distal N' atom (N*=N'*), as indicated by
the reaction steps 1—4 (Figure 6a). As confirmed by above
studies, the rich oxygen vacancies on V,-BiOBr are responsible
for the N, adsorption and enhanced catalytic activity. Briefly,
N, molecules are first absorbed on to the oxygen vacancies on
the V5-BiOBr (001) surface and activated at the reaction step
1, with the length of N=N bond increases from 1.11 to1.24 A
(Figure 6b). The following step 2 is the key step of the
hydrogenation of distal N' atom to yield N=NH?*, which is
exergonic with an energy change of 1.40 eV (Figure 6¢). The
subsequent intermediate hydrogenation product at the step 3 is
N=NH,*, associated with the reduction of N=N bond to
N=N bond. At the step 4, N=NH,* is further hydrogenated
to generate an intermediate of N—NH;* with a single N—N
bond length of 1.47 A (Figure 6b), then an energy input of
1.07 eV is required to cleave the N—N bond (Figure 6¢). This
leads to the release of the first NH; molecule after the N—N
bond splitting.*' The subsequently formed three intermediates
are NH*, NH,*, and NH;*, which were found to be also
exergonic with the energy outputs of 3.34, 3.58, and 3.15 eV,
respectively. Finally, the amine intermediate NH;* requires
another energy input of 1.03 eV to release the second NH;
molecule. In contrast, for the N, fixation on the BiOBr (001)
surface without oxygen vacancies, DFT calculation indicates
that N, molecule is difficult to adsorb and activate on the
BiOBr (001) surface, as evidenced by the increase of O—N'
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distance from 3.23 A (step 1) to 3.63 A (step 4) (Figure S7),
which is consistent with the above experimental results. These
calculation results indicate that the oxygen vacancies on V-
BiOBr (001) surface are crucial to the N, fixation, which is
conducive to the N, adsorption and formation of intermediates
for ammonia production.

In summary, here we demonstrate that the introduction of
oxygen vacancies in BiOBr photocatalyst by the surfactant-
assisted synthesis has great effect on the photocatalytic activity
for nitrogen fixation. On the basis of detailed characterizations
and tests, it is confirmed that the oxygen defects can enhance
the light absorption, narrow the bandgap, and change the
positions of conduction band and valence band. Moreover, the
oxygen vacancies can effectively inhibit the recombination of
photogenerated electrons and holes. DFT calculations indicate
that the oxygen vacancies can facilitate the adsorption and
activation of inert N, molecules. As a result, the photocatalytic
activity of V-BiOBr nanosheets is much superior to that of
BiOBr nanoplates without vacancies. This work points out a
feasible way to design high-performance photocatalysts for
solar-driven ammonia synthesis via the vacancy and defect
engineering.
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