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Bi/BSO Heterojunctions via Vacancy Engineering for
Efficient Photocatalytic Nitrogen Fixation

Runjie Wu, Shuai Gao, Colton Jones, Mingming Sun, Ming Guo, Ran Tai, Shaowei Chen,*
and Qiang Wang*

Photocatalytic nitrogen reduction represents a viable technology for green
ammonia synthesis under mild conditions. However, the performance of the
photocatalysts is typically limited by high charge carrier recombination and
low adsorption and activation of nitrogen molecules. Herein, Bi/Bi2Sn2O7

(Bi/BSO) heterojunction nanocomposites are prepared via a one-step
hydrothermal method, where NaOH etching of oxygen vacancies in the Bi─O
bonds of Bi2Sn2O7 (BSO) is exploited for the in situ formation of metallic Bi
and hence Schottky junctions with the semiconducting BSO. This leads to a
high separation rate of photogenerated charge carriers. Consequently,
compared to the pure-phase BSO, the Bi/BSO heterostructures exhibit
markedly enhanced ammonia production, reaching an optimum rate of
284.5 μmol g−1 h−1, where the rectifying contact between the semiconducting
BSO and metallic Bi facilitates directional BSO to Bi electron transfer, leading
to enrichment of photogenerated electrons at the active sites of metallic Bi.
First-principles calculations confirm the alteration of active sites and the
guided electron flow by the Schottky junctions and surface oxygen vacancies.
Results from this study offer an effective paradigm of structural engineering in
manipulating the photocatalytic activity of bismuth-based pyrochlore
materials toward nitrogen fixation to ammonia.

1. Introduction

Ammonia is an important commodity chemical used in diverse
areas.[1] Currently, ammonia is produced primarily by the energy-
intensive Haber-Bosch method,[2] which is limited by the re-
markable stability of N2 molecules (with a N≡N bond energy of
941.3 kJ mol−1),[3] high ionization potential (15.85 eV), and low
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electron affinity (−1.90 eV), resulting
in substantial greenhouse gas emis-
sions and detrimental environmental
consequences.[4] Thus, extensive efforts
have been devoted to the development of
green technologies for artificial ammonia
synthesis.[5–7] Among these, photocatalysis
has emerged as a viable option owing to its
mild reaction conditions and environmen-
tally sustainable procedures. Toward this
end, development of effective photocata-
lysts represent a critical first step.[8–10] Thus
far, a range of strategies have been reported
to engineer the structure and improve
the performance of photocatalysts, such
as defect engineering,[11–12] crystal facet
regulation,[13] heteroatom doping,[14–16]

and formation of metal-semiconductor
heterojunctions.[17–19] Of these, metal-
semiconductor heterojunctions have been
found to produce a Schottky rectifying
contact that can facilitate the formation
of a depletion region on the semicon-
ductor surface and a potential barrier to
hinder electron transfer from the metal
to the semiconductor.[20] In addition, the

incorporation of metals may significantly augment photo absorp-
tion of the photocatalysts, particularly in the visible and infrared
regions, due to the surface plasmon resonance (SPR) effect.[21]

Both characteristics are conducive to the efficient separation of
photogenerated charge carriers for maximal photocatalytic per-
formance.

Bismuth-based pyrochlore materials have emerged as
unique photocatalysts for energy storage and environmen-
tal remediation.[22–24] Of these, Bi2Sn2O7 (BSO) features two
interpenetrating metals arranged in a tetrahedral and octahedral
coordination, which facilitate the separation of photogenerated
charges; and the photocatalytic performance can be further
enhanced by defect engineering. According to the 𝜎 donation-𝜋*
back-donation mechanism, nitrogen is adsorbed onto the active
sites, and the N≡N bond is activated due to transfer of pho-
togenerated electrons into the 𝜋* antibonding orbitals, which
initializes the nitrogen reduction reaction (NRR). The efficacy of
this process can be boosted by the formation of surface oxygen
defects.[25–26] For instance, Di et al.[27] introduced surface oxygen
vacancies by tuning the size of BSO, thereby enhancing the
chemical adsorption of N2 molecules and reducing the energy
barrier for the rate-limiting step of nitrogen fixation.
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Scheme 1. Schematic of the synthesis process of Bi/BSO composites.

Furthermore, metallic Bi exhibits a high intrinsic activity in
activating N2 molecules and concurrently is mostly inert toward
the competitive hydrogen evolution reaction (HER), as computa-
tional studies based on density functional theory (DFT) calcula-
tions show that the hydrogen adsorption energy (ΔGH*) on Bi is
rather high at ca. 0.75 eV.[28–30] This suggests that the formation
of Bi/BSO heterojunctions may be exploited for selective ammo-
nia synthesis, with minimal interference from HER.[31]

In this study, Bi/BSO nanocomposites rich in oxygen vacan-
cies were prepared via a facile hydrothermal method, which ex-
hibited a nitrogen fixation rate as high as 284.5 μmol g−1 h−1 in
pure water under simulated sunlight irradiation, with excellent
stability. Such a performance was markedly better than that of
pure-phase BSO. This was ascribed to the formation of oxygen
vacancies and Schottky junctions that promoted charge separa-
tion, as manifested in experimental measurements and DFT cal-
culations. Bader charge analysis showed that the metallic Bi de-
posited on the composite surface functioned as an electron sink,
accepting multiple electrons from the semiconducting BSO, and
as the active site of NRR. In situ infrared spectroscopy measure-
ments confirmed that NH+

4 was indeed produced from NRR, and
the Gibbs free energy of the hydrogenation path and protonation
energy barrier of the distal association were assessed by DFT cal-
culations.

2. Results and Discussion

2.1. Samples Synthesis and Structural Characterization

The samples were synthesized via a one-step hydrothermal
method (Scheme 1). Specifically, pure-phase BSO nanoparti-
cles were prepared by hydrothermal treatment at 160 °C for
12 h of a mixture of bismuth nitrate pentahydrate (Bi(NO3)3
5H2O, 0.5 mmol), sodium stannate (Na2SnO3, 0.5 mmol),
polyvinylpyrrolidone (PVP, 0.2 g), and D-mannitol (15 mL, 0.1 m),
along with sodium hydroxide (NaOH, 5 mL, 0.5 m). Bi/BSO
nanocomposites were obtained in the same fashion except that
the concentration of NaOH was increased to 0.8, 0.9, 1.0, and
1.1 m, and referred to as Bi/BSO-X (X = 1, 2, 3, and 4), respec-

tively (Scheme 1). The experimental details are included in the
Supporting Information.

The sample morphologies were first examined by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) measurements. From the TEM images in
Figure S1a–d (Supporting Information), it can be observed that
BSO consisted of agglomerates of nanoparticles, whereas the
Bi/BSO-3 composite contained nanoparticles dispersed around
nanowires (that is also clearly manifested in SEM measurements,
Figure S1e, Supporting Information). In high-resolution TEM
(HRTEM) measurements (Figure 1a), the nanoparticles can be
seen to exhibit well-defined lattice fringes, where the interplanar
spacings of 0.215 and 0.305 nm are consistent with the orthogo-
nal (2̄24̄) and (22̄2̄) crystal planes of BSO, respectively. This is also
manifested in the Fast Fourier Transform (FFT) and Inverse Fast
Fourier Transform (IFFT) patterns in Figure 1b. The results indi-
cate that the material conforms to the ICSD#50 311 lattice param-
eters (a = b = c = 10.7225 Å, 𝛼 = 𝛽 = 𝛾 = 90°) and grows along the
[110] crystal orientation. Such a crystal structure consists of a 3D
network with alternating arrangements of the Bi and Sn atoms,
and oxygen atoms filling the gaps in the 3D network, with two
coordination environments, O1 (Bi-O) and O2 (Sn-O) (Figure S2,
Supporting Information). For the nanowire in Bi/BSO (Figure 1c;
Figure S3, Supporting Information), the diffraction spots of the
(012̄), (1̄02̄), and (1̄1̄0) crystal planes of metallic Bi can be readily
resolved. In fact, the crystal structure can be found to be con-
sistent with ICSD#246 663, where the interplanar spacings of
0.31 and 0.216 nm correspond to the (012) and (1̄1̄0) planes of
metallic Bi, respectively, with a crystal plane angle of 44°, and
growth along the [22̄1] crystal phase. Again, the crystal plane
exposures and growth axes can also be evidenced in the FFT
and IFFT patterns of the HRTEM images of BSO nanoparti-
cle and Bi nanowire (Figure 1d; Figure S3, Supporting Informa-
tion), which are in excellent agreement with the crystal structures
of BSO along [110] and Bi along [22̄1] (Figure 1e,f). Consistent
results were obtained in elemental mapping analysis based on
energy-dispersive X-ray spectroscopy (EDS) (Figure 1g), where
the elements of Bi, Sn, and O can be found to be distributed
rather evenly across the sample with the nanowires enriched
with Bi. Taken together, these results indicate the formation of a
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Figure 1. a,c) HRTEM image and b,d) the corresponding FFT and IFFT patterns of (a,b) BSO nanoparticles and (c,d) Bi nanowires of Bi/BSO composites.
e,f) Crystal structure diagrams of (e) pyrochlore BSO and (f) metal Bi. g) EDS-based elemental mapping analysis of Bi/BSO-3.

heterojunction interface between Bi and BSO in the Bi/BSO sam-
ples (Figure S4, Supporting Information).

For control samples prepared without PVP (Bi-3) or D-
mannitol (BSO-3) (Figure S5, Supporting Information), it was ob-
served that the BSO substrate in Bi-3 was damaged, while no ele-
mental Bi was produced in BSO-3. This suggests that PVP played
a major role in the protection of the BSO structure and the for-
mation of well-crystallized Bi nanowires,[32] whereas D-Mannitol
was a crucial reducing agent for the hydrothermal production of
metallic Bi. In the preparation of the Bi/BSO samples, the etching
effect of NaOH was utilized to control the amount of Bi produced
due to manipulation of the D-Mannitol reactivity,[33–35] which was
critical in the formation of metallic Bi active sites for nitrogen fix-
ation (vide infra).

In powder X-ray diffraction (PXRD) measurements
(Figure 2a), the BSO and Bi/BSO samples can all be seen
to exhibit a series of diffraction peaks at 2𝜃 = 28.76°, 33.33°,
47.86° and 56.80° that may be assigned to the (222), (400), (440),
and (622) crystalline planes of BSO (ICSD#50 311), respectively.

For the Bi/BSO samples, three additional peaks appeared at
2𝜃 = 27.16°, 37.95° and 39.61°, due respectively to the (012),
(104), and (110) crystal planes of metallic Bi (ICSD#246 663),
and the peak intensity increased with an increase of the NaOH
feed in sample synthesis; concurrently, the diffraction peaks of
Bi2Sn2O7 became weakened. These observations are consistent
with the NaOH-enhanced production of metallic Bi, leading to
the formation of Bi/BSO heterojunctions, as observed in the
above TEM and SEM measurements.

The elemental composition and valency were then analyzed
by X-ray photoelectron spectroscopy (XPS) measurements. From
the survey spectra in Figure 2b, the Bi, Sn, and O elements can
all be readily resolved in both Bi/BSO-3 and BSO. The high-
resolution Bi 4f scans are shown in Figure 2c. BSO can be seen
to possess a doublet at 158.81 and 164.14 eV, due to the 4f7/2
and 4f5/2 electrons of Bi3+; by contrast, two doublets can be re-
solved in Bi/BSO-3, where the Bi3+ doublet appeared at 158.67
and 163.99 eV, and the other doublet at 157.0 and 162.3 eV is
consistent with the 4f7/2 and 4f5/2 electrons of metallic Bi.[20] This
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Figure 2. a) XRD patterns of BSO and Bi/BSO-X (X = 1, 2, 3, and 4). b) XPS survey spectra, and high-resolution scans of the c) Bi 4f, d) Sn 3d, and
e) O 1s electrons of BSO and Bi/BSO-3. f) EPR spectra of BSO and Bi/BSO-3. g) N2 adsorption isotherms of BSO and Bi/BSO-3. Inset is the pore size
distribution. h) Atomic structure of BSO and the production of metallic Bi, along with the top-view diagram of the position for the generation of oxygen
vacancy.

is, again, in good agreement with the formation of Bi/BSO het-
erojunctions in Bi/BSO-3. Notably, the Bi3+ binding energies of
BSO and Bi/BSO-3 were all somewhat lower than the standard
values (159.07 and 164.38 eV), suggesting a reduced valency of
the Bi species likely due to oxygen vacancies. And the fact that
the binding energies of Bi/BSO were slightly lower than those
of BSO can be ascribed to a higher vacancy concentration in the
former, consistent with results from further measurements (e.g.,
Figure 2f). Figure 2d shows the Sn 3d spectra, where the binding
energies of the 3d5/2 and 3d3/2 doublet remained almost iden-
tical for the two samples at 486.40 and 494.84 eV for Sn4+, in-
dicating a consistent surface coordination environment of the
Sn centers.[20,36,37] Deconvolution of the O 1s spectra (Figure 2e)
yielded three peaks, lattice oxygen (Olat., 530.1 eV), surface de-
fect oxygen (Odef., 531.7 eV), and oxygen-containing species ad-
sorbed on the sample surface (Oads., 533.0 eV, that were most
likely surface OH species, vide infra).[38] Notably, both Odef and
Oads peaks of Bi/BSO-3 became apparently intensified, in com-

parison to those of BSO, suggesting an increase of oxygen vacan-
cies and enhanced production of surface hydroxyl species.

Consistent results were obtained in electron paramagnetic res-
onance (EPR) measurements (Figure 2f), where the oxygen va-
cancy signals (g = 2.003) were markedly stronger with Bi/BSO-3
than with BSO. Taken together, these results suggest that oxygen
vacancies most likely occurred at the O1 (Bi─O) position, where
the Bi─O bonds were ruptured by NaOH etching, rendering the
oxygen atoms to transfer electrons to the bonding Bi atoms, thus
leading to the deposition of metallic Bi on the sample surface.

Brunauer-Emmett-Teller (BET) measurements were then per-
formed to determine the specific surface area and porosity of
the samples. From Figure 2g, both BSO and Bi/BSO can be
seen to exhibit a type IV isotherm, suggesting the formation
of mostly mesopores, with a respective specific surface area of
154.0 and 85.1 m2 g−1. The decrease in the specific surface area
of Bi/BSO can be attributed to the transformation of some 0D
nanoparticles into 1D nanowires. Notably, the average pore size
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Figure 3. a) Time-dependent photocatalytic ammonia production by BSO and Bi/BSO-X. b) Photocatalytic NH+
4 production rates of various samples

and in other environments (dark and Ar purging). c) UV–vis absorption reflectance spectra of BSO and Bi/BSO-3. Top inset is the photographs of
BSO and Bi/BSO, and bottom Inset is the Tauc plot of BSO. d) Schematic diagram of band structure of nitrogen reduction and electron transition of
nitrogen molecular orbitals. e) Photocurrent responses of periodic light switching,f) Nyquist plots (inset is the zoom in of the low impedance region),
g) steady-state and h) time-resolved photoluminescence spectra of BSO and Bi/BSO-3.

of Bi/BSO (12.96 nm) was significantly larger than that of BSO
(5.76 nm) (Figure 2g inset), likely due to the generation of oxy-
gen vacancies and the precipitation of Bi atoms into metallic
nanowires, leading to an increase of surface defects in the sample
(Figure 2h).

2.2. Photocatalytic Activity

The photocatalytic activity of the samples toward nitrogen fixa-
tion for ammonia synthesis was then evaluated under simulated
sunlight in pure water. The NH+

4 yields of all samples were quan-
titatively assessed in triplicates using the Nessler reagent colori-
metric method,[39] with the calibration curve depicted in Figure
S6 (Supporting Information). From Figure 3a, it can be seen
that Bi/BSO-3 exhibited the best performance among the Bi/BSO
composites and was almost 50% better than BSO, reaching a pro-

duction rate of 284.5 μmol g−1 h−1. Notably, during the nitrogen
fixation process, only a small amount of oxygen was produced
(Figure S7, Supporting Information), and no hydrogen was ob-
served, due to effective inhibition of hydrogen evolution by the
formation of elemental Bi.[28–30] Yet the fact that the photocat-
alytic activity diminished markedly with an excess of Bi can be
ascribed to weakened synergy at the Bi-Bi2Sn2O7 interface by ex-
cessive NaOH etching where Bi was formed at the expense of
the Bi2Sn2O7 scaffold. Furthermore, no NH+

4 was detected in the
dark or in an argon atmosphere, indicating that the ammonia
detected indeed originated from the photocatalytic reduction of
N2. Bi/BSO-3 also exhibited remarkable stability. After four cy-
cles of nitrogen fixation experiments, about 80% of the ammonia
production rate was retained at 224.6 μmol g−1 h−1 (Figure S8,
Supporting Information). Additionally, there were no significant
changes in sample morphology and structure, except for only a
slight decrease of oxygen vacancy concentration, which coincided
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with the small diminishment of the photocatalytic performance
(Figures S9–S11, Supporting Information).

To unravel the mechanistic insights of metallic Bi in the pho-
tocatalytic NRR process, a series of characterizations were per-
formed to examine the optoelectronic properties of the samples.
The BSO sample exhibited a yellow color appearance, whereas
Bi/BSO showed a black color due to the formation of metallic
Bi nanoparticles, which is anticipated to enhance photo absorp-
tion in the visible range. Indeed, in ultraviolet-visible diffuse re-
flectance spectroscopy (UV–vis DRS) measurements (Figure 3c),
BSO exhibited an absorption threshold of ca. 425 nm, whereas
the absorption of Bi/BSO composites was extended to the visi-
ble region. It is noteworthy that a weak broad peak appeared at
≈500 nm with the Bi/BSO composites, most likely due to the SPR
of metallic Bi nanoparticles.[40–42] In addition, from the corre-
sponding Tauc plots (Figure 3c inset), the bandgap was estimated
to be 2.37 eV for BSO, which is somewhat lower than that of pris-
tine BSO (2.6 eV),

[43] likely due to the formation of surface oxygen
vacancies. From the Mott–Schottky plots of BSO at different fre-
quencies (Figure S12, Supporting Information), the flat potential
was estimated to be −0.922 V versus SHE (standard hydrogen
electrode) and the carrier concentrations at different frequencies
are shown in Figure S13 (Supporting Information). The positive
slope indicates that BSO is an n-type semiconductor, with a flat
potential close to the conduction band. The potentials of the con-
duction band (ECB) and valence band (EVB) were then estimated to
be−1.022 and 1.348 V versus SHE, respectively. From the Urbach
tail of the BSO sample which arose from oxygen vacancies, the
Urbach energy (Eu) was calculated to be 0.41 eV. Note that Urbach
energy is correlated to the defect concentration of the crystal, and
is typically manifested with an additional absorption band, lead-
ing to enhanced photo absorption.[44]

The band structure of the Bi/BSO composites is shown in
Figure 3d, along with the molecular orbital diagram of nitrogen
gas, where photogenerated electrons are transferred to Bi, and
eventually to the 𝜋* antibonding orbitals of adsorbed N2, break-
ing the N─N triple bond for nitrogen reduction.

We then performed photoelectrochemical measurements to
analyze the separation, transfer, and recombination of photogen-
erated charge carriers of the samples under simulated sunlight
irradiation. It can be seen from Figures 3e and S14 (Support-
ing Information) that the Bi/BSO composites exhibited a signifi-
cantly higher transient photocurrent response (TRCP) than BSO,
indicating that the charge layers on the surfaces of the metal and
semiconductor resulted in a potential difference, accelerating the
electron transfer to the surface and hence enhancing the surface
electron density.[45] In electrochemical impedance spectroscopy
(EIS) measurements (Figure 3f), Bi/BSO-3 displayed a smaller
arc diameter of the Nyquist plot (charge transfer resistance, RCT)
than BSO, which is favorable for carrier transport and separa-
tion. It is worth noting that although Bi/BSO-4 showed excel-
lent performance in TRCP and EIS measurements (Figures S14
and S15, Supporting Information), its ammonia synthesis perfor-
mance was low, likely because excessive metallic Bi nanoparticles
led to the loss of active sites, making the adsorption and activa-
tion of N2 difficult.

Consistent results were obtained in steady-state photolumi-
nescence (PL) measurements. One can see that at the excita-
tion wavelength (𝜆ex) of 370 nm (Figure 3g), the emission peak

red-shifted to 450 nm for Bi/BSO-3 from 440 nm for BSO, due
to the change of the energy band structure. Meanwhile, the PL
emission of Bi/BSO-3 was drastically quenched as compared to
that of BSO, suggesting markedly impeded recombination of the
photogenerated carriers in the former. That is, the formation of
Bi/BSO heterojunctions significantly improved the charge sep-
aration efficiency. Indeed, in time-resolved photoluminescence
(TRPL) measurements (Figure 3h; Table S1, Supporting Infor-
mation), it can be seen that whereas the decay lifetime (𝜏1) of
trapped states by surface defects is similar (1.02 vs 1.05 ns), the
decay lifetime (𝜏2) of direct transition radiation increased from
6.41 ns in BSO to 9.28 ns in Bi/BSO-3, which can be attributed to
the Schottky barrier that prevented electrons from flowing back
from metal to semiconductor to recombine with holes. The corre-
sponding average PL lifetime (𝜏avg=

A1𝜏
2
1+A2𝜏

2
2

A1𝜏1+A2𝜏2
, Table S1, Support-

ing Information) was also found to increase from 3.97 nm for
BSO to 5.89 ns for Bi/BSO-3, consistent with enhanced separa-
tion of photogenerated charges in the latter.

The work function of Bi is 4.36 eV (vs vacuum),[46] and the
Fermi level of metallic Bi (EFm) is −0.17 V (vs SHE), lower than
the Fermi level of BSO. When metallic Bi and semiconducting
BSO came into contact forming a heterojunction, electrons in
the semiconductor would flow to the lower level on the metal
side, creating a positive space charge region on the semiconduc-
tor surface, causing the semiconductor band to bend upward and
form a barrier layer that allowed only unidirectional electron flow
from the semiconductor to the metal. This produced a rectifying
Schottky barrier diode (SBD), with the corresponding potential
barrier known as the Schottky barrier, which enhanced the sepa-
ration of photogenerated charges.[47] Figure S16 (Supporting In-
formation) shows the SBD energy band diagram of Bi/BSO. If
the surface effect of the semiconductor is ignored, the metal and
the semiconductor have the same Fermi level in the equilibrium
state after they are in close contact. For the same kind of semi-
conductor, the electron affinity remains constant at all times, so
the Schottky barrier changes with the work function of the metal,
and the height of the Schottky barrier on the metal side can be cal-
culated to be 0.852 eV for Bi/BSO. However, the measured value
often has nothing to do with the work function of metal. Usu-
ally, the empirical value of the Schottky barrier height of n-type
semiconductor is 2Eg/3. This is because the surface state leads
to the formation of an energy level q𝜑0 on the semiconductor
surface, which is ≈1/3 of the forbidden bandwidth. The energy
band bends before contacting the metal, and the Fermi levels of
the semiconductor and the metal are pinned at Eg/3 after contact-
ing. In addition to the intrinsic surface state caused by dangling
bonds due to the surface lattice interruption, the n-type semicon-
ductor BSO also contained extrinsic surface states caused by de-
fects, and it is difficult to ignore the influence of surface effect.
Therefore, we also included the energy band model of the new
SBD (Figure 4), and recalculated the barrier height on the metal
side as 1.58 eV.

To confirm the source of ammonia, in situ Fourier-transform
infrared (FTIR) tests were performed on Bi/BSO-3.[48,49]

Figure 5a displays the FTIR spectra obtained under a continuous
nitrogen gas flow in the dark, where a series of vibrational
bands can be resolved, peak I (1668 cm−1), peak II (1713
cm−1), peak III (3050 cm−1), peak IV (3380 cm−1), and peak V
(3610 cm−1), due to chemisorbed N2, NH3, NH+

4 , hydroxyl
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Figure 4. Energy band diagram of n-type semiconductor BSO with high surface state before and after contact with metal Bi. (𝜒 , electron affinity energy;
q𝜑0, distance between surface energy level and valence band top; Ws, work function of semiconductor; Wm, work function of metal).

groups, and N─H bonds, respectively.[15,27,50–52] Yet, under
simulated sunlight irradiation (Figure 5b,c), the FTIR profiles
exhibited a dynamic variation, likely because photogenerated
charges initiated the adsorption and protonation reactions of
N2 on the catalyst surface. For instance, peaks i (1070 cm−1), ii
(1308 cm−1), and iv (1600 cm−1) in Figure 5b can be attributed
to the N─N stretching vibration, NH3 adsorption, and chemical
adsorption of N2, respectively; and peaks iii (1416 cm−1) and
vi (2880 cm−1) are due to the characteristic vibrations of NH+

4 .

These results indicate that N2 was successfully converted to NH3
and NH+

4 after being adsorbed onto the catalyst surface. Indeed,
peaks v (1650 cm−1) and viii (3390 cm−1) in Figure 5c can be
assigned to the N─H bending and stretching vibrations; and
peaks vii (3230 cm−1) and ix (3748 cm−1) are attributed to O─H
stretching vibrations.[53,54] Note that no characteristic peaks of
N2H4 (1129 and 1290 cm−1) were detected (Figure S17, Support-
ing Information). As the protonation of N2 can be facilitated
by surface OH species, these results show that photocatalytic

Figure 5. In situ FTIR spectra of Bi/BSO-3 a) in the dark and b,c) under photoirradiation for up to 70 min.
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Figure 6. a) Schematic diagram of the NRR pathway on Bi/BSO-Vo. b) Reaction energy diagram of nitrogen fixation photocatalyzed by BSO-Vo and
Bi/BSO-Vo. c) Electron density (ED) of Bi/BSO-Vo. d) Schematic diagram of charge transfer pathways based on Bader charge analysis. e–g) TDOS in
and out of Bi/BSO-Vo models before and after activation of N2 molecules.

nitrogen reduction on Bi/BSO-3 followed the distal coupling
pathway, where the synergistic effect of surface hydroxylation
and photogenerated electrons facilitated N2 adsorption, activa-
tion of inert N≡N bonds, and N─N cracking.[15] And the fact
that Bi/BSO-3 clearly outperformed BSO in photocatalytic NRR
(Figure 3a,b) is consistent with results from XPS measurements
that showed an apparent increase of the Oads species (Figure 2e).

In addition, we carried out isotope labeling experiments in a
closed reaction system. As shown in Figure S18 (Supporting In-
formation), we first made a standard sample of 14NH4Cl. When
15N2 is used as the feed gas, it can be clearly observed that there
are two symmetrical splitting cracks in 1H nuclear magnetic res-
onance (NMR) measurements, which are attributed to the cou-
pling of 1H and 15N. The results further confirmed that ammo-
nia was produced from the feed nitrogen gas rather than other
nitrogen-containing impurities.[55]

2.3. Theoretical Study

DFT calculations were then carried out to study the synergistic
interaction between the Bi nanoparticles and oxygen vacancies
and their influence on the nitrogen fixation mechanism. Two
BSO models were constructed based on the above experimen-
tal results, one containing only oxygen vacancies (BSO-Vo) and
the other with both Bi deposition and oxygen vacancies (Bi/BSO-
Vo). Initially, N2 chemisorbs at the active site and transforms
into *NN (* denotes surface-adsorbed species) in both models.
Figure 6a illustrates the atomic model of the hydrogenation step
on the Bi/BSO-Vo surface, where N2 preferentially adsorbs on
the exposed facets and binds to the metallic Bi, following a termi-
nal binding mechanism. The Gibbs free energy profiles of NRR
on BSO-Vo and Bi/BSO-Vo were then constructed and shown
in Figure 6b, which can be seen to exhibit a contrasting trend,

Adv. Funct. Mater. 2024, 2314051 © 2024 Wiley-VCH GmbH2314051 (8 of 10)
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with the respective rate-determining steps being *N + H+ →
*NH (∆2) and *NNH2 + H+ → *NNH3 (∆1). Additionally, BSO-
Vo displays a somewhat higher energy barrier of 3.3 eV for the
hydrogenation step (∆2), in comparison to 3.1 eV for Bi/BSO-
Vo in (∆1). Furthermore, the comprehensive pathway of ammo-
nia synthesis on Bi/BSO-Vo is exothermic, releasing an energy
of −2.88 eV, thus displaying enhanced energy selectivity. Impor-
tantly, the final hydrogenation step (*NNH3 → *NH3) is energet-
ically viable.

N2 adsorbs onto nearby Bi atoms at symmetric sites in the
BSO-Vo model, and during the protonation process, an alternat-
ing hydrogenation pattern involving asymmetric and symmet-
ric sites emerges. However, due to the inherent Schottky barrier
at the Bi/BSO interface, electrons are accumulated on metallic
Bi, inducing alterations in the active sites. This was indeed con-
firmed in temperature-programmed desorption (TPD) measure-
ments of N2 (Figure S19, Supporting Information). BSO exhib-
ited characteristic peaks similar to those reported previously,[27]

whereas the desorption peaks of Bi/BSO showed pronounced
changes.

From the electron density (ED) plots in Figure 6c, one can
see that photogenerated charges initially accumulate at the sur-
face O atoms of the crystal and progressively shift toward metal-
lic Bi, effectively simulating the Schottky barrier effect. To eluci-
date the electron flow pathway and highlight the extent of charge
transfer more clearly, Bader charge analysis was conducted which
reveals 45 additional electrons in Bi/BSO-Vo as compared to
the original structure (Table S2, Supporting Information). The
charge migrates through other nearby O atoms (O35, O39, O54)
around the oxygen vacancies, ultimately transferring to the Bi
metal (Figure 6d). The charge accumulation, in conjunction with
the Schottky junction effect and oxygen vacancies, collectively
dictates the electron flow and facilitates the activation of N2
molecules, endowing Bi/BSO-Vo with an outstanding nitrogen
fixation activity (Figure S20, Supporting Information).

Furthermore, to elucidate the electronic structure and bonding
properties of the catalytic system during the hydrogenation of N2
molecules, the Bi/BSO-Vo model was divided into internal semi-
conductor Bi atoms and externally loaded metallic Bi. The density
of states (DOS) before and after N2 adsorption and activation on
the Bi/BSO-Vo surface was assessed. From Figure 6e one can see
that before N2 adsorption, the surface Bi (Metal Bi) possesses a
larger number of electrons and higher energy compared to the in-
ternal Bi, promoting subsequent electron transfer and bonding.
Upon N2 adsorption, an evident arrangement of the energy level
favorable for 𝜋* orbital interactions in the post-adsorption DOS
is observed, indicating a more dynamic local electronic structure
that enhances N2 activation (Figure 6f). Electron injection causes
the electronic states of N to shift toward lower energy regions
and initiate splitting (Figure 6g). The more interaction with the
𝜋* orbitals, the greater the occupancy, leading to a lower NN bond
order.[56] The energy matching is poor between the Bi metal and
the 𝜎* 2s antibonding orbitals and 𝜎 2p, 𝜋 2p bonding orbitals
below the Fermi level. Meanwhile, the overlap between the Bi
6p and N 𝜋* 2p antibonding orbitals leads to partial occupation
of the formed p-𝜋* orbitals. Electron transfer from the metal to
*N2 thereby weakens the NN bond. In the subsequent protona-
tion process, metallic Bi still maintains a favorable energy level
(Figure S21, Supporting Information), and some electronic states

of the metallic Bi also experience slight reduction, indicating the
effective utilization of photogenerated electrons in the process of
breaking the N≡N bonds. In short, metallic Bi serves as effective
active sites for the enhanced activity toward photocatalytic NRR.

3. Conclusion

In summary, oxygen vacancy-rich Bi/BSO composites were pre-
pared through a one-step hydrothermal process, where BSO
nanoparticles were clustering around Bi nanowires and the
amount of metallic Bi was manipulated by the initial feed of
NaOH. Compared to pure BSO, the Schottky junctions between
Bi and BSO in the Bi/BSO composites facilitated the unidirec-
tional electron flow from the semiconducting BSO to the metal-
lic Bi, leading to a significantly enhanced efficiency of photo-
generated carrier separation. Concurrently, the formation of Bi
nanowires extended the optical absorption of the catalysts to the
visible region, leading to a remarkable enhancement of the pho-
tocatalytic performance toward ammonia synthesis. The com-
bined experimental and DFT computational analyses showed
that the Bi nanowires acted as novel active sites, adsorbing and
activating nitrogen molecules via terminal binding, reducing the
energy barrier of the protonation process, and accelerating the
NRR rate-determining step. Results from this study highlight
the fundamental significance of Schottky junctions in the design
and engineering of nanocomposite catalysts toward aqueous-
phase photocatalytic production of ammonia from nitrogen
reduction.
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Supporting Information is available from the Wiley Online Library or from
the author.
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