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Abstract

Ammonia is an indispensable industrial feedstock, yet its conventional Haber-Bosch ammonia synthesis
remains heavily reliant on energy-intensive high-temperature and high-pressure conditions.
Photocatalytic nitrogen fixation offers a sustainable alternative by utilizing abundant solar energy under
mild ambient conditions. Herein, the effects of metal ion modifications on the photocatalytic nitrogen
fixation and ammonia synthesis performance of bismuth molybdate (BMO) under simulated solar
irradiation were systematically investigated. Notably, the Cu-doped BMO exhibited superior catalytic
activity, achieving a remarkable ammonia evolution rate of 115.78 umol g~ ! under simulated sunlight.
Comprehensive characterizations, including BET, UV-vis DRS, and electrochemical analyses, revealed
that the Cu modification endows the catalyst with an enlarged specific surface area thereby providing
more active sites for subsequent reactions, a broadened optical absorption range the bandgap narrows,
and the concentration of oxygen vacancies increases, and an optimized band structure. Furthermore,
based on the detailed analysis of the structural and photoelectrochemical properties, the underlying
mechanism responsible for the enhanced photocatalytic performance induced by metal ion modification
was elucidated.

1. Introduction

Ammonia is not only an indispensable chemical feedstock for producing various industrial chemicals,
such as fertilizers, but also serves as a crucial clean energy carrier and fuel.(Zhang, Ward et al. 2020,
Deshmukh, Kamble et al. 2024, Yu, Wang et al. 2025). Currently, the Haber-Bosch process remains the
dominant method for industrial NH5 synthesis. However, this process is heavily dependent on harsh

reaction conditions, including high temperatures (450-500 °C) and elevated pressures (> 200 atm),
which culminate in enormous energy consumption and severe environmental issues(Li 2018, Run Shi
2019, Zuo, Su et al. 2023). Consequently, it is highly imperative to explore sustainable alternatives for
NH; synthesis.

In recent years, photocatalytic nitrogen fixation technology has emerged as a promising alternative,
owing to its distinct advantages of mild operating conditions, eco-friendliness, energy conservation, and
sustainability(Xu, Qiu et al. 2018, Chen, Shou et al. 2023, Li, Wang et al. 2023, Tian, Zhao et al. 2024).
However, this process is impeded by several intrinsic challenges. The N, molecule, characterized by an
ultra-high bond energy (941 kJ/mol) and a nonpolar structure, poses formidable obstacles to its
chemisorption and activation(Xiao, Wang et al. 2019, Chen, Liu et al. 2020).. Simultaneously, the rapid
recombination of photogenerated carriers severely limits the improvement of quantum
efficiency(lthisuphalap, Zhang et al. 2018, Run Shi 2019, Ting Sun 2024, Donghui Cui 2025), while the six-
electron reduction process required for photocatalytic N, fixation suffers from a high kinetic energy
barrier(Wu, Tan et al. 2019). Collectively, these factors contribute to the generally suboptimal efficiency
of current photocatalytic nitrogen fixation systems(Yunxuan Zhao 2022).Consequently, the central
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bottleneck of overcoming these limitations lies in the rational design of highly efficient and robust
photocatalysts.

Among various candidates, BMO has attracted extensive attention due to its appropriate band structure,
non-toxicity, eco-friendliness, low cost, abundance, and high stability(Liu, Li et al. 2023, Chuanjiao Wang
2024, Zhenyu Liu 2024). However, the application of BMO in photocatalytic nitrogen fixation is plagued
by multiple critical bottlenecks. Primarily, the lack of effective active sites on its surface results in
exceedingly weak N, adsorption and activation, rendering the cleavage of the inert N = N triple bond
formidable. Furthermore, from a kinetic perspective, the severe recombination and ultrashort lifetime of
charge carriers fail to sustain the sluggish six-electron transfer process. Finally, its inherent bandgap
restricts the solar spectrum absorption range, leading to suboptimal light utilization. Collectively, these
issues result in the intrinsically poor nitrogen reduction activity of BMO(Taoxia Ma 2023). Among the
commonly employed modification strategies, metal doping stands out due to its inherent advantages in
tuning electronic and band structures, enhancing intrinsic activity, and broadening the light absorption
range, thereby exhibiting superior photocatalytic performance(Zeng, Liu et al. 2021, Shen, Shou et al.
2022, Zhang, Li et al. 2022). The efficacy of this structural modulation has been demonstrated across
various photocatalytic applications For instance, Muhammad et al.(Wagar, Imran et al. 2019)
synthesized La-doped BMO photocatalysts using a sol-gel method with sodium dodecyl sulfate as a
surfactant for methylene blue degradation. It was found that the La-doped BMO exhibited a 10%
improvement in the degradation efficiency of methylene blue. Mechanistically, La doping induced a
morphological transformation of BMO from dense rods to highly porous clustered spherical particles,
which contributed to the enhanced catalytic performance.

To date, investigations into metal ion-modified BMO for photocatalytic ammonia synthesis remain
relatively scarce. Herein, this study systematically explored the effects of various metal ion dopants on
the nitrogen fixation and ammonia synthesis performance of BMO. The results indicated that, compared
with undoped BMO, the Cu, Ti, Co, and Sn-modified BMO samples exhibited superior catalytic activities,
achieving ammonia evolution rates of 115.78, 108.66, 90.46 and 85.77 umol g~ ! under simulated
sunlight, respectively. By combining comprehensive characterizations (BET, UV-vis, and electrochemical
analyses), the underlying mechanism for the enhanced catalytic performance of metal ion-modified BMO
was proposed.

2. Materials and Methods
2.1 Preparation of Catalysts

Preparation of metal ion-doped bismuth molybdate: 2 mmol of Bi(NO3)3+5H,0 and 1T mmol of
Na,Mo0,°2H,0 were dissolved separately in 30 mL of ethylene glycol. The Na,Mo0Q, solution was slowly
added dropwise into the Bi(NO3)5 solution under stirring. After stirring for 5 minutes, a certain amount of
the corresponding nitrate or chloride solution was added, and stirred for 1 h. The resulting transparent
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solution was transferred into a 100 mL Teflon-lined stainless-steel autoclave and maintained at 160 °C
for 12 h, followed by cooling to room temperature. The final product was collected by filtration, washed

with water and ethanol, and dried at 60 °C for 12 h to obtain the metal ion-modified BMO.
2.2 Characterization of Catalysts

The crystal structure of the catalysts was characterized using an X'PERT POWDER X-ray diffractometer
(XRD). Fourier transform infrared (FT-IR) spectra were recorded on Bruker Tensor 27 spectrometer over
the range of 500-4000 cm™ ! with a resolution of 4 cm™ . The elemental composition and chemical
states were analyzed via X-ray photoelectron spectroscopy (XPS, AXIS U1tra DLD). The
micromorphology was examined using a Sigma 500 field-emission scanning electron microscope (SEM).
N, physisorption isotherms were measured at -196 °C using a fully automated analyzer to determine the
specific surface area and pore size distribution. Furthermore, the ultraviolet-visible diffuse reflectance
spectra (UV-vis DRS) and photoluminescence (PL) spectra were acquired using a Hitachi UV-3010 UV-vis
spectrophotometer and an FLS920 fluorescence spectrometer, respectively. Finally, to evaluate the
photoelectrochemical properties of the materials, photocurrent responses and electrochemical
impedance spectroscopy (EIS) were measured on a CHI660B electrochemical workstation employing a
standard three-electrode system.

2.3 Evaluation of Photocatalytic Performance for Ammonia
Synthesis

Photocatalytic N, reduction experiment: A 300 W Xenon lamp equipped with an AM 1.5 filter was used

as the light source. Firstly, 25 mg of catalyst was added into a quartz reactor containing 200 mL of a 5%
methanol solution. The system was purged with high-purity nitrogen (50 mL/min) and pre-treated in the
dark for 30 minutes. Subsequently, the Xenon lamp was turned on, and the reactor temperature was
maintained constant by circulating water. Samples were collected at specific time intervals (every 30
min), and the ammonia content was analyzed using a Nessler agent colorimetric method.

3. Results and Discussion

3.1 Photocatalytic nitrogen fixation performance

The nitrogen fixation performance of various metal-ion-doped bismuth molybdate (BMO) samples was
evaluated under simulated sunlight irradiation, and the results are presented in Fig. 1. As shown in
Fig. 1a, after 120 min of reaction, the NH; yields of Cu-BMO, Co-BMOQ, Ti-BMO, and Sn-BMO reached

115.78, 108.66, 90.46, and 85.77 umol g~ ', respectively. In contrast, the undoped BMO exhibited a lower

NH, evolution rate of 82.63 umol g~ '. These results indicate that the doping of Cu, Co, Ti, and Sn
effectively enhances the photocatalytic N, fixation performance.
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This enhancement can be attributed to a synergistic combination of several factors. Firstly, ion metal
doping typically leads to an increased specific surface area, which provides a higher density of surface
catalytic active sites for N, adsorption and reaction. Secondly, the introduced impurity energy levels
effectively inhibit the rapid recombination of photogenerated electron-hole pairs, thereby prolonging the
lifetime of charge carriers. Most importantly, as evidenced in related studies, metal doping induces the
formation of oxygen vacancies (OVs) within the BMO lattice. These OVs serve as active sites that
significantly enhance the chemisorption and activation capabilities for the inert N, molecules, ultimately
lowering the energy barrier for the N = N bond cleavage and boosting the overall nitrogen fixation
performance(Sharma, Kumar et al. 2023, Taoxia Ma 2023, Li, Bao et al. 2025).

Furthermore, the photocatalytic performance under full-spectrum and visible-light (A > 420 nm)
irradiation was compared (Fig. 1c). Notably, the nitrogen fixation efficiency of all catalysts under visible
light was markedly lower than that under full-spectrum light. This indicates that ultraviolet (UV) light
plays a decisive role in this system. This observation is consistent with the optical absorption properties
of the catalysts, which primarily absorb UV light, as will be corroborated by the photogenerated charge
carrier separation results discussed later in Fig. 8a.

The durability and stability of photocatalysts are key factors for evaluating their practical application
performance. After five consecutive cycling tests, Cu-BMO exhibited a marginal decrease in catalytic
activity, which may be primarily attributed to catalyst loss during the recovery process. Furthermore, the
slight activity decay may also stem from minor agglomeration induced by repeated recycling operations,
which adversely affects the specific surface area and the availability of active sites. Nevertheless, Cu-
BMO still exhibited relatively stable nitrogen reduction performance Fig. 2(a).

To verify the source of the generated ammonia, controlled photocatalytic experiments were conducted
under various reaction conditions (Fig. 2(b)). The absence of detectable NHj in either catalyst-free
systems or under an Ar atmosphere unambiguously confirms that the measured ammonia originates
exclusively from the catalytic reduction of N,. Furthermore, the reliability of the quantification was cross-
validated using both Nessler's reagent and the indophenol blue methods (Fig. 2(c)) The resulting
concentrations exhibited agreement with the indophenol blue method yielding marginally lower values.
Considering the complex reaction network of photocatalytic N, fixation, where the formation of N,H,

often serves as a competing side reaction, product selectivity was systematically evaluated (Fig. 2(d))
The negligible N,H, yield indicates that the intermediate species were rapidly converted, confirming the

high selectivity toward NH; of the Cu-BMO catalysts.
3.2 Structure and Morphology Characterization

The crystal structure of the as-prepared samples was characterized by XRD analysis. As depicted in
Fig. 3(a), the distinct diffraction peaks of the undoped BMO at 28.27°, 32.47°, 36.75°, 46.72°, and 55.6°
can be well-indexed to the (131), (200), (151), (202), and (331) crystal planes of orthorhombic Bi,MoOg

(JCPDS No. 77-1246). Notably, following Cu doping, no discernible diffraction peaks corresponding to Cu
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species or secondary phases are detected, indicating that the introduction of Cu does not disrupt the
inherent lattice of BMO. However, a careful examination reveals a systematic shift of the (131) peak
toward lower angles with increasing Cu content (Fig. 3(b)). This distinct lattice expansion
unambiguously confirms the successful incorporation of Cu ions into the BMO crystal lattice.
Furthermore, the Cu-BMO samples exhibit an obvious broadening in the full width at half maximum
(FWHM) compared to pristine BMO. This phenomenon suggests a reduced crystallite size, which could
be reasonably ascribed to the lattice distortion and the consequent strain induced by the insertion of
heterogeneous Cu ions(Mingnv Guo 2026).

Figure 4 presents the FTIR spectra of the BMO and Cu-doped BMO samples. For BMO, the characteristic
absorption bands located between 400 and 900 cm™ ! are primarily associated with the Bi-O, Mo-0, and
Mo-0-Mo bridging stretching and bending vibrations. Specifically, the prominent band at 815 cm™ ' is
assigned to the symmetric stretching mode of the MoOg octahedra (involving apical oxygen atoms),

whereas the peak at 733 cm™ ! corresponds to the asymmetric stretching vibrations of the oxygen atoms
within these octahedra. Additionally, the bands at 547 and 465 cm™ " could be ascribed to the bending
vibrations and the coupled stretching-bending modes of the MoOg units, respectively. Notably, the FTIR
profiles of Cu-BMO exhibit negligible variation compared to those of BMO. This high spectral similarity is
likely due to the extremely low Cu doping concentration (0.12%), which exerts a minimal turbulence on
the chemical bond polarity and the local electronic structure of the host material.

Figure 5 (a) presents the SEM images of BMO, revealing that the sample consists of microspheres with
diameters ranging from 1 to 3 um. These microspheres are constructed by densely packed nanosheets
and nanoparticles, forming a rough hierarchical architecture. This specific morphology is highly desirable
as it provides a large specific surface area and abundant active sites, which are crucial for facilitating the
photocatalytic nitrogen fixation reaction(Liu, Li et al. 2023, Xiong, Peng et al. 2024).

Following Cu doping (Fig. 5(b)), the overall microspherical morphology and hierarchical structure are well
preserved. However, a closer inspection at a higher magnification (20,000x%) reveals that the constituent
building blocks become noticeably smaller and more discretely dispersed. Furthermore, the EDS
elemental mapping of Cu-BMO (Fig. 5(c, d)) demonstrates a relatively uniform spatial distribution of Bi,
Mo, O, and Cu elements throughout the microspheres, which concurrently confirms the successful
incorporation of Cu ions into the BMO.

The pore structure and specific surface area of the samples were evaluated via N, adsorption-desorption
isotherms. As shown in Fig. 6, both samples exhibit type IV isotherms with distinct H3 hysteresis loops
at a relative pressure (P/P,) range of 0.6-1.0. This indicates the presence of a mesoporous structure,
which is well-supported by the corresponding pore size distribution curves. Furthermore, the undoped
BMO possesses a specific surface area of 22.84 m?-g” ! and an N, adsorption capacity of 80.67 cm3g~
1. Following Cu doping, these values increase to 27.26 m?.g” ' and 92.67 cm3g™ ', respectively. This
enhancement in textural properties could be attributed to the reduced particle size and looser packing
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architecture observed in the SEM images (Fig. 5). Ultimately, the enlarged specific surface area and
enhanced N, adsorption capacity of Cu-BMO create more favorable conditions for mass transfer and the

subsequent surface catalytic reduction of N,.

3.3 Chemical composition

To elucidate the surface chemical composition and elemental states, XPS characterization was
conducted on both BMO and Cu-BMO. As depicted in Fig. 7(b), the Bi 4f spectrum of BMO displays two
strong peaks at 159.1 eV and 164.8 eV, corresponding to Bi 4f 5, and Bi 4f g, respectively. Similarly, the
Mo 3d 5/, and Mo 3d 3/, signals of BMO are located at 232.1 eV and 235.5 eV (Fig. 7c). Notably,
following Cu doping, while the overall spectral profiles remain largely consistent, indicating the
preservation of the primary valence states, and the characteristic peaks for both Bi and Mo in Cu-BMO
synchronously shift toward higher binding energies. This systematic shift indicates the successful Cu
incorporation into the lattice, where the substitution-induced electronic interaction causes an electron
density decrease in the neighboring Bi and Mo atoms(Sharma, Kumar et al. 2023) (Mingnv Guo 2026).

Furthermore, the O 1s XPS spectra (Fig. 7(d)) can be deconvoluted into three peaks at 531.8, 530.8, and
529.9 eV, which are assigned to surface hydroxyl groups, oxygen vacancies ( 0,), and lattice oxygen,
respectively. The introduction of Cu, with its distinct ionic radius, inevitably triggers lattice distortion.
This structural deformation destabilizes local chemical bonds, thereby promoting the generation of
abundant O, on the catalyst surface(Zhang, Zhang et al. 2022). Ultimately, these structural and electronic

modulations synergize that the optimized electronic structure facilitates the separation of
photogenerated charge carriers and improves the adsorption energy of intermediates, while the enriched
O, serve as highly active sites to effectively capture and activate inert N, molecules. Together, they
significantly boost the overall photocatalytic nitrogen fixation performance(Zhang, Gu et al. 2021, Li,
Kong et al. 2026, Zhenke Fan 2026).3.4 Optical property

UV-vis diffuse reflectance spectroscopy (DRS) was employed to investigate the optical properties of the
catalysts. As illustrated in Fig. 8 (a), the absorption edge of the undoped BMO was located at
approximately 490 nm. Upon Cu doping, the absorption edge of the catalyst exhibited a distinct red shift,
indicating an enhanced visible light absorption capability of the Cu-BMO catalyst(Chandrappa, Galbao et
al. 2023). The UV-vis DRS data were transformed into bandgap energy plots using the Kubelka-Munk
function (Fig. 8 (b)). The narrowing of the bandgap following Cu doping could be primarily attributed to
the increased concentration of oxygen vacancies(Mingnv Guo 2026) Such modification improved the
optical properties of the photocatalyst, facilitating the generation of electron-hole pairs and
consequently promoting the photo response process(Li, Zhou et al. 2020). Figure 8 (c) displays the
valence band (VB) XPS spectra of the samples, where the x-axis intercept indicates the position of the
VB. The VB potentials of BMO and Cu-BMO were determined to be 2.14 and 2.16 eV, respectively. By
combining the Eg and VB values derived from VB-XPS and UV-vis DRS, the corresponding electronic
band structures were constructed (Fig. 8 (d)). Based on the experimentally determined bandgap values,
the CB potentials of BMO and Cu-BMO were calculated to be -0.17 and - 0.09 eV, respectively. Notably,
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compared to undoped BMO, the CB edge of Cu-BMO undergoes an upward shift towards more positive
potentials, which is consistent with both experimental characterizations and theoretical calculations.
Although this positive shift is thermodynamically unfavorable for the reduction of N,, it does not
compromise the overall nitrogen reduction performance. Instead, the remarkably enhanced activity can
be attributed to the synergistic effects of accelerated charge transfer, abundant oxygen vacancies, and
an enlarged specific surface area. These factors collectively drive ultrafast charge separation dynamics
and robust N, adsorption, effectively overcoming the thermodynamic limitation.

3.4 Electrochemical Performance Analysis

Electrochemical impedance spectroscopy (EIS) was conducted to evaluate the charge transfer and
separation efficiency of the catalysts (Fig. 9(a)). Notably, Cu-BMO exhibited a significantly smaller
semicircle in the Nyquist plot, indicating a lower charge transfer resistance compared to BMO. This
reduction in resistance reflects a decreased transport barrier for photogenerated charge carriers within
the material bulk. Such unimpeded charge migration pathways effectively suppress electron-hole
recombination and prolong carrier lifetime. Consequently, a larger population of active photogenerated
charges could efficiently enrich at the catalyst surface to drive the reaction, thereby significantly
enhancing the overall photocatalytic efficiency.(Pradhan, Bariki et al. 2024, Hou, Han et al. 2025) .

Figure 9(b) presents the photoluminescence (PL) spectra of BMO and Cu-BMO. Notably, a significant
quenching of the PL peak intensity is observed upon Cu doping. This decrease in fluorescence emission
indicates the effective suppression of photogenerated electron-hole recombination, demonstrating that
the introduction of Cu species profoundly prolongs the charge carrier lifetime and facilitates their spatial
separation and transport.

Figure 9 (c) displays the photocurrent response curves of BMO and Cu-BMO. The Cu-doped BMO
demonstrated a higher photocurrent response, directly indicating superior charge separation efficiency,
which is consistent with the PL and EIS analyses. Notably, both samples exhibit characteristic transient
spikes followed by a gradual decay upon both illumination onset and interruption. This distinctive
charging and discharging profile resembles the behavior of a pseudo capacitor(Wang, Wang et al. 2012).
Physically, this phenomenon reflects the rapid accumulation and subsequent depletion of
photogenerated electrons at the electrode/electrolyte interface. At the mechanistic level, this behavior
can be attributed to the dynamic electron mediator role played by the doped Cu ions. Specifically, the Cu
active sites facilitate a continuous electron capture-release cycle through reversible valence state
variations: under illumination, photogenerated electrons are initially captured by high-valence Cu ions
(Cu?*) and reduced to low-valence states (Cu*); subsequently, these reduced species transfer the
trapped electrons to the reaction substrates (e.g., N,), concurrently being re-oxidized to their initial high-
valence states(Li, Bao et al. 2025).Collectively, the PL, EIS, and transient photocurrent analyses
consistently demonstrate that Cu doping optimizes the charge carrier dynamics of the catalyst. By
effectively prolonging the charge carrier lifetime and reducing the charge transfer resistance, Cu-BMO
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establishes a highly efficient internal charge transport network, which serves as the fundamental driving
force for its remarkably enhanced photocatalytic nitrogen fixation performance.

Figure 10(a) presents the cyclic voltammetry (CV) curves of the catalysts scanned at a rate of 120 mV
s, where Cu-BMO exhibits the highest current density, consistent with the EIS results. To quantitatively
evaluate the electrochemically active surface area (ECSA), CV measurements were performed at various
scan rates ranging from 20 to 120 mV s~ (Fig. 10(b)). As depicted in Fig. 10(c), the capacitive current
differences ( A j) were plotted against the scan rates. The significantly steeper slope obtained for Cu-
BMO indicates a substantially larger ECSA compared to BMO. This expansion in active area can be
attributed to the introduction of heterovalent Cu ions, which generates abundant active sites that are
highly favorable for the adsorption and activation of H,0 and N, molecules.

4. Conclusions

In summary, a series of metal-ion-doped BMO photocatalysts were successfully fabricated via a
hydrothermal route, with Cu-BMO exhibiting the most pronounced enhancement in photocatalytic N,
fixation. Systematic characterizations reveal that Cu doping triggers multi-dimensional optimization of
the catalyst. Morphologically, it induces a looser architecture, enlarging the specific surface area and
enriching mesoporous structures, which boosts the adsorption capacity for N, molecules. Electronically,
the introduction of Cu species narrows the bandgap for extended visible-light harvesting, while the
generated oxygen vacancies and heterovalent Cu ions act as dynamic electron mediators. This
synergistic structural and electronic modulation establishes an efficient charge migration network, as
evidenced by significantly suppressed carrier recombination and accelerated charge transfer. Ultimately,
the combined effects of robust reactant adsorption, enhanced light absorption, and optimized charge
kinetics synergistically contribute to the ammonia synthesis activity of Cu-BMO.
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Figure 1

(a) Ammonia production rates of different catalysts under simulated solar irradiation; (b) Ammonia yield
of the catalyst within 60 min under simulated solar irradiation; (¢) Ammonia production under different

light irradiation conditions.
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(a) Cycling stability results of Cu-BMO; (b) Experimental results under different conditions; (c)
comparison of different detection methods; (d) Products selectivity results ..
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Figure 4

FTIR spectra of BMO and BMO doped with different metal ions
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Figure 5

SEM images of BMO (a) and Cu-BMO (b), respectively; (c-d) EDS mapping and EDS Spectrum of Cu-BMO.
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Figure 6

(a, b) BET results of BMO and Cu-BMO, respectively.
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(a) EIS curves of the catalysts; (b) PL spectra of the catalysts; (c) photocurrent response curves.
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(a) CV curves of the catalysts; (b) CV curves of Cu-BMO at different scan rates; (c) ECSA curves.
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