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The efficient removal and conversion of nitrate (NO5~) from wastewater is an urgent environmental is-
sue. The catalytic nitrate reduction reaction (NO3RR) process, which involves transferring eight electrons
and nine protons, poses significant challenges in improving hydrogen atom transfer (HAT). In this study,
we synthesized BijOsX; (BOX, X=Cl, Br, I) nanosheets to enhance HAT efficiency by managing halogen
vacancies and optimizing oxidation half-reactions. This approach significantly increased ammonia selec-
tivity. We found that larger halogen radii and higher vacancy concentrations improve water dissociation,
boosting HAT efficiency. Additionally, replacing the challenging water oxidation half-reaction with ethy-
lene glycol (EG) oxidation aligned with NO5~ reduction further improved HAT efficiency, achieving an
NH4* selectivity of 97.2%. Rapid-scan in situ Fourier transform infrared (FT-IR) spectroscopy showed that
iodine-rich vacancy surfaces accelerated the conversion of EG hydroxyl groups into carbonyls, releasing
active hydrogen atoms and suppressing NO,~ formation. This process efficiently converted nitrate to am-
monia, presenting a promising method for photocatalytic NO3RR pollutant resourcing. These findings of-
fer valuable strategies for enhancing the production of reactive hydrogen atoms and effectively managing
nitrate-nitrogen pollution.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The nitrogen cycle is essential for sustaining the ecological
balance between natural ecosystems and human activities [1-3].
However, human activities, such as excessive industrial wastewa-
ter discharge and overuse of nitrogen-based fertilizers, have dis-
rupted this balance, causing eutrophication in aquatic ecosystems.
This leads to the buildup of nitrates and nitrites in water, which
can pose significant health risks [4]. As a result, efficiently remov-
ing nitrates from wastewater has become an urgent environmental
concern [5]. Ammonia is particularly valuable for nitrate removal
and resource recovery because of its importance in fertilizers and
its use as a key raw material in the production of nitrogenous
chemicals [6-11]. The primary method for ammonia production to-
day is the Haber-Bosch process, which is energy-intensive and op-
erates under harsh conditions, making it environmentally unsus-
tainable [12,13]. Thus, finding alternative, energy-efficient, and eco-
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friendly methods for nitrate removal and ammonia production is a
promising avenue for sustainable development [14,15].

The photocatalytic NOsRR provides a sustainable method for
transforming waste nitrates into valuable ammonia by utilizing re-
newable solar energy, which supports nitrogen cycle sustainability
[16,17]. NO3RR is a complex process that requires the transfer of
eight electrons and nine protons (NO3™ +8e™ +9H* — NH3 + 3H,0)
[18-21]. One key challenge in NOsRR is the high demand for
active hydrogen species (H*) [22]. A shortage of H* at catalytic
sites can cause unwanted side reactions, decreasing nitrate conver-
sion efficiency and ammonia selectivity. To enhance NOsRR per-
formance, in aqueous environment, it is essential to design cat-
alysts that efficiently dissociate water at active sites to produce
H*, thus improving reaction efficiency and overall chemical activ-
ity [23-25]. The surface of bismuth oxyhalide materials is capable
of in situ construction of halogen vacancies under light illumina-
tion, and surface hydroxylation induced during the construction of
halogen vacancies is an effective scheme to enhance partial dis-
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Fig. 1. Catalysts characterization and photo-electronic properties testing. (a) XRD pattern. Fitted XPS spectra of Bi 4f (b) and O 1s (c). (d) UV-vis diffuse reflection spec-

troscopy (DRS) spectra. Photocurrent (e) and EIS spectra (f) of BOC, BOB and BOI.

sociation of water molecules and improve HAT efficiency [26-28].
Therefore, rational regulation of the halogen vacancy construction
process on the surface of bismuth oxyhalide materials will effec-
tively enhance the HAT and improve the efficiency of ammonia
synthesis.

The oxidation of water, acting as the oxidation half-reaction in
the nitrate reduction process (NO3RR), presents considerable chal-
lenges in producing reactive hydrogen species. The difficulties stem
from two key factors [29]. First, although water deprotonation is
easily achieved with an appropriate base (pK,=15.74), the high
bond dissociation energy (BDE =118 kcal/mol) and water’s inher-
ent thermodynamic stability make breaking the O-H bond espe-
cially challenging [30,31]. Second, after hydroxyl radicals ("OH) are
formed, they cannot release another hydrogen atom without pro-
ducing a highly reactive oxygen atom [32]. While halogen vacan-
cies can enhance the HAT process, the challenges in the water oxi-
dation half-reaction continue to limit NO3RR efficiency. To address
this issue, replacing water with more easily oxidized organic sub-
strates in the oxidation half-reaction can significantly improve the
process [20,33]. This strategy would improve HAT efficiency and, in
turn, boost ammonia production in NO3RR.

In this study, we synthesized BOX nanosheets to explore how
photoinduced halogen vacancies of varying atomic sizes affect
HAT efficiency and NO5RR performance. By creating dynamic halo-
gen vacancies, we facilitated the partial dissociation of water
molecules, producing reactive hydrogen atoms. The efficiency of
this process increased with larger halogen atomic radii. Addition-
ally, replacing water oxidation with more easily oxidized organic
compounds further boosted HAT efficiency. In situ FI-IR spec-
troscopy in aqueous solution showed that when ethylene glycol
(EG) replaced water in the oxidation half-reaction, surfaces with
I vacancies efficiently promoted the conversion of EG’s hydroxyl
groups to carbonyls, releasing a significant amount of reactive hy-
drogen atoms. This reaction reduced the formation of nitrite (NO,")
as a byproduct, enhancing both conversion rates and the selec-
tivity of the photocatalytic NO3RR. This study clarifies the princi-
ples of dynamically controlling halogen vacancy concentration and
shows that adjusting the oxidation half-reaction greatly improves
HAT efficiency. These findings not only advance ammonia synthe-
sis through NO3RR but also provide valuable insights for design-
ing functional materials that efficiently supply reactive hydrogen
atoms for chemical synthesis.

The crystalline phases of BOC, BOB, and BOI were analyzed us-
ing XRD (Fig. 1a), all the diffraction peaks of the BOB in XRD pat-
terns can be assigned to monoclinic Bi4OsBr, phase (space group
P2;), corresponding to the PDF card #37-0699. In order to compare
the effect of different halogen vacancy configuration differences on
the HAT effect, the synthesized BOC and BOI were synthesized by
keeping the same synthesis conditions as much as possible, and
only replacing KBr with KCl or KI, and the synthesized materi-
als were consistent with BOB in crystal structure from the XRD
results [26,27,34]. XPS measurements were conducted to examine
the surface structures of the synthesized samples. Fig. 1b presents
the Bi 4f XPS spectra for the three samples. The Bi 4f spectra in
Fig. 1b display two prominent peaks, corresponding to the 4f;,
and 4fs, electrons of Bi3+. The Bi 4f peak of BOI shifts significantly
towards lower binding energy compared to BOC and BOB, indicat-
ing that Bi gains more electrons and slightly reduces its chemical
valence as the halogen atom radius increases. In the O 1s XPS spec-
tra (Fig. 1c), the characteristic peaks correspond to lattice oxygen
atoms near the surface (~529.4eV) and surface oxygen (~530.5eV)
[35]. A slight shift towards higher binding energies is observed for
the surface oxygen in BOB compared to BOC and BOI, suggesting a
change in the local chemical environment on the BOB sample’s sur-
face (Figs. S2-S4 in Supporting information). In addition, no obvi-
ous N 1s XPS peaks were detected (Fig. S5 in Supporting informa-
tion), proving that the oleylamine was thoroughly removed during
the synthesis process.

The absorbance properties of the BOX samples were evaluated
using UV-vis diffuse reflectance spectroscopy (UV-vis DRS). As
shown in Fig. 1d and Fig. S6 (Supporting information), the UV-vis
DRS results show that the absorption band edges of BOC, BOB, and
BOI are red-shifted sequentially, indicating improved light absorp-
tion as the halogen atom radius increases. Several characterization
techniques were employed to examine the efficiency of photogen-
erated carrier separation. In order to further investigate the sepa-
ration efficiency of the photogenerated electron-hole pairs of the
materials, transient photocurrent experiments under Xe lamp illu-
mination were performed on three samples. In general, the higher
the separation efficiency of the photogenerated electron-hole pairs,
the stronger the photocurrent. Fig. 1e shows that the transient
photocurrent of BOI is stronger than that of BOB as well as BOC,
which may be due to the narrower bandgap width of BOI that pro-
motes the photogenerated charge separation [36,37]. The Nyquist
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Fig. 2. Photocatalytic efficiency test. (a, b) Photocatalytic activity of the as-synthesized samples for the yield of NH; under NO5~ solution without (a) and with (b) EG.
(c) Cycle photocatalytic performance of BOI. (d-f) Quantitative determination of Cl- (d), Br- (e) and I" (f) concentration in the aqueous solution.

plots acquired from electrochemical impedance spectroscopy (EIS,
Fig. 1f) manifest the smallest arc radius of BOI with lowest charge
transfer resistance and fastest charge transfer rate [38]. To obtain a
quantitative result, the equivalent circuit was fitted and presented
as an inset in Fig. 1f, and the corresponding fitting consequences
were summarized in Table S3 (Supporting information). Rs is con-
sidered as the resistance of the glassy carbon electrode-catalyst in-
terface. Apparently, the gap between the fitted Rs values for differ-
ent photocatalysts does not differ much, indicating that the electri-
cal contact at the glassy carbon electrode-catalyst interface is rela-
tively tight for all photocatalysts. Rct represents the charge transfer
impedance generated during the catalytic reaction and is an impor-
tant parameter for analyzing the catalytic activity of different cat-
alytic materials. The charge transfer resistance values of BOC, BOB,
and BOI are 16.84, 0.76, and 0.29 k2, respectively. BOI has a lower
charge transfer resistance than BOC and BOB signifying an efficient
charge transport in the nanocomposite photocatalyst, which also
makes it easier for I in BOI to obtain electrons to in situ build I
vacancies under light illumination and further promotes efficient
NO3"RR reaction.

After analyzing the structural and absorptive properties of BOX,
the samples were further examined through a photocatalytic ni-
trate reduction test. BOI demonstrated notable photocatalytic ac-
tivity in ammonia synthesis via nitrate reduction, using H,0 as the
proton donor under Xe lamp illumination. NH4* concentration was
measured using ion chromatography (IC). Although halogen vacan-
cies can promote partial H,O dissociation and facilitate the HAT
process, the BOX sample still showed a low NO3~ to ammonia con-
version rate in pure aqueous conditions (Fig. 2a, NH4*-N of the or-
der of pg/L). To enhance active proton concentration, 1 mL of ethy-
lene glycol was added to the reaction precursor to replace the H,O
oxidation half-reaction, which substantially increased the ammo-
nia conversion (Fig. 2b, NH4"-N to the order of mg/L). After 1 h
of illumination, BOI achieved an NH4" yield of 3.47 +0.09 mmol
gcat.” 1 h1, surpassing BOB (2.66 & 0.13 mmol gea ! h1) and signifi-
cantly exceeding BOC (1.21 4 0.08 mmol gcar.~! h!). In addition, the
quantum efficiencies of photocatalytic NO3 RR of the BOI in the
EG-free solution as well as EG solution were also calculated, which
were 0.01% and 0.24 %, respectively, demonstrating that the addi-
tion of EG can substantially enhance the proton transfer efficiency
and the utilization of light has been greatly improved. The cat-
alytic stability of BOI was evaluated through five consecutive cycles

(Fig. 2c and Fig. S9 in Supporting information), where it consis-
tently maintained a high NO3~ removal rate (~90%), demonstrat-
ing excellent long-term stability. In the oxidative half-reaction of
ethylene glycol, the formation of formic acid (Fig. S10 in Support-
ing information) resulted in the faster release of higher concen-
trations of active hydrogen compared to H,O. This enhancement
significantly improved both the conversion rate and selectivity of
NH,4*. In order to verify whether the nitrogen source of the gener-
ated NHj is derived from NOs-, isotope labeling experiments were
performed for BOI. As shown in Fig. S19 (Supporting information),
triple “NH,* and double >NH,* signals were detected in the
NMR spectra using NO3;~ and >NO;~ as the reaction substrates,
verifying that the reactant NO3~ was reduced to NH4* as expected.

The concentrations of Cl- (Fig. 2d) and Br~ ions (Fig. 2e) in the
aqueous phase were measured using anion chromatography (IC),
while I" ions (Fig. 2f) were analyzed by inductively coupled plasma
(ICP-AES). After 1h of illumination, the concentrations of chlo-
ride, bromide, and iodide ions were 0.21+0.03, 3.79+0.27, and
456+0.14 pwmol/L, respectively. The increasing concentrations of
halogen ions from BOC, BOB, and BOI indicate that larger halogen
atoms are more prone to precipitation, leading to higher halogen
vacancy concentrations on the photocatalyst surfaces, which also
matches the morphological structure of the series photocatalysts,
in which the strain on the nanotube surface effectively enhances
the rate of I vacancies construction. The surface halogen vacancy
concentrations of BOC, BOB, and BOI were estimated to be 0.09%
ClV, 0.61% BrV, and 0.81% IV, based on the halogen ion concentra-
tions in the aqueous solution. A clear correlation was established
between halogen vacancy concentration and the NO5;~ photoreduc-
tion efficiency in ammonia synthesis. Importantly, the samples af-
ter the construction of halogen vacancies after light illumination
were able to spontaneously regenerate in an aerobic environment,
showing good structural stability (Fig. S20 in Supporting informa-
tion).

To better understand the mechanisms behind improving
nitrate-to-ammonia conversion and selectivity by adjusting HAT ef-
ficiency, solid-state and in situ liquid electron paramagnetic reso-
nance (EPR) experiments were conducted to analyze the radicals
formed during NO3RR and their role in the reaction. The solid
EPR signals of BOC, BOB, and BOI under illumination are shown
in Fig. 3a. After 10 min of illumination, the signals at g=2.002 in-
creased for all three samples, indicating the formation of surface
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Fig. 3. The generation of reactive radicals during the photocatalytic redox reactions. (a) EPR spectra of as-synthesized samples in darkness and with Xe light illumination for
10 min under N, atmosphere at room temperature. (b) ESR spectra of variation of e captured by TEMPO with Xe light illumination for 10 min. ESR spectra of “OOH (c) and

R~ (d) radicals captured by DMPO with Xe light illumination for 10 min.

vacancies. This corresponds with the increased halogen concentra-
tions in the solution, with BOI showing the highest vacancy con-
centration. TEMPO was then used as a trapping agent to detect the
production and behavior of photogenerated electrons (e, Fig. 3b).
The interaction between e~ and NO;3~ in BOC, BOB, and BOI under
light illumination showed that higher concentrations of dynamic
vacancies lead to different levels of e-h* utilization during the
photocatalytic NOsRR process.

Increased utilization of photogenerated electrons is expected to
enhance oxidation half-reactions, thereby facilitating HAT. Initially,
we confirmed the water oxidation half-reaction in a pure aqueous
NO3~ solution without EG, to identify the radicals formed during
water dissociation. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was
used as a spin trap in a 1 vol¥% water-dioxane solution (Fig. 3c).
BOI exhibited an intense and complex multiplet signal, attributed
to the DMPO-"OOH adduct [39]. The "OOH radicals likely form
from the recombination of the highest concentration of “OH rad-
icals on the BOI surface [40], occurring alongside the creation of
in situ photoinduced I vacancies and enhanced water ionization.
Notably, the BOI surface generates more “OOH radicals, indicat-
ing that increased vacancy concentration further promotes partial
water dehydrogenation after surface vacancy construction is com-
plete. Specifically, adding EG to the reactants resulted in consid-
erable "R radical generation (Fig. 3d), with BOI yielding the high-
est amount of these radicals. This indicates that the high concen-
tration of I vacancies enhances the dehydrogenation of EG during
the reaction, which greatly aids in the transfer of hydrogen atoms
and the reduction of NO3™. The solid ESR results, along with radical
trapping experiments, demonstrated that the rapid construction of
high-concentration halogen vacancies directly enhances HAT effi-
ciency. Furthermore, substituting the oxidative half-reaction from
water oxidation to the more easily executed organic oxidation fur-
ther boosts HAT efficiency, ultimately improving ammonia synthe-
sis via NO3™ reduction.

The mechanism of hydrogen atom extraction from pure water
and EG during the NO3RR process was investigated using in situ FT-
IR spectroscopy under chopper irradiation. The chopper irradiation
process was synchronized with the in situ FT-IR measurements, as
depicted in Fig. S22 (Supporting information). After 20 min of vac-
uum treatment, a drop of NO3~ solution (either pure aqueous or

containing EG) was placed on the BOI film surface. Approximately
0.2MPa of Ar pressure was applied to conduct the in situ FT-IR
test (Scheme S2 in Supporting information). In Figs. 4a-c (pure
NOs3~ solution) and Figs. 4d-f (NO3~ solution with EG), irradiation
by a 355nm laser produced a featureless background absorbance,
increasing steadily between 1200 and 3600cm™! and intensifying
with prolonged exposure.

In a pure NO;3~ solution without EG, characteristic vibrations
are observed: O-NO, asymmetric stretching for NO3~ at 1609 cm™!
[41], antisymmetric stretching vibration of the NO, group from
the chelated nitro configuration at 1298 cm™!, N=0 stretching for
NO," at 1376cm™! [41], and N-H asymmetric deformation for the
final product NH4* at 1474 cm™! [42,43]. After adding EG, the same
characteristic peaks were observed, along with a broad peak near
3050cm™!, attributed to N-H stretching of NH,* [44,45]. The in-
creased intensity of this peak confirms a higher concentration of
NH4+ was produced. Furthermore, it is evident that the peak at
1554cm™! can be attributed to the carbonyl groups, verifying the
dehydrogenation of ethylene glycol and its further conversion to
formic acid.

The normalized absorption intensities for NO3~, NO,, and NH4*
vibrations are shown in Figs. 4g-i. With the addition of EG, the ab-
sorption intensities of NO3~, NO,~, and NH4* increased over time,
particularly for NO3™. This suggests that EG not only avoided com-
peting with NOs~ for surface adsorption sites but also enhanced
NO3~ adsorption on the catalyst. Notably, the increased NO3;~ ad-
sorption did not result in higher NO,~ production. Instead, it ac-
celerated NO5~ reduction directly to NH4*. This indicates that EG
facilitates hydrogen atom transfer, improving NO3~ reduction effi-
ciency for ammonia synthesis.

In summary, NO3™ is a ubiquitous pollutant in industrial and
agricultural wastewater, and value-added photocatalytic reduction
of NO3~ to NH3 can provide sustainable energy, economic and en-
vironmental benefits. This work provides insights into the role of
enhancing photocatalytic HAT efficiency for NO3RR. The in situ con-
struction of halogen vacancies on the surface of BOX promotes the
partial dissociation of H,O in the aqueous system, generating ac-
tive hydrogen atoms to participate in the reduction half-reaction
NO3RR, and further replacing the aqueous oxidation half-reaction
with the more readily carried out glycol oxidation enhances the
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Fig. 4. Mechanistic analysis of photocatalytic NO5- reduction for ammonia synthesis. 3D spectral evolution process of the photocatalytic NO;~ reduction process on BOI under
NOs~ solution without (a) and with (d) EG during all 100 irradiation cycles (0-2300 s). In situ FT-IR spectra of the photocatalytic NO3;~ reduction process on BOI under NO3~
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generation of active hydrogen atoms and significantly improves the
efficiency of NO3RR. Rapid-scan in situ FI-IR analysis confirmed
that the replacement of water oxidation with ethylene glycol ox-
idation on the I-vacancy-rich surface accelerated the oxidation of
hydroxyl groups to carbonyl groups, releasing a large number of
reactive hydrogen atoms. This process inhibited the formation of
the intermediate NO,~ and improved the conversion and selectiv-
ity of photocatalytic reduction of NO3~. This work provides new
insights and guidance for accelerating NO3~ purification or value-
added conversion by modulating HAT efficiency, and provides a
new technological basis for the general application of more ver-
satile photocatalytic systems in environmental and energy-related
fields.
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