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A B S T R A C T

Photocatalytic nitrogen reduction to produce ammonia under ambient conditions is a promising green route. In
this study, we demonstrate that one-dimensional (1D) TiO2 nanobelts, prepared via a facile hydrothermal
method, can convert gaseous dinitrogen to ammonia in pure water under light irradiation. The photocatalytic
ammonia production performance of TiO2 nanobelts can be further enhanced through acid corrosion treatment,
which generates secondary nanostructures. These surface nanostructures serve as potential catalytically active
sites for nitrogen adsorption and reduction. Both photoelectrochemical measurements and photoluminescence
spectra confirm that the optimized TiO2 nanobelts exhibit improved charge separation. Given their excellent
stability and unique 1D nanostructure, acid-corroded TiO2 nanobelts are a promising support material for
constructing high-performance composite photocatalysts for nitrogen fixation.

1. Introduction

Ammonia, one of the most essential industrial chemicals, is primarily
produced through two pathways: the natural biogeochemical nitrogen
cycle and the energy-intensive Haber-Bosch process [1]. While the
former cannot meet the growing demand driven by population growth
and economic development, the latter raises significant environmental
and energy sustainability concerns [2,3]. Photocatalytic nitrogen fixa-
tion, which utilizes solar energy to convert atmospheric nitrogen to
ammonia under ambient conditions, has emerged as a promising green
alternative [4]. This process shares fundamental mechanisms with
photocatalytic water splitting [5,6], involving: (1) light absorption by
photosensitizers, (2) generation of electron-hole pairs, (3) charge sepa-
ration and transport, and (4) interfacial redox reactions [7,8]. However,
nitrogen fixation presents greater challenges due to the high energy
barrier of N≡ N bond dissociation (941 kJ mol− 1) and the low solubility
of N2 in aqueous systems [6,9].
Recent years have witnessed remarkable progress in both photo-

catalyst development and mechanistic understanding [10–13]. Never-
theless, the search for more efficient photocatalysts remains an active

research frontier [6,14–16]. The reduction process relies on photo-
generated electrons from the photocatalyst's conduction band, where
reducing power is determined by the energy difference between the
conduction band minimum (CBM) and the N2/NH3 redox potential
(− 0.092 V vs. SHE at pH 7). Thermodynamically, the CBMmust be more
negative than the N2/NH3 potential, while the valence band maximum
(VBM) should be more positive than the H2O/O2 potential (1.23 V vs.
SHE) [6]. Although higher CBM positions enhance reducing capability,
they typically require wider bandgap semiconductors (e.g.,TiO2 [17,
18], diamond [19] and GaN nanowires [20]), that only absorb UV light
(<5 % of solar spectrum) [5]. Beyond their limited light absorption
range, the primary challenges faced by these wide-bandgap semi-
conductors in photocatalytic nitrogen fixation also encompass low
charge separation efficiency, high energy barriers for nitrogen activa-
tion, and competing side reactions [21]. Current research strategies
primarily address these issues through elemental doping, construction of
heterojunctions, and the introduction of defects [22]. However, rela-
tively little attention has been devoted to enhancing the UV activity and
improving charge separation efficiency in wide-bandgap semiconductor
catalysts via structural modulation [23].
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Nanostructured TiO2 has been extensively studied for environmental
and energy applications [24–27]. The pioneering report of photo-
catalytic ammonia synthesis used Fe-doped TiO2 [28]. In comparison
with particulate TiO2, one-dimensional TiO2 nanobelts demonstrate
distinct advantages in photocatalytic nitrogen fixation, primarily due to
their ability to synergistically address two fundamental challenges,
including efficient charge separation and effective nitrogen activation.
The high aspect ratio and well-ordered structure of these nanobelts
provide a direct and rapid transport pathway for photogenerated elec-
trons, thereby significantly suppressing electron-hole recombination
and enabling more electrons to participate in the nitrogen reduction
process. Furthermore, the one-dimensional architecture offers a large
specific surface area along with abundant edge and defect sites, which
facilitate the adsorption and activation of the highly stable N2 molecules
[29]. Notably, Zhang et al. successfully achieved the conversion of N2 to
NH3 under visible and near-infrared light without sacrificial agents by
employing defective TiO2 nanobamboo arrays, achieving a high selec-
tivity NH3 production rate of 48.3 mg m− 2 h− 1 [30].
This study introduces a hydrothermal acid-etching method to engi-

neer surface nanostructures on TiO2 nanobelts, significantly enhancing
their photocatalytic nitrogen reduction activity. Mechanistic

investigations reveal that the created surface structures promote inter-
facial charge transfer and accelerate surface reaction kinetics. Our
findings provide a viable strategy for developing high-performance
ammonia synthesis catalysts.

2. Experimental

2.1. Photocatalysts preparation

TiO2 nanobelts were synthesized via a hydrothermal method
following previously reported procedures [31,32], as outlined in
Scheme 1a. Briefly, 0.3 g of P25 TiO2 was homogeneously mixed with
60 mL of 10 M NaOH solution, transferred into a 100 mL Teflon-lined
stainless-steel autoclave, and heated at 180 ◦C for 48 h. The resulting
product was collected by filtration and subjected to ion exchange by
dispersion in 500 mL of 0.1 M HCl aqueous solution for 48 h (repeated
twice). After thorough washing with deionized water, the material was
dried at 70 ◦C for 12 h. For hydrothermal acid corrosion, 0.3 g of the
as-synthesized sample was treated with 20 mL of 0.02 M H2SO4 aqueous
solution at 100 ◦C for varying durations (6–24 h). The acid-treated
products were washed, dried (70 ◦C, 12 h), and annealed in air at

Scheme. 1. The schematic illustration of (a) the synthetic process of acid-corroded 1D TiO2 nanobelts and (b) experimental setup for the investigation of the
photocatalytic nitrogen fixation.
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600 ◦C for 2 h to remove residual organic impurities. The final samples
were labeled as TiO2-6 h, TiO2-12 h, and TiO2-24 h based on corrosion
time.

2.2. Characterization

The morphological features of the synthesized TiO2 were charac-
terized using scanning electron microscopy (SEM, FEI Apreo + HiVac)
and transmission electron microscopy (TEM, JEOL 2100F). The specific
surface area was determined by nitrogen adsorption-desorption mea-
surements using an Automated Surface Area & Pore Size Analyzer
(Quantachrome Autosorb iQ). Crystal structure analysis was performed
via powder X-ray diffraction (XRD, Bruker D8 Advance) with Cu Kα
radiation (λ = 1.5406 Å). Raman spectroscopy measurements were
conducted on a Renishaw inVia spectrometer with 532 nm laser exci-
tation. The origin of ammonia was verified by 15N isotope labeling ex-
periments using nuclear magnetic resonance spectroscopy (NMR, Bruker
Avance 800). Surface defect characterization was carried out by electron
spin resonance spectroscopy (ESR, Bruker EMXplus-6/1) at 77 K. UV–vis
diffuse reflectance spectra were recorded on a Hitachi UH4150 spec-
trophotometer using BaSO4 as a reflectance standard. Photo-
luminescence spectra were acquired at room temperature using a
Renishaw inVia spectrometer with 325 nm laser excitation.

2.3. Photocatalytic N2 fixation study

The photocatalytic performance of the synthesized TiO2 was evalu-
ated in a stainless-steel autoclave equipped with a thick quartz window,
using a 300 W Xe lamp as the light source (Scheme 1b). Specifically, 30
mg of the TiO2 photocatalyst was ultrasonically dispersed in 30 mL of
ultrapure water, followed by magnetic stirring for 15 min to ensure
homogeneity. The suspension was transferred into the autoclave, and
the system was purged with ultrapure N2 (flow rate: 100 mL min− 1) via
multiple vacuum-refill cycles prior to illumination. During the photo-
reaction, a continuous N2 flow was maintained, and the setup was
temperature-controlled at 15 ◦C using a circulating water system. After
1 h of irradiation, the concentration of photogenerated ammonia was
quantified by the indophenol blue method.

2.4. Detection of ammonia

The calibration curve for the indophenol-blue method was made
firstly before the measurement of the photocatalytic produced ammonia.
The standard NH4Cl solution with the concentration of 0, 1, 2, 4, 6, 8,
16, 24 μmol L− 1 was prepared, respectively (Fig. S1). Then the standard
solutions (4 mL), salicylic acid (0.4 mL, 1.0 M in 1.17 M NaOH solution),
sodium nitroprusside (0.025 mL, 1 wt%) and NaClO (0.025 mL, avail-
able chlorine content 0.35 wt% in 0.7 M NaOH), were sequentially
added into the brown bottles, which were allowed to react in the dark for
1.5 h to achieve complete color development. Similarly, the photo-
catalytic produced ammonia was determined via this process that taking
the photocatalytic reaction dispersion (3 mL) from the autoclave reactor
and removing the catalyst by centrifugation. Afterwards, the obtained
solutions reacted with the above solution of salicylic acid, sodium
nitroprusside and NaClO, for 1.5 h in the dark at the room temperature.
Then the amount of the produced ammonia was detected by evaluating
the absorbance at 679 nm of the solution using the UV–vis spectro-
photometer. 50 mg catalyst dispersed in 50 mL of ultrapure water,
replaced the gas in the cavity with Ar for three times, introduced
15N2/14N2 to atmospheric pressure, after 5 h of light, the pH value of the
solution was adjusted to 2 with 2.5 M sulfuric acid, 0.4 mL of acidified
solution was added to 0.1 mL of DMSO-d6 solution, and the mixed so-
lution was tested by 1H NMR. Take 30 μL of sample, add 30 μL of DMPO,
mix well, and put it into the EPR sample cavity for superoxide and hy-
droxyl radical testing.

2.5. Photoelectrochemical measurements

Photoelectrochemical measurements were performed using a three-
electrode configuration with a Solartron XM electrochemical worksta-
tion in 1MNaOH electrolyte. A Pt plate and Hg/HgO electrode served as
the counter and reference electrodes, respectively. The working elec-
trode was fabricated using electrophoretic deposition in a two-electrode
system. Specifically, 25 mg of catalyst were dispersed in 25 mL of
acetone via sonication for 2 h, followed by the addition of 6 mg iodine
under continuous magnetic stirring to ensure complete dissolution. Two
FTO substrates (1.2 × 2 cm) were immersed in the resulting suspension,
and a 10 V DC potential was applied for 5 min to deposit the catalyst.
The coated FTO electrodes were vacuum-dried at 80 ◦C for 3 h to remove
residual solvents. Electrical contacts were established by attaching
copper wires to the FTO using silver paste, and insulated with AB epoxy.
Mott-Schottky analysis was conducted in the dark over a potential range
of − 1 to 0 V (vs. Hg/HgO) using a 10 mV AC amplitude at 1320 Hz. The
photocurrent response was evaluated at open-circuit potential under
steady illumination.

3. Results and discussion

The morphology of the prepared samples was characterized by SEM
(Fig. 1a–d). Pristine TiO2 nanobelts (without acid corrosion) exhibit
smooth surfaces and typical lengths of several microns. As the acid
corrosion duration increases, the nanobelt surfaces become progres-
sively rougher. After 24 h of treatment, the belt-like structure fragments
into particulate morphology. Statistical analyses of nanobelt widths and
particle sizes are provided in Fig. S2.
TEM analysis further reveals structural details (Fig. 1e–h). Fig. 1e

confirms the nanobelt morphology, while Fig. 1f shows HRTEM lattice
fringes with a spacing of around 0.34 nm, corresponding to the (101)
plane of TiO2 with a [101] growth direction. The TiO2-12 h sample re-
tains its nanobelt morphology but displays significantly roughened
surfaces (Fig. 1g). Acid-corroded nanobelts maintain the same 0.34 nm
lattice spacing as pristine samples (Fig. 1h), but exhibit distinct grain
boundaries. TEM imaging of acid-etched nanobelts further confirms
surface defects, revealing a substantial increase in grain boundaries
between newly formed nanoparticles and between nanoparticles and
residual nanobelts (Fig. S3).
The crystalline phase and structure were characterized by XRD and

Raman spectroscopy (Fig. 2a and b). As shown in Fig. 2a, pristine TiO2
nanobelts and TiO2-6 h exhibit mixed phases of anatase (JCPDS:
78–2486) and TiO2(B) (JCPDS: 46–1237) [31]. In contrast, TiO2-12 h
and TiO2-24 h display pure anatase phase. Raman spectroscopy cor-
roborates these findings that the disappearance of TiO2(B) vibration
modes (Fig. 2b) confirms the mixed-phase nature of pristine TiO2 and
TiO2-6 h, while TiO2-12 h and TiO2-24 h show exclusively anatase sig-
natures [33,34]. Crystallite sizes of nanoparticles were calculated using
the Scherrer equation based on XRD data (Table S1).
Fig. 2c shows the UV–vis DRS spectra. All the TiO2 samples show

sharp absorption edges at about 380 nm. Indicating that the acid
corrosion treatment has no effect on the optical properties. Fig. 2d is the
corresponding Tauc plots, from which we can see that the samples have
the same bandgap of 3.2 eV, only response to UV light irradiation [35].
Characterizing the specific surface area is crucial for understanding

the potential performance of TiO2 in applications on photocatalysis, as it
directly influences reactant adsorption capacity and active site density.
To quantitatively assess this key parameter, we performed nitrogen
adsorption/desorption isotherm measurements at 77 K on both the
pristine and acid-corroded TiO2 samples, using the well-established
Brunauer-Emmett-Teller (BET) theory. The calculated BET specific sur-
face areas revealed a pronounced and consistent upward trend directly
correlated with the duration of acid corrosion treatment. The pristine
TiO2, serving as the baseline, exhibited a specific surface area of 39.9 m2

g− 1. This value is characteristic of the initial, untreated material
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morphology. Upon subjecting the TiO2 to acid corrosion for 6 h (TiO2-6
h), the specific surface area increased measurably to 44.8 m2 g− 1,
indicating that the acid exposure had begun to modify the surface
texture. Extending the corrosion duration to 12 h (TiO2-12 h) resulted in
a significantly higher specific surface area of 62.1 m2 g− 1, representing a
substantial increase of approximately 56 % compared to the pristine
material. The maximum surface area was attained after the longest
corrosion period of 24 h (TiO2-24 h), reaching 68.1 m2 g− 1. This final
value corresponds to an impressive 71 % enhancement relative to the
untreated TiO2. The complete dataset is systematically presented in
Table 1.
This progressive increase in specific surface area with extended acid

exposure time is not merely a numerical observation; it provides strong
quantitative evidence for significant microstructural and morphological
alterations induced by the corrosive process. Acid corrosion typically
acts by creating surface roughness and longer exposure times allow
these etching mechanisms to proceed further. Consequently, the rising
BET values directly reflect the creation of a more complex and extended

surface architecture. The observed trend aligns perfectly with the
distinct morphological evolution visualized through techniques such as
SEM (Fig. 1a–d) and TEM (Fig. 1e–h) images. These images show
increasing surface pitting, roughening, and particle fragmentation as
corrosion time lengthens. The agreement between the quantified surface
area increase (BET) and the qualitative/quantitative morphological
analysis underscores the effectiveness of acid corrosion as a method for
tailoring the textural properties of TiO2. This enhanced surface area is
expected to significantly impact the material's functional performance
by providing more sites for interfacial reactions in its intended appli-
cations. The data unequivocally demonstrates that acid corrosion
duration is a critical and controllable parameter for modulating the
specific surface area of TiO2.
The photocatalytic nitrogen reduction reaction performance of the

synthesized TiO2 samples (pristine and acid-corroded variants) was
rigorously evaluated in ultrapure water without sacrificial agents using
a custom-designed photoreactor [36,37], wherein a 300-W xenon lamp
with AM 1.5G filter provided simulated solar irradiation. Prior to

Fig. 1. Morphology characterization. (a–d) Typical SEM images of (a) pristine TiO2 nanobelts and samples after acid corrosion for (b) 6 h, (c) 12 h, and (d) 24 h.
(e–h) TEM and HRTEM images of (e,f) pristine TiO2 and (g, h) TiO2-12 h.
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illumination, the suspension was purged with high-purity N2 to ensure
oxygen-free conditions and N2 saturation. Photocatalytically generated
ammonia was quantified via the indophenol blue method [15,36].
Fig. S1 demonstrates the absorbance spectra and visible color gradation
for standard NH4Cl solutions, confirming the linear correlation between
chromophore intensity and NH4+ concentration. The absorbance peak at
679 nm was utilized to establish a calibration curve as shown in Fig. 3a,
enabling precise determination of ammonia concentrations in experi-
mental samples (Fig. 3b).
The results revealed a non-monotonic dependence of activity on acid

corrosion duration that pristine TiO2 exhibited a baseline production
rate of 123.9 μg gcat− 1 h− 1, while TiO2-6 h showed reduced activity (96.8
μg gcat− 1 h− 1), suggesting initial surface disruption. Strikingly, TiO2-12 h
achieved optimal performance at 219.9 μg gcat− 1 h− 1, which enhanced 77
% versus pristine TiO2, and significantly surpassing TiO2-24 h (77.0 μg
gcat− 1 h− 1). This demonstrates that controlled acid corrosion effectively
enhances photocatalytic nitrogen reduction reaction performance, with
TiO2-12 h delivering peak activity likely due to optimized surface
properties balancing increased active sites and structural integrity.
Critically, control experiments (Fig. 3c) verified the photocatalytic
origin of ammonia. The results showed negligible ammonia under dark
conditions (catalyst and N2) and minimal yield without catalyst (light
and water), but almost 5 times NH3 yield enhancement under illumi-
nation conditions (catalyst, N2 and light), which confirmed photo-
catalytic origin of ammonia. The ammonia in ultrapure water is close to

the values reported in literatures [38,39]. The stability of a catalyst is a
crucial performance indicator for evaluating its reusability. As shown in
Fig. 3d, the TiO2-12 h sample maintained its photocatalytic nitrogen
fixation activity through five consecutive cycling tests with only a slight
decrease in performance, demonstrating its relatively stable photo-
catalytic characteristics.
Following three consecutive photocatalytic reaction cycles, the

harvested TiO2-12 h photocatalyst was isolated from the suspension via
centrifugation, washed thoroughly, and subjected to comprehensive
structural characterization. XRD analysis reveals no detectable phase
transformations or lattice alterations in the recycled material (Fig. 4a).
High-resolution transmission electron microscopy (HRTEM) imaging
unambiguously confirms the preserved belt-like nano-structural
morphology without visible degradation or aggregation (Fig. S4).
Furthermore, Raman spectroscopic examination (Fig. 4b) demonstrates
completely maintained characteristic vibration modes, indicating un-
disturbed chemical bonding configurations after cycling. This multi-
technique analytical evidence collectively attests to the exceptional
structural integrity and operational stability of the TiO2-12 h photo-
catalyst under prolonged reactive conditions.
To unambiguously confirm the nitrogenous origin of the generated

ammonia, we performed comprehensive isotope labeling experiments
using both 15N2 and 14N2 as feed gases. These isotopic tracers allow for
definitive identification of nitrogen sources through their distinct nu-
clear magnetic resonance signatures. As shown in Fig. 5a, we first
established a reference system by acquiring 1H NMR spectra of 15NH4Cl
standard solutions (dissolved in maleic acid buffer) across a concentra-
tion gradient from 30 to 120 μmol L− 1. The characteristic doublet peaks
of 15NH4+ at δ = 6.86 and 7.05 ppm were clearly resolved, with their
chemical shifts and coupling patterns serving as diagnostic fingerprints.
The quantitative calibration curve in Fig. 5b was constructed by corre-
lating the integrated peak area at 7.05 ppm with known 15NH4+ con-
centrations, exhibiting excellent linearity across the tested range.
Following photocatalytic reactions, 1H NMR analysis of the reaction

Fig. 2. Crystalline phase and optical characterizations: (a) XRD patterns, (b) Raman spectra, (c) UV–vis diffuse reflectance spectra (DRS), and (d) corresponding Tauc
plots derived from (c).

Table 1
BET specific surface area of the catalysts.

Samples BET surface area (m2 g− 1) Morphology

TiO2 39.9 Nanobelts
TiO2-6 h 44.8 Nanobelts with less particles
TiO2-12 h 62.1 Nanobelts with more particles
TiO2-24 h 68.1 Fractured nanobelts
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solutions revealed striking isotopic differences. Systems fed with 15N2
displayed the characteristic 15NH4+ doublet pattern, while 14N2-fed
controls exhibited the expected 14NH4+ triplet centered at 7.10 ppm
(Fig. 5c) [40]. The absence of signal cross-contamination and the match
with standard references provide irrefutable evidence that the detected
ammonia originates exclusively frommolecular nitrogen fixation, rather
than potential nitrogen contaminants in the reaction system.
To identify the surface defects, XPS analysis was conducted. The O 1s

spectrum (Fig. S5b) can be deconvoluted into multiple components. The
peak at 532.68 eV corresponds to surface hydroxyl groups (-OH)
generated by acid corrosion, while the peak at 531.64 eV is attributed to
oxygen vacancies (OVs) in the TiO2-24 h sample. This confirms that acid
corrosion successfully introduces abundant OVs and modifies the sur-
face chemistry. Correspondingly, the Ti 2p spectrum (Fig. S5c) shows
characteristic peaks of Ti4+ at 465.88 eV and 459.28 eV. These results
confirm that OVs are the crucial defect sites responsible for improving
charge separation and N2 adsorption [41]. To systematically investigate
the abundance and distribution of surface defects in the photocatalyst,

we employed electron spin resonance (ESR) spectroscopy to characterize
transient free radical intermediates, particularly reactive oxygen species
(ROS) generated during photocatalytic processes. As illustrated in
Fig. 6a and b, the ESR spectra clearly demonstrate the formation of two
critical radical species: hydroxyl radicals (⋅OH) and superoxide radicals
(⋅O2− ). The highly polar nature of Ti-O bonds in TiO2 induces strong
surface polarization effects, which promote the dissociation of adsorbed
water molecules and subsequent generation of these radical species
through proton-coupled electron transfer processes. Control experi-
ments conducted in the absence of light showed no detectable signals for
either ⋅O2− or ⋅OH, confirming the photoinduced nature of radical gen-
eration. Under visible light irradiation, characteristic four-line ESR
spectra with 1:2:2:1 quartet for DMPO-⋅OH and 1:1:1:1 quartet for
DMPO-⋅O2− , respectively, were observed [42]. These results provide
direct evidence for the photogeneration of both radical species during
illumination. The presence of surface defects creates localized
electron-rich regions that facilitate substantial negative charge accu-
mulation on the TiO2 surface. This phenomenon significantly enhances

Fig. 3. Photocatalytic nitrogen fixation performance. (a) Ammonia calibration curve. (b) Ammonia production yield. (c) Control experiments confirming the
photocatalytic origin of ammonia enhancement. Illumination means ultrapure water and catalyst under light (1 h, continuous N2 bubbling). Dark means identical to
“Illumination” without light. Water means ultrapure water without catalyst (N2 bubbled for 1 h). (d) Cyclic photocatalytic tests demonstrating TiO2-12 h stability.

Fig. 4. Structural analysis of retrieved TiO2-12 h photocatalyst after cyclic stability tests (see Fig. 3d). (a) XRD patterns. (b) Raman spectra.

G. Liu et al. Progress in Natural Science: Materials International 36 (2026) 84–93

89



efficient separation of photogenerated electron-hole pairs (shown also in
Fig. 7a) and improved interfacial charge transfer kinetics. Collectively,
these effects synergistically promote the multi-electron reduction of
nitrogen to ammonia while suppressing charge recombination losses.
Our photocatalytic experiments demonstrate that TiO2 nanobelts

exhibit activity for nitrogen reduction reactions (NRR), with acid-etched
TiO2-12 h showing enhanced performance under UV light irradiation.
To elucidate the underlying mechanism, we conducted systematic
photoelectrochemical measurements to evaluate charge separation and
transfer efficiencies. The photocurrent responses of the samples under
50 s intermittent visible light irradiation are presented in Fig. 7a. The

pristine TiO2 electrode exhibits a photocurrent density of 0.05 μA cm− 2.
After acid corrosion, the photocurrent densities of the corroded TiO2
electrodes are significantly enhanced, with TiO2-12 h reaching the
highest value of 0.25 μA cm− 2, which is consistent with the photo-
catalytic experiment [3,43]. The reproducible photocurrent responses
over multiple cycles suggest excellent stability of the catalysts, which
benefits from the efficient charge separation and the effective transfer of
photoinduced electrons to the external circuit. The conclusion is further
corroborated by photoluminescence (PL) spectroscopy (Fig. 7b). The
pristine TiO2 nanobelts display a broad emission peak centered at ~520
nm, characteristic of defect-related recombination. In contrast, TiO2-12

Fig. 5. (a) 1H nuclear magnetic resonance (NMR) spectra of the standard 15NH4Cl solutions with concentrations of 30, 60, 90 and 120 μmol L− 1, (b) the corre-
sponding calibration curve for determining the 15NH4+ concentration, (c) 1H NMR spectra of the aqueous solutions fed with 15N2 (upper) and 14N2 (lower) after the
photocatalytic reactions.

Fig. 6. ESR spectra of (a) hydroxyl radicals (•OH) and (b) superoxide radicals (•O2− ) generated by the sample.

Fig. 7. (a) Photocurrent responses of TiO2 with different acid corrosion times under intermittent visible light (b) Comparative photoluminescence (PL) emission
spectra of pristine TiO2 and acid-etched TiO2-12 h samples recorded at an excitation wavelength of 325 nm.
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h shows markedly quenched PL intensity, confirming the effective in-
hibition of radiative recombination pathways. These findings are
consistent with recent studies on engineered TiO2-based photocatalysts
[44], where reduced PL intensity directly correlates with improved
charge separation. The synergistic combination of photoelectrochemical
and spectroscopic analyses provides compelling evidence that acid
etching creates additional active sites for NRR and enhances charge
separation efficiency as well as prolongs carrier lifetimes, all contrib-
uting to the observed photocatalytic improvement.
As discussed previously, photocatalytic performance is critically

dependent on charge carrier dynamics. A major factor limiting perfor-
mance is the recombination of photogenerated electron-hole pairs,
which can occur either in the bulk phase or at the catalyst surface. To
investigate the fundamental parameters governing charge transport, we
performed Mott-Schottky measurements to determine the flat-band po-
tentials of the catalysts (Fig. 8a). Mott-Schottky analysis provides two
key parameters of the flat-band potential and the donor density. The
former one is obtained from the intercept of the extrapolated linear
region with the potential axis [45,46]. This potential represents the
equilibrium condition where the semiconductor's Fermi level aligns with
the electrolyte's redox potential [47]. While the donor density (for
n-type TiO2) can be derived from the slope of the linear region. Our
measurements reveal that the flat-band potential values for pristine TiO2
nanobelts, TiO2-6 h, TiO2-12 h, and TiO2-24 h are − 0.48, − 0.50, − 0.51,
and − 0.58 V (vs. NHE), respectively. For n-type semiconductors, the
conduction bandminimum (CBM) typically lies ~0.1 eV above flat-band
potential, yielding CBM positions of − 0.58, − 0.60, − 0.61, and − 0.68 V.
Combined with the consistent bandgap of 3.2 eV (from Tauc plots in
Fig. 2d), the valence band maxima (VBM) are calculated as 2.62, 2.60,
2.59, and 2.52 V, respectively. Notably, acid etching induces a system-
atic negative shift in flat-band potential that correlates with treatment
duration. Given the constant electrolyte conditions (pH and redox spe-
cies), this shift likely arises from increased surface states near the Fermi
level. TEM analysis (Fig. 1h and Fig. S3) confirms these states originate
from grain boundaries between secondary structures and defects on
newly formed nanoparticles.
The negative shift in flat-band potentials promotes the transfer of

photogenerated electrons from the conduction band of TiO2 to surface-
adsorbed redox species [48,49]. As shown in Fig. 8b, upon UV irradia-
tion, electrons in TiO2 nanobelts are excited from the valence band to
the conduction band, leaving holes in the valence band. The photoex-
cited electrons then migrate to the catalyst surface, where they reduce
adsorbed N2 molecules, while the holes in the valence band are
consumed by the water oxidation reaction. Although surface defects can
lower the energy barrier for the nitrogen reduction reaction, they may
also act as trap centers that enhance the recombination of photo-
generated charges [50,51]. Nevertheless, these defects accelerated
transfer of photogenerated electrons from TiO2 to the empty
anti-bonding orbitals (π*) of adsorbed N2, thereby promoting N2 acti-
vation and cleavage of the N ≡ N triple bond [52].
This dual role was further quantified through donor density calcu-

lations derived from Mott-Schottky analysis [53,54], where the slope of
the linear region provides the carrier concentration according to:

Nb =

(
2

eεε0

)[
d
(
1
/

C2
)

dV

]− 1

where Nd is the donor density, e is the electron charge, ε is the dielectric
constant, and ε0 is the vacuum permittivity. The donor densities of
pristine TiO2, TiO2-6 h, TiO2-12 h, and TiO2-24 h were measured as 1.95
× 1019, 2.42 × 1019, 2.55 × 1019, and 2.08 × 1019 cm− 3, respectively,
demonstrating that acid etching treatment generally increased carrier
concentration. While extended etching duration (up to 12 h) enhanced
this effect when the nanobelt morphology was preserved, the particulate
TiO2-24 h showed reduced donor density likely due to excessive surface
defects promoting charge recombination [55,56]. The well-crystallized
1D structure of pristine TiO2 nanobelts facilitates rapid electron trans-
port but suffers from limited interfacial charge transfer due to insuffi-
cient surface active sites [57], resulting in modest photocatalytic
activity. Complete morphological transformation into nanoparticles in-
creases surface active sites but introduces grain boundaries that impede
electron transport, while additional surface defects act as recombination
centers for electron-hole pairs [58], explaining the lowest photocurrent
density observed for TiO2-24 h. These results demonstrate that effective
photocatalytic nitrogen reduction requires surface defects as active sites
for charge transfer, but defect density must be carefully optimized to
balance activity and recombination. Although the current performance
of optimized TiO2 nanobelts falls short of practical requirements, their
structural properties make them promising substrates for developing
composite photocatalysts for nitrogen fixation applications.

4. Conclusions

In summary, one-dimensional TiO2 nanobelts were synthesized via a
facile hydrothermal method, followed by controlled acid etching to
modulate their surface architecture. Comprehensive SEM and TEM
characterization revealed that the acid treatment generated secondary
nanostructures on the TiO2 nanobelt surfaces, which simultaneously
increased active sites for nitrogen reduction and modified charge carrier
dynamics. The optimized TiO2-12 h photocatalyst demonstrated supe-
rior performance, achieving an ammonia production rate of 219.9 μg
gcat− 1 h− 1 under standard conditions. Systematic photoelectrochemical
analysis, including transient photocurrent measurements and photo-
luminescence spectroscopy, confirmed that moderate acid etching
optimally regulates charge separation and transfer processes. This study
establishes TiO2 nanobelts as promising foundational materials for
developing advanced composite photocatalysts toward sustainable
ammonia synthesis through photocatalytic nitrogen fixation.
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