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nO nanoflowers enable efficient,
metal-free ammonia synthesis through coupled
piezoelectric and photocatalytic activation

Jyh-Xuan Wang,†a Hsun-Yen Lin,†a Kuang Yuan Tua and Jyh-Ming Wu *ab

As a sustainable and promising alternative, the nitrogen reduction reaction (NRR) has attracted growing

attention for environmentally friendly ammonia production. This study presents an innovative strategy

employing ZnO nanoflowers (NFs) as a catalyst for the NRR, activated through a piezo–photocatalytic

mechanism. This approach enables energy harvesting from mechanical stimuli in natural environments.

The intentional introduction of oxygen vacancies contributes to the generation of additional trapping

centers and active sites, thereby prolonging carrier lifetime and further boosting NRR performance.

Time-resolved photoluminescence (TrPL) spectroscopy reveals that ZnO samples annealed at 300 °C

(denoted as ZnO-300) exhibit an extended carrier lifetime of 6 ns—three-fold higher than that of pristine

ZnO. The NRR activity of ZnO-300 under the synergistic action of piezo- and photocatalysis reaches

1765.3 mg gcat
−1 h−1, corresponding to a 220% increase relative to the pristine material. Complementary

density functional theory (DFT) calculations corroborate the experimental findings by demonstrating that

oxygen vacancies facilitate nitrogen adsorption and effectively lower the reaction energy barrier. These

results underscore the potential of piezo–photocatalytic ZnO with optimized defect structures as a high-

performance, metal-free catalyst for nitrogen fixation. The capability to simultaneously harvest

mechanical and solar energy makes this system particularly appealing for sustainable ammonia synthesis.
1. Introduction

Ammonia (NH3) plays a pivotal role in this context, serving not
only as the primary nitrogen source for fertilizer production but
also as a vital precursor in the synthesis of pharmaceuticals,
refrigerants, plastics, and explosives.1 In addition to its indus-
trial signicance, ammonia has emerged as a carbon-free fuel
with high energy density, offering considerable potential for
clean energy generation and contributing to the mitigation of
the current global energy crisis.2,3 The industrial Haber–Bosch
process (HBP), developed over a century ago, relies on nitrogen
(N2) and hydrogen (H2) as reactants and iron-based catalysts to
produce NH3 under high temperature (350–550 °C) and pres-
sure (150–350 atm) conditions.4 As a sustainable alternative to
the Haber–Bosch process, the nitrogen reduction reaction
(NRR) under ambient conditions has gained considerable
attention.5 Photocatalysis6 and electrocatalysis7 offer promising
routes, yet the activation of inert N2 molecules—due to their
strong triple bond and non-polarity8–10—remains a major chal-
lenge. Photocatalytic NRR, in particular, utilizes sunlight to
neering, National Tsing Hua University,
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ing Hua University, 101, Section 2, Kuang-

f Chemistry 2026
convert nitrogen and water into ammonia,11 producing no
harmful byproducts. However, practical use of the photo-
catalytic NRR is limited by weak light penetration, unstable
solar input, and fast recombination of charge carriers.12 To
overcome these issues, methods such as defect engineering,13

single atom doping,14 and the formation of heterostructures15

have been applied to enhance light absorption and charge
separation.

Piezoelectric materials have inherent properties that enable
them to initiate catalytic reactions even in the absence of light,
thereby extending the boundaries of conventional
photocatalysis.16–18 When combined with light-driven catalysis,
the piezoelectric eld further enhances charge carrier separa-
tion and accelerates interfacial charge transport, resulting in
superior catalytic performance.19 Recent advances in two-
dimensional transition metal dichalcogenides (2D-TMDs)—
such as MoS2,20–22 MoSe2,23 and WS2 (ref. 24)—have demon-
strated promising piezocatalytic activity due to their excellent
stability, exibility, and tunable electronic properties.25–31

Performance improvements have also been achieved through
defect engineering,32–34 noble metal doping,35–37 high entropy
compounds,38 and the creation of heterostructures.12,39 Mean-
while, traditional photocatalysts, such as TiO2 (ref. 40) and
ZnO,41 remain attractive due to their abundance, stability, and
strong oxidative ability under UV light.42,43 In particular, ZnO,
with its non-centrosymmetric wurtzite structure, exhibits
J. Mater. Chem. A, 2026, 14, 10633–10645 | 10633
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intrinsic piezoelectricity,44 making it a uniquely suitable plat-
form for hybrid piezo–photocatalytic systems. Despite these
advancements, the synergistic integration of piezoelectricity
and photocatalysis for the nitrogen reduction reaction remains
largely underdeveloped, especially using simple and scalable
material architectures.

To address this challenge, piezo–photocatalysis45–47 has
emerged as a transformative strategy. By coupling mechanical
and solar energy inputs, this approach generates enhanced
internal electric elds that promote directional charge separa-
tion and facilitate multi-electron transfer reactions critical for
the NRR. This dual activation strategy opens up a new pathway
for efficient, bias-free ammonia synthesis, particularly under
low-energy and decentralized conditions. Our work introduces
a novel and rationally designed ZnO nanoower (NF) catalyst
with controlled oxygen vacancies as a structurally simple yet
highly effective piezo–photocatalyst for the NRR.48,49 Unlike
prior systems that rely on complex heterostructures or noble
metal additives, our design leverages intrinsic material prop-
erties—optimized through defect engineering—to simulta-
neously boost piezoelectric and photocatalytic activity.32 Both
experimental results and DFT simulations reveal that
a moderate concentration of oxygen vacancies not only
enhances nitrogen adsorption but also lowers the energy barrier
of the reaction, resulting in a remarkable ammonia yield. To our
knowledge, this is among the highest reported performances
for a metal-free, mono-component ZnO system. As illustrated in
Fig. 1a, we propose a ZnO–OV-assisted NRR pathway in which
end-on N2 is stepwise hydrogenated through key Nx–Hy inter-
mediates. This design integrates simplicity, scalability, and
multifunctionality—providing a practical route to sustainable
NH3 production via ambient-energy harvesting and defect-
engineered nanomaterials.

2. Results and discussion

To clarify how oxygen vacancies (OV) promote nitrogen activa-
tion, DFT calculations were performed, as corroborated by the
results described below. Fig. 1a and b proposed a piezocatalytic
hydrogenation pathway on ZnO containing oxygen vacancies
(OV). Molecular N2 adsorbs end-on at OV sites, where ultrason-
ically induced piezoelectric polarization drives interfacial elec-
tron injection into the N2 p* antibonding orbital, weakening
and elongating the N–N bond. Successive proton/electron
transfers yield *NNH / *NHNH / *NH2NH2, followed by
N–N cleavage to *NHx fragments that are further hydrogenated
to NH3. Periodic polarization reversals promote charge separa-
tion at the vacancy–ZnO interface and sustain the reduction
steps, aer which NH3 desorbs and the active OV site is
regenerated.

Based on these insights, we synthesized ZnO NFs and
introduced different levels of oxygen vacancies by annealing at
various temperatures. This approach allows us to explore the
relationship between structural changes and nitrogen reduction
performance. By linking theory with experiments, we aim to
clarify the role of oxygen vacancies in improving piezo–photo-
catalytic activity. Fig. 1c and d present the eld-emission
10634 | J. Mater. Chem. A, 2026, 14, 10633–10645
scanning electron microscopy (FE-SEM) images of the ZnO-
300 sample (annealing at 300 °C), revealing a uniform nano-
ower architecture with an average diameter of ∼1 mm. The
inset shows a single well-dened nanostructure, conrming the
successful formation of ower-like morphologies. Comparative
SEM analysis (Fig. S1, SI) demonstrates that this nanoower
structure is preserved across annealing treatments, indicating
high structural robustness and thermal stability. X-ray diffrac-
tion (XRD) patterns (Fig. 1e) of ZnO NFs annealed at different
temperatures exhibit sharp diffraction peaks corresponding to
the wurtzite ZnO phase (JCPDS no. 79-0206),50 with enhanced
peak intensity observed upon annealing at 300 °C. However,
further increases in annealing temperature (400–500 °C) lead to
a decline in crystallinity, likely due to excessive defect formation
and lattice disorder. Transmission electron microscopy (TEM)
further corroborates these observations. As shown in Fig. 1f, the
ZnO-300 NFs consist of densely packed petal-like structures,
conrming the spherical ower morphology. High-resolution
TEM imaging of the edge region (Fig. 1g and h) reveals well-
aligned crystalline domains. The HRTEM image in Fig. 1i
displays clear lattice fringes with an interplanar spacing of
0.248 nm, corresponding to the (101) plane of ZnO.51–53 The
accompanying fast Fourier transform (FFT) and selected area
electron diffraction (SAED) patterns conrm the presence of the
(101) and (002) planes (inset in Fig. 1i), in agreement with XRD
analysis. To probe the evolution of oxygen defect states, X-ray
photoelectron spectroscopy (XPS) was performed. The chem-
ical composition and defect states of ZnO NFs were investigated
by X-ray photoelectron spectroscopy (XPS). Fig. S2 (SI) present
the high-resolution O 1s spectra of ZnO samples annealed at
varying temperatures (pristine, 300 °C, 400 °C, and 500 °C).
Each spectrum can be deconvoluted into three peaks centered
at∼530.0 eV, 531.4 eV, and 532.4 eV, attributed to lattice oxygen
(OL), oxygen vacancies (OV), and surface chemisorbed oxygen
species (OC), respectively.54 Quantitative analysis indicates that
the oxygen vacancy content increases from 18% in pristine ZnO
to 29% in ZnO-500 (Fig. 1j), conrming that thermal annealing
in a reducing atmosphere effectively modulates the defect
concentration. The OC species are likely associated with surface
hydroxyl groups and adsorbed water from the hydrothermal
synthesis process. Fig. 1k displays the Zn 2p spectra, with
binding energies of 1020.7 eV and 1043.8 eV corresponding to
Zn 2p3/2 and Zn 2p1/2, respectively, consistent with Zn2+ oxida-
tion states.52 A progressive shi to higher binding energies is
observed with increasing annealing temperature, which can be
attributed to the increased electron localization induced by
oxygen vacancies. This shi reects an enhanced local positive
potential near the Zn nucleus due to the reduced screening of
core electrons, providing further spectroscopic evidence of
defect formation.

Electron paramagnetic resonance (EPR) spectroscopy
(Fig. 2a) identies a characteristic peak at a g-factor of ∼2.004,
indicative of oxygen vacancy defects.49 The increasing intensity
of EPR signals with rising annealing temperatures conrms that
the concentration of oxygen vacancies in ZnO NFs can be
effectively modulated through thermal treatment. Higher
annealing temperatures result in a greater density of oxygen
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Schematic of the proposed ZnO–OV-assisted nitrogen-reduction pathway showing key NxHy species intermediates. (b) Schematic of
the piezocatalytic hydrogenation pathway on ZnO with oxygen-vacancy sites (OV). N2 adsorbs end-on at OV, piezoelectric polarization drives
electron injection into the p* orbitals to weaken the elongated N–N bond, followed by stepwise H addition and N–N cleavage to form NH3. (c)
Low-magnification FE-SEM of ZnO-300 nanoflowers (scale: 5 mm). (d) SEM of a single ∼1 mm nanoflower (scale: 1 mm). (e) XRD patterns of
nanoflowers annealed at different temperatures, confirming hexagonal wurtzite ZnO. (f) Low-magnification TEM of a ZnO-300 nanoflower. (g)
Edge-resolved TEM showing petal-like nanosheets radiating from the core (scale: 200 nm). (h) HRTEM revealing clear lattice fringes across the
petals (scale: 5 nm). (i) Atomic-resolution HRTEM of ZnO-300 with d(101) = 0.248 nm; inset: SAED/FFT indexed to the (101) and (002) planes
(scale: 5 nm−1). (j) Oxygen-vacancy (OV) percentage extracted from O 1s deconvolution vs. annealing temperature. (k) XPS Zn 2p spectra at
different annealing temperatures showing a gradual positive binding-energy shift, indicative of increasing OV concentration.
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vacancies, indicating a direct correlation between thermal
activation and defect formation. Fig. 2b presents the photo-
luminescence (PL) spectra of both pristine and annealed ZnO
NFs. All spectra exhibit two characteristic emission peaks: one
This journal is © The Royal Society of Chemistry 2026
at approximately 380 nm, corresponding to near-band-edge
(NBE) emission, and another around 515 nm, associated with
deep-level emission (DLE). The DLE peak is primarily attributed
to the radiative recombination of charge carriers involving
J. Mater. Chem. A, 2026, 14, 10633–10645 | 10635
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Fig. 2 (a) EPR spectra of ZnO nanoflowers annealed at different temperatures, showing the evolution of unpaired electron density related to
oxygen vacancies. (b) Photoluminescence (PL) spectra of ZnO nanoflowers, highlighting defect-related emission intensity changes with varying
annealing temperatures. (c) Time-resolved photoluminescence (TrPL) decay spectra of ZnO nanoflowers, used to evaluate charge carrier
recombination behavior. (d) Carrier lifetimes extracted from biexponential fitting of TrPL decay curves in (c), demonstrating prolonged lifetimes
for samples with higher oxygen vacancy concentrations. (e) Schematic band structure of ZnO samples, illustrating the formation of deeper defect
states associated with increased oxygen vacancy levels induced by thermal treatment.
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defect states, particularly oxygen vacancies acting as electron
trapping centers.32 The increasing PL intensity with higher
annealing temperatures suggests a progressive rise in oxygen
defect concentrations, which facilitates the formation of more
trapping centers on the ZnO surface.54 The emission peak at
∼515 nm corresponds to an energy level of ∼2.4 eV and is
10636 | J. Mater. Chem. A, 2026, 14, 10633–10645
indicative of defect states introduced by oxygen vacancies.
Time-resolved photoluminescence (TrPL) measurements were
employed to evaluate the carrier lifetimes of photoexcited
electron–hole pairs (Fig. 2c and d). The results reveal that the
ZnO-300 sample exhibits the longest carrier lifetime among all
samples, indicating a reduced recombination rate attributed to
This journal is © The Royal Society of Chemistry 2026
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a moderate concentration of oxygen vacancies. These vacancies
serve as shallow trapping centers, thereby prolonging the life-
time of charge carriers by suppressing recombination within
the bandgap. However, further increases in annealing temper-
ature to 400 °C and 500 °C lead to a noticeable decrease in
carrier lifetime. This reduction is attributed to the excessive
generation of oxygen vacancies, which introduce deeper defect
Fig. 3 (a–d) AFM topography images of pristine ZnO, ZnO-300, ZnO-4
images showing the piezoresponse of pristine ZnO, ZnO-300, ZnO-40
zoresponse amplitudes among all samples. (j) Butterfly loops of ZnO nano
piezoelectric behavior.

This journal is © The Royal Society of Chemistry 2026
states below the conduction band. Such deep-level defects not
only trap electrons but also facilitate the recombination of
holes, thereby increasing the overall recombination rate. These
ndings suggest that while moderate oxygen vacancy concen-
trations enhance charge separation, excessive defect densities
can act as recombination centers, ultimately diminishing pho-
tocatalytic efficiency.32,55 Fig. 3e presents a schematic energy
00, and ZnO-500, respectively. (e–h) Corresponding PFM amplitude
0, and ZnO-500, respectively. (i) Quantitative comparison of the pie-
flowers annealed at different temperatures, illustrating the evolution of

J. Mater. Chem. A, 2026, 14, 10633–10645 | 10637
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band diagram constructed based on the optical band gaps
determined from UV-vis diffuse reectance spectroscopy (UV-
DRS, Fig. S3, SI of S1) and valence band maximum (VBM)
values obtained from XPS analysis (Fig. S4, SI of S2). The results
reveal a gradual narrowing of the band gap—from 3.29 eV (for
pristine ZnO) to 3.16 eV (for ZnO-500)—accompanied by
a downward shi in the VBM from 2.67 eV to 2.52 eV with
increasing annealing temperature. These changes are indicative
of increasing oxygen vacancy concentration, which introduces
mid-gap defect states and modies the electronic structure. The
diagram also includes the estimated positions of these defect
levels, inferred from PL spectra, showing their deepening and
density enhancement as the annealing temperature rises.

The piezoelectric properties of pristine and annealed ZnO
NFs were systematically investigated using piezoresponse force
Fig. 4 Time-dependent UV-vis spectra of ZnO-300 by (a) light irradiat
ultrasonic vibration and light irradiation (piezo & photo). NRR performanc
piezo, and (f) piezo & photocatalytic processes. (g) 1H NMR spectra o
confirming ammonia generation. (h) Comparison of NH3 concentration
various analytical methods. (i) 1H NMR spectra showing the distinction
during piezo–photocatalytic reactions for ZnO-300.

10638 | J. Mater. Chem. A, 2026, 14, 10633–10645
microscopy (PFM). Fig. 3a–d present the atomic force micros-
copy (AFM) topography images of pristine ZnO, ZnO-300, ZnO-
400, and ZnO-500, respectively, while Fig. 3e–h show their cor-
responding piezoresponse amplitude images. A comparative
analysis reveals a substantial enhancement in the piezoelectric
response for the ZnO-300 sample, which exhibits a piezoelectric
output voltage of 98.1 mV, signicantly higher than the 23.6 mV
recorded for pristine ZnO. The quantitative comparison of
piezoelectric responses is summarized in Fig. 3i. The progres-
sive increase in piezoresponse from pristine ZnO to ZnO-300 is
attributed to two key factors: the formation of local non-
centrosymmetric structures in the vicinity of oxygen vacancies,
and improved crystallinity induced by moderate annealing.
Both effects contribute to enhanced polarization and, conse-
quently, a stronger piezoelectric effect.32,56 However, further
ion only (photo), (b) ultrasonic vibration only (piezo), and (c) coupling
e of ZnO NFs under different annealing temperatures by (d) photo, (e)
f ZnO-300 after treatment under different experimental conditions,
from ZnO-300 under piezo–photocatalytic conditions, quantified by
between 15NH4

+ and 14NH4
+, verifying nitrogen source incorporation

This journal is © The Royal Society of Chemistry 2026
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increases in annealing temperature to 400 °C and 500 °C result
in a decline in piezoelectric performance. This reduction is
likely due to structural degradation caused by an excessive
concentration of oxygen vacancies, which disrupts the long-
range crystal order, as corroborated by XRD analysis. Such
degradation leads to diminished crystallinity and a corre-
sponding reduction in piezoelectric characteristics.57–59 Fig. 3j
illustrates the PFM amplitude–voltage (buttery) loops for
samples annealed at different temperatures. All samples exhibit
the characteristic buttery-shaped curves indicative of piezo-
electric behavior. Notably, the ZnO-300 sample displays the
highest amplitude response, further conrming its superior
piezoelectric performance relative to other samples.
2.1 NRR performance

The nitrogen reduction reaction (NRR) experiments were con-
ducted under three distinct catalytic conditions: photocatalysis,
piezocatalysis, and combined piezo–photocatalysis, all per-
formed without the addition of any sacricial agent. The cor-
responding UV-visible absorption spectra for the ZnO-300
sample under each condition over a 120 minute reaction period
are shown in Fig. 4a–c. Ammonia production was quantied by
converting absorption intensity values into ammonia yield
using a pre-established calibration curve (Fig. S5a and b).
Fig. 4d–f present the corresponding ammonia yield of ZnO NFs
annealed at different annealing temperatures, evaluated under
each set of catalytic conditions. Among all samples, ZnO-300
exhibited the highest catalytic activity across photocatalytic,
piezocatalytic, and piezo–photocatalytic processes. This
performance trend aligns with the ndings from TrPL and PFM
analyses, underscoring the importance of charge carrier life-
time and piezoelectric properties in enhancing catalytic
performance. Specically, the optimal ammonia yield rates for
ZnO-300 aer 1 hour of reaction were 767.9, 1124.1, and 1765.3
mg gcat

−1 h−1 under photocatalytic, piezocatalytic, and piezo–
photocatalytic conditions, respectively—representing enhance-
ments of 138%, 150%, and 220% over pristine ZnO. To ensure
the reliability of the observed results and exclude potential
artifacts, two control experiments were performed: one in the
absence of nitrogen and the other without catalytic activity. The
primary byproduct of the NRR, hydrazine (N2H4), was analyzed
using the Watt and Chrisp method, with the calibration data
provided in Fig. S6a and b (SI). As shown in Fig. S7a (SI), the
control experiments were designed to conrm the essential role
of each component—N2 gas, ultrasonication (U), and light
irradiation (L)—in the piezo–photocatalytic nitrogen reduction
reaction. The N2 + U + L condition represents the complete
catalytic system, where ZnO-300 was exposed simultaneously to
nitrogen gas, ultrasonication, and light irradiation. This setup
shows a signicant absorption peak, indicating successful
ammonia production. In contrast, the N2-only condition (with
nitrogen gas ow but without ultrasonication or light) shows
negligible ammonia formation, conrming that the catalyst
remains inactive in the absence of energy input. Similarly, the U
+ L condition (with ultrasonication and light but no nitrogen
gas) also shows no ammonia signal, highlighting the necessity
This journal is © The Royal Society of Chemistry 2026
of molecular nitrogen as the reactant. These results strongly
demonstrate that only the combined presence of nitrogen gas
and dual energy inputs—mechanical (ultrasound) and photonic
(light)—can activate ZnO-300 for efficient ammonia synthesis,
reinforcing the synergistic nature of the piezo–photocatalytic
process. Fig. S7b further shows that no detectable hydrazine
was produced under any reaction conditions, demonstrating
the high selectivity of the ZnO-300 catalyst toward ammonia
formation. To further validate the ammonia production,
quantitative analysis was performed using proton nuclear
magnetic resonance (1H NMR) spectroscopy.

Ammonium ion concentrations (14NH4
+) were determined by

integrating the characteristic peak areas and converting them to
ammonia yields via a separate calibration curve (Fig. S8a and b).
The concentrations of ammonia detected by NMR were 0.77,
1.40, and 2.32 mg l−1 for photocatalytic, piezocatalytic, and
piezo–photocatalytic processes, respectively. These values
closely match the results obtained via the indophenol blue
method, as shown in the comparative analysis in Fig. 5h. To
further investigate the reaction mechanism, isotope-labeled
nitrogen experiments were conducted using nitrogen-15 gas
(15N2) gas as the nitrogen source. In this test, 10 ml of 15N2 was
introduced into deionized water prior to the catalytic reaction.
The 1H NMR spectra of ZnO-300 under piezo–photocatalytic
conditions (Fig. 4i) reveal two characteristic coupling constants
at 52.5 Hz and 72.9 Hz, corresponding to 14NH4

+ and 15NH4
+,

respectively.60While the natural abundance of 15N2 is only 0.4%,
a markedly enhanced 15NH4

+ signal was observed under piezo–
photocatalysis, conrming the successful reduction of isotopi-
cally labeled 15N2. The NMR results of the photocatalytic and
piezocatalytic processes are shown in Fig. S9a and b. Notably,
the distinct 72.9 Hz doublet is signicantly stronger than that
under the individual photo or piezo conditions, highlighting
the synergistic enhancement of the combined process. These
isotope-labeling results provide robust evidence that the
ammonia originates from the introduced 15N2, ruling out
contamination and affirming the intrinsic catalytic activity of
ZnO-300. This validation underscores the catalyst's selectivity
and its potential as a sustainable, metal-free platform for
ambient nitrogen xation via coupled mechanical and photonic
energy input. A comparative summary of ammonia production
rates across various catalytic systems andmaterials is presented
in Table S1, further validating the high NRR activity and selec-
tivity of the ZnO-300 catalyst.61
2.2 DFT simulations and mechanism

To further elucidate the experimental ndings and understand
the underlying reaction mechanisms, density functional theory
(DFT) simulations were performed (SI of S3). Two surface
models were constructed for analysis: pristine ZnO and ZnO–
OV, as illustrated in Fig. S10. For both models, nitrogen
adsorption was found to be most favorable at hollow sites via an
end-on conguration (Fig. S11). Fig. 5a presents the nitrogen
adsorption energies for each model. The introduction of oxygen
vacancies signicantly lowers the nitrogen adsorption energy,
suggesting that N2 molecules interact more readily with the
J. Mater. Chem. A, 2026, 14, 10633–10645 | 10639
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Fig. 5 (a) Nitrogen adsorption energies on the surfaces of pristine ZnO and oxygen-deficient ZnO (ZnO–OV), obtained via DFT calculations. (b)
Density of states (DOS) of ZnO and ZnO–OV, showing defect-induced mid-gap states in ZnO–OV. (c–e) Effects of applied mechanical strain on
the ZnO–OV surface after nitrogen adsorption: (c) nitrogen adsorption energy, (d) Bader charge of adsorbed nitrogen, and (e) Zn–N bond length.
(f) Charge density difference (CDD)map of ZnO–OV under 10% compressive strain, highlighting electron accumulation and depletion regions. (g)
Free energy diagram of the nitrogen reduction reaction (NRR) on ZnO and ZnO–OV via the associative alternating pathway. (h) Schematic
diagram illustrating the energy band structure of ZnO with oxygen vacancies (left), and the proposed working mechanism under simultaneous
light irradiation and ultrasonic vibration (right). The piezoelectric polarization field facilitates charge separation and directional migration,
promoting enhanced NRR activity on ZnO–OV.
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ZnO–OV surface than with pristine ZnO. To gain further insight
into the electronic interactions during adsorption, Bader charge
analysis was conducted.62–65 Focusing on the nitrogen atom
closest to the surface (denoted as N1), which is most likely to
engage in charge transfer, the initial atomic charge of 4.97
increased to 4.99 for pristine ZnO and to 5.15 for ZnO–OV aer
adsorption. These results conrm that nitrogen atoms are
reduced upon adsorption and that oxygen vacancies facilitate
a greater degree of electron transfer, thereby enhancing the
reduction potential of the adsorbed N2 molecule. The density of
states (DOS) proles for both pristine ZnO and ZnO–OV are
shown in Fig. 5b, with the energy axis aligned at 0 eV relative to
the valence band maximum (VBM). Both models exhibit surface
states, likely due to the surface nature of the slab model.
Notably, the ZnO–OV model exhibits an additional gap state at
∼0.75 eV near the conduction band, which can be attributed to
the defect level introduced by the oxygen vacancy. Although the
bandgap predicted by DFT underestimates the experimental
value, this limitation is a well-known artifact of conventional
DFT calculations.66 To simulate the condition of ultrasonic
vibration applied on piezocatalyst materials, different percent-
ages of strain were applied to the ZnO–OV model for further
investigation. Fig. 5c–e shows the results of N2 adsorption
energy, Bader charge of the N1 site, and Zn–N bond length of
ZnO–OV under different percentages of applied strain, respec-
tively. The results indicate that under 10% of compressive
strain, the lowest adsorption energy, the highest Bader charge,
and the shortest Zn–N bond length can be obtained.67,68We note
that similar strain amplitudes have been widely used in theo-
retical studies of piezoelectric semiconductors to model ultra-
sonic or mechanical-eld-induced piezopotentials, further
supporting the validity of the 10% strain approximation.68,69 The
results indicate that with the assistance of applied strain, the
nitrogen atoms may become easier to be adsorbed onto the
surface of the catalyst and charge transfer can be facilitated.
Moreover, the Zn–N bond length can be correlated with the Zn–
N bond strength, namely the shorter the bond length, the
higher the bond strength. Fig. 5f displays the charge density
difference (CCD) image of ZnO–OV with 10% of compressive
strain. The result demonstrates that the electron has been
transferred from the catalyst's surface to nitrogen. Also, the
electron transfer from one nitrogen atom to the other may lead
to the weakening of the nitrogen bond, allowing the nitrogen
molecule to dissociate more easily. In the catalytic NRR, the
associative pathway is the most common reaction pathway. It
can be further divided into altering and distal mechanisms by
different hydrogenation sequences.70 The nitrogen molecule
will rst adsorb on the catalyst's surface and then undergo
a series of hydrogenation processes, including the multiple H+–

e− transfer processes, and the nal product will be NH3. Fig. 5g
shows the NRR free energy diagram of ZnO and ZnO–OV

through the associative altering reaction pathway, which is the
most energy-favorable pathway in our catalytic system. The
result shows that the potential determining step on both ZnO
and ZnO–OV is the rst hydrogenation process (*N2 /

*NNH),71,72 with the reaction energy barriers of 1.89 and 1.65 eV,
respectively. It is noteworthy that the energy barrier of ZnO–OV
This journal is © The Royal Society of Chemistry 2026
is lower than that of ZnO, which also proves that the existence of
oxygen vacancy can lower the energy barrier of the NRR. The
free energy diagrams of associative distal and mixed pathways
are shown in Fig. S12a and b, respectively. These additional free
energy diagrams reveal that both the associative distal and
mixed pathways exhibit higher overall energy barriers compared
to the associative alternating pathway, making them less
favorable under the current catalytic system. Specically, the
distal pathway involves a more energetically demanding
sequence of hydrogenation steps, while the mixed pathway,
although somewhat improved, still presents a higher energy
hurdle relative to the alternating route. Therefore, the associa-
tive alternating pathway remains the most thermodynamically
viable mechanism for the NRR over both ZnO and ZnO–OV

surfaces. Furthermore, the step-by-step transformation sche-
matic illustrated in Fig. 1a as mention provides a clear visual
representation of the hydrogenation sequence on ZnO–OV,
highlighting the role of surface-bound intermediates and elec-
tron transfer during the NRR. Taken together, these results
conrm that oxygen vacancies not only enhance N2 adsorption
and charge transfer but also shi the reaction pathway toward
the most energetically favorable route, thereby optimizing the
overall catalytic efficiency of ZnO–OV for ammonia production.

In addition to the static adsorption and reaction-energy
analyses above, it is important to note that the synergistic
enhancement observed experimentally can also be interpreted
through the lens of strain–defect coupling and eld-assisted
charge migration. The introduction of oxygen vacancies not
only strengthens N2 chemisorption but also locally distorts the
lattice, creating regions with enhanced polarizability. Under
mechanical agitation, these defect-rich domains respond more
strongly to applied strain, leading to localized polarization
amplication. Such strain–defect coupling effects promote
additional electron density redistribution toward adsorbed N2,
consistent with our computed charge-density-difference maps.
Moreover, the piezoelectric polarization generated under
ultrasonic excitation can be viewed as establishing a polariza-
tion-potential landscape across the ZnO–OV surface. This
internal eld is expected to lower migration barriers for surface
electrons, facilitating eld-assisted charge transport toward the
N2 reduction sites. Although explicit polarization-potential
modeling or nonadiabatic charge-migration simulations are
beyond the scope of the present study, the experimental
trends—enhanced carrier separation, prolonged lifetime, and
superior NRR performance under coupled excitation—are fully
consistent with such eld-assisted mechanisms.

Fig. 5h illustrates the proposed working mechanism of
piezo–photocatalytic NRR over ZnO with oxygen vacancies,
including the associated potentials for nitrogen reduction and
water oxidation.11 The energy band structure, derived from UV-
vis diffuse reectance spectroscopy and XPS-VBM (Fig. S3 and
S4), supports the mechanistic framework. Upon light excitation,
electrons are excited from the valence band (VB) to the
conduction band (CB), as represented by eqn (1), leaving behind
photogenerated holes in the VB. Electron transitions can also
occur from mid-gap defect states introduced by oxygen vacan-
cies to the CB. Simultaneously, strain-induced piezoelectric
J. Mater. Chem. A, 2026, 14, 10633–10645 | 10641
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polarization generates an internal electric eld that drives
spatial separation of charge carriers, enhancing the suppres-
sion of recombination.32 The holes will then participate in the
water oxidation reaction to oxidize H2O into O2, as represented
in eqn (2). In the meantime, electrons and the released H+ will
participate in the N2 reduction reaction to form NH3 through
multiple H+–e− transfer processes and the hydrogenation
sequences shown in the DFT simulations,11 as shown in eqn (3)
and SI S4. The total NRR can be expressed as eqn (4). The
combination of oxygen vacancy engineering and mechanical
strain synergistically enhances photocatalytic performance.
Oxygen vacancies extend carrier lifetimes by acting as shallow
traps, while piezoelectric polarization promotes directional
charge separation. Together, these effects enable highly effi-
cient and selective nitrogen xation under piezo–photocatalytic
conditions.

ZnO
�������!excitation

hþ þ e� (1)

H2O/
1

2
O2 þ 2Hþ þ 2e� (2)

N2 + 6H+ + 6e− / 2NH3 (3)

2N2 + 6H2O / 4NH3 + 3O2 (4)
3. Conclusions

This study establishes a signicant breakthrough in sustainable
ammonia synthesis by demonstrating that structurally simple
ZnO nanoowers (NFs), when engineered with controlled
oxygen vacancies (ZnO–OV), can serve as highly efficient and
metal-free catalysts under ambient conditions. By harnessing
the synergistic effects of photocatalysis and piezoelectricity, the
system achieves superior nitrogen reduction activity without the
need for external bias or sacricial agents. The incorporation of
a moderate concentration of oxygen vacancies plays a pivotal
dual role: it introduces defect levels that act as shallow traps to
signicantly prolong the lifetime of photogenerated carriers,
and it creates highly active adsorption sites that drastically
improve the affinity for N2 molecules. These defect-induced
enhancements are further amplied under mechanical strain,
where the piezoelectric polarization eld induces asymmetric
band bending. This internal eld accelerates spatial charge
separation, reduces recombination losses, and promotes
directional charge transfer to surface-active sites. TrPL
measurements conrmed the prolonged carrier lifetime in
ZnO–OV, while DFT calculations demonstrated a notable
reduction in nitrogen adsorption energy and reaction barriers
compared to pristine ZnO. The reaction pathway analysis also
reveals that ZnO–OV favors the associative alternating mecha-
nism with a lower energy barrier, further validating the intrinsic
catalytic advantage introduced by oxygen vacancies. Remark-
ably, under piezo–photocatalytic conditions, the ZnO-300 cata-
lyst achieved an ammonia yield of 1765.3 mg gcat

−1 in just one
10642 | J. Mater. Chem. A, 2026, 14, 10633–10645
hour—among the highest reported for nanocomponent, metal-
free catalysts. These results not only showcase the trans-
formative effect of vacancy engineering but also highlight the
feasibility of ambient-energy-driven catalysis using light and
mechanical stimuli. This work paves the way for the rational
design of next-generation, environmentally friendly NRR cata-
lysts that combine structural simplicity, scalable fabrication,
and exceptional performance. The integration of ZnO–OV and
piezoelectric enhancement offers a practical and compelling
pathway for clean ammonia production and decentralized
green energy solutions.

4. Experimental section
4.1 Preparation of pristine ZnO

In this work, ZnO NFs are synthesized by the hydrothermal
method. The precursors, including Zn(CH3COO)2$2H2O (99%,
Showa), C6H12N4 (99%, Alfa), and Na3C6H5O7 (99%, Thermo
Scientic), are rstly dissolved in 60 ml of distilled water (DI)
and magnetically stirred for twenty minutes at room tempera-
ture. Aer completely dissolving, the solution is transferred into
a Teon-lined stainless-steel autoclave of 100 ml capacity, fol-
lowed by the hydrothermal process in an oven at 90 °C for 3
hours. Aer that, the sample is washed with DI water and
ethanol alternatively and dried in an oven at 60 °C for 12 hours,
followed by the annealing treatment under ambient air at 300 °
C for 1 h to remove the residual elements on the surface of ZnO
and increase the crystallinity. The product was referred to as
pristine ZnO.

4.2 Synthesis of ZnO with oxygen vacancy

To create different oxygen vacancy concentrations, the pristine
ZnO underwent a thermal-annealing treatment conducted in
a furnace with a vacuum pump in an Ar/H2 (5% H2) mixed gas
environment at different temperatures for 3 hours to obtain the
nal products, denoted as ZnO-T. For instance, ZnO-300 refers
to ZnO aer annealing treatment under Ar/H2mixed gas at 300 °
C for 3 h.

4.3 Characterization analysis

A field-emission scanning electron microscope (FESEM, HITA-
CHI, SU8010) and X-ray diffractometer (XRD Bruker D2 Phaser)
were employed to investigate the morphologies and crystal
structures of the as-prepared samples, respectively. Trans-
mission electron microscopy (TEM, JEOL ARM-200F) was con-
ducted to further investigate the crystal structures and lattice
arrangement. X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientic ESCALAB Xi+) was used to determine the
surface chemical and electronic states, elemental composition,
and concentration of impurities of the as-synthesized samples.
Electron paramagnetic resonance (EPR, BRUKER ESR 5000),
photoluminescence (PL, Horiba Jobin Yvon LABRAM HR 800
UV), and time-resolved photoluminescence (TRPL, HORIBA
Jobin Yvon) were employed to analyze the defect-related prop-
erties. Piezo-response force microscopy (PFM, Bruker Dimen-
sion ICON) was applied to analyze the piezoelectric response,
This journal is © The Royal Society of Chemistry 2026
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height prole, and surface potential of the samples. Ammonia
production through the catalytic reaction was analyzed through
ultraviolet-visible spectroscopy (UV-vis, HITACHI U-3900) and
nuclear magnetic resonance (NMR, JEOL NMR 500).
4.4 Catalytic reaction and ammonia quantication

In this work, we conducted the nitrogen reduction reaction
experiment under three different conditions, including ultra-
sonication, light irradiation, and ultrasonication combined
with light irradiation. Ultrasonication was simulated using an
ultrasonic cleaner (Delta, DC 300, 300 W, 40 kHz). A 100 W
xenon lamp was used for light irradiation. Specically, 10 mg of
ZnO powder were mixed with DI water, which was pre-pumped
with nitrogen gas (99.999%) overnight. The mixture was placed
in a 25 ml sample bottle without a lid, followed by the nitrogen
reduction experiment under different conditions with nitrogen
pumping simultaneously with a ow rate of 100 sccm. The
solution was sampled for further quantication of ammonia
every 30 minutes. A water bath in the ultrasonic cleaner was r-
enewed frequently to ensure there was negligible temperature
change during the catalytic process. For 15N2 isotope analysis,
15N2 gas ($99.8 atom% 15N, Sigma Aldrich) was used. A 25 ml
freezing apparatus was lled with 10 ml of deionized water. The
system was frozen with liquid nitrogen and air-extraction by
a pump to eliminate gas dissolved in the water for 2 hours. The
apparatus was then allowed to reach room temperature, fol-
lowed by purging 25 ml of 15N2 gas into the container. Aer
leaving undisturbed for 2 hours, the solution was taken out for
further catalytic experiments. The quantication of the
conversion of 15N2 into 15NH3 was conducted by 1H NMR
spectroscopy.

The quantication of the ammonia yield rate in this work
was conducted by the colorimetric indophenol blue method.
The yield rate was calculated using the following equation:

YieldNH3
¼ CNH3

� V

t
�mcat:;

where CNH3
represents the concentration of ammonia, V repre-

sents the volume of the solution, t stands for the reaction time,
andmcat. is themass of the catalyst. During the experiment, 1 ml
of solution was centrifuged and transferred into a plastic bottle.
This was followed by adding 1.25 ml of solution A, 150 ml of
solution B, and 75 ml of solution C. The compositions of solu-
tions A, B, and C are listed in Table S2 (SI). Aer the reaction
time of 2 hours, the ammonia yield is determined by the
absorption spectrum of UV-vis spectroscopy. By measuring the
absorption peak intensity at l = 655 nm, we can get the
ammonia concentration in the solution by referring to the
calibration curve and the equation (Fig. S4). The main byprod-
uct of the nitrogen reduction reaction, N2H4, has also been
detected by the colorimetric Watt and Chrisp method; the
calibration curve is shown in Fig. S6.
4.5 Density functional theory simulation

First-principles calculations were performed utilizing the
Vienna Ab initio Simulation Package (VASP) soware employing
This journal is © The Royal Society of Chemistry 2026
the projector augmented wave (PAW) method. The Perdew–
Burke–Ernzerhof (PBE) pseudopotential within the framework
of the generalized gradient approximation (GGA) was employed.
The van der Waals interactions between atoms were simulated
by the DFT-D3 method. A 2 × 2 supercell with a ZnO (100) slab
(six layers, bottom three xed) and a 20 Å vacuum spacing was
adopted; a 5 × 3 × 1 G-centered k-mesh was used for surface
calculations. Long-range dispersion interactions were explicitly
included using the Grimme DFT-D3 correction scheme without
Becke–Johnson damping (D3, not D3BJ). A plane wave cutoff
energy of 450 eV was utilized for the calculations. The calcula-
tion details are listed in the SI of S3.
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