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1. Introduction

Ammonia (NH3) is one of the most exten-
sively synthesized chemicals globally,
essential for fertilizers, nitrogenous
compounds, and dyes.[1–3] It is also a
promising hydrogen storage medium
due to its high hydrogen content (17.6 wt%)
and efficient storage and transport.[4–6]

However, cleaving triple bond in a dinitro-
gen molecule is challenging to its high dis-
sociation energy (940.95 kJmol�1) and lack
of permanent dipole. The industrial
Haber–Bosch process transforming N2 to
NH3 is energy intensive and operates under
extreme conditions (10–30MPa, 400–600 °C)
emphasizing the need for alternative
routes.[7–9] Electrochemical nitrogen reduc-
tion reaction (eNRR) offers a viable alterna-
tive for NH3 synthesis under mild
conditions. Noble metals have high yields

and high faradaic efficiencies in eNRR, with silver (Ag) emerging
as cost-effective candidate,[10] however, Ag-based catalytic systems
remain underexplored.[11–16] Recent advances highlight the role
of external energy inputs, such as mechanical energy to built-in
electric fields via transient surface charges on piezoelectric mate-
rials that enhance eNRR kinetics. This phenomenon, fundamental
to piezocatalysis, enhances electron transfer process during redox
reactions, thereby catalytic efficiency.[17–19] Piezoelectric materials
such as Pb(ZrxTi1–xO3), BaTiO3, LiNbO3, and BiFeO3 have been
utilized in catalytic process like water splitting and organic
pollutants degradation, with ultrasonication as the polarization
source.[20–28] While nitrogen conversion in piezocatalysis is rarely
reported,[29,30] the eNRR has gained significant attention.[31–46]

Herein, we demonstrate the superior efficiency of a piezo-
enhanced electrocatalyst in driving the chemical kinetics of
eNRR through a piezo-induced built-in electric field.[20–23,25]

By coating the electrocatalyst Ag on a lead-free piezoelectric
material, potassium sodium niobate (K0.5Na0.5NbO3—KNN)
and externally actuating Ag/KNN in a new designed H-cell elec-
trochemical setup, it was possible to significantly improve the
eNRR kinetics. The working electrode (Ag/KNN) was actuated
at an acoustic vibration of 400 Hz, maximizing the piezoelectric
output potential. Comparative study between stationary
electrode and actuated electrodes highlights the critical role
of piezoelectric activation on modulating catalytic activity.
Finally, NH3 concentration was quantified to assess threefold
higher catalytic efficiency of piezo-enhanced reaction,
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Efforts in finding alternatives to Haber–Bosch process for chemical synthesis of
ammonia still struggle with efficient N2 activation. Piezoelectric materials are
promising cocatalysts to enhance the chemical kinetics of dinitrogen (N2)
reduction through, built-in electric fields, upon mechanical activation, which can
modulate the surface electrochemical potential. This work reports on the
influence of piezoelectric potassium sodium niobate (K0.5Na0.5NbO3, KNN) as a
lead-free cocatalyst for the electrochemical nitrogen reduction reaction to
ammonia (NH3) under mild conditions, on a silver (Ag) catalyst. For piezoac-
tivation, modified H-cell is engineered with the working electrode (Ag/KNN),
enabling external mechanical actuating during electrochemical process. The
results demonstrate that transient dipoles generated on the KNN surface through
localized electric field improve threefold NH3 production (3.6 μg h�1 cm�2) and a
Faradaic efficiency up to 75%. Piezoinfluence is investigated through actuation-
induced, linear sweep voltammetry, electrochemical impedance spectroscopy,
chronoamperometry, and open-circuit potential measurements.
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presenting the piezoelectric contributions to eNRR perfor-
mance (Figure 1).

2. Results and Discussion

For the potassium sodium niobate (KNN) synthesis, an equimo-
lar mixture of metal alkoxides was activated by controlled hydro-
lysis in isopropanol and the resulting sol was concentrated,
forming a xerogel. The X-ray diffractogram (XRD) of the as-
obtained xerogel shows the amorphous arrangement of the
KNN (Figure 2a).

Upon calcination at 550 °C for 3 h, the KNN sample demon-
strates the formation of a single-phase K0.5Na0.5NbO3 perovskite
with orthorhombic phase (a= 5.65, b = 3.95 and c= 5.67 Å), as
confirmed by XRD measurement (Figure 2b). The distinct dif-
fraction profile (10°< 2 θ< 40°) and the absence of unidentified
peaks confirm that no crystalline secondary phase is present.

X-ray photoelectron spectroscopy (XPS) was used to confirm the
elemental composition in the KNN samples (Figure 3a). The pres-
ence of Na, K, and Nb supports the conclusions drawn from XRD
and energy-dispersive X-ray spectroscopy (EDX) (Figure S1,
Supporting Information). The XPS analysis showed that nitrogen
is absent in the as-calcined sample, meaning any ammonia species

detected during the catalytic process can be attributed solely to the
nitrogen introduced during cell purging. However, a detailed stoi-
chiometry could not be obtained, due to the overlap of the Na 2s
and Nb 4s orbitals observed at 63 and 58 eV, respectively. Since the
measuring range is limited to 1000 eV, fitting the Na 1s peak at
�1071 eV was not possible. Carbon (C 1s) was also detected, origi-
nating from contamination in the machine and signals caused by
environmental adsorbates on the sample.[47] Additionally, electron
paramagnetic resonance (EPR) spectroscopy measurements were
performed to assess the formation of oxygen defects during the
KNN synthesis, due to the sublimable nature of alkali metal oxides
(Figure 3b).[48] A g value of 2.003 confirms the formations of oxy-
gen vacancies during the sol–gel process of KNN, which are crucial
in piezocatalysis.[30,49–56]

The morphology of the synthesized KNN was investigated by
scanning electron microscopy (SEM), and to achieve a homoge-
neous coating, a KNN/Nafion solution was prepared using spray
coating method onto a stainless-steel substrate (Figure 4a). The
coating exhibits a macroscopically dense surface morphology con-
stituted by regularly distributed KNN particles with an average
layer thickness of 590 nm (Figure 4b and Figure S2, Supporting
Information). The resulting piezoelectric film generates a potential
of 15mV, demonstrated by actuation measurements using a
custom-made shaker setup with a frequency-controlled surface

Figure 1. Schematic representation of static and piezoelectrically enhanced electrode yielding more NH3.

Figure 2. Powder XRD pattern of as-obtained a) amorphous arrangement xerogel of the KNN and b) crystalline KNN after calcination (550 °C).
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speaker of 21.23 cm2 coupled with a Tektronix TDS 210 two chan-
nel digital real-time oscilloscope (Figure 4d). In the absence of
actuation, minimal slight noise is observed (Figure 4c). A range
of frequencies were examined for optimal piezoactuation, with
400Hz yielding the highest potential (Figure S3, Supporting
Information). The introduction of oxygen vacancies increases
the density of free carriers within the material, enhancing the
screening effect and hindering polarization.[57] However, actuating
measurements reveal a high generated potential in the film,
despite the presence of oxygen vacancies, establishing it as a strong
candidate for piezoelectrically enhanced electrode.

Due to the poor nitrogen activation from bare KNN (Figure S7,
Supporting Information), the piezoelectric layer functions as a
cocatalyst for the sputtered Ag thin film (20 nm). To determine
the optimal ratio of Ag to the KNN cocatalyst, the Ag nanolayer
thickness was optimized using different thicknesses achieved
by adjusting the sputtering durations (Figure S4, Supporting
Information). The 20 nm thick layer of Ag delivered the best cat-
alytic performance. For integration into an H-cell electrochemi-
cal setup, the piezoelectric working electrode was positioned on
the side of the cell, enabling external actuation at the correspond-
ing frequency and promoting the interaction between the

Figure 3. a) XPS survey spectrum of calcined KNN (550 °C). b) Continuous wave X-band electron paramagnetic resonance spectrum of calcined KNN.

Figure 4. a) SEM micrograph of crystalline KNN particle and b) cross-sectional of the KNN thin film. c) Oscillation measurements without the actuation
of KNN film and d) after during actuation at 400 Hz.
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reactant and the catalyst on highly actuated catalytic surfaces
(Figure 5a). The electric polarization in response to mechanical
stress creates charges on the surface of the material. This con-
tinuous stress-induced polarization induced by mechanical
stress creates transient dipoles and a piezopotential in the mate-
rial, creating a built-in electric field. This effect can improve
catalytic reactions and enhance efficiency.[52–54,58,59]

An electrochemical comparison of chronoamperometry,
impedance, and open-circuit potential (OCP) was conducted
in 0.1M Na2SO4 between the bare Ag electrocatalyst, the piezo-
electric Ag/KNN electrode, and the perovskite-based nonpiezo-
electric reference Ag/SrTiO3 (Figure 5). Although SrTiO3 can
exhibit piezoelectric properties under specific conditions, synthe-
sis routes, or structural modifications, the SrTiO3 in this study is
a commercially available material exhibiting a cubic phase with
space group Pm-3m. This centrosymmetric structure lacks of any
piezoelectric properties at room temperature (Figure S8,
Supporting Information).[60–63] The electrochemical comparison
highlights the influence of the built-in electric field on the pie-
zoelectrically enhanced electrode. Figure 5 illustrates the electro-
chemical change of potential when actuation is applied to the
piezo-enhanced Ag/KNN electrode. Chronoamperometry analy-
sis (Figure 5d) showed an increase in current of about 40 μA
when the piezoelectrically enhanced electrode was continually

actuated. In comparison, Ag/SrTiO3 and Ag electrocatalysts
show no effect on the measured current. Electrochemical imped-
ance spectroscopy (EIS) measurements were performed to esti-
mate the charge transfer of composite electrodes with and
without actuation. The Nyquist plots were fitted using a Voigt-
like circuit (Figure 5c). Composed of R0 for the stainless-steel
substrate resistance, CPE//R1 for the impedance at the Ag/KNN
interface, and CPE//R2 as the impedance between the catalyst
surface and the electrolyte. Upon mechanical actuation, R0

remained constant at �25 Ω, while the resistance at the elec-
trode/electrolyte interface is reduced from 173 to 132Ω. The
results from chronoamperometry and EIS confirm an increase
in charge transfer. Transient OCP measurements exhibit negli-
gible voltage variation for Ag and Ag/SrTiO3 with or without
actuation, while Ag/KNN exhibits a piezovoltage of 33mV
(Figure 5b). These results further corroborate the creation of a
built-in electric field during actuation attributed to a surface
polarization of KNN rather than creation of additional charge
carriers.[64]

Linear sweep voltammetry (LSV) was measured using Ar and
N2 as feeding gas for 30min each. The N2-saturated solution exhib-
its higher negative current indicating electrocatalytic activity
toward eNRR. As expected, the higher current upon actuating
the piezoelectric electrode suggests increased electron migration

Figure 5. a) Schematic representation of developed H-cell electrochemical setup. b) Differentiation of Ag/KNN, Ag, and Ag/SrTiO3 in measured OCP,
c) Nyquist plots EIS measurements of the piezoelectric working electrode without/with actuation, and d) chronoamperometry of Ag/KNN, Ag, and
Ag/SrTiO3 without/with actuation.
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to the electrode surface, thereby enhancing participation in the
eNRR (Figure 6a). The performance of bare KNN does not qualify
it as an efficient catalyst for nitrogen reduction, as shown in the
LSV (Supporting Information, Figure S7). Chronoamperometry
measurements at �0.2 V versus RHE were conducted for 2 h,
comparing static and actuated Ag/KNN electrode states
(Figure 6b). Notably, the current density remained stable under
both conditions throughout catalysis. The amount of in situ gen-
erated NH3 was quantified using the indophenol method and to
the NH4

þ calibration curve (Figure S5, Supporting Information),
while formation of potential N2H4 by-products was determined
using the Watt-and-Crisp method (Figure S6, Supporting
Information).[65] Figure 6c illustrates the indophenol method
enhancement in NH3 quantification through piezo-assisted nitro-
gen activation, showing a threefold increase in the absorbed peak
when a highly actuated piezoelectric electrode is used.

The static piezoelectric electrode quantifies 1.21 μg h�1 cm�2

produced NH3, whereas the piezoelectrically enhanced electrode
achieves an impressive 3.6 μg h�1 cm�2 NH3 yield, representing
a remarkable threefold improvement in piezo-assisted eNRR and
marking the highest NH3 yield attained in comparison with static
and actuated bare KNN, Ag, Ag/SrTiO3, and Ag/KNN electrodes.
Additionally, the Faradaic efficiency (FE) experiences also a

remarkable increase, from 18% with a static electrode to 75%
achieved by using piezoelectrically enhanced electrode.

The bare Ag electrode demonstrates an NH3 yield of
1.94 μg h�1 cm�2, however, the introduction of an actuated elec-
trode results in a reduction in performance of 1.13 μg h�1 cm�2.
Not only the NH3 yield of the Ag electrode declined due to actu-
ation, but the FE also decreased with the actuated Ag electrode.
The nonpiezoelectric electrode using Ag/SrTiO3 as a perovskite
layer shows an NH3 yield of 1.75 μg h�1 cm�2, with no difference
observed between actuated and static conditions.

The catalyst was also structurally and morphologically charac-
terized after catalysis. Morphological evaluation via SEM imag-
ing, before and after catalysis, reveals a consistently rough
surface composed of KNN particles varying sizes. Although
the surface roughness of the particles changes slightly, overall
morphology of the film and crystallinity of KNN remains intact
(Figure 7a,b). The XRD analysis demonstrates that the piezoelec-
tric material KNN retains its crystalline structure after catalysis,
as all diffraction peaks remain unchanged (Figure 7c). This
corroborates a stability which is further supported by long-term
chronoamperometry measurements conducted over 24 h period,
during which the current density remained consistently stable
(Figure 7d).

Figure 6. a) LSV curves of the piezoelectric working electrode Ar-, N2-saturated solution with and without actuation. b) Chronoamperometry of the 2 h
reaction period with and without actuation. c) Comparison of the UV–vis absorption spectra of the indophenol indicator for static and actuated electrode.
d) NH3 yield rates and FE comparing KNN, Ag, Ag/SrTiO3, Ag/KNN as static electrode as well as actuated electrode.
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3. Conclusion

In summary, the piezoelectric material potassium sodium niobate
(K0.5Na0.5NbO3, KNN) was successfully synthesized via the sol–gel
method using potassium tert-butoxide, sodium tert-butoxide, and
niobium iso-propoxide as alkoxide precursors. The synthesized
KNN, containing oxygen vacancies, was utilized as an active mate-
rial and cocatalyst, integrated within a Nafion dispersion and
deposited onto stainless-steel substrate via spray coating.
Although oxygen vacancies increases the density of free carriers
within the material, enhancing the screening effect and hindering
polarization, actuation measurements show uniform potential
generation of 10�15mV at a frequency of 400Hz, confirming
the piezoelectric functionality. Furthermore, Ag was deposited
onto the electrode to facilitate the eNRR. The piezoelectric working
electrode was positioned on the side of an engineered electrochem-
ical cell enabling external actuation and the role of the piezoelectric
Ag/KNN in the electrochemical system was systematically evalu-
ated using chronoamperometry, impedance spectroscopy and
OCP, compared to bare Ag electrocatalyst and nonpiezoelectric
perovskite Ag/SrTiO3. The piezo-assisted electrocatalytic system
demonstrated a significant enhancement in the conversion of
N2 to NH3 under neutral conditions (0.1M Na2SO4), achieving
an ammonia yield three times higher than that of the reference
systems and a FE of 75% at mild applied potential of�0.2 V versus
RHE over a 2 h reaction period. These finding highlight the

synergistic effect of piezoelectric KNN in driving electrochemical
nitrogen activation and underscore its potential as a promising
multifunctional material for sustainable and efficient ammonia
synthesis under mild conditions. Furthermore, structural and
morphological analysis after catalysis were done, showing high sta-
bility in crystallinity and morphology. This stability was further
confirmed by 24 h long-term chronoamperometry using both actu-
ated and nonactuated electrode, exhibiting consistent performance
throughout the measurement period.

4. Experimental Section

The synthesis of metal alkoxide precursor was conducted under an inert
nitrogen atmosphere using a Stock vacuum line equipped with quick-fit
glass joints. All alkoxides were purified by sublimation, and solvents were
freshly distilled over freshly cut sodium. Stainless-steel sheets with a thick-
ness of 0.15mm (Good Fellow, Fe/Cr18/Ni10)) were used as substrates.
The XRD experiments were performed using the following diffractometer:
capillary measurement in Debye–Scherrer geometry on a STOE STADI P
diffractometer, equipped with a Dectris Mythen 1 detector using λMo

Kα= 0.70930 Å radiation. The surface composition was analyzed by using
XPS with an ESCA M-Probe (Surface Science Instruments) equipped with
an Al Kα source. Data processing was performed using CasaXPS software
(Casa Software Ltd.), calibrated to the adventitious carbon signal at
248.8 eV. EPR measurements were performed using a continuous wave
X-band EPR spectrometer EMXmicro from Bruker in combination with
a SHQ resonator also from Bruker. The morphology and bulk elemental
distribution were analyzed by using a Zeiss Sigma 300 VP Rise field

Figure 7. SEMmicrographs of the catalyst film a) before catalysis and b) after catalysis. c)XRD pattern of KNN film before and after catalysis. d) Long-term
chronoamperometry of the 24 h reaction period with and without actuation.
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emission SEM with integrated EDX (Oxford Instruments Xplore 30).
Electrochemical measurements, including EIS, chronoamperometry,
linear sweep voltammetry, and OCP were conducted by using the
potentiostat PalmSens4 from PalmSens.

Materials Synthesis: The Supporting Information is referenced to provide
further details of the synthesis of [Nb(OiPr)5]2. The piezoelectric,
K0.5Na0.5NbO3 (KNN), was synthesized via a sol–gel method using potas-
sium tert-butoxide (KOtBu, Sigma–Aldrich, 97%), sodium tert-butoxide
(NaOtBu, Sigma–Aldrich, 98%), and niobium iso-propoxide [Nb(OiPr)5]2
as alkoxide precursors. Although the targeted stoichiometry corresponds
to a 1:1:1 molar ratio of K:Na:Nb, a 1:1:2 ratio was employed to account
for the dimeric nature of niobium iso-propoxide [Nb(OiPr)5]2, which contains
two Nb centers per molecule.[66–69] In a typical synthesis, KOtBu (160mg,
1.43mmol), NaOtBu (137mg, 1.43mmol), and [Nb(OiPr)5]2 (1.11 g,
1.43mmol) were dissolved in 10mL HOiPr (anhydrous 99.8%). The solution
was stirred for 2 h at room temperature followed by the addition of 10mL
acetic acid (Analytical reagent grade, Fisher Chemicals). The solution was
stirred for additional 12 h, before drying at 140 °C. The resulting xerogel
was then calcined at 550 °C for 3 h.

Piezoelectric Working Electrode Preparation: Samples for electrochemical
studies were prepared by spray-coating a KNN, iso-propylalcohol, 1% V/V
Nafion solution onto a stainless-steel substrate. The solution containing
the piezoelectric working electrode was prepared as follows: 60 mg of the
calcined KNN powder was dispersed in 20mL iso-propylalcohol and
1% V/V Nafion D-521 Dispersion (5% w/w in H2O and iso-propyalcohol,
Alfa Aesar) solution was added. After homogenous dispersion in an ultra-
sonic bath, the active material was loaded onto a 4.9 cm2� 0.15 mm stain-
less-steel (Fe/Cr18/Ni10) substrate via spray coating. Finally, a 20 nm
silver layer was deposited onto the piezoelectric working electrode by mag-
netron sputtering under Ar (99.99%) atmosphere (14 s, 120mA, 20 nm).
The SrTiO3 used as reference material, structurally a perovskite, but non-
piezoelectric was purchased from the company Chempur. The catalyst fab-
rication followed the same procedure as used for the KNN-based system.

Electrochemical Measurements: Electrochemical investigation including
eNRR was performed in a three-electrode system (H-type two-chamber cell),
with platinum serving as the counter electrode, Ag/AgCl (3 M KCl) as the
reference electrode, and the fabricated working electrode positioned adjacent
to the side of the electrochemical cell. According to the Nernst equation:[37]

ERHE ¼ EAg=AgCl þ 0.197 þ 0.059 pH (1)

The system was purged with argon (Ar) gas for 30 min, followed by
additional 30 min of nitrogen (N2) flushing with the quantitative assess-
ment through chronoamperometry at constant potential of �0.2 V versus
RHE in 0.1M Na2SO4 solution. Pure N2 was consistently introduced into
the cathode chamber during catalysis. Equation (2) was utilized for calcu-
lation of the produced NH3 amount in 40mL cathode electrolyte, where
RNH3 (μg h�1 cm�2) represents the NH3 production rate, CNH3 is the NH3

concentration in the detection solution in ppm (μg/mL), V (mL) denotes
the volume of the cathode electrolyte, t (h) is the catalysis time, and
A (cm2) describes the area of the electrode.

RNH3
½μg h�1cm�2� ¼ CNH3

⋅ V
t ⋅ A

(2)

The FE was calculated as follows:

FE ¼ nNH3 ⋅ 3F
Q

(3)

n NH3 (mol) is the number of moles that where produced, where
F(96 485 Cmol�1) describes the Faraday constant and Q(C) is the total
electrical charge during the eNRR process.

NH3 Determination: The concentration of generated NH3 was analyzed
by using the indophenol spectrophotometry method.[36] For the analysis,
2.5mL of the electrolyte extracted from the cathode chamber postcatalysis
was subjected to coloration using the indophenol method. After homoge-
nization, the solution was set to rest for 10min. The UV–vis absorption of

the NH3-containing electrolyte was measured at 692 nm. Figure S5,
Supporting Information, depicts the concentration/absorbance relation-
ship of a linear standard curve (R= 0.99704) utilizing varying concentra-
tions of standard ammonium chloride solution.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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