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1. Introduction

Ammonia (NH3) is essential for the global food supply, as a key
component of nitrogen-based fertilizers.[1–3] The Haber–Bosch

process, responsible for industrial ammonia
production, is energy-intensive with signifi-
cant carbon footprints contributing to
climate shift.[4,5] Electrocatalytic nitrogen re-
duction reaction (e-NRR) with renewable
electricity offers a greener alternative to syn-
thesize ammonia under ambient conditions.
However, the Faradaic efficiency (FE) of
e-NRR is impeded by two persisting chal-
lenges 1) activation of rather inert N≡N bond
(941 kJmol�1 dissociation energy) and 2)
faster kinetics of proton reduction, feasible
at lower operating potentials, outperforming
e-NRR especially in water-based electrolytes.
Current research efforts are directed toward
identifying potential catalysts and advancing
catalyst design. For example, by cooperative
effects in bimetallic transitionmetal catalysts
that offer exploiting d-orbital electron dona-
tion to populate antibonding orbitals in N2 or
employing Li-mediated catalysts that show a
preferred coordination of Liþ to weaken
N≡N bonds, crucial in a viable and scalable

ammonia production.[6–9]

Strategies such as the incorporation of lithium, optimization of
electronic structures, and defect-engineering have improved the
performance of e-NRR catalysts.[10,11] Lithium-mediated NRR in
a non-aqueous electrolyte is a promising approach for suppressing
parasitic reactions like the hydrogen evolution reaction (HER), due
to the lack of protons. Themulti-step process involves Liþ plating!
LixN formation! protonation, leading to NH3 synthesis. The
limited proton availability and higher nitrogen solubility in non-
aqueous media enhance ammonia yield and selectivity.[12] How-
ever, this multistep process is confronted with high energy
demands for Liþ plating, dendrite formation due to anodic oxida-
tion, and a trade-off between fast Li–N2 reaction and slow LixN con-
version to NH3.

[13] As an alternative, Li-mediated e-NRR using
aqueous electrolytes, with water acting as an electron donor, has
been proposed.[12,14] However, issues such as anodic lithium oxi-
dation and electrode passivation persist.

Inspired by Li-mediated e-NRR, where Li-plating and Liþ

adsorption enhance catalysis, Li-containing materials have been
investigated as catalysts in Li-free aqueous electrolyte. Lattice-
bound Li is expected to facilitate dinitrogen reduction. For
instance, Gu et al. reported LiFeO2/reduced graphene oxide com-
posite as a potential e-NRR catalyst achieving a high NH3 yield
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The electrocatalytic nitrogen reduction reaction (e-NRR) has emerged as a
sustainable alternative to the energy-intensive Haber–Bosch process for
ammonia (NH3) synthesis. Lithium-based electrocatalysts are particularly
promising due to the high thermodynamic affinity of lithium toward nitrogen,
which facilitates spontaneous N2 adsorption to lower the activation energy
required for dinitrogen dissociation. By promoting proton-coupled electron
transfer and stabilizing NRR intermediates, the composite catalyst enhances
reaction kinetics, enabling efficient NH3 production. While nonaqueous lithium-
containing electrolytes suppress the hydrogen evolution reaction, lithium
deposition from electrolyte decomposition inhibits e-NRR. This study addresses
the challenge by structurally integrating lithium into a LiVO3/LiZnVO4 nano-
composite, which channels lithium into active catalytic sites rather than parasitic
plating. The oxide-oxide nanocomposite electrocatalyst delivers an ammonia
yield of 53.7 μg h�1 mgcat

�1 and a Faradaic efficiency (FE) of 44.8% at �0.5 V
versus reversible hydrogen electrode in 0.1 M HCl electrolyte. To the best of the
knowledge, this report presents a significant improvement in FE against other
reported Li-mediated systems and rivalling transition metal-based catalysts.
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(40.5 μg h�1 mgcat
�1) at �0.5 V versus reversible hydrogen elec-

trode (RHE) and a FE of 16.4% at �0.3 V vs. RHE in 0.1M
Na2SO4.

[15] Also, LiMn2O4 spinel nanofibers were explored for
ammonia synthesis in an acidic electrolyte with 7.44% FE and
15.83 μg h�1 mgcat

�1 NH3 yield at an overpotential of�0.50 V.[13]

The ammonia yield of the well-knownMoS2 catalyst was found to
be significantly increased upon introducing in-operando strong
Li–S interaction, which effectively suppresses HER.[16] The den-
sity functional theory calculations on Li-containing bimetallic
oxide revealed cooperative Li-M interactions that promote
e-NRR and suppress undesired HER.[15,17]

Tyutyunnik et al. reported the alkali metal pyrovanadates for Na
and K-åkermanite- type structure. However, the small ionic radii of
Liþ (0.9 Å) counteract the formation of single-phase lithium zinc
vanadate åkermanite due to the relatively large coordination cavity
in pyrovanadates, enabling eightfold coordination for the alkali
metal cation.[18,19] Attempted synthesis of “Li2ZnV2O7” using lith-
ium tert-butoxide, zinc bis (trimethylsilylamide), and vanadyl iso-
propoxide precursors resulted in the formation of a novel LiVO3/
LiZnVO4 nanocomposite. Due to the redox inactive electronic stru-
cture of Zn2þ in LiZnVO4 phase, it is expected to stabilize the
bimetallic catalyst. Both compounds are widely used in electro-
chemical energy storage.[20] In comparison to LiVO3, the presence
of Zn2þ in LiZnVO4 (although both have different crystal struc-
tures) modifies the vanadium oxide framework, affecting the

electronic and ionic conductivity properties.[21–27] As a result, the
oxide-oxide composite (LiVO3/LiZnVO4) showed sevenfold in-
crease in N2 reduction yield compared to individual phases produc-
ing 53.7 μg h�1mgcat

�1 NH3 yield and 44.8% FE at �0.5 V versus
RHE in 0.1M HCl electrolyte under ambient experimental
conditions.

2. Results and Discussion

2.1. Characterization of LiVO3/LiZnVO4 Nanocomposite

Figure 1a presents the powder X-ray diffractograms (XRD) of the
synthesized samples LiVO3, LiZnVO4, and LiVO3/LiZnVO4 nano-
composite, with their respective joint committee on powder diffrac-
tion standards card numbers 70-1545 and 38-1332.[22,28] The
synthesized composite predominantly exhibits the LiZnVO4 phase
along with the LiVO3 phase. without any detectable crystalline
impurities. Figure S1, Supporting Information, displays the XRD
of the as-synthesized xerogels, while Figure S2, Supporting Infor-
mation, illustrates the effect of increasing calcination temperature
from 400 to 700 °C on the LiVO3/LiZnVO4 xerogel for 2 h. At
400 °C, crystallization of LiZnVO4 is evident, and subsequent
increased XRD peak intensities are observed for higher tempera-
tures as thermal energy during coarsening drives grain growth and
densification.[29] As a consequence, the crystallization of LiVO3 in

Figure 1. a) Powder XRD of the LiVO3/LiZnVO4 composite and individual phases, including the standard reference. b) Raman spectra of the synthesized
composite and individual phases. c) Atomic cell structure of individual phases (LiVO3 and LiZnVO4). d) TGA-DSC measurement of as-prepared LiVO3/
LiZnVO4 xerogel.
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this composite system becomes more prominent around 500 °C.
The XRD of the sample calcined at 700 °C exhibits peak broaden-
ing, which may indicate structural reconstruction prior to melting,
as the powder diffused onto the crucible. The calcination beyond
700 °C was not performed, as LiVO3 melted at this temperature.

For individual phase formation, the dried LiVO3 xerogel was
calcined at 500 °C for 2 h, resulting in a monoclinic structure
(space group: C2/c).[30] Pure LiZnVO4 was obtained by quench-
ing in air after 10min at 650 °C, as slow cooling promotes some
LiVO3 crystallization. The resulting structure adopts a rhombo-
hedral crystal structure (space group: R3 (146)) with a trigonal
phenacite-type arrangement (Figure 1c).[31]

The thermal behavior of LiVO3/LiZnVO4 xerogel after sol–gel
processing was also analyzed using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) under an
argon atmosphere at a heating rate of 20 °Cmin�1 up to 700 °C
(Figure 1d). The TG/DSC results revealed two major decompo-
sition events occurring in the range 20–500 °C. The initial endo-
thermic decomposition (20–90 °C) is attributed to the
evaporation of chemically bonded water and alcohol molecules,
while the subsequent exothermic mass loss (90–450 °C) corre-
sponds to the decomposition of organic oxo- and hydroxy-ligands
formed during the hydrolysis step. The DSC data indicate a

melting event beyond 650 °C.[32] The apparent discrepancy
between the melting temperatures observed in TG and XRD ana-
lyzes may stem from environmental effects during the measure-
ments. Specifically, the TGA was conducted under an inert argon
atmosphere, whereas calcination for oxide-oxide nanocomposite
synthesis occurred in air, potentially allowing oxidation or other
surface reactions to shift thermal behavior or phase evolution
during heating.[25,33,34]

The Raman spectroscopy was used to investigate the local
structure of the LiVO3/LiZnVO4 composite and compare it with
the individual phases (Figure 1b). In accordance with the Raman
spectra of LiVO3, V–O–V vibrations are observed in the medium-
frequency region (500–650 cm�1), while strong V–O vibrations
appear in the high-frequency region at 952, 926, and 903 cm�1

for both LiVO3 and LiZnVO4. Li–O vibrations are identified at
479 cm�1. The low-frequency region (120–260 cm�1) corre-
sponds to the external modes of the VO4

3� groups in LiVO3.
An intense peak at 840 cm�1 in LiZnVO4 is attributed to the as-
ymmetric and symmetric stretching vibrations of the VO4 group,
while the band at 292 cm�1 corresponds to Zn–O vibra-
tions.[23,28,35] Additionally, Figure S3, Supporting Information,
compares the Fourier transform infrared spectra of the as-
synthesized xerogel and calcined LiVO3/LiZnVO4.

Figure 2. SEM images of synthesized individual phases: a,d) LiVO3, b,e) LiZnVO4, c,f ) LiVO3/LiZnVO4 composite, g) EDX elemental maps correspond-
ing to (c) SEM image, followed by XPS spectra of LiVO3/LiZnVO4 composite with high resolution: h) Li 1s, i) Zn 2p, and j) O 1s, V 2p.
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Themorphology of individual phases and the in situ synthesized
composite was observed via secondary electron scanning electron
microscopy (SEM) at different magnifications (Figure 2a–f ). The
individual phases LiVO3 and LiZnVO4 clearly present porous
surface morphology with smooth plate-like structure in LiVO3

(Figure 2a,d) and agglomerated fused particles of LiZnVO4

(Figure 2b,e). As a result, the LiVO3/LiZnVO4 composite shows
a combination of these two morphologies homogenously merged
with each other (Figure 2c,f ). Additionally, Figure 2d and S4,
Supporting Information, confirms the presence of all expected ele-
ments like zinc, vanadium, and oxygen in Energy dispersive X-ray
analysis (EDX). The selective presence of zinc additionally confirms
the presence of a dual phase in the synthesized composite.

Further information on chemical composition and oxidation
states was obtained from X-ray photoelectron spectroscopy (XPS)
measurements. The XPS survey spectrum and deconvoluted C 1s
peak from adventitious surface carbon are provided in the
Supporting Information for energy calibration and confirmation
of surface cleanliness (Figure S5, Supporting Information).
While Liþ is coordinated with both VO4

3� and ZnO4
2� tetrahedra

in LiZnVO4, coordination in LiVO3 is octahedrally oriented with
VO4

3� tetrahedra. As ZnO4
2� is a weaker electron-withdrawing

unit compared to VO4
3�, lower effective nuclear charge (Zeff ) val-

ues should be expected for Li─O bonds in LiZnVO4 compared to
LiVO3. Such an effect was assigned for the deconvolution of Li 1s
spectra (Figure 2h), with Li─O component for LiZnVO4 at 54.8 eV
and for LiVO3 at 55.5 eV.[36] Zn 2p sharp doublet (Figure 2i), at

1021.9 eV (Zn 2p3/2) and 1044.9 (Zn 2p1/2), indicates Zn
2þ pres-

ence from the ZnO4
2� tetrahedrons of the trigonal phenacite crys-

tal structure of LiZnVO4, with signature splitting of 23 eV between
the components.[37]

Moreover, O 1s high-resolution spectrum (Figure 2j) reveals a
typical oxygen-metal main lattice peak (Ometal) at 530 eV, an oxygen
signal related to the vicinity of oxygen-deficient species (Ov) at
531.8 eV, and oxygen-rich adsorbates (Oads) at 532.9 eV.

[38,39] The
overlapping V 2p doublet exhibits V5þ 2p3/2 component at 517.3 eV
and V5þ 2p1/2 at 524.7 eV, in agreement with 7.4 eV splitting of the
2p orbital in this oxidation state and 2p1/2 broadening.[24,40]

Interestingly, the emergence of V 2p3/2 (516.5 eV) and V 2p1/2
(522.6 eV) peaks in lower binding energy suggests the presence
of V4þ in the composite, corroborating that charge compensation
takes place in the presence of defects such as oxygen vacancies (Ov)
observed.[24]

2.2. Electrocatalytic NRR Activity

The electrochemical NRR efficacy of LiVO3/LiZnVO4 and indi-
vidual phases was evaluated by various electrochemical measure-
ments in a two-chambered H-cell (Figure S6, Supporting
Information). Initially, the composite catalyst was examined in
different pH environments, like alkaline (0.1M KOH), neutral
(0.1M Na2SO4), and acidic (0.1 MHCl) through linear sweep vol-
tammetry (LSV) performed in N2 and control measurement in
Ar-saturated electrolyte. Figure 3a shows a significant current

Figure 3. a) Linear sweep voltammograms of the LiVO3/LiZnVO4 catalyst in 0.1 M KOH, 0.1M Na2SO4, and 0.1 M HCl electrolyte purging with Ar- and
N2- at a scan rate of 10mV s�1. b) Chronoamperometry curves for 2 h of the NRR by the LiVO3/LiZnVO4 catalyst in 0.1M HCl electrolyte at applied
potentials from�0.4 to�0.6 V. c) UV–Vis spectroscopy curves obtained after the NRR depicting ammonia formation and d) Comparison of FE and NH3

production yield rate measured after chronoamperometry by the LiVO3/LiZnVO4 catalyst.
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density enhancement in 0.1M HCl, demonstrating potential
activity of the synthesized composite in a proton-rich environ-
ment possibly due to HER suppression by Li metal in the electro-
catalyst. In comparison, the same catalyst shows only a slight net
current density increment in alkaline and neutral environments
for nitrogen reduction, presenting deprived HER and NRR in
these pH conditions. The comparison with Na2SO4 and KOH
allows us to assess the role of proton availability in N2 activation
and ammonia formation, and to confirm that the observed activ-
ity is not solely due to acidic conditions. This clarifies 0.1M HCl
as an optimized electrolytic configuration for performing succes-
sive quantitative ammonia analysis. The LSV measurement of
LiVO3/LiZnVO4 catalyst during Ar and N2 purging shows an
enhancement in the current density gap after �0.4 V versus
RHE, indicating the initiation point of N2 selected along with
H2 evolution. The quantitative analysis of produced ammonia
and FE was evaluated with a combination of the charge utilized
during chronoamperometry tests and calorimetric indophenol

blue measurement. Figure S7, Supporting Information, shows
the standard calibration curve utilized for the production of NH3

concentration determination. The chronoamperometry was per-
formed for 2 h at various consecutive potentials from �0.4 to
�0.6 V versus RHE within �0.05 V step followed by ammonia
concentration analysis via UV–Vis absorption spectroscopy
(Figure 3b,c). On applied potential of�0.5 V versus RHE, catalyst
LiVO3/LiZnVO4 exhibited a notable NH3 yield rate of
53.7 μg h�1 mgcat

�1 and the FE reached a maximum of 44.8%
FE, which is comparatively higher than other reported lithium-
based catalysts for e-NRR so far (Figure 3d and Table 1). The
ammonia yield and FE sharply decline on further negative poten-
tial increased beyond �0.5 V versus RHE possibly contributed to
competitive HER evolution.

To analyze the e-NRR activity of individual phases, similar
experiments were performed at �0.5 V in 0.1M HCl separately.
Figure 4b shows chronoamperometry of LiVO3, LiZnVO4, and
LiVO3/LiZnVO4 catalyst compared to analyze the e-NRR activity

Table 1. e-NRR activity comparison of reported Li-based catalysts in aqueous electrolyte.

Catalyst Electrolyte NH3 yield [μg h�1 mgcat
�1] Overpotential [V vs. RHE] FE [%] Reference

LiMn2O4 0.1M HCl 15.83 �0.5 7.44 [13]

LiFeO2/reduced graphene oxide 0.1 M Na2SO4 40.5 �0.5 16.4 [15]

LiNb3O8 0.1 M Na2SO4 7.85 �0.4 82.83 [48]

LiFe5O8/reduced graphene oxide 0.1M HCl 36.02 �0.2 13.08 [17]

LiVO3/LiZnVO4 composite 0.1 M HCl 53.7 �0.5 44.80 This work

Figure 4. Chronoamperometry curves for a) 21 h of the NRR by the LiVO3/LiZnVO4 catalyst and b) LiVO3/LiZnVO4 and its constituent phases in 0.1M
HCl electrolyte at applied potentials of �0.5 V versus RHE. c) UV–Vis spectroscopy curves obtained after the NRR for all catalysts. d) Comparison of FE
and NH3 production yield rate measured after chronoamperometry by the LiVO3/LiZnVO4 catalyst and Individual phases.
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represented by Figure 4c,d by the indophenol method photomet-
ric curve, and thereafter the calculated value. Both of the individ-
ual phases were observed with very inferior e-NRR activity of
5.12 μg h�1 mg�1 and 1.2 μg h�1 mg�1 with low FE of 11.5
and 2.12% which is more than seven times less than their
NRR activity as a composite catalyst.[41] This value justifies the
synergistic effect of both phases in LiVO3/LiZnVO4 composite
catalyst to develop it as a better NH3 producer than its constituent
individual phases with maximum charge utilization for NRR
rather than HER. This was further supported by high double-
layer capacitance (Cdl) of 3.72mF and electrochemical active sur-
face area (ECSA) of 9.07 cm2, suggesting a greater number of
active sites in the composite catalyst compared to individual
phases (Figure S8, Supporting Information).

Additionally, no catalyst leaching was confirmed by performing
UV–Vis spectroscopy of the catholyte obtained after chronoamper-
ometry (Figure S9, Supporting Information). To enlighten the
superior activity of the composite catalyst, Tafel analysis were per-
formed along with the other contributing factors, like improved
active sites and selectivity of e-NRR.[42,43] Figure S10, Supp-
orting Information, displayed the Tafel slope of LiVO3/LiZnVO4

catalyst from LSV curves in different pH conditions, which was
found to be 153mV dec�1 in 0.1MHCl, which is much lower than
1628 and 299mV dec�1 in 0.1M KOH and Na2SO4. The lowest
value of Tafel slope confirms the accelerated kinetics of LiVO3/
LiZnVO4 catalyst in a proton-rich environment.

In addition to activity, stability is an important underlying
factor for an electrocatalyst for its representative performance.
Figure 4a shows the stability test, measured with LiVO3/
LiZnVO4 catalyst by nitrogen reduction during a prolonged
duration of 21 h at a constant applied potential of �0.5 V ver-
sus. RHE. The chronoamperometry shows almost no current
density degradation during the stability test, validating the high
durability of the catalyst. Furthermore, the reliability of the
LiVO3/LiZnVO4 catalyst can be estimated by nearly identical
current densities observed during both LSV and chronoamper-
ometry measurements over 2 h, as well as in the long-term
analysis.

3. Conclusions

In conclusion, this study highlights the significant role of lith-
ium-based catalysts in ammonia production, specifically through
the synthesis of an in situ LiVO3/LiZnVO4 composite material
via the sol–gel method. This approach offers enhanced cont-
rol over the reaction process. In contrast to individual phases,
the composite catalyst demonstrated a remarkable sevenfold
increase in ammonia production, achieving a yield rate of
53.7 μg h�1 mgcat

�1, along with a FE of 44.8% under ambient
experimental conditions with the applied potential of �0.5 V ver-
sus RHE in an aqueous acidic electrolyte (0.1M HCl). Furthe-
rmore, the catalyst exhibited exceptional durability, maintaining
current density over 21 h of stability testing. The LiVO3/LiZnVO4

composite catalyst reported in this work shows the highest
ammonia yield and selectivity achieved to date among lithium-
based catalysts, positioning it as a promising candidate exempli-
fying the role of lithium in nitrogen activation.

4. Experimental Section

The synthesis was carried out via a sol–gel approach involving cross-
condensation reaction among metal alkoxides precursors: lithium tert-
butoxide [LiOC(CH3)3], vanadyl isopropoxide [VO(OCH(CH3)2)3] and
the silyl amide, zinc bis (trimethylsilylamide) [Zn(N(Si(CH3)3)2)2], initiated
through controlled hydrolysis.[33,34,44,45] The molecular alkoxide and amide
were synthesized following established procedures (see supporting infor-
mation) under dry nitrogen atmosphere using Schlenk line.[46,47]

Synthesis of LiVO3: The precursor mixture was obtained by mixing
[LiOC(CH3)3] (20mM) and [VO(OCH(CH3)2)3] (20 mM) in 50mL toluene
and stirring, resulting in a homogeneous solution. This multi-component
solution was activated by micro-hydrolysis induced by adding 0.5M deion-
ized water (90 μL) in 10mL of isopropyl alcohol that was slowly added to
the precursor mixture using a dropping funnel over a period of 6 h. The
mixture was stirred for another 48 h under an inert atmosphere to promote
polycondensation reaction among in situ formed metal hydroxides that
consequently led to a homogenous gel formation. The excess solvent
was evaporated in high vacuum (10�3 mbar) and dried for another 12 h
at 100 °C to obtain xerogel. The xerogel was calcined at 500 °C for 2 h
(dwelling time) with a ramping rate of 2 °Cmin�1 to obtain black colored
crystalline solid.

Synthesis of LiZnVO4: An equimolar solution of each precursor in 50mL
of toluene was prepared similarly and hydrolysed by 0.5M deionized water
dissolved in 10mL of isopropyl alcohol. Along with 48 h of stirring, solvent
evaporation resulted in xerogel, which was further calcined at 650 °C for
10min with a ramping rate of 2 °C min�1 and air quenched to prevent
phase segregation.

Synthesis of LiZnVO4/LiVO3 Nanocomposite: A homogenous pre-
cursor solution was obtained by mixing [LiOC(CH3)3] (43.5 mM),
[Zn(N(Si(CH3)3)2)2] (21.75mM) and [VO(OCH(CH3)2)3] (43.5 mM) in
50mL toluene, with similar hydrolysis, ageing and drying conditions as
used in the synthesis of individual phases. The obtained xerogel was cal-
cined at 500 °C for 2 h with a ramping rate of 2 °C min�1, resulting in
LiVO3/LiZnVO4 composite, respectively.

Electrochemical Measurements: General Information: All electrochemical
measurements were conducted using a PalmSens 4 potentiostat con-
trolled via PSTrace software in a gas-tight H-cell equipped with a three-
electrode configuration. An H-cell is used in NRR to physically separate
the working and counter electrodes, preventing product crossover and
contamination during ammonia detection. The working electrode was
prepared by depositing the catalyst onto a pre-cleaned glassy carbon
electrode (GCE, 3 mm diameter). An Ag/AgCl (3 M KCl) electrode
served as the reference electrode in the catholyte, while a platinum
spring acted as the counter electrode in the anolyte. Each compart-
ment was filled with 50 mL of electrolyte. All potentials were referenced
to the RHE using the standard conversion formula: (RHE) = E (Ag/
AgCl)þ 0.197 Vþ 0.059 pH.

Electrochemical Measurements: Working Electrode Preparation: A homog-
enous catalyst ink was prepared by dispersing 4mg of finely ground cata-
lyst powder in 190 μL of ethanol and 10 μL of Nafion D-521 (5% w/w in
water and 1-propanol), followed by sonication. A total of 5 μL of the result-
ing slurry was drop-cast onto the GCE in two sequential steps, allowing
each layer to dry at room temperature before proceeding to the next step.

Electrochemical Measurements: Electrolyte Preparation and Gas
Purification Setup: Prior to each experiment, the cathodic electrolyte
was degassed by purging with argon (Ar) for 30 min to remove dissolved
oxygen, followed by nitrogen (N2) saturation for an additional 30min. To
prevent ammonia overestimation, the Ar and N2 gas streams were passed
through a custom-built purification system comprising 1M H2SO4 to cap-
ture NH4

þ impurities and 0.1M KMnO4 in an alkaline solution to trap NOx

species.
Electrochemical Measurements: Ammonia Quantification: Ammonia

quantification was performed via UV–Vis spectrophotometry using the
indophenol blue method with a commercial ammonia detection kit. In
a typical procedure, 5 mL of the electrolyte sample was mixed with
0.6mL of Reagent 1 (sodium hydroxide-containing solution), followed
by the addition of Reagent 2 (containing thymol). The mixture was allowed

www.advancedsciencenews.com www.aem-journal.com
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to stand for 5 min to ensure complete dissolution. Subsequently, Reagent
3 (containing 2-propanol) was added, and the solution was stirred and left
to stand for an additional 5 min. The resulting solution was analyzed by
UV–Vis absorption spectroscopy over the wavelength range of 550–
850 nm. The absorbance peak intensity at �693 nm was used to quantify
ammonia concentration based on the standard calibration curve.

For calibration curve construction, standard solutions of NH4Cl at
known concentrations (0, 0.5, 1.0, 1.5, and 2.0 μg mL�1) were prepared
and analyzed using the same indophenol blue protocol. The resulting cali-
bration curve was used for quantifying ammonia yield and calculating FE.

The ammonia yield rate was calculated using the formula

NH3 yield ¼ CNH3
⋅ V

mcat ⋅ t
(1)

where CNH3
denotes the ammonia concentration determined from photo-

metric test, V is the total volume of cathodic electrolyte, mcat is the loaded
catalyst mass and t represent the duration of electrocatalysis or chronoam-
perometry performed.

The FE was determined as the ratio of the charge consumed for ammo-
nia formation to the total charge passed during electrolysis, calculated
using following equation

FE ¼ 3F ⋅ CNH3
⋅ V

17 ⋅Q
(2)

where F is the Faraday constant (96 500 Cmol�1) andQ is the total charge
passed through the system obtained by integrating the area under the
chronoamperometric curve.
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