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Abstract

A sandwich-type polyoxometalate, KiNa;[(a-SiFesWs(OH)3034).(OH)s]-56H,0 (POM-
Fe), was synthesized and comprehensively characterized and its electrocatalytic
activity toward nitrite reduction was investigated. The chemical composition of the
compound was confirmed by energy-dispersive X-ray fluorescence (EDXRF), energy-
dispersive X-ray spectroscopy (EDX), and thermogravimetric analysis (TGA), while its
structural and spectroscopic properties were investigated by powder X-ray diffraction,
IR, and UV-Vis spectrascopy. Single-crystal analysis further confirmed the consistency
of POM-Fe with the previously reported sandwich-type polyoxometalate structure.
Magnetic measurements .revealed paramagnetic behavior, with a saturation
magnetization of 0.0646 emu/g. The electrochemical behavior of POM-Fe toward
nitrite reduction was evaluated by cyclic voltammetry at pH 4.8 and 3.0, with a
markedly enhanced electrocatalytic response observed at pH 4.8. The electrochemical
response in the presence of nitrite demonstrated the catalytic activity of POM-Fe
toward nitrite reduction under the investigated conditions. Qualitative detection of
ammonia using the Nessler method further suggested the formation of ammonia as a
reduction product. These results demonstrate the potential of POM-Fe as an iron-
based polyoxometalate electrocatalyst for nitrite reduction and highlight its possible
relevance to electrochemical approaches for environmental remediation.

Keywords: Electroreduction, nitrite, polyoxometallates, silicotungstates, cyclic
voltammetry.
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Graphical abstract

1. Introduction

Nitrite (NO,") is a harmful nitrogenous contaminant
frequently found in groundwater, wastewater, and various
industrial  effluents. Its accumulation in natural
environments can trigger severe ecological disturbances,
including eutrophication and a marked decline in water
quality. From a human health perspective,s nitrite is
particularly hazardous, as it can lead to theformationof
carcinogenic  N-nitroso  compounds_~and . induce
methemoglobinemia, especially in infants and pregnant
women (Ward et al. 2018; Fewtrell et:al. 2004; Picetti et al.
2022). These associated risks have stimulated increasing
interest in efficient strategies: for nitrite removal or
conversion.

Among the available remediation approaches, the
electrocatalytic reduction of nitrite (NO,RR) has emerged
as a cost-effective and environmentally benign alternative.
In contrast to ‘thermal or biological treatments,
electrochemical nitrite reduction operates under mild
conditions, requiring neither elevated temperatures nor
high-pressure systems, thus offering a controllable and
energy-efficient route for pollutant transformation.

Within this context, polyoxometalates (POMs) have
attracted considerable attention. POMs are discrete
anionic metal-oxide clusters composed mainly of early
transition metals (W, Mo, V) interconnected through
oxygen atoms. Their rich redox properties, structural
versatility, and high stability make them valuable molecular
catalysts for applications in electrocatalysis,
photochemistry, and molecular electronics (Gusmao et al.
2022; Bao et al. 2025; Li et al. 2024; Cherevan et al. 2020;
Wang et al. 2025). Their ability to incorporate multiple
redox-active metal centers enables POMs to mediate
complex multi-electron processes with high selectivity.
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Several studies have reported the use of polyoxometalate
(POM)-based systems for the electrocatalytic reduction of
nitrite in.~homogeneous solution, where the catalyst
operates as a dissolved molecular species rather than a
surface-confined material, demonstrating promising
catalytic performance. For instance, Zhou et al. (2022)
investigated the electrocatalytic reduction of HNO,/NO;~
at pH 2 and 5 using reduced Keggin-type POMs, namely
[PW12040]3", [SiW12040]*", and [BW12040]°". Ruhlmann et al.
(2004) demonstrated that the anion KagHg[P2W1sTi30g0'5]4
exhibits electrocatalytic activity toward HNO, reduction at
pH 3.5. Zonoz et al. (2016) explored nitrite reduction using
Cd,Zn,P, W30 at pH 4.7, selected to minimize complications
related to HNO, disproportionation ; this catalyst displayed
an efficiency of 36.6 %. Additionally, Ruhlmann et al.
(2002); (2007) evaluated the catalytic efficiency (CAT) of
NaMn3zPsW30, NaCosP4W30, and CosP4 W30 across a range of
pH values. For example, NaCosP,;W3o exhibits catalytic
efficiencies of 300 %, 220 %, 88 %, and 28 % at pH 0.59,
1.77, 2.52, and 3.00, respectively. Furthermore, CusPsW3o
has shown significant catalytic activity for nitrite reduction
at pH 5, particularly at high NO,~ concentrations, a
behavior attributed to the specific properties of its
transition-metal centers (Keita et al. 2003). Li et al. (2005)

synthesized the germanium (IV) based compound
[Fes(OH)s(A-0-GeWs034(0OH)s),]"™", which also
demonstrated notable catalytic activity for nitrite

reduction at pH 3. Collectively, these findings highlight
POMs as one of the most promising families of catalysts for
electrocatalytic nitrite reduction.

The development of controlled synthetic routes for
complex iron-substituted polyoxometalates remains a
significant challenge in POM chemistry. In particular, iron-
rich sandwich-type polyoxometalates remain scarcely
explored in terms of reproducible synthesis and their
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electrocatalytic behavior toward nitrite reduction. In this
context, KsNas[(a-SiFesWs(OH)3034)2(OH)3],  previously
reported by Anderson et al. (2004) and featuring a Fes
sandwich architecture, represents an attractive platform
for investigating the electrochemical reactivity of multi-
iron POM systems.

Herein, we report a buffered synthetic strategy at pH 4.8
that enables the reproducible preparation of KsNa;[(a-
SiFesWs(OH)3034)2(0OH)s]. Spectroscopic characterization,
together with powder X-ray diffraction and single-crystal X-
ray analysis, confirmed the formation and structure of the
synthesized compound. The controlled buffered conditions
provide a reproducible preparation route and constitute an
important aspect of the present work.

Furthermore, the electrochemical behavior of this iron-rich
sandwich-type polyoxometalate toward nitrite reduction
was investigated in homogeneous solution. Cyclic
voltammetry revealed enhanced electrocatalytic activity in
the presence of nitrite, particularly at pH 4.8. Qualitative
ammonia detection using the Nessler method provided
evidence for ammonia formation during nitrite reduction.
The novelty of the present work lies in combining a
reproducible buffered synthesis of the Fes sandwich-type
polyoxometalate at pH 4.8 with its first electrocatalytic
investigation toward nitrite reduction in homogeneous
solution. These findings highlight the potential of multi-iron
polyoxometalate architectures for the electrocatalytic
reduction of nitrite.

2. Experimental
2.1. Materials

All chemicals were purchased from commercial sources
and used without further purification. The crystallographic
data for the compound were collected at 200K from single
crystals mounted on a loop fiber using a Bruker 'Kappa
APEX-Il  CCD diffractometer _using ~ a graphite-
monochromated Mo-Ka radiation (1=0.71073A). Powder
X-ray diffraction (PXRD) patterns were recorded using an
Empyrean Panalytical diffractometer equipped with a
PIXCEL 1D detector (Amedipix3 collaboration).

The IR spectra were recorded between 4000 and 500 cm-1
using a SHIMADZU. IRSpirit spectrometer. The cyclic
voltammograms were obtained at room temperature using
a Biologic SP-300 potentiostat, in a three-electrode cell
with a Pt plate auxiliary electrode, a glassy carbon working
electrode (GCE) of 7 mm? surface area and a saturated
calomel reference electrode (SCE). The solutions are
degassed with pure argon for at least 30 minutes. UV-VIS
spectra were recorded in agqueous solution from 200 to 800
nm using a JENWAY 7315 UV-VIS spectrometer. The
thermal analysis was investigated under an N2 atmosphere
from room temperature to 800 °C on SDT Q600
simultaneous TGA analyzer. The SEM instrument used was
Quanta 250, EDX Ametek EDAX model: octanepro-A.
EDXRF: S2PUMA-BRUKER. The magnetic measurements
were carried out with a Bull M 2000 SIIS hysteresis meter
at ambient temperature.

2.2, Synthesis
2.2.1. Naio [a-SiWe 034].23H20
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Nazo[a-SiW9034] is the tri-lacunary Keggin
polyoxometallate, and was synthesized from sodium
tungstate and sodium metasilicate according to the
procedure described in the literature (Tézé, Hervé. 1990).

2.2.2. KaNaz[{a-SiFesWs(OH)3034}2(OH)3].56H20

Naio[a-SiWy 034].23H.0 (3.00 g, 1.0449 mmol) was
dissolved in 150 ml of buffer solution pH = 4.8
NaOAc/HOAc. FeCls (0.5084g, 3.1347 mmol) was slowly
added to the solution with slow stirring. Then, the mixture
was heated at 80 °C for 1 h. After cooling the solution to
room temperature, 3g of solid KCl was added to the
solution with slow stirring for 30 minutes, a green
precipitate obtained was recovered by filtration with yield
of 80 %, crystals were obtained in a 4.8 buffersolution after
2 days at room temperature. IR {1200-500cm™): U =
1123.33(w), 995.09 (w), 949.77(m); 896.741(s), 779.10(s),
733.78 (s), 521.65(w, b), 475.37(w). Elemental analysis,
calculated: Na: 2,95; K: 6,20; Fe: 3,52; W: 56,17; Si: 0,95.
Experimental (EDXRF): Na: 2,52; K: 5,66; Fe: 2,88; W: 55,87;
Si: 0,91.

3. Results and discussion

3.1. IR Spectroscopy

The IR spectrum of a-Naio[SiWsO34] shows vibrational
bands close to those found in the literature (Tézé, Hervé.
1990), between 2000 and 400 cm™ which is the fingerprint
region of the infrared spectra of POMs. The IR spectrum of
POM-Fe exhibits all the characteristic vibrational bands of
the sandwich anion (Anderson et al. 2004), as shown in
Figure 1. The band located at 1123.33 cm™ is assigned to
the asymmetric stretching vibration vas(Si—-Oa), while the
bands at 995.09 cm™, 949.77 cm™', 896.74 cm™, 779.10
cm™, 733.78 cm™, 521.65 cm™, and 475.37 cm™
correspond respectively to the asymmetric stretching
vibrations vas(W-0t), vas(W—0b), and vas(W—Oc). Compared
with the precursor a-Naio[SiWs0s4], the observed spectral
modifications suggest the formation of a sandwich-type
polyoxometalate structure consistent with the compound
previously reported in the literature.

wod

VLo — o
. 11/ II I\ -~ -"‘. I.
80 TRVA i P
- 1 rd ALY /
1 y L
N

60

| M

——POM-Fe
Na, [SiW,034]

T(%a)
]

T
1200 1000 800 600 400
Wavenumber(cn™)

Figure 1. IR spectra of the polyoxometallates a-Naig[SiWs034]
and POM-Fe.

3.2. UV-Visible Spectroscopy

Figure 2 shows the UV—Vis absorption spectrum of POM-
Fe. The spectrum exhibits an absorption band in the visible
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region, with a characteristic band centered at 436 nm
attributed to Fe(lll) d—d transitions. This observation is
consistent with the incorporation of iron within the
polyoxometalate framework and agrees with previously
reported data for similar sandwich-type compounds
described by Travis Anderson. The absorbance measured
for the 2 mM solution (A = 0.30) corresponds to an
experimental molar extinction coefficient of € = 150
M--cm™, which is close to the literature value reported for
a 4 mM solution (e = 146 M™-cm™).
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Figure 2. UV-Visible spectra of a 2.103M of POM-Fe.

3.3. Scanning electron microscopy (SEM) and X-ray
fluorescence spectrometry (EDXRF)

The morphology of the POM-Fe compound was
investigated by scanning electron microscopy (SEM), as
shown in Figure 3. The SEM image recorded at a 50 um
scale reveals a relatively homogeneous surface composed
of hexagonal-like entities. This morphology is consistent
with the formation of an organized polyoxometalate-based
material and suggests a relatively uniform distribution of
the observed structures.

Energy-dispersive X-ray spectroscopy’ (EDS) analysis
confirmed the presence of the main constituent.elements
of the synthesized compound, as shown .in Figure 4,
Table 1. EDXRF results for POM-Fe.

KRIKEB et al.

supporting the expected chemical composition. The bulk
elemental composition was further examined by X-ray
fluorescence (XRF), and the corresponding results are
summarized in Table 1. The XRF results are consistent with
the proposed stoichiometry of KaNay[(a-
SiFe3W9(OH)3034)2(OH)3].

Figure 3. SEM images of POM-Fe.

144

Figure 4. EDX spectrum of POM-Fe.

Element %Theoretical mass POM-Fe %experimental mass (EDXFR)
Si 0.95 0.91
K 6.20 5.66
Na 2.95 2.52
W 56.17 55.87
Fe 3.52 2.88
Table 2. Electrochemical data of POMs.
Compounds ExcV (V) Epa W (V) E12W (V) AE,Y (V) Epc™ (V) Epae (V) Eiofe (V) AEyFe (V)
Naio -0,837 -0,741 -0,789 -0,096 / / / /
[SiW9034]
POM-Fe -0,843 -0,736 -0,790 0,107 -0,346 0,041 -0,152 0,387

Epc: Cathodic reduction potential; Eyq : Anodic oxidation potential; E1/,: Half-wave potential E1>= (Epc + Epa )/2; AEpP = Epa - Epc.

3.4. Single-Crystal and Powder X-ray Diffraction Analysis

The crystal structure of the synthesized compound was
examined by single-crystal X-ray diffraction using several
individual crystals. The obtained lattice parameters were
found to be in good agreement with those reported for the
iron-substituted sandwich-type polyoxometalate
described by Anderson et al. (2004), supporting the
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assighment of the synthesized compound to the same
lattice system. A representation of the corresponding unit
cell is presented in Figure 5. In parallel, the powder X-ray
diffraction pattern was recorded, analyzed using HighScore
software, and compared with the simulated diffractogram
generated from the crystallographic data previously
reported by Anderson et al. (COD No. 4312017). The
diffraction peak positions (26) are consistent with those of
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the previously reported iron-substituted sandwich-type
polyoxometalate, suggesting preservation of the main
structural framework (Figure 6). Slight variations in relative
intensities may arise from experimental factors such as
preferred crystallite orientation and particle size
distribution. Rietveld refinement provided satisfactory
agreement factors (Reragg = 7.22%, Rprofile = 7.47%, %% = 1.7),
supporting the structural similarity between the synthesized
compound and the iron-substituted sandwich-type
polyoxometalate previously described by Anderson et al.

Figure 5. Ball and stick representation of [{a-
SiFe3Wo(OH)3034},(0OH)s] 1. The color code is as follow : iron
(orange), tungsten (bleu), silicon (green), oxygen (red).
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b
NI o st

T T U —T T
0 ] 1] 3 @
Position "2 hetal iCobalt (Col)

Figure 6. Experimental powder X-ray diffraction (PXRD) pattern

of the POM-Fe powder.compared with the simulated pattern

calculated from the CIF file (COD,No. 4312017) and the refined
pattern obtained from Rietveld analysis.

3.5. Thermal and VSM_.analysis

Thermogravimetric. analysis (TGA) of the compound
KaNas[(a=SiFesWg(OH)3034)2(OH)s]-nH,0 reveals a
multistep weight-loss profile typical of hydrated
polyoxometalates (Figure 7). The first weight loss of
approximately 16% observed below 200 °C is attributed to
the removal of crystallization water molecules weakly
bound within the crystal lattice through electrostatic
interactions and hydrogen bonding with the alkali metal
cations. Based on this mass loss and the calculated molar
mass of the anhydrous framework (5258 g-mol™), the
hydration number was estimated to be approximately 56
water molecules per formula unit. A second, broader
weight loss occurring between 600 and 850 °C is associated
with the dehydroxylation of OH groups and the thermal
decomposition of the polyoxotungstate framework. The
observed high degree of hydration is consistent with the
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large size of the cluster and its high negative charge
density.

The magnetic behavior of POM-Fe was investigated using a
vibrating sample magnetometer (VSM) at 295 K. The
hysteresis curve of this compound (Figure 8) shows low
coercivity and weak remanence, with a saturation
magnetization of 0.0646 emu/g, consistent with a
predominantly = paramagnetic behavior. The low
remanence (Mr) suggests a soft magnetic response. The
molar magnetic susceptibility was calculated and used to
estimate the effective magnetic moment, giving Ueff = 8.6
pe/mole.
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Figure 7. TGA curve of POM-Fe.
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Figure 8. VSM curve of POM-Fe.
3.6. Electrochemical study

The electrochemical behavior was studied in two different
media at pH 4.8 (0.5 M CH;COONa + CH3COOH) and pH 3
(0.2 M Na,SO4 + H,SQ4). Each electrochemical experiment,
performed using a Biologic SP-300 potentiostat, was
repeated several times to ensure good reproducibility.

The cyclic voltammogram of POM-Fe at a concentration of
10™* M was recorded at pH 4.8 with a scan rate of 10 mV s™
(Figure 9a), is shown in red and exhibits two reduction
peaks. The first peak, at -0.346 V vs SCE, is attributed to the
reduction of Fe®** ions (Bi et al. 2005; Anderson et al. 2005),
in agreement with the Epc value of -0.406 V vs SCE
reported for polyoxometalates [Fes(H20)10(B-AsWy033),]%”
under similar conditions (Ni et al. 2011). The second peak,
at -0.843 V vs SCE, corresponds to the reduction of W®*
ions (Bi et al. 2005). This interpretation is confirmed by
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comparing the voltammograms of POM-Fe with those of its
precursor Naio[SiWy034], where POM-Fe exhibits a peak at
-0.843 V vs SCE, compared to -0.837 V vs SCE for
Na10[SiWs034] under identical conditions (Figure 9a). The
slight shift in the tungsten reduction peaks between the
precursor and POM-Fe is likely due to the incorporation of
iron centers between two trilacunary Keggin-type
Na1o[SiWe034] units. Notably, tungsten centers in the
precursor are reduced more readily than in POM-Fe. This
behavior can be attributed to the lower overall negative
charge of Naio[SiWy034], which facilitates electron uptake,
whereas the higher negative charge of POM-Fe makes the
reduction process more difficult. As generally observed for
polyoxometalates, reduction becomes increasingly
hindered as the overall charge of the anion becomes more
negative.

Under identical experimental conditions, the reduction of
Fe3* in FeCls occurs at a positive potential around 0.183 V
vs SCE compared to the reduction of Fe3** in POM-Fe at
-0.346 V vs SCE, as shown in Figure 9b. This shift toward
more negative potentials in POM-Fe indicates that the
reduction of iron is less favorable, which can be attributed
to the strong coordination of Fe centers within the
polyoxometalate framework. In contrast, in FeCls, iron ions
are more freely accessible in solution, facilitating electron
transfer and thus reduction at positive potential.

0005

o000 |

pite

I(m Ay

—— N, SIW0,]
——FOMFe

ENVvsSCE

It Ay

EV vsSCE ENV vsSCE

Figure 9. (a) €V of POM-Fe and Na1o[SiW¢0s4]. (b) CV of POM-Fe
and FeCls. (c) Comparison of CV of POM-Fe at pH 3 and 4.8. C
(POM-fe )=1x10M, CNa10[5iw9034] =1x10M and Cireciz) =1x10-
4M, scan rate 10 mV.s1 (d) CV of POM-Fe recorded at scan rates
varying from 10 to100 mV.s1.,

The electrochemical behavior of POMs is pH dependent
(zhu et al. 2012). Figure 9c shows the evolution of the Fe
and the W peaks as the pH varies from 4.8 to 3. There is a
shift of the peaks towards less negative potentials with
increasing supporting electrolyte acidity. In Figure 9d,
cyclic voltammograms were recorded at different scan
rates ranging from 10 to 100 mV s™'. The voltammograms
were superimposed using Origin software. It is observed
that increasing the scan rate leads to an increase in both
oxidation and reduction peak currents, while the shape of
the redox couple is maintained.
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Figure 10 was used in order to investigate the mechanism
and kinetics of the electrochemical processes. Both anodic
and cathodic peak currents increase linearly with the
square root of the scan rate (Ip « u'?), indicating that the
electron-transfer process is predominantly diffusion-
controlled. In addition, the anodic and cathodic peak
potentials remain nearly independent of the scan rate, as
evidenced by the linear evolution of Ep versus log v with an
approximately zero slope. This behavior is characteristic of
a fast and quasi-reversible electron-transfer system, in
which the kinetics are sufficiently rapid to maintain
equilibrium at the electrode surface (Li et al. 2020).
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Figure 10. Relationship of Ipc and Ipa vs square root of scan rate
(v¥2) and log U at 25°C.
3.7. Electrocatalytic reduction of nitrite ions

The reduction of NOy ions is an electrochemical conversion
method that transforms these abundant nitrogen species
into value-added chemicals such as hydroxylamine
(NH,0H), nitrous oxide (N,0), and ammonium (NHa4").

The interest in NOx reduction is primarily driven by
environmental concerns. In particular, nitrite (NO,") and
nitrate (NOs~) ions pose significant challenges during high-
temperature treatment of nuclear waste, as their presence
can lead to the emission of toxic gases (Genders et al. 1996
; Li et al. 1988). Nitrite contamination is also a major
environmental concern due to its high solubility and
persistence in aquatic systems. Elevated nitrite
concentrations in water can contribute to eutrophication
and may pose serious risks to human health through the
formation of carcinogenic N-nitroso compounds.
Consequently, the development of efficient
electrocatalytic systems capable of converting nitrite into
less harmful or value-added products under mild
conditions represents an important challenge in
environmental remediation and sustainable chemistry.

This context highlights the need for efficient catalytic
systems capable of promoting the controlled
electrochemical reduction of NO, under mild conditions. In
this regard, polyoxometalates (POMs) have emerged as
promising catalysts due to their multivalent redox
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properties and their ability to store and transfer multiple
electrons, making them particularly suitable for
electrocatalytic reduction processes. Notably, the first
investigations of POMs in the homogeneous
electrocatalytic reduction of NO, were reported by Nadjo
et al. (2001). In these systems, the metal center,
particularly iron in the present case, serves as the active
site within the molecular framework, facilitating nitrite
activation through coordination and the formation of
metal-nitrosyl (M—NO) intermediates, which represent key
reactive species prior to multi-electron reduction steps
(Mitchell et al. 2025). The final conversion to ammonia
occurs at more negative potentials, where the required
electrons are supplied by the tungsten framework of the
POM, which functions as a multi-electron reservoir.

All electrochemical measurements were performed using
freshly prepared solutions, which were degassed with
argon for 30 min to remove dissolved oxygen and prevent
interference from oxygen reduction. Prior to each
electrochemical experiment, the glassy carbon electrode
(GCE, 7 mm? surface area) was mechanically polished with
an alumina slurry on a polishing cloth until a mirror-like
surface was achieved. The electrode was then thoroughly
rinsed with deionized water and successively sonicated in
ethanol and ultrapure water to remove any residual
particles. This polishing procedure was repeated before
every measurement to ensure high reproducibility. After
drying under ambient conditions, the cleaned GCE was
directly employed as the working electrode for cyclic
voltammetry experiments in the electrolyte solution. The
observed electrocatalytic activity therefore arises from a
homogeneous catalytic process occurring in solution. In
this system, POM-Fe acts as a soluble redox mediator,;
promoting electron transfer between the electrode and
nitrite species.

McCormac et al. (1997) reported thatat pH 2.00, the nitrite
concentration decreases significantly due to the formation
of its conjugate acid, nitrous-acid (HNO,), which is both
chemically unstable and volatile. This behavior can be
described by the following equations:

HNO2<¢> H+ + NO2-pKa= 3,3 at 18°C (1)
3HNO2<> HNO3+2NO + H20 (2)

Although the kinetics of nitrite disproportionation are
relatively slow, it is essential to maintain the solution pH
above 4.0 to ensure that nitrite (NO,”) remains the
predominant nitrogen species. Accordingly, the
electrocatalytic reduction of nitrite was investigated at pH
4.8, where NO,~ exhibits sufficient chemical stability. At
this pH, nitrite is the dominant species, whereas in more
acidic media, HNO, predominates.

Cyclic voltammetry measurements were carried out in
acetate buffer at pH 4.8 containing POM-Fe at a fixed
concentration of 1 x 10™* M. A baseline voltammogram was
first recorded in the absence of nitrite (Figure 11a, black
curve). Subsequently, fresh solutions were prepared for
each nitrite concentration, and NaNO, was added at
increasing concentrations. For clarity, the dimensionless
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parameter y was defined as the ratio of nitrite
concentration to catalyst concentration (y = Cno,’)/Cipom—re))
(Belhouari et al. 1998; Keita et al. 2003). Accordingly, y =0
corresponds to the absence of nitrite, while y = 10, 30, and
60 correspond to NaNO, concentrations of 1 x 1073, 3 x
1073, and 6 x 1073 M, respectively.

As shown in Figure 11, the addition of nitrite induces a
pronounced increase in the cathodic current, which increases
progressively with nitrite concentratio, starting at potentials
preceding the tungsten reduction. In the absence of nitrite,
the reduction of tungsten occurs at -0.84 V vs SCE. Upon
addition of nitrite, a catalytic current arises at less negative
potentials (-0.65 to —-0.70 V vs SCE), indicating that nitrite
reduction proceeds via electron transfer from-the reduced
tungsten centers within the POM—Fe_ framework. This shift
toward less negative potentials, together with the progressive
loss of reversibility of the anodic wave associated with
tungsten centers in POM—Fe. In this process, the reduced
tungsten species act as electron’ mediators, rapidly
transferring electrons to nitrite, thereby facilitating the overall
reduction and decreasing the required overpotential. These
results highlight the efficient electrocatalytic performance of
POM-Fe, whereas no significant reduction of nitrite is
observed in the absence of the catalyst (Figure 12).

The current enhancement can be quantified using the
catalytic efficiency (CAT), defined as (belhouari et al. 1998;
Keita et al. 2003) :

I(POM+NO§) ~leom

CAT (%) =100 x

(POM)

Where represents the reduction current of POM—Fe in the
presence of nitrite, and corresponds to that of POM-Fe
alone. In the present experiments, CAT values at pH 4.8
increase significantly with vy, rising from 375.25% to
1577.45% as y increases from 10 to 60. The catalytic
efficiency reaches 1577.45% at pH 4.8, while a lower value
of 637.24% is obtained at pH 3.0. This decrease under more
acidic conditions may be attributed to the predominance
of HNO,, a less stable species prone to disproportionation
and partial volatilization (Bi et al. 2005).

To further evaluate the catalytic performance, the present
results were compared with other tungsten-based
polyoxometalates reported in the literature. Relatively
lower catalytic efficiencies were reported for CdsPsWs3o,
Cd2Zn,PaWso, and ZnaPsWso, with maximum CAT values of
14.2%, 36.6%, and 174.7% at pH = 4.7, respectively (Zonoz
et al. 2016). In addition, for the copper-based
polyoxometalate [Cus(OH)4(H20)2(a-SiWs033)]"0", catalytic
efficiencies for nitrate reduction were reported, with CAT
values ranging from 618% to 1393% as y increased from 10
to 30in a pH 5 acetate buffer medium (Nellutla et al. 2005).

In comparison, the present POM-Fe system shows higher
catalytic efficiencies for nitrite reduction under similar pH
conditions (pH 4.8). This comparison suggests that the
POM-Fe catalyst exhibits promising electrocatalytic
activity toward nitrite conversion.

Two successive chronoamperometric electrolyses were
carried out in a 30 mL acetate buffer solution (acetic
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acid/sodium acetate, 0.50 M) at pH 4.8, containing POM—
Fe (1 x 10 M) and NO; (6 x 10 M). The same
electrochemical cell and working electrode described
above were used. Prior to electrolysis, the solution was
purged with argon, and magnetic stirring was maintained
throughout each electrolysis step. The applied potentials
were selected based on the voltammetric behavior of
POM-Fe, where the reduction waves of the iron and
tungsten centers occur at —0.346 V and -0.843 V vs SCE,
Table 3. Catalytic efficiencies at pH 4.8 .

KRIKEB et al.

respectively. Accordingly, the first electrolysis was
performed at —0.40 V vs SCE, slightly more negative than
the iron-centered reduction wave, while the second was
conducted at -0.90 V vs SCE, more negative than the
tungsten-centered reduction region. Each electrolysis step
was maintained for 30 min, and the two successive
electrolyses were performed in the same solution without
replacing the electrolyte.

[NaNO;] (M) E (V vs SCE) CAT %
103 -0.663 375.247
3x1073 -0,659 1437.255
6x10°3 -0.659 1577.45

— =0 pH=3
—— =60 pH=3
— =0 =48
—— =60pH=18

10 03 05 04 E) L) 10 08 05 201 02 00
EV vi3CE EV vaSCE

Figure 11. (a): Nitrite Electroreduction in the presence of 1x10-
M POM-Fe in acetate buffer at pH 4.8. (b): Comparison of nitrite
Electroreduction at pH 4.8 and pH 3 medium.The scan rate u =

2mV.st,
0,005
0,000
0005 ~
Ea
':JEC 0010
=
— riirite
0015+ —— electrolyte alone
—— PONFe + mifrite
00201 ——POMFe
-ﬂﬂ;‘j T T 1 T 1
a0 038 08 04 02 00
EWV = SCE

Figure 12. Comparative cyclic voltammetry of nitrite, electrolyte
alone, POM-Fe, and POM-Fe with nitrite.

During electrolysis at -0.40 V, the solution gradually
developed a pale red coloration, which may be associated
with the formation of a nitrosyl-type intermediate
coordinated to the ferrous center (POM-Fe—NO). This
observation is consistent with the results reported by Téth
et al. (1989), who attributed similar coloration to the
formation of an Fe—NO nitrosyl complex following the one-
electron reduction of Fe3* to Fe?*.

In contrast, when electrolysis was continued at -0.90V, the
solution turned deep blue, a color typical of strongly
reduced tungstate heteropolyanions (Téth et al. 1989),
suggesting significant electron accumulation within the

https://doi.org/10.30955/gnj.08616

polyoxometalate framework. Analysis of the solution
immediately after the two electrolysis steps using Nessler’s
reagent suggested the formation of ammonium species, as
indicated by the appearance of an intense yellow
coloration (Figure 13).

Figure 13. Nessler’s reagent test of the electrolyzed solution
after successive electrolysis at -0.4 and -0.9 V vs. SCE,
confirming the presence of ammonium ions.

0,10

0,05 o
= 0,00 =
2 —
=

-0,05

0,10

T T T T
-1.0 -0,5 0.0 0.5 1.0
EWV vs.S8CE

Figure 14. Cyclic voltammetry after two-step electrolysis (-400
and =900 mV vs. SCE), highlighting the Fe** - Fe3* anodic
oxidation wave at +0.70 V.

These results suggest that ammonium formation may occur
at -0.90 V following the deeper reduction of the POM-Fe—
NO nitrosyl intermediate. This process is likely facilitated by
electrons stored on the tungsten centers of the reduced
POM-Fe, which may act as a multielectron reservoir,
contributing to the reduction of the Fe—NO species toward
NH4*. In addition, after the two electrolysis steps, a new
anodic wave appears at approximately +0.70 V, which can

Global NEST Journal, 28(XX), 1-11


https://doi.org/10.30955/gnj.08616

ELECTROCATALYTIC NITRITE REDUCTION BY AN IRON-BASED SANDWICH POLYOXOMETALATE 9

be assigned to the Fe?* - Fe® oxidation process,
supporting the involvement of the iron center in the redox
cycle (Figure 14).

By contrast, when a single electrolysis was directly applied
at -0.90 V without a preliminary step at -0.40 V, no
coloration was observed after addition of Nessler’s
reagent, suggesting the absence of detectable NH4*
formation under these conditions (Figure 13). This
observation indicates that prior formation of the POM—Fe—
NO nitrosyl intermediate may play an important role in the
electrocatalytic reduction of nitrite. In this context, the
initial one-electron reduction of the iron center (Fe3* >
Fe?*) may enable nitrite activation through the formation
of an Fe—NO type intermediate, which could subsequently
undergo further reduction processes driven by electrons
supplied by the reduced polyoxometalate framework.

The proposed mechanistic sequence can be summarized as
follows:

Step 1. Electrolysis around -0.40 V: formation of the
nitrosyl intermediate

Step 2. Electrolysis at —0.90V: deep multielectron reduction
and NH,* formation

Overall, the electrocatalytic reduction of nitrite by POM-Fe
is proposed to proceed through a two-step mechanism: (1)
nitrite activation via possible nitrosyl intermediate
formation following iron-center reduction, and (2) further
multielectron reduction of this intermediate mediated by

the tungsten centers of the polyoxometalate framework,
potentially leading to ammonium formation.

To evaluate the reproducibility of the electrocatalytic
measurements, all experiments were performed in
triplicate under identical experimental conditions. The
individual measurements, together with the corresponding
mean values and standard deviations (SD), are summarized
in Table 4. The catalytic efficiency (CAT) values are reported
as mean = SD, and the error bars shown in Figure 15
represent the standard deviation of three independent
measurements. Statistical analysis was performed using a
two-way analysis of variance (ANOVA) (Table 5) to assess
the effects of pH and nitrite concentration.on the catalytic
performance of POM—Fe. The results revealed that both pH
(F =119199.73, p < 0.0001) and nitrjte concentration (F =
79662.53, p < 0.0001) significantly affect the catalytic
efficiency. Moreover, a significant interaction between
these two factors was observed (F = 9760.89, p < 0.0001),
indicating that the effect-of nitrite.concentration depends
strongly on the solution pH. The relatively small standard
deviation values ~“obtained < for all measurements
demonstrate the ‘excellent reproducibility and reliability of
the electrochemical experiments. These results further
indicate that the catalytic efficiency of POM-Fe is strongly
influenced by both pH and nitrite concentration, with the
highest catalytic activity observed at pH 4.8 and elevated
nitrite concentrations.

Table 4. Mean catalytic activity (CAT%) + standard deviation (n = 3) under different pH and nitrite concentrations.

pH [NO>} (M) CAT (%)
3 1x103 72.72£2.51
3 3x10°3 608.53 + 4.33
3 6x10°3 633.71+3.45
4.8 1x10°3 371.93 +3.09
4.8 3x103 1431.86 + 4.79
4.8 6x103 1571.05 £ 6.11

Table 5. Statistical significance analysis (ANOVA).of catalytic activity (CAT%) at different experimental conditions.

Source df F-value p-value

pH 119199.73 <0.0001

[NO;] 79662.53 <0.0001

pH x Nitrite concentration 2 9760.89 <0.0001

0 T T T T T T T T T
0,001 0,002 0,003 0,004 0,003

[NO, (M)

=}
=]
=
=3

Figure 15. Variation of catalytic efficiency (%) as a function of
nitrite concentration (mean £ SD, n = 3).
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4, Conclusions

In this work, an iron-rich sandwich-type polyoxometalate,
KaNas[(0-SiFesWs(OH)3034)2(OH)3]-56H.0 (POM-Fe), was
synthesized through a controlled buffered strategy at pH
4.8 and characterized using complementary structural,
spectroscopic, thermal, magnetic, and electrochemical
techniques. Powder X-ray diffraction, together with single-
crystal analysis, indicated that the obtained compound is
consistent with the previously reported Anderson-type
sandwich architecture, supporting the reproducibility of
the synthetic approach.

Electrochemical investigations showed that POM-Fe
exhibits notable electrocatalytic activity toward nitrite
reduction. The catalytic performance is strongly pH-
dependent, highlighting the role of nitrite speciation and
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stability in the reaction medium. Controlled electrolysis
experiments, combined with qualitative detection of
ammonium, suggest that nitrite reduction may proceed
through a two-step pathway involving the formation of an
Fe—NO type intermediate, followed by further multielectron
reduction processes facilitated by the polyoxotungstate
framework acting as an electron reservoir.

The reproducibility of the electrochemical
measurements was assessed through triplicate
experiments. Statistical analysis, including standard
deviation calculations and two-way ANOVA, indicated
that pH and nitrite concentration influence the catalytic
efficiency of POM-Fe, with higher catalytic activity
observed at pH 4.8 and elevated nitrite concentrations.
From an environmental perspective, these findings are
relevant to the development of catalytic systems for the
mitigation of nitrite pollution in aqueous media and for
the transformation of nitrogen-containing species under
mild electrochemical conditions. The novelty of the
present work lies in the reproducible preparation of the
Fee sandwich-type polyoxometalate under controlled
buffered conditions at pH 4.8 and in its first
electrocatalytic investigation toward nitrite reduction in
homogeneous solution. The qualitative detection of
ammonium following electrolysis further supports the
potential of this iron-rich POM for nitrite conversion.
Overall, this study provides preliminary insight into the
electrocatalytic behavior of iron-substituted sandwich
polyoxometalates and contributes to the exploration of
POM-based systems for environmentally relevant
nitrogen conversion reactions.
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