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Nitrite Electroreduction Enhanced by Hybrid Compounds of

Keggin Polyoxometalates and 1-Butyl-3-Vinylimidazolium

Yulin Zhou,®® Jing Sun,®” Sébastien Gallet,” Jesus Raya,” Corinne Boudon,”
Antoine Bonnefont,® Laurent Ruhlmann,*™ and Vasilica Badets*

We describe here an immobilization method of four Keggin-
type polyoxometalates (POMs) ([H,W;,0401°7,  [BW,0,01°
[SiW,,0,01*7, [PW;,0,>7) by using the reaction with an ionic
liquid, 1-butyl-3-vinylimidazolium (BVIM) bromide. The reaction
yields a hybrid material (BVIM-POM) as a water-insoluble salt.
The chemical structure of both compounds is preserved, as
indicated by infrared spectroscopy (FT-IR), although with a
reduced crystallinity (shown by X-ray diffraction analysis) due to
a decrease of water content (shown by thermogravimetric
analysis). Cross polarization 'H-*'P NMR evidenced the presence
of BVIM in the structure of (BVIM);[PW,,0,4]. The salt is mixed

Introduction

Conversion of NO, species (nitrate, nitrite/nitrous acid, nitric
oxide, etc.) to harmless products such as nitrogen or useful
chemicals such as ammonia and nitrous oxide is highly
desirable to discard these environmental pollutants in an
efficient manner. Amongst various techniques, electrochemical
methods are quite clean as they require less external chemical
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with carbon powder and Nafion to prepare an ink and casted
on glassy carbon electrodes. The electrochemical behavior of
immobilized POMs material is preserved. The electrochemical
activity for nitrite reduction is measured by cyclic voltammetry
and differential electrochemical mass spectrometry (DEMS). It
was observed that the reduction current of 10 mM HNO, at
pH1 in 0.5M Na,SO, is enhanced in the presence of these
hybrid materials. DEMS has evidenced the formation of nitrous
oxide (N,O) at potentials more positive compared to the use of
parent POMs in solution.

adjuvants. In order to decrease the energy input, various
electrochemical catalysts are investigated. One class of catalysts
are the inorganic metal-oxides clusters named polyoxometa-
lates (POMs). POMs can carry out reversible multi-electron
transfer reactions without any change of their structure™ As
reduction of NO, species requires multiple electrons (equa-
tions 1-3), POMs are interesting candidates.

For these reasons, a large number of POMs with various
structures were studied in literature, both as homogeneous and
heterogeneous catalysts.>' In our previous work, we have
focused on the relationship between electrochemical properties
of four POMs ([H,W,,0,,1°", [BW,,0,01°~, [SiW,,0,0]*7, [PW;,0,01>7)
and the gaseous reaction products."” For this, we have
employed the differential electrochemical mass spectrometry
(DEMS) and POMs as homogeneous catalysts. Moreover, we
have calculated the rate constant of the reaction between the
reduced POM and HNO, and we have observed a direct
relationship between the low anionic charge of the POM and
the high rate constant. The selected compounds are W-based
Keggin POMs with variable heteroatom. It must be noted that
the total anionic charge can also be varied by replacing one W
atom by one V or Mo atom, resulting in POMs stable even at
neutral pH."?" Nevertheless, our previous results, performed in
aqueous solution at pH 1, showed that the studied POMs are
promising catalyst for NO, reduction and motivated the current
research on the same POMs but as immobilized materials. The
existing immobilization techniques are divided into the incor-
poration of POMs in various matrices and those based on the

NO; + 2H50" + e~ = NO + 3H,0
2NO; + 6H30" + de™ = N,0(y) + 9H,0

E® = 1.202 V/SHE (eq. 1)
E° = 1.396 V/SHE (ed. 2)

2NO3 + 8H30% + 6e™ & Nygg) + 12H20 E° = 1.520 V/SHE (eq. 3)

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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electrostatic interaction, benefiting from the inherent anionic
charge. Examples of matrices are: gelatin for [BW,,0,°",""
QPVP matrices (poly(4-vinylpyridine cross linked with 1,12-
dibromododecane) for [SiW,,0,]*"" carbon paste electrode
for [SiW,,0,0]*""® Examples based on electrostatic interaction
are organic inorganic hybrid structures for [BW,,0,]°" and
[PW,,0,01> "7  and  metal-organic  frameworks  for
[H2W12040]6—.[19,20]

lonic liquids are currently used in electroanalysis due to
their good conductivity and tunable solvent properties. Indeed,
the reaction between POMs and ionic liquid has been proposed
for several examples,”'* but only few examples, such as the
Mo-based Keggin POM ([PMo,,0,,]* and [BW,,0,,]°~ were used
in development of sensors for nitrite reduction.™ As ionic
liquid, the following compounds were tested: 1-n-Butyl-3-
methylimidazolium tetrafluoroborate (BMIMBF,),***! 1-mehtyl-
3-methylimidazolium  tetrafluoroborate ~ (EMIMBF,), their
bromide analogues,”® and N-dodecyl pyridinium hexafluoro-
phosphate ([C,,PyIPF¢]).””” When used as binder in the con-
struction of a carbon paste electrode, the ionic liquid
contributed to the enhancement of conductivity and behaved
as a charge-transfer bridge, facilitating the electrons intake
from the POM.***! |t was also shown that the hydrophobic alkyl
chain of ([C;,PylPF;]) strongly interacts with the carbon nano-
tubes, thus reducing the charge transfer resistance between the
immobilized POM and the electrode.””

In our work, we have chosen alternative ionic liquid, 1-
butyl-3-vinylimidazolium (BVIM) bromide, for its ability to
polymerize. Indeed, using a radical polymerization of the vinyl
group, a polymerized ionic liquid (PIL) containing onium cations
fixed on the main chain is obtained.”® This PIL was used for
immobilization of glucose oxidase and hemoglobin,®” based
on self-assembly between positive groups of the polymer and
negative groups of the biological macromolecule. In fact, we
have conducted preliminary work to immobilize our POMs by
using this PIL (and reduced graphene oxide). Nevertheless, the
obtained electrodes suffered from a very high capacitive current
and high charge transfer resistance, mostly due to a dramatic
decrease of the ionic conductivity of the PIL. This phenomenon
is well documented™ and it is ascribed to the reduced number
of mobile ions and to an important increase of glass transition

temperature. Based on this, we have decided to immobilize our
POMs by using the simple and direct reaction with BVIMBr, in
which the exchange of POMs inherent cation (Na*, K*, NH,")
with the imidazolium cation leads to an insoluble salt. The main
interest is to reduce the solubility of POMs for assuring a stable
immobilization at the electrode surface, while preserving the
electrochemical behavior.

Results and Discussion
Preparation and Characterization of BVIM-POMs

The preparation of BVIM-POM salt consists in the chemical
reaction between parent POM and BVIMBr in aqueous phase, as
these compounds are soluble in water. The cation exchange
leads to a water-insoluble salt of white color. The principle is
detailed in Scheme 1 with starting POM [SiW,,0,]*" as an
example. As described in the experimental part, the parent
POMs were dissolved in water (pH 6.5). In POMs chemistry, one
should consider the stability of each chosen compound in
function of pH.

While [H,W,,0,01°~ and [BW,,0,,]°~ are stable up to pH 7,%"
[SiW,,0,]* is stable up to pH5 and [PW,,0,]°" only up to
pH 1.7.5% In fact, the stability of [SiW,,0,,]*" and of [PW,,0,,]*"
(amongst other POMs) was thoroughly studied using *'P and
'8W NMR for these compounds dissolved in various buffers at
various pHs (Hepes buffer pH 7.5 for [SiW,;,0,]* and acetate
buffer at pH5.5 for [PW,,0,,]>)."" In these conditions, a
mixture of initial POM and the isomer obtained after removal of
one {WO} unit is obtained." In our conditions, after the
addition of each POM in water, the pH became 4.29 for
[H,W,,0,01°, 4.43 for [BW,,0,,°", 4.43 for [SiW,,0,,]*" and 1.77
for [PW,,0,0°". Thus, especially for [PW,,0,,]*", the existence of
some isomers in the final hybrid compound is not excluded. In
the case of [BW,,0,,]>", one could discuss about the possible
formation of [BW,,0,]°, but this was not evidenced by
hydrolysis experiments in the pH range 7 to 10. Moreover, the
conversion  between  [BW,,05]*, [BW,;;0,H:®" and
[B;W40,3,1*' ™ is rapid and reversible, but the starting compound
is not [BW,,0,,]°", but rather B(OH); and WO,*.B" The electro-

SiW1,040% (gt 4BV|M+(aq)+ 4K+(aq)+4Br-(aq)_>(BV|M)4SiW1204o¢ + 4K+(aq)+4Br-(aQ)

(aq) ——/—/ (aq)

.4_
i+ 4 (@r{ AK* (o) + 4B g - n/@ A

o
@/i”\,\ Lo+ AKT L+ 4By
\’\: @j/u

Al

o

Scheme 1. Reaction between starting POM [SiW,,0,,]*" and ionic liquid 1-butyl-3-vinylimidazolium (BVIM) bromide in aqueous phase leading to insoluble

(BVIM),[SiW,,0,].
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Table 1. Elemental analysis of BVIM-POMs hybrid compounds.

Compound % C calculated % H calculated % N calculated
(found) (found) (found)

(BVIM)4[H,W 1,04 17.3(17.1) 2.4 (2.5) 4.5 (4.0)

(BVIM)5[BW;,0,] 14.9 (14.9) 2.1 2.) 3.9 (3.6)

(BVIM),[SiW,,0,] 12.4 (12.3) 17 (1.8) 32(2.7)

(BVIM)3[PW;,04,] 9.7 (9.8) 14 (1.4) 25(2.2)

chemical behavior is an easy tool to distinguish between the
[BW,,0,,]° and [BW,,05,]*.B"

CHNS elemental analysis was used to compute the percent-
age of C and N and H in the final BVIM-POM salts. For all four
salts the values correspond to the complete replacement of
initial cations by the BVIM (Table 1). Thus, the final composition
is (BVIM)4[H,W,,0,0], (BVIM)s[BW,,0,0], (BVIM),[SiW,,0,,], and
(BVIM);[PW,,0,4,]. Nevertheless, for (BVIM);[PW,,0,,] the CHN
analysis could as well indicate the formation of
Na,(BVIM);PW,,0,, due to a possible existence of PW,,055 "
isomer when [PW,,0,,]>" is dissolved in water (calculated% C
10.1, %H 1.4, %N 26) (vide supra). For this reason, the
phosphorous  based hybrid compound is denoted
“(BVIM);[PW,,0,4,]".

FT-IR spectrum of the 1-butyl-3-vinylimidazolium bromide
(BVIMBYr) alone is shown in Figure 1 (red curve). The character-
istic bands of imidazolium ring are: C—H in imidazole ring
stretching between 3023-3130 cm™'; imidazole ring stretching

[H,W,,0401"

(BVIM)g[HW,5,0,4]
N\

[BW1,0,0]™

R A V2%

(BVIM)5[BW;20,]

4000 3000 2000 1000

[SIW;,0,41"

Transmitance (a.u.)

] (BVIM)4[S|W1204O]

1 [PW120401

T (BVlM)S[PW1ZO4O]

Wavenumber (cm™)

Figure 1. FT-IR spectra of BVIMBr (red curve), parents POMs (black curves)
and BVIM-POM hybrid materials (blue curves).
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1567, 1543, 1465 cm™'; H-C—C and H—C—N in imidazole ring
1

bending 1165 cm™'; in-plane imidazole ring bending 881 cm™;
out of plane C—H bending of imidazolium ring 738cm™';
imidazolium C—-N—-C 657 cm ™.

Our BVIMBr contains a vinyl group for which the character-
istic band are observed at 1652 cm™' (C=C stretching) and in
similar range as the C—H stretching of imidazolium ring. FT-IR
spectra of the parent POMs are displayed in Figure 1 (black
curves). The characteristic bands of [H,W,,0,]° cluster are:
W—O\erminal Stretching 927 cm™'; corner sharing W—O—W stretch-
ing 860 cm™'; edge sharing W—O-W stretching 720 cm™'. For
(NH,)6[H,W,,04], the N—H stretching in ammonium group is
visible at 1400 cm™'. A strong adsorption band corresponding
to O-H bending at ~1610cm™' is visible for [PW,,0,]*",
[SiW,,0,40]*” and [BW,,0,]°" and less visible for [H,W,,0,,]°"
(this compound contains less crystalline water).

Actually, the constitution water molecules were determined
from TGA analysis (vide infra). FT-IR spectra of the hybrid
materials (Figure 1 blue curves) prove that the structure of both
1-butyl-3-vinylimidazolium cation and the POM anion are
preserved because several characteristic bands of both POMs
and BVIM™ are visible: C—H stretching in vinyl and imidazolium
ring at 3052, 3083, 3121 cm™’, ring stretching 1567, 1543,
1465 cm™'; C=C stretching of vinyl group at 1652cm™;
imidazole H-C-C and H-C-N bending 1159-1171cm™;
W—O,orminat Stretching 923 cm™'; edge sharing W—O-W stretch-
ing 867 cm™'; corner sharing W—O-W stretching 753 cm™". A
complete list of all vibration recorded in the FT-IR spectra is
given in Table S1, Table S2 and Figure S1.53%

In the case of “(BVIM);[PW,,0,4,]", no band characteristic to a
free phosphate unit {PO,}*® or to [PW,,0,)’ ? that could come
from the decomposition of [PW,;,0,,]°~ when dissolved in water
is observed. Control experiments were performed by mixing a
solution of NaH,PO, prepared in water (30 mM) with an
aqueous solution of BVIMBr (60 mM), but no precipitation was
observed. Similarly, when 30 mM of Na,WO, was treated with
120 mM of BVIMBr, no precipitation was observed. This
suggests that, even if some decomposition of [PW,;,0,*"
occurs, some of the resulting anions are not included in the
final hybrid compound.

Interestingly, the water content of hybrid materials is
reduced in a POM dependent manner. For example, for
(BVIM)4[H,W,,0,40] and (BVIM),[SiW,,0,] the large band at
3400 cm™' (—OH stretching of H,0) disappeared almost com-
pletely. This phenomenon was observed for other POM-ionic
liquid hybrid materials, such as the one resulting from pairing

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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[H,PW,406,1"~ or [P,W,304,1°" with 1-butyl-3-methylimidazolium
[BMIM]T  cation?”  But for  (BVIM)s[BW,,0,] and
“(BVIM);[PW,,0,0]" a slight quantity of water is still present,
especially in the second compound (Figure S2). It can be noted
that parent POMs of these two compounds initially contain a
higher number of constitution water molecules as determined
from TG analysis.

The thermogravimetric behavior of BVIM, parent POMs and
hybrid materials is displayed in Figure 2a and Figures S3-S5.
The TGA curve of BVIMBr shows a total weight loss starting at
300°C and completing at 600°C. This is attributed to the
decomposition of ionic liquid. Thermal analysis of all parent
POMs shows an initial mass loss from about 100°C to 300°C
corresponding to the water loss since all POMs contain
constitution water molecules. Besides, this analysis gives the
possibility to compute exactly how many water molecules are
present. Thus, we obtain (NH,)s[H,W;,0,,]*4H,0, Ks[BW;,0,l-
*7H,0, K,[SiW,,0,,]*4H,0 and Na,[PW,,0,]*12H,0 in the case
of the parent POMs (Figure S2). Thus, the water loss is
accounted for 2%, 4%, 3% and 7 % respectively. Above 300°C a
slight slow decomposition of POMs is observed, except for
(NH,)4[H,W,,0,,]*3H,0 for which a clear decomposition from
300 to 400°C, accounting for 4% of mass loss, is observed
(Figure S3). This is probably associated to the decomposition of

a)
100 { ———
95 |
R
?
3 90
n
& 854
= — (BVlM)s[H2W12040]
g0 | —— (BVIM)[BW,;0,]
(BVIM),[SIW,,0,]
— "(BVIM)5[PW,0,,]"
75
0 100 200 300 400 500 600 700
Temperature (°C)
b)
1} BVIMBr
(BVIM)g[H,W45040]
g 3
k) (BVIM)BW..0,] | 3
Y —
- i S
g
T I
‘V\V_/\W12O4ﬂ]"

T T T T T T
0 100 200 300 400 500 600 700
Temperture (°C)

Figure 2. a) TG and b) DSC analysis of BVIM-POM hybrid materials.
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accompanying ammonium cation happening before the de-
composition of the Keggin anion.

For all hybrid materials, the thermal stability is improved as
only 1% mass loss is observed up to 300°C (Figure 2a). This is
explained by the fact that almost no water is available in the
hybrid materials. This corroborates with the FT-IR spectra that
show a clear decrease in the water content (vide supra). Above
300°C, significant weight losses of about 24%, 20%, 16% and
13% for (BVIM)4[H,W,,0,0], (BVIM)5[BW,,0,,], (BVIM),[SiW,,0,,]
and “(BVIM);[PW,,0,,]" are observed for the hybrid materials.
This is associated with the decomposition of the organic cation
and corresponds to the theoretical percentage of the cation in
the BVIM-POM materials. DSC analysis of ionic liquid, hybrid
materials and parent POMs is shown in Figure2b and
Figures S3-S5. In Figure 2b, data are stacked for better compar-
ison. Detailed values of heat flow and TGA coupled analysis can
be found in Figures S3-S5. It can be observed that the fusion of
BVIMBr appears at T, of 82.33°C (very sharp endothermic
peak), followed by its combustion at T, of 214.82°C (small
exothermic peak). After this temperature, the heat flow is
erratic, as the combustion produces some effervescence. The
fusion of hybrid materials is POM-dependent, with no clear
correlation between the equivalents of hybrid cation (BVIM™)
and the fusion temperature. Precisely, a very sharp endothermic
peak appears at T, of 123.32°C, 72.34°C, 217.96°C and
179.67°C for (BVIM)g[H,W1,0,4], (BVIM)5[BW 1,040,
(BVIM),[SiW,,0,,] and “(BVIM);[PW,,0,0]" respectively. The com-
bustion appears at T, of 253.16°C, 249.45°C, 248.88°C and
310.83°C for (BVIM)g[H,W,,0,,], (BVIM)5[BW,0,,],
(BVIM),[SiW,,0,,] and “(BVIM);[PW,,0,0]" respectively. The com-
bustion appears as an exothermic peak and after this, the heat
flow is erratic, as the combustion produces some effervescence,
as in the case of BVIMBr alone.

The powder X-ray diffraction pattern of parent POMs and
hybrid materials are shown in Figure S6. The results show that
pure Keggin salts have a better defined structured compared to
hybrid BVIM-POM materials. This can be explained by the
changes in the secondary structure of the POMs induced by the
ionic liquid. These changes are explained by the removal of
constitution water molecules but also by the fully replacement
of small cations (NH,*, K¥, Na™) with a bulkier cation (BVIM™). A
similar behavior was observed for other examples of hybrid
materials, such as the ones obtained from Dawson-type POMs
K;[H,PW,506,] and Kg[P,W,504,] and 1-butyl-3-methylimidazo-
lium tetrafluoroborate.*” Particularly for “(BVIM);[PW,,0,,]" the
crystalline structure is completely amorphous. For a further
confirmation about the molecular structure of this compound,
solid P NMR measurements were performed for parent POM
Na;[PW,,04] and hybrid material “(BVIM);[PW,,0,]". In Fig-
ure 3a, the signals of *P atom at —16.26 ppm and at
—16.19 ppm (slightly wider) respectively are observed. In Fig-
ure 3b, the interaction between the protons of BVIM with
phosphorus atom is obvious for the hybrid material (black
curve), while it is missing for the parent POM (red curve), as
expected.

It is worthy to note that, in Figure 3a, the black curve of
“(BVIM);[PW,,0,4,]" displays only one peak. This suggests that
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a) 31p DP/MAS NMR

Na,[PW,,0,,]*12H,0
- (BVIM)J[PWnOw]

b)

—— Na;[PW,,0,,]*12H,0
I (BVIM)j [PW12040]

1H-31p CP/MAS NMR

T T 7 T T T T T T T T T T T T T T T T [ T T T T [ TT

-15 -16 -17 -18 -19 [ppm]

Figure 3. a) Solid *'P NMR spectra of parent POM (Nas[PW,,0,,]) and (BVIM);[PW;,,0,,] hybrid material and (b) cross polarization 'H-*'P NMR spectra.

there is only one type of phosphorus atom and discard the
hypothesis of having a solid mixture of “(BVIM);[PW;,0,,]" and
of Na,(BVIM);PW,,0s,.
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60 —— (BVIM),[H,W,0,,] immobilized
T T T T T
-0.4 -0.3 -0.2 -0.1 0.0 01 0.2
0) E (V vs. RHE)
20 +
0
~
£
= -20-
40 . < .
—K,[SiW,,0,] in solution
—— (BVIM),[SIW,,0, ] immobilized
-0 T T T T
0.6 -04 0.2 0.0 0.2 04

E (V vs. RHE)

Electrochemical Behavior of Immobilized BVIM-POMs

After the immobilization of BVIM-POM hybrid materials on
glassy carbon electrode, it is essential to observe the number of
redox peaks and, if possible, the number of exchanged
electrons. Figure 4 shows the cyclic voltammetry of immobilized
BVIM-POMs (blue curves) in comparison with parent POMs in
solution (black curves). All the peaks are symmetric, as specific

b)

I (HA)

| (A)

40
0
-40 4
80 —K,[BW,,0,,] in solution
— (BVIM),[BW,,0,] immobilized
120 T T T T T
04 0.2 0.0 0.2 0.4
E (V vs. RHE)
10+
0
-10
Na,[PW, 0, ] in solution
204 —— (BVIM),[PW,,0,, ] immobilized
T T T T
-0.2 0.0 0.2 04 0.6

E (V vs. RHE)

Figure 4. Cyclic voltammetry of immobilized hybrid BVIM-POM (blue line) compared to parent POM in solution (black line): a) (BVIM)¢[H,W;,0,], b)
(BVIM)s[BW;,04], €) (BVIM),[SiW,,0,,], d) (BVIM);[PW,,0,,]. Experimental conditions: scan rate, 20 mVs™'; electrolyte, 0.5 M Na,SO,, pH 1; 1 mM POM (only for
CV with POM in solution, black line).
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Table 2. Electrochemical parameters if immobilized BVIM-POMs hybrid compounds.

Compound AE (V) AE (V) Surface coverage E” E” Peak shift
I* wave I wave (T/mol cm™) of POMs of immobilized (E” mmobitzed™E”sn solution) (V)

in solution® BVIM-POMs™
(V vs. RHE) (V vs. RHE)

(BVIM)4[H,W,,0,] 0.007 0.009 5.8%10-8 —0.084 ~0.140 ~0.056

(BVIM)5[BW,,0,4] 0.009 n.d. 6.810-8 ~0.128 ~0.159 ~0.031

(BVIM),[SIW,,0,] 0.017 0.020 7.2%10-8 0.132 0.099 ~0.033

(BVIM),[PW,,0,] 0.023 0.019 1.3*10-8 0.291 0.305 0.014

[a] from our previous work'" and only for the I**

wave. [b] this work and only for the

I wave where E” = (E,, +E, /2.

to an immobilized redox species. For (BVIM)g[H,W,,0,,] two
pairs of peaks, with similar current intensities, are observed
(Figure 3a). This is similar to parent (NH,)s[H,W,,0,], suggesting
that each peak corresponds to two exchanged electrons. For
(BVIM);[BW;,0,0], only one pair of peaks is observed. The
potential was not scanned to lower values because this leads to
a degradation of the first pair of peaks. The parent Ks[BW,,0,]
displays one electron wave followed by a five electrons wave at
much lower potentials, as expected for this compound,®?
confirming the absence of any other [BW,;0,,]®" in the starting
material. This is the case also for (BVIM);[BW,,0,]. For
(BVIM),[SiW,,0,0], two pairs of peaks, with similar current
intensities, are observed. This is similar to parent K,[SiW,,0,,
suggesting that each peak corresponds to one exchanged
electron. The third pair of peaks could again not be observed
because potential was not scanned to lower values to avoid a
degradation of the first two pairs of peaks. Finally, for
“(BVIM);[PW,,0,0]" two pairs of peaks are observed but with
different current intensities (the first pair is smaller than the
second one). It thus must be noted the peculiar redox behavior
of the immobilized “(BVIM);[PW,,0,,]" (vide infra). This is differ-
ent from the parent POM that present two pairs of peaks with
similar intensity, corresponding to one exchanged electron.

The redox behavior of immobilized hybrid BVIM-POMs is
also analyzed by measuring the peak-to-peak separation (AE)
(Table 2). For (BVIM)¢[H,W,,0,] and (BVIM)s[BW,,0,] values
closed to zero are obtained, showing a fully reversible
immobilized redox system. For the other two hybrid POMs,
values are around 0.020 V, suggesting a small deviation from
the reversible behavior or a diffusion of the compounds into
the immobilization matrix. The surface coverage (I'/mol cm™)
of immobilized BVIM-POMs was calculated from the total
charge (Q) exchanged during the first cathodic wave (by
computing the area of this peak) (Table 2). Very similar values
were obtained for three BVIM-POMs, while the amount of
immobilized “(BVIM);[PW,,0,,]" is smaller. A comparison be-
tween the redox behavior of hybrid BVIM-POM immobilized on
glassy carbon electrode and the parent POMs dissolved in
solution is also made via the formal peak potential, E”,
computed as the average of anodic (E,) and cathodic peak
(Eoo)- The values are listed in Table 2. A slight negative shift is
observed for almost all BVIM-POMs that may be related to a
local small pH increase or to an existing junction potential at
the interface of immobilized film and the solution. For
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“(BVIM);[PW,,0,]" a slight positive shift is observed. This
indicates one more time the special redox behavior of this
immobilized POM that could be tentatively explained by the
existence of a mixture between “(BVIM);[PW;,0,]" and
Na,(BVIM);PW,,0;,, although the lacunary compound should
display its redox waves at more negative potential.

Electrochemical Reduction of Nitrite

The immobilization of POMs is a necessary condition for a
heterogeneous catalysis and the choice of immobilization
matrix is important for preserving the redox activity. One should
inquire about the participation of the immobilization material
itself at the catalytic activity. For this reason, we have firstly
studied nitrite reduction at a glassy carbon electrode modified
with carbon black ink, because this represents the immobiliza-
tion matrix of our hybrid BVIM-POMs. Figure 5 shows the cyclic
voltammetry results obtained with a GC/C electrode and various
concentrations of nitrite in solution. The reduction current starts
to increase at the beginning of the measurements, at 0.8 V vs.
RHE. Also, the reduction current increases along with nitrite
concentration. In this case, one should not neglect the role
played by the immobilization material. Next, we have immobi-
lized our hybrid BVIM-POMs on the GC/C and measure whether
the nitrite reduction is enhanced. Firstly, we have used cyclic
voltammetry measurements. Figure 6 shows the CVs before

o_
-50_
= 00+
NaNO,/ mM

—0

150 - —1

5

—10

—20

200 . ; . : :

06 04 02 00 02 04 06 08 10

E (V vs. RHE)
Figure 5. Cyclic voltammetry analysis of nitrite reduction with GC/C

electrode. Experimental conditions: electrolyte, 0.5 M Na,SO,, pH 1; scan rate,
0.5 mVs~'; 10 mM Na®NO,.
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Figure 6. Cyclic voltammetry analysis of nitrite reduction with immobilized BVIM-POM hybrid materials. Experimental conditions: electrolyte, 0.5 M Na,SO,,

pH 1; scan rate, 0.5 mVs™'; 10 mM Na'°NO,.

addition of nitrite (black curve), followed by subsequent
additions of NaNO,, from 1 to 20 mM. An increase of the
reduction current is observed each time on the entire potential
range. Also, irrespective of the used BVIM-POM, one should
notice the reduction current observed at the beginning of the
scan, before the reduction peak of BVIM-POMs. As described
just before, this is due to the nitrite reduction on the GC/C
electrode alone. It should be noted that a similar situation was
described for the immobilization of another POM, [SiM0,,0,,]*"
in a polyaniline (PANI) matrix. Precisely, a reduction current for
nitrite reduction was recorded at 0.8 V vs. RHE at the modified
GC/PANI/POM, while the reduction peak of POM appears only
at 0.45 V vs. RHE.["

One should observe the advantage brought by the use of
BVIM-POM hybrid materials. In Figure 7, the comparison of
linear sweep voltammetry (obtained during the DEMS analysis
described below) shows that the reduction current of nitrite is
almost 2 times higher at the GC/C/BVIM-POMs compared to GC/
C and GC electrode (measured at —0.2 V for almost materials
and at 0 V vs. RHE for “(BVIM);[PW,;,0,,1").

For a better characterization of BVIM-POM activity towards
nitrite reduction, differential electrochemical spectroscopy was
used. The purpose is to find the gaseous products and
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understand the contribution of GC/C electrode and BVIM-POM
to nitrite reduction.

We have found that on GC/C electrode there is no formation
of NO and the onset potential of N,O is around 0.05V vs. RHE
(Figure S7). For all four BVIM-POMs, also no formation of NO
was observed and, after a stable zero baseline, the signal
decreases (Figure 8). Moreover, this decrease is very well
correlated with the increase of the N,O signal. The explanation
for this is that NO is consumed to produce N,O. The source of
NO is most probably the disproportionation of HNO, (eq. 4).5”
This behavior is completely different with the case of POMs in
solution, where a formation of NO, from the catalyzed reduction
of HNO,, is observed. One possible explanation is that the
diffusion of NO away from the electrode surface into the bulk of
the solution is much slower than its subsequent conversion to
N,O (egs. 5-7). Thus, the amount of NO available in solution is
below the detection limit of the DEMS. At this stage, we can
compare our results with the only published paper so far, that
is the nitrite reduction catalyzed by H,[SiMo,,0,,] immobilized
in a poly-pyrrole matrix on a platinum electrode.®™ In that case,
DEMS analysis showed the consumption of NO and the
formation of N,O, similar to our case.

A second observation is the dependence of N,O onset
potential on the charge of POM (Figure 9), although the values
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Figure 7. Comparisons of linear sweep voltammetry of nitric acid reduction with glassy carbon electrode modified with carbon black (GC/C) and glassy carbon
electrode modified with carbon black and BVIM-POM hybrid materials (GC/C/BVIM-POM). Experimental conditions: electrolyte, 0.5 M Na,SO,, pH 1; scan rate,

0.5 mVs~'; 10 mM Na'NO,.

belong to a narrow range between 0.10 and 0.15V vs. RHE.
These values are quite more positive than those obtained with
respective POMs in solution. This excludes the mechanism of
N,O formation via an HNO intermediate, as described in our
previous paper (eq. 5).'"" Another mechanism can be proposed,
based on the reaction between one adsorbed molecule of NO
and one molecule of NO in the solution phase, leading to the
HN,O,(ads) dimer (eqgs. 6-7).2% But it is also difficult to assume
this mechanism because of the improbability of having NO
adsorbed on a carbonaceous material. One may consider the
adsorption of NO on the polyoxometalates. In fact, this is
happening at high temperature.***" It was suggested that nitric
oxide is trapped as H,NO,™ and replaces the H:O," species in
the crystalline structure. In our case, when the immobilized
POM is reduced, its overall negative charge increases. The
charge balance could be achieved by some H;O,". Hence the
adsorption of nitric oxide could be facilitated. But, at this stage
the mechanism remains unknown and other spectroscopic
techniques (such as in situ infrared spectroscopy) and computa-
tional modelling are required in order to clarify it.*"*?

3HNO, — 2NO(aq) + HNO; + H,0 (eq. 4)

ChemCatChem 2024, €202400226 (8 of 11)

RIGHTS L

2NO(aq) + 2H* + 2e™ — 2HNO(aq) — N,0(aq) +H,0 (eq. 5)

NO(ads) + NO(aq) + H* 4+ e~ — HN,0,(ads) (eq. 6)

HN,O,(ads) + H" + e — N,0(aq) + H,O (eq.7)

Conclusions

We have described the synthesis and electrochemical properties
of new hybrid materials obtained by the reaction of four
Keggin-type POMs with the ionic liquid, 1-butyl-3-vinyl-imidazo-
lium bromide (BVIM). Several physico-chemical characterization
techniques (FT-IR, TGA, DSC, XRD, solid *'P-NMR) have been
used to show that POMs preserve their structure in the hybrid
materials, although with a reduced water content and reduced
crystallinity. The redox behavior of immobilized hybrid BVIM-
POM is similar to parent compounds, with the exception of
“(BVIM);PW,,0,," for which a shift to more positive potentials
was observed. The hybrid materials contribute to the increase
of the current of nitrite reduction, although a different
mechanism is supposed. This is sustained by DEMS analysis
from which a very positive onset of N,O formation was
observed. It was also found that carbon ink displays an
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Figure 8. DEMS analysis of nitrite reduction with immobilized BVIM-POMs. Experimental conditions: electrolyte, 0.5 M Na,SO,, pH 1; scan rate, 0.5 mVs™';

10 mM Na®NO,.

unexpected activity because the N,O onset was also observed
at more positive potential when compared to glassy carbon
alone. For better understanding the mechanism and elucidate if
the nitric oxide absorbs on these materials, in situ infrared
spectroscopy and computational modelling should be used in
the future. Also, a higher variety of the ionic liquids should be
tested in order to fully describe the influence of such

o 0.15- e
i e
4 e -
@ LA
>
§ GCIC
o .
T 000 /
) P
Q - POMs in solution /
§ @ GC/C/BVIM-POMs immobilized /,/
g ) //./ P
3 e
-0.15 T T T T
6 5 ) . 3
[HW1204] [BW,0, [SiW1504] [PW,0,
Charge of POM

Figure 9. Comparison of onset potential of N,O formation obtained with
immobilized BVIM-POMs (this work) and our previous results obtained with
POM:s in solution."" The values are obtained from DEMS analysis.
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compounds on the efficiency of the immobilization and on
nitrite electroreduction.

In conclusion, we have shown that the immobilization of
several POMs using an ionic liquid preserves their activity for
nitrite reduction. Although the used POMs are generic ones, our
methodology could be extended to many other new and exotic
POMs. Due to the use of an ionic liquid containing a vinyl
group, the incorporation of POMs in ionic liquid polymers
(PILs)* that could be used for various electrocatalytic
reactions™” is readily envisaged.

Experimental Section

Reagents

All POMs used in this study were synthesized in our laboratory
following well known protocols™’ except (NH,)s[H,W;,0,,] that was
purchased from Sigma (Code 463922). Nafion solution
(Code 274704), isotope "N labelled sodium nitrite (Code 364606)
and sodium sulfate (Code 238597) were purchased from Sigma.
Carbon black was purchased from Cabot (Code VXC72R) and glassy
carbon electrode was purchased from Hiden Analytical. lonic liquid
1-butyl-3-vinylimidazolium (BVIMBr) bromide (Code AB289818) was
purchased from ABCR, Germany.
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Preparation and Characterization of BVIM-POM Salts

An aqueous solution of POM was mixed with an aqueous solution
of BVIMBr. The concentration of POM solution is 10 mM and the
concentration of BVIMBr is prepared in such a way that the number
of moles of BVIM* = 2*charge of POM*moles of POM. In this way an
excess of BVIM is assured, assuming that the reaction is total (i.e. all
the native cations of POM are replaced by BVIM*, as proved by
elemental analysis). A precipitation of a white salt is immediately
observed. After vacuum filtration and multiple rinsing with distilled
MiliQ (18 MQ.cm) water, the salt is dried at room temperature
overnight.

CHNS—O analyzer (FlashEA 1112 series) was used for elemental
analysis. Infrared spectra were acquired with Jasco FT/IR-4600
device. TGA analysis were performed with Perkin analyzer in
nitrogen atmosphere with a heating rate of 10 K/min and using
aluminum oxide open crucibles. DSC analysis was performed with
DSC 3 (Metler Toledo) in nitrogen atmosphere with a heating rate
of 10 K/min and using 40 pL aluminum crucible with perforated lid.
X-ray diffraction spectra have been acquired with a Bruker D8
Advance equipped with a non-monochromatic copper radiation
(Ko=0.154056 nm) and a Sol-X detector in the 20-70° 26 range
with a scan step of 0.016°.

3P Solid-state MAS NMR experiments were performed at room
temperature on an AVANCE 500 MHz wide bore spectrometer
(Bruker™) operating at a frequency of 500.12 MHz for 'H and
202.42 MHz for *'P. Samples were spun at 22.5kHz in a triple
resonance 'H/3'P/"*C MAS probe designed for 3.2 mm o.d. zirconia
rotors closed with vespel caps. Details of data acquisition are given
in the supporting information.

Preparation of GC/C/BVIM-POM Electrodes

The obtained BVIM-POM salt white powder is barely dispersed in
water (10 mg/mL) using ultrasonic bath. In order to obtain an ink
that could be cast on the electrode surface, carbon black is firstly
dispersed in water (3 mg/mL) containing 10% Nafion. This
suspension is mixed with BVIM-POM solution in a 1:2 v/v ratio.
From this ink, 5 pL ink are dropped evenly on the surface of the
glassy carbon electrode and dried in air. Then, extra 5 uL of stock
Nafion solution are dropped on the electrode and dried in air. Then
the electrode (GC/C/BVIM-POM) is ready for use. All four hybrid
materials were used to obtain these electrodes. As some small
amount of the hybrid material may not be strongly fixed on the
electrode surface, cyclic voltammetry was run in clean electrolyte
for several cycles until the curve is stable.

Electrochemical Characterization

Electrochemical studies were conducted in a classic three electrode
cell with glassy carbon (3 mm diameter) as working electrode, Ag/
AgCl (3 M KCI) as reference electrode and platinum wire as counter
electrode, placed in a separated compartment by using a glass frit.
Biologic SP300 potentiostat was used. All the solutions were
degassed with an argon flow for 15 minutes und kept under Ar
atmosphere. Glassy carbon was mechanically polished by using
6 um, 3 um and 1 um diamond paste. The electrode was rinsed
with distilled MiliQ (18 MQ.cm) water and cleaned in an ultrasound
bath. DEMS and classic electrochemical measurements were run in
0.5M Na,SO, pH 1 electrolyte containing only 10 mM Na'’NO,.
DEMS setup was described in our previous work and it is purchased
from Hiden Analytical."" Briefly, the flow thin-layer electrochemical
cell is composed of one glassy carbon rod as working electrode
(5 mm diameter), Ag/AgCl (3 M KCl) as reference electrode and
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platinum wire as counter electrode, inserted in the outflow tube. A
syringe pump assures the flow of the electrolyte at a speed of
0.5 mL/h. The distance between the surface of the working
electrode and porous hydrophobic membrane is 1 mm. The total
volume of the solution is 38 pL. The base pressure inside the mass
spectrometer is 4*10~" mTorr. The following m/z signals (m/z 31 for
“NO, m/z 46 for °N,0 and m/z 30 for "°N,) are recorded with a
resolution of one measurement every 14 seconds.

Supporting Information

Supporting information is available.
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New hybrid materials were obtained
by replacing innate cations of four
Keggin-type polyoxometalates with
an organic cation issued from an ionic
liquid, 1-butyl-3-vinylimidazolium
bromide. These materials show good
activity towards nitric acid reduction
after the immobilization on glassy
carbon electrode. Differential electro-
chemistry mass spectrometry shows
that overpotential of nitric oxide con-
version to nitrous oxide is very much
reduced.
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