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Abstract

Single wall carbon nanotube substituted ionic liquids were synthesized successfully by esterification reaction of the
carboxylated single wall carbon nanotubes (SWNTs) with hydroxyl ammonium ionic liquids (ILs) of the formula
CH;N(CH,CH,0H),(C,Hz,41)Br (n = 4, 8, 12), which subsequently reacted with molybdophosphoric acid (PMo,,) to
form three new ternary composite materials (SWNTs-ILC,-PMo;,) (n = 4, 8, 12). The composites modified glass carbon
electrodes were used to study electrochemical properties systematically through cyclic voltammetry method. The results
showed that electronic conductivity of SWNTSs moiety and ionic conductivity of ILs moiety in the composite materials
played important roles in the electrochemistry and electrocatalysis. The length of alkyl carbon chain of the ionic liquids in
the composite materials was also found to influence the electrochemical properties. The experimental results also showed
that all the composites modified electrode can catalytically reduce and detect 1053, BrO3;~ and NO,~ with very high
efficiency (low detection limit, short response time and wide linear range).

Keywords Composite materials - Preparation - Electrochemical reactons - Sensor

Introduction

Tonic liquids (ILs) are a class of low-melting salts that have
good ionic conductivity and broad electrochemical window
[1], non-volatile, recyclable, and are free of any molecular
solvent [2]. These excellent physical properties make them
a fascinating material with considerable interests in green
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chemistry. In addition, the functionalization of ionic liquids
has become the focus of current attention [3—6]. Through
the functional modification of the anionic/cationic ions
constituting the ILs, they can also be used as a catalyst or a
reaction reagent in addition to being used as a solvent [7].
Theoretically, both cationic and anionic moieties of ILs can
be functionally modified. However, from the current
research results, functional modifications of ILs are mostly
concentrated in the cation part and are achieved by modi-
fying atoms such as nitrogen [3] and phosphorus [4] or
heterocyclic rings such as imidazole [5] and pyridine [6],
but the functional modifications of anion are less studied
[8].

On the other hand, polyoxometalates (POMs) are a class
of multinuclear complexes that have attracted wide atten-
tion due to their diversity of sizes, compositions and
functions [9]. They are widely used in electrocatalysis
[10, 11], electrochemical sensors [12, 13] and others owing
to their stable redox states, and they can undergo rever-
sible, multi-steps, multi-electrons transfer reactions. The

@ Springer


https://doi.org/10.1007/s10876-019-01557-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s10876-019-01557-0&amp;domain=pdf
https://doi.org/10.1007/s10876-019-01557-0

974

T. Wang et al.

use of polyoxometalate to modify IL is expected to enable
the development of novel functional ionic liquids in the
field of electrocatalysis and electrochemical sensors. In
recent years, there have been a few reports on the synthesis
of novel ionic liquid-polyoxometalate (IL-POM) compos-
ites. Kim et al. [14] developed a hybrid electrolyte which
was synthesized by phosphotungstic acid (PW,) and ionic
liquids ([BMIM][TFSI]), and its conductivity is higher than
the original components. Wu et al. [15] presented two
thermoresponsive POM/IL supramolecular gel electrolytes
for supercapacitors, which are [TBTP]sPW,V,0,49 and
[TBTP]gP,W6V,0¢,, and there is a significant improve-
ment in the conductivity, thermal performance, and a lower
phase inversion temperature.

In addition, IL can interact strongly with carbon nan-
otubes through “cation-n” forces [16], which can effec-
tively inhibit the binding between the carbon nanotubes
themselves. Due to the extremely low toxicity of the ionic
liquid to the high conductivity of the carbon nanotubes, it is
advantageous to demonstrate its excellent electrochemical
properties. Recently, the combination of carbon nanotubes
and ionic liquids and their applications have been studied
in various ways. Sun et al. [17] developed a novel, simple,
one-step coelectrodeposition method to deposit Ni and
MWNTs in IL with a rapid response time and a low
detection limit for non-enzymatic glucose sensing. Li et al.
[18] presented a reliable method based on a MWNTs
modified carbon ionic liquid electrode that has been suc-
cessfully applied for determination of dopamine in the
presence of ascorbic acid. Impressively, Niu et al. inno-
vatively used the carboxyl groups of single-walled carbon
nanotubes to react with amine groups of imidazole-type
ionic liquids to form amide bonds, and then ionic liquids
and polyoxometalates were ionically bonded to prepare
composite SWNTs-IL-PMo;,, which achieve the modifi-
cation of two parts of ions of ionic liquid. The resulting
ternary complex has high stability, excellent wettability
and fast electron transfer activity [19]. Behzad et al. also
developed a robust and stable film GCE/MWCNTSs/[Cg
Py][PFg]-PMoy, by dip-coating in an acetonitrile solution
containing [CgPy][PF¢] and PMo,,, which showed great
electrocatalytic activity towards the reduction of H,O, and
iodate. The modified electrode showed the ability for
iodate  detection including low detection limit
(0.02-2 mM), high sensitivity (14.81 pA mM_l), short
response time (< 2 s) and satisfactory linear concentration
range [20]. Based on the above reports, it can be concluded
that taking the advantage of the SWNTs, IL and POM
components each has excellent characteristics, the resulting
ternary composites may not only maintain the great per-
formance of each components, but also may generate a
synergistic effect due to the interaction. Thus, there is no
doubt that much more effort is greatly required to develop
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such new ternary composites in both theoretical and prac-
tical view for development of new type of environment-
friendly functional materials.

In this paper, two-component composites SWNT-ILC,
(n =4, 8, 12) were firstly prepared by the esterification
reaction between the carboxyl groups of carboxylated
single-walled carbon nanotubes (SWNTs) and the hydroxyl
functional groups of the ethanolamine ILs of formula
CH;3N(CH,CH,0H),(C Hy, 4 1) Br (n =4, 8, 12), after-
wards the Br~ of the composites was exchanged with
negatively charged polyoxometalate anions PMo;,Ou0°
(PMoy,), leading to formation of three new ternary com-
posites SWNTs-ILC,-PMo;, (n =4, 8, 12), in which the
anion and cation moieties of ethanolamine ionic liquids are
all functionalized. Their electrochemical properties were
systematically studied by cyclic voltammeter after spin-
coating the composites on glassy carbon electrodes and the
resulting electrodes SWNTs-ILC,-PMo;, (n = 12) showed
the best sensor performances for reducing/detecting iodate,
bromate and nitrite with low detection limit, short response
time and wide linear range.

Experimental
Materials and Methods

Carboxylated single-walled carbon nanotubes (SWNTs)
(Carboxylation rate: 2.73%) was purchased from Chengdu
Organic Chemicals Co. Ltd, Chinese Academy of Sciences.
All the starting materials were obtained from Aladdin and
Macklin. They were analytical grade with high purity, and
were employed with no further purification. H,SO4/Na,
SO, solution of different pH values were directly prepared
from H,SO, (0.5 mol/L) and NaOH (1 mol/L). CHj
N(CH,CH,0OH),C,H,sBr (ILCy,) [21], CH3N(CH,CH,
OH)2C3H25BI' (ILCg) [22], CH3N(CH2CH20H)2C4H25BT
(ILC4) [22] were prepared according to the literature
methods.

Fourier transform infrared (FT-IR) spectra were recor-
ded on a Bruker Vector 22 infrared spectrometer with KBr
pellets in the range of 400—4000 cm~'. Elemental analyses
for C, H, N were performed on a Perkin-Elmer 240C
analytical instrument. Thermogravimetric analyses were
performed on a TGA-50 instrument at a heating rate of
10 °C min~" under ambient conditions atmosphere. Elec-
trochemical measurement was carried out on a CHI-660
electrochemical workstation at room temperature. All
solutions were deaerated by bubbling highly pure argon
prior to experiments and the electrochemical cells like
reference electrode: Ag/AgCl (saturated KCl), work elec-
trode: functional glassy carbon electrode (diameter 3 mm),
and a platinum wire counter electrode were kept under
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argon atmosphere throughout these experiments. The
glassy carbon working electrodes were polished with alu-
mina on polishing pads, rinsed with ethanol/H,O (1:1)
solution, concentrated nitric acid/H,O (1:1) solution and
distilled water. At last the electrodes were sonicated in H,O
and used for the study of electrochemistry and electro-
chemical reduction/detection of iodate, borate and nitrite.

Preparation of (CH;N(CH,CH,OH),C,Hyn+1)3PM01504 (ILC,-
PM012: n= 4, 8, 12)

Prepamtion Of (CHjN(CHzCH20H)2C12H25)3PM012040
(ILC;5-PMo;,) ILCy;, (1.8 mmol, 0.663 g) was dissolved in
10 mL of water and added drop-wise to a phosphomolyb-
dic acid (0.6 mmol, 1.095 g) aqueous solution (10 mL)
under stirring for 1 h, The resulting product obtained was
washed with distilled water and dried in air. Elemental
analysis calcd. (%): C, 22.78; N, 1.56; H, 4.24. Found (%)
C, 22.12; N, 1.42; H, 4.11. Yield, 0.13 g.

Preparation of (CH3N(CH,CH,OH),CgH;7);PMo;,0 4
(ILCs-PMo;,) ILCg-PMo,, was synthesized in the same
way as ILC|,-PMo;, except ILCg (0.562 g) replaced
ILC,,. Elemental analysis calcd. (%): C, 18.58; N, 1.69; H,
3.50. Found (%) C, 19.58; N, 1.70; H, 3.69. Yield, 0.12 g.

Preparation Of (CH3N(CH2CH20H)2C4H9)3PM012040
(ILC,~PMo;,) ILC4-PMo;, was synthesized in the same
way as ILC,-PMoy, except ILC;, was replaced by ILC4
(0.461 g). Elemental analysis calcd. (%): C, 13.78; N, 1.79;
H, 2.80. Found (%) C, 13.35; N, 1.76; H, 2.78. Yield,
0.11 g.

Preparation of SWNTs-ILC,, (n = 4, 8, 12)

Preparation of SWNTs-ILC,;, Carboxylated single-walled
carbon nanotubes (5 mg), ILC;, (5 mg), dicyclohexylcar-
bodiimide (DCC) (10 mg) and N, N-dimethylformamide
(DMF) (10 mL) are successively introduced into a 50 mL
flask. The mixture was sonicated for 5 min and then
intensely stirred at 50 °C for 68 h. The resulting precipi-
tates were filtrated with a 3 pum membrane filter and
washed three times with DMF, ethanol and water, respec-
tively, then dried in air. Yield, 5.15 mg.

Preparation of SWNTs-ILCg SWNTs-ILCg was synthesized
in the same way as SWNTs-ILC,, except ILC;, was
replaced by ILCg (0.461 g). Yield, 5.08 mg.

Preparation of SWNTs-ILC, SWNTs-ILC,4 was synthesized
in the same way as SWNTs-ILC;, except ILC;, was
replaced by ILC4 (0.461 g). Yield, 5.12 mg.

Preparation of SWNTs-ILC,-PMo4, (n = 4, 8, 12)

Preparation of SWNTs-ILC;,-PMo;> A mixture of
SWNTs-ILCy, (5 mg) and PMo;, (20 mg) in 20 mL of
H,O was stirred for 6 h, filtered and washed with distilled
water eight times. Finally, the resulting product SWNTs-
ILC,-PMo,, was dried in air. Yield, 5.07 mg.

Preparation of SWNTs-ILCs-PMo;, SWNTs-ILCg-PMo,,
was synthesized in the same way as SWNTs-ILC;,-PMo,
except SWNTs-ILCy, was replaced by SWNTs-ILCg
(0.461 g). Yield, 5.10 mg.

Preparation of SWNTs-ILC,PMo;, SWNTs-ILC4-PMo,
was synthesized in the same way as SWNTs-ILC,,-PMo,,
except SWNTs-ILCy, was replaced by SWNTs-ILCy
(0.461 g). Yield, 5.12 mg.

Preparation of the Modified Glass Electrodes

Into a 5 mL glass vial, ethyl orthosilicate (1 mL), iso-
propanol (0.5 mL) and hydrochloric acid (0.1 M, 0.7 mL)
were successively added, and the mixture was stirred at
room temperature for 1 h, at 45 °C for 2.5 h. Adding the
desired materials (1 mg) including SWNTs-ILC,-PMo;5,,
or SWNTs-ILC,, or ILC, (n =4, 8, 12), or IL-PMo,, or
SWNTs, or H3PMo0;,049, or SWNTs/PMo;, (mixture of
SWNTs and H3PMo;,0,4, in a mass ratio of 1:1) to the
glass vial, sonicating for 2-3 min, and then stirring for
another 0.5 h. Using a spin-coating method, a uniformly
dispersed sol (10 pL) was coated on the pre-treated and
activated bare glassy carbon electrode, rotated for 3 min
under 600 rpm, and then naturally dried for 12 h.

SWNTs

SWNTs-ILC,

SWNTS-ILCR

4000

3000 2000 1000

Wavenumber/cm’!

Fig. 1 IR spectra of SWNTs-ILC, (n =4, 8, 12)
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Results and Discussion

FT-IR and Raman Spectra of the SWNTs-ILC,
and SWNTs-ILC,,-PMo,>

FT-IR spectra of SWNTs, SWNTs-ILC,, SWNTs-ILCg and
SWNTs-ILC,, are shown in Fig. 1, respectively. In the IR
spectrum of SWNTs, the characteristic vibrational band at
1715 em™ ! can be assigned to v,s (C=0) vibration [23],
and the band at 1577 cm ™' is ascribed to the vibration of
carbon skeleton of the carbon nanotubes. The IR spectra of
SWNTs-ILC4, SWNTs-ILCg and SWNTs-ILC,, are simi-
lar, so the IR spectra of SWNTs-ILC4 was selected as a
representative to illustrate. As shown in the IR spectrum of
SWNTs-ILCy4, the C=0O stretching vibration appears at
1740 cm ™" which is different with 1715 cm™" of SWNTs
and the C-H stretching vibrations appear at 2973, 2919,
2844 cm™' which are emerging bands [24], indicating the
successful formation of ester bonds between SWNTs and

A SWNTs

\/’W\/\_—

SWNTs-ILC,-PMo,,

SWNTs-ILC,-PMo,,

SWNTs-ILC,,-PMo,,
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber /cm™!

ILC,-PMo,,

ILC ,-PMo,,

“\/\/,f’—'"\//WWA/

r T T v T T T T T T T T T r T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber /cm™!

Fig. 2 IR spectra of SWNTs-ILC,-PMo;, composites (a) and ILC,-
PMo;, composites (b) (n =4, 8, 12)
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Table 1 Main IR peaks (unit: cm™"') and their assignments of the
samples PMo,,, ILC,,-PMoy,, ILCg-PMo,, and ILC4-PMo,,

PMo,» ILC»- ILCg- ILCy- Assignment
PMo,, PMo,;» PMo,,
3402 3439 3424 3424 O-H
2923, 2851 2924, 2853 2929, 2871 C-H
1700, 1601 O-H
1466 1466 1466 C-H
1064 1061 1062 1062 P-O
961 957 956 958 M=0
869 878 878 877 Mo-O.-Mo
782 797 798 795 Mo-O—
Mo

ILC, in the resulting SWNTs-ILC, composites. In the IR
spectra of SWNTs-ILC,-PMo, composites (n = 4, 8, 12),
the bands from PMo;, moiety cannot be well identified
(Fig. 2a) due to the very low content of PMo;, in the
composites [25]. In order to confirm the presence of PMo,
in the ternary composites, the IR spectra of IL,-PMo;,
were recordered (Fig. 2b) and the main IR bands are listed
in Table 1. The four characteristic IR peaks [25] of the
Keggin type PMo;, around 1064 (P-O), 960 (Mo=O0t), and
782 (Mo—Ob—Mo) and 870 cm ™! (Mo—Oc-Mo) are clearly
observed in the spectra of SWNT-IL,-POM while with
some red shifts for P-O and Mo=0, and blue shifts for Mo—
O-Mo with respect to those of the PMo;,, respectively.
The peaks around 2850 and 2920 cm ™' are assigned to C—
H vibration of the IL moieties [24]. Meantime, the ele-
mental analysis showed that each POM bonded three IL
cations, as expected. These results unequivocally suggest
POM and IL are integrated, also indirectly prove that POM
are integrated with SWNT-ILC, by favorable cation—anion
interactions.

As shown in Fig. 3 and Table S1, the characteristic G
band (1581 cm™") and radial breathing mode (RBM,
100-400 cmfl) of the SWNTSs were observed [19] in the
Raman spectra of SWNTs, SWNTs-ILC;,, SWNTs-ILCg,
SWNTs-ILC4,  SWNTs-ILC,-PMoy;,  SWNTs-ILCg-
PMo;, and SWNTs-ILC4-PMo;,, which indicated that the
original properties of the SWNT were preserved in the final
composites.

Electrochemical Impedance of Glass Carbon
Electrode Modified by SWNTs-ILC,,-PMo,,

As we know, electrochemical impedance spectroscopy
(EIS) is a powerful tool for studying the interface proper-
ties of surface-modified electrodes [26]. The electron-
transfer resistance (Rcp) at the electrode surface is an
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Fig. 3 Raman spectra of
SWNTs (a), SWNTSs-ILC;, (b),
and SWNTS-ILClz-PMolz

(c) (A); SWNTs (a), SWNTs-
ILCg (b), and SWNTs-ILCg-

PMoy;, (c) (B); and SWNTs (a),

SWNTs-ILC, (b), and SWNTs-
ILC,-PMos5 (¢) (C)

Fig. 4 Nyquist plots of EIS for

(a;) bare GCE, (b;) GCE/ILC,5,

(c;) GCE/SWNTs, (d,) GCE/
SWNTs-ILC,», (e;) GCE/
SWNTs-ILC,-PMo;5 (A); (ay)
bare GCE, (b,) GCE/ILCg, (c5)
GCE/SWNTs, (d,) GCE/
SWNTs-ILCg, (e,) GCE/
SWNTs-ILCg-PMo;, (B); and
(a3) bare GCE, (b3) GCE/ILC,,
(c3) GCE/SWNTs, (d3) GCE/
SWNTS—ILC4, (63) GCE/
SWNTs-ILC4-PMoy, (C) in a
solution of 5 mM K3Fe(CN)g
and 0.1 M KCl
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important parameter, which can imply charge transfer rate
in the material. Figure 4 showed the Nyquist plots of the
impedance spectroscopy of glassy carbon electrode modi-
fied by various materials in a solution of 5 mM K;Fe(CN)q
and 0.1 M KCI. As shown in Fig. 4 and the data listed in
Table S2, the impedance changes have the same pattern
after the three ILC, (n = 12, 8, 4) combined with SWNTs
and PMo,,. For example, the Nyquist diameter of the GCE/
SWNTs (Rer &~ 246.2 Q) and GCE/ILC,, (587.0 Q) are
all smaller than that of the GCE (Rcr ~ 615.5 Q), indi-
cating that the glassy carbon electrode modified by SWNTs
or ILCy, forms a better electron conduction pathway.
Impressively, the Nyquist diameter of the GCE/SWNTs-
ILC;, Rer ~ 1252 Q) is smaller than GCE/SWNTSs
(Rer ~ 246.2 Q) and GCE/ILC,, (587.0 Q). The result
showed that the SWNTs-IL composite film allowed greater
permeation for the redox probe of Fe(CN)?,_/“_ than the
SWNTs film or ILC,, film [26]. This was due to the syn-
ergistic effects of excellent ionic conductivity of ILC,
[27], great electrical conductivity and large surface area of
SWNTs [28], which greatly enhanced the electron transport
performance of the electrode surface. SWNTs-ILC,-
PMo;; (Rer =& 852.5 Q) in comparison with GCE/PMo,
(Rer &~ 6607.0 Q) showed lower interfacial resistance,
this not only indicated the successful formation of the
SWNTs-IL-PMo,, composite but also demonstrated that
the multifunctional composite was successfully modified
onto the glassy carbon electrode. Meanwhile, the impe-
dance in descending order of SWNTs-ILC,,-PMo,,
> SWNTs-ILCg-PMo;, > SWNTs-ILC4-PMoy,, indicated
that the length of alkyl chain of ILC, in the SWNTs-ILC,-
PMoy, (n =4, 8, 12) could affect the kinetic parameters
and the electrode in these ordered membranes, which is
similar to the findings of Miller [29] and Finklea [30] et al.

Cyclic Voltammetry Behaviour of the Electrode
Modified by SWNTs-ILC,-PMo,,

Figure SA presents the cyclic voltammograms of GCE/
SWNTs-ILC»-PMo;,, GCE/SWNTs/PMo,,, GCE/ILC,,-
PMo;, and GCE/SWNTs-ILC,,. GCE/SWNTs-ILC,, has
no redox peaks in the potential range of+ 0.6 to — 0.1 V,
while GCE/SWNTS-ILC]Q-PMolz, GCE/SWNTS/PMO]2
and GCE/ILC,,-PMo,, have three pairs of oxidation and
reduction of PMo,, through two-, four- and six-electron
processes, respectively [20, 31, 32]. As shown in Fig. 5b, c,
it has similar situation with ILCg and ILC, as compared
with that of ILC;,. The formal potentials (E = 1/2
(Epa + Epc), the mean value of the anodic and cathodic
peak potentials, peak separations (E, = Ep, — E,.) of
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GCE/SWNTs-ILC,-PMo, (n =4, 8, 12), GCE/SWNTs/
PMo;, and ILC,-PMo;, (n = 4, 8, 12) for the recorded CVs
are summarized in Table S3. From the table we can see
peak potential has a tendency to move in the positive
direction, but the impact on the peak potential difference is
not significant. Taking the third redox peak as a repre-
sentative, the peak separation (Ep) at GCE/SWNTs-ILC,-
PMo;, (0.014 V) is smaller than GCE/SWNTs/PMo,
(0.019 V) and GCE/ILC,-PMo,, (0.018 V), which indi-
cated that the ionic conductivity of the ILC,, (n =4, 8, 12)
and the excellent electronic conductivity of the SWNTs
played an important role in the electron transfer on the
surface of the electrode, thus made the electron-transfer on
the electrode surface faster [26, 27], which is in accordance
with the results from impedance experiments. At the same
time, it can be noticed that the peak currents of GCE/
SWNTs-ILC,-PMo,,, GCE/SWNTs/PMo,, and GCE/
ILC,,-PMo,, were slightly different due to the different
content of phosphomolybdic acid.

Figure 6 shows the cyclic voltammograms at different
scan rates for SWNTSs-ILC,-PMo;,, SWNTs-ILCg-PMo,
and SWNTs-ILC4-PMo,, modified glassy carbon elec-
trodes, respectively. The results implied that all the peak
potentials and the peak separations of the modified elec-
trodes do not change with the scan rate between — 0.15
and 0.6 V. The reduction peak current and the oxidation
peak current increased linearly at scan rates of 0.01 to
1 Vs, indicating that the rate of electrode reactions is
controlled by the electrochemical steps on the surface [20].

3.4 pH-Dependent Electrochemical Behaviour
of the GCE/SWNTs-ILC,,-PMo, (n = 4, 8, 12)

In general, the reduction of POMs is accompanied by
protonation, therefore, the electrochemical behaviour of
POMs relies on the pH of the solution to a large extent. In
order to study the protonation process of POMs with the
introduction of SWNTSs-IL, the CV curve of GCE/SWNTs-
ILC(,-PMo;,, GCE/SWNTs-ILCg-PMo;, and GCE/
SWNTs-ILC4-PMo;, at different pHs have been done.
From Fig. 7, we can see that along with increasing PH, the
three redox potentials all gradually shifted to the negative
potential direction, a result similar with reported in litera-
ture [20]. The reduction of PMo, occurs when the protons
in solution migrate to the electroactive material on the
modified electrode [31]. Along with increasing pH, the H™
concentration decreased, then the redox current decreased,
and the more negative reduction potentials can be eluci-
dated by the Nernst equation [33].
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Fig. 5 Cyclic voltammograms
for (a;) GCE/SWNTs-ILC,,-
PMO]Q, (bl) GCE/SWNTs-
ILC]z, (Cl) GCE/ILC]z-PMOIZ
and (d;) GCE/SWNTs/PMo,
(A); (a) GCE/SWNTs-ILCg-
PMO]Z, (bz) GCE/SWNTS-ILCg,
(c3) GCE/ILCg-PMo,, (B); and
(az) GCE/SWNTs-ILC4-PMoy,,
(b3) GCE/SWNTSs-ILCy, (c3)
GCE/ILC4-PMoy, in 0.5 M
H,SO, solution at a scan rate of
100 mV s~

Fig. 6 Cyclic voltammograms
of SWNTS-ILClz-PMolz (A,
A-1), SWNTs-ILCg-PMoy, (B,
B-1), and SWNTs-ILC4-PMoy,
(C,C-1)in 0.5 M H,SOq at scan
rates of 10-1000 mV s~ from
inner to outer and the
dependence of peak currents
(IIT) on scan rates
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Fig. 7 Cyclic voltammograms
of a SWNTs-ILC,-PMoj, (A),
SWNTS-ILCg-PM012 (B),
SWNTs-ILC4-PMoy, (C) at
different pHs (from a to e: 0.86,
1.08, 2.08, 3.05 and 4.27; a:
black, b: red, c: green, d: blue,
e: cyan) and at a scan rate of
50 mV s~!. The insets (A-1 in
(A); B-1 in (B) and C-1 in (C))

show variation of potentials as a 12 24 36 X
function of pH for three redox T T — T T H T
pairs -1 (red lipe), -1 (black 0.6 0.4 0.2 0.0 -0.2 0.6 0.3 0.0 -0.3
line) and II-II (blue line) E/V vs Ag/AgCl E/V vs Ag/AgCl

(Color figure online)

The electrochemical reaction of PMo;,-doped electrode
can be shown as follows:
PMo,0}; +2e~ +2H" = H,Mo)j PMo) O3y
H,Mo)} PMoy O3, + 2e~ + 2H" = H4Moy' PMo) O3,
H;Mog IPMo} O} + 2e~ + 2H" = HeMoy' PMoy O3y

Electrode Stability and Storage Stability

Long term stability is one of the most important properties
of sensors, biosensors and bioreactors [26]. The stability of
the modified electrode which stayed at room temperature in
the air was determined by comparing the changes in
voltammetric peak currents before and after 100 cycles
scanning in H,SO,4 (0.5 M) solution at 50 V sl Figure S1
shows the reduction peak currents (II-1I’) of the CV curve
of SWNTs-ILC;,-PMo;, modified electrode which is
stable at the 1st and 100th cycles, and the current was
reduced by 9.4% after 100 cycles. One week later, it was
reduced by 12.4% after 100 cycles, indicating the electrode
shows better stability in the electrolyte solution. This can
be attributed to SWNTs, ionic liquids and polyoxometa-
lates are chemically bonded together successfully, which
avoid leakage of POM into solution. When we replaced
ILC, by ILCg and ILCy, the current decreased as 8.2% and

@ Springer

0.0
E/V vs Ag/AgCl

0.4

7.5% after 100 cycles, respectively, which also has better
stability.

Catalytic Reduction of 105, BrO;~ and NO,™

Todate, bromate and nitrite exist in many environments and
are closely related to daily life and health of human beings,
therefore catalytic reduction and detection is important in
both theoretical and practical point of view [34-36]. The
catalytic reduction of I0;~, BrO;~ and NO, by the
modified glass carbon electrode can be seen clearly in
Fig. 8, Fig. S2 and Fig. S3, respectively. Compared with
the CV curve without 105, BrO3;~ and NO, ™, the reduc-
tion peak currents of the second and third pairs markedly
increased by the addition of them, while the corresponding
oxidation peak currents decreased comparably. Also note
that there was less variation in the current of the first pair of
redox peaks, irrespective of the addition of anions. This
indicated that the second and third pair of redox peaks of
SWNTs-ILC,-PMo;,, SWNTs-ILCg-PMo;, and SWNTs-
ILC4-PMo;, modified glassy carbon electrodes have good
electrocatalysis effect.

The 1057, BrO3~ and NO,~ are reduced by the four-
electron- and six-electron-reduced PMo,, species, respec-
tively. The electrocatalytic behaviour above are tentatively
explained by the following mechanism [37-39]:
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3H4Moy ! PMoy O3y + 105 — 3H, Moy; PMo) O3; + 3H,0 + I~

3HeMo," PMoy O}, + 2105 — 3H,Mo)i PMo) O;; + 6H, O + 21~

3H4Mog! PMoy Oy, + BrO; — 3H,Mo) PMo; O +3H, O + Br™

3H¢Moy' PMo O3y + BrO*~ — 3H;Moy' PMoy O35 + 3H, O + Br~

H4Moy! PMoy O3 +NO; — H; Mo}{ PMoy O}, + H, O + N~ containing products
HsMoy PMoy O3, + NO, — H, Mol PMo) O;; + H, O + N~ containing products.

The current of second reduction peak changed linearly with
the concentration of IO; ™ in the range of 48—167 M, the linear
equations are: y = 0.273 + 2.933x (II, Linear correlation
SWNTs-ILC 12-PM012,
y = 0.253 + 6.356x (IL, 7 = 0.995) for SWNTs-ILCg-PMo 5,
y =0.147 + 15431x (I, #=0.997) for SWNTs-ILC,-
PMo,,, respectively. In the concentration range of BrO;~
between 4.76 and 20.00 mM, the second reduction peak cat-
alytic current varied linearly with BrO;~ concentration, the

coefficient, P = 0.997)

Fig. 8 Cyclic voltammograms
of the SWNTs-ILC;,-PMo;; (A,
A-1), SWNTs-ILCg-PMoy, (B,
B-1), SWNTs-ILC4-PMoy, (C,
C-1) in 0.5 M H,SO, containing
0, 0.048, 0.091, 0.130,

0.167 mM NalOs. Scan rate

10 mV s~'. Diagram showing
variation of the reduction peak
(IT) current versus concentration
change of NalO; (A-1, B-1,

2.8{ A

ILC 1 2—PM0 12>

linear equations are: y = 0.302 + 0.020x (11, r* = 0.997) for
SWNTSs-ILC;»-PMoy,, y = 0.276 + 0.055x (II, * = 0.995)
for SWNTs-ILCg-PMoy,, y = 0.455 + 0.124x (I, # = 0.995)
for SWNTs-ILC4-PMo,,, respectively. For NO,™ of the con-
centration between 0.407 and 2.000 mM, the catalytic current
also changes linearly with concentration of NO, ™, the linear
equations are y = 0.298 + 0.09x (II, /* = 0.987) for SWNTs-
y =0.289 + 0.149x (11,
SWNTSs-ILCg-PMo,,, y = 0.329 + 0.236x (II, 7 = 0.984) for

” =0979) for

3.07A-1

2.0 -

I/uA

1.0

0.00 0.06 0.12 0.18

o 0.6 0.3 0.0 _
E/V vs Ag/AgCl C/mM (10,
3.0 B-1
2.01
<
\:L (]
1.04
0.6 0.4 0.2 00 -0 0.00 %})6 0.12 0.18
E/V vs Ag/AgCl mM (10,
2.8{cC . 307 c1
d
2.0
31.4 ¢ 3
— b 0.
0'0. *_/\/—_—/ A

0.6

04 02 00 -02
E/V vs Ag/AgCl

0.00 0.06 0.12 0.18
C/mM (10))
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Fig. 9 Amperometric response A 3. A-1
of the SWNTSs-ILC,,-PMoy, (A, 0.8 4
A-1), SWNTs-ILCg-PMo;, (B,
B-1), SWNTs-ILC4-PMo,, (C, 0.6 24
C-1) and the calibration curve i ' <
for steady-state current versus =) =
sodium iodate concentration, 0.4- = 11
respectively. Condition:
successive addition four times
of sodium iodate solution 0.2 0
4% 10736 x 1073, T T T . , T T . .
é ><X10*3, 1 ><X10*2, 2 x 1072 600 800 1000 1200 1400 0.0 0.2 04 06 0.8
4x107%6x 10728 x 1072, t/s C/mM (10)
1 x 107" mol L™Y to 20 mL
0.5 M H,SO, (20 pL each time, B B-1
interval: 50 s) 0.31
2.4+
<
< 1.6] 202
=
0.8 0.1
0.0 T T T i ) i
300 600 900 1200 L L
t/s C/mM (103)
|C | C-1
0.60- 0.6 :
0.45- 0.4 1
3 3 -
™ 0.304 “o2d
0.15-
400 600 800 1000 0.05 010 0I5 020
t/s C/mM (103)

SWNTs-ILC4-PMoy,, respectively. It is clear that that when n
(the length of alkyl carbon chain) of the ionic liquid decreased,
the slope of the linear equation became large, i.e., the sensitivity
of the catalytic current gradually increased.

The Detection of lodate, Bromate and Nitrite

Electrochemical sensors have the advantages of high sen-
sitivity, rapid detection, simple instruments and easy
portability as compared with the other techniques [40].
Considering the above electrocatalytic reduction perfor-
mance of the GCE/SWNTs-ILC,-PMo;, on iodate, bro-
mate and nitrite, the possibility as amperometric sensors is
investigated in order to measure the contents of iodide,
bromate and nitrite by chronoamperometry.

Figure 9 shows the curves of current versus time and
steady-state peak current versus 103~ concentration by
chronoamperometry for three different modified electrodes.
From the data listed in Table S4, it is known that the linear

@ Springer

range (LDR) of NalOj detection by GCE/SWNTs-ILC,-
PMo;, are 0.004-0.73 mM (n = 12), 0.008-0.59 mM(n =
8) and 0.008-0.19 mM (n = 4) with response time 2.5 s,
2.8 s and 2.9 s, and detection limit 0.9 uM, respectively.
Compared with the others reported in literatures
(Table S4), it can be concluded that GCE/SWNTs-ILC,-
PMo,,, especially in the case of n = 12, has a fast response,
a wide linear range, and a low detection limit. The main
reason must be due to the high specific surface area and
strong conductivity of SWNTs, as well as the synergistic
interaction with ionic liquids, resulting in high conductivity
and high electrocatalytic activity of the composites [33].
This showed that the addition of carbon nanotubes and
ionic liquids enhanced the detection performance of
phosphomolybdic acid. Notably, the ion interference test
performed on this modified electrode showed that Ba** and
Mg®t (C(M*H)/C(1057) > 200) and Na™, Cl~ (C(NaCl)/
C{0O57) > 2000), did not interfere with the test of 105™.
Fig. S4 and data listed in Table S5 showed that the linear
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range (LDR) of NaBrOj detection by GCE/SWNTs-ILC,-
PMo;, (n=12, 8 and 4) were: 0.2-3.84 mM,
0.2-2.64 mM, 0.2-1.71 mM; Response time: 3.6 s, 4.0 s,
42's; Sensitivity: 0.023 pA Mm™',  0.045 pA Mm ™!,
0.104 pA Mm™}, respectively, for n = 12, 8, and 4. From
Fig. S5 and data listed in Table S6, it is known that the
linear range (LDR) of NaNO, detection were:
0.02-4.33 mM, 0.02-1.58 mM, 0.02-0.99 mM; Response
time: 5.8s, 6.1s, 6.5s; Sensitivity: 0.19 pA Mm_l,
0.29 pA Mm~!, 0.43 LA Mm ™}, respectively, for n = 12,
8, and 4. Based on the above results, it can be concluded
that GCE/SWNTSs-ILC;,-PMoy, has a fast response, a wide
linear range, and a low detection limit as compared with
the other two. With the increase of n (the length of alkyl
carbon chain) on the liquid ILC,,, it leads to an increasingly
linear detection range for NalO;, NaBrO; and NaNO,,
which is due to that the length of carbon chain influences
the kinetic parameters of the electrode surface reaction, and
the long-chain film has good ordered arrangement [41].
However, with the increase of the alkyl carbon chain
length—n on the ionic liquid, its sensitivity to NalOj
gradually decreases, mainly due to the resistance increases
with the increase of the carbon chain length (see Table S2)
that causes the detection of current to become low.

Conclusions

In this work three new ternary composites were obtained
by functionally modifying the anionic and cationic moi-
eties of ethanolamine ionic liquids with phosphomolybdic
acid and carboxylated single-walled carbon nanotubes, and
then the glassy carbon electrode was modified with the
composites by spin-coated method. It is revealed that the
electronic conductivity of SWNTs moiety and ionic con-
ductivity of ILs moiety played key roles on the electro-
catalysis performance of composites, and the length of
alkyl carbon chain of ILs also had a notable effect. While
all the ternary composites modified electrodes showed
remarkable catalytic activity towards the reduction/detec-
tion of iodate, bromate and nitrite, the SWNTs-IL,-PMo,
modified electrode showed a little bit better stability and
electro-catalytic activity and sensor performance (low
detection limit, short response time and wide linear range)
toward iodate, borate and nitrite than the other two com-
posites probably due to that the long-chain film had better
ordered arrangement. We believe that through the double
modification of ionic liquids with cations and cations,
various new multifunctional materials can be designed and
synthesized, which are expected to be applied in many
fields.
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