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electrolytes, [PyPS]sH4SiWgVzO49 and

[PyPSIsH,SiWoV3O40 have been synthesized using a 1-(3-sulfonic group) propylpyridine (PyPS) and
a Keggin vanadium-substituted heteropoly acid H;SiWgVzO40 through an ionic self-assembly method,
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and adjusting the ratio of cation and anion. A substitution effect of the acid salt gel electrolytes has been

investigated. Interestingly, when protons of the polyoxometalate acid salt gel electrolytes are substituted,
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1. Introduction

Heteropoly acids (HPAs) or polyoxometalates (POMs) are a type
of metal oxide cluster. It is formed by inorganic metal oxygen
cluster anions that means a variety of structures and charac-
teristics can be obtained."* Therefore, polyoxometalate-based
compounds show interesting electronic, magnetic, redox,
medicinal and photonic properties.>” In particular, detailed
research into conduction in these compounds will inspire the
development of fuel cells and electrochemical electrolytes based
on POMs.*** However, the machinability of POMs is poor, and
the conductivity is highly related to the amount of water
molecules in the POM structure. Thus, the conductivity will be
decreased at high temperature.*®

Ionic liquids (ILs) are a type of excellent molten salt since it
remains in the liquid phase at room temperature. The prepa-
ration of the ionic liquids based on relatively large organic
cations and inorganic anions through ionic self-assembly. Ionic
liquids have many excellent properties in range of physico-
chemical, such as thermal stability and electrochemical appli-
cations.”™® Many kinds of novel ionic liquids have been
synthesized by different cations and anions with ionic self-
assembly effect.'”'®

Recently, many researcher found that the combination of the
physical properties of POMs with those of IL salts generated
a “chimera”, which exhibits a liquid-like property."* These
materials show a quasi-solid state at room temperature, and it is
changed to a liquid state when being heated to about 100 °C.*®
Consequently, the quasi-solid state materials exhibit higher
ionic conductivity than that of other solid conductors and have
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both the conductivity and the phase transformation temperature increase. The fastest conductivity of
these gel electrolytes was as high as 2.57 x 1072 S cm™ at 110 °C.

advantages over both a liquid electrolyte and a solid state
electrolyte, which makes this new class of materials potential
candidates for electrolyte in advanced electrochemical
devices.”*> However, many researcher focus on the normal
salts of the polyoxometalates ionic liquids (POM-ILs) and there
are few articles reported about the acid salts (POM-ASs) of POM-
ILs.

Generally, Keggin-type heteropoly acids have many special
characteristics such as stable structure, simple preparation
method and high yield. Thus, we chose a Keggin-type
vanadium-substituted HPA (H,SiWyV30,,) and the pyridine
class with sulfonic group functional compound, 1-(3-sulfonic
group) propylpyridine (PyPS) to synthesize a series of POM-
based ionic liquids through the ionic self-assembly method.
The phase transformation, structure and conductive perfor-
mance of two POM-ASs compounds were characterized.

2. Experimental section
2.1 Instrument and reagent

Elemental analysis was determined by inductively coupled
plasma (ICP-MS) analysis on a Shimadzu V-1012 ICP-MS spec-
trometer. Infrared (IR) spectrum was conducted on a NICOLET
NEXUS 470 FT/IR spectrometer during the wavenumber range
400-4000 cm ™' using KBr pellet. X-ray powder diffraction (XRD)
pattern was conducted on a BRUKER D8 ADVANCE X-ray
diffractometer using a Cu tube at the conditions: at 40 kv and
40 mA in the range of 20 = 4-40° at a rate of 0.02°-s™'. The
thermal stability of these samples was reported on a SHIMADZU
thermal analyzer. Conductivity was measured through a DDS-
11A conductivity meter using a Shanghai DJS-1 and DJS-10
electrode. The UV absorption spectra were monitored by a Spe-
cord TU-1901 UV-vis spectrophotometer.

All the chemicals were of analytical grade and used without
further purification.

This journal is © The Royal Society of Chemistry 2018
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2.2. Synthesis of the POM-ASs

1-(3-Sulfonic group) propylpyridine (PyPS) was synthesized
according to the literature.”® H,SiWoV;0,4, was synthesized as
follow, Na,[a-SiW,03,4] was synthesized by a method according
to recent literature. A 10 mL aqueous solution of sodium met-
avanadate (1.71 g NavO;) was added to a 30 mL aqueous solu-
tion of Nao[¢-SiWgO34] (10 g Na,[e-SiWgO34]). The mixture was
adjusted to pH = 1.5. And then, the mixture was added into the
H' type cation exchange resin column at room temperature,
until the pH of the mixture is less than 1. The mixture was dried
at 40 °C and a orange power was obtained.

The pre-synthesized PyPS and H,SiWyV;0,, were taken in
3:1 and 5 : 1 mole ratios to give one mole of [PyPS]|;H,SiWo-
V304 and [PyPS|sH,SiWoV;0,,. PyPS was added into an
aqueous solution of H,SiWyV30,4,. The mixture was reacted
under ultrasound for 10 minutes at room temperature, and then
collected bottom layer liquid. The liquid evaporated at room
temperature and then the product as oily gel-type was obtained.

3. Results and discussion

The detail IR spectra of the compounds at 1100-700 cm™ " is

shown in the Fig. 1 and Table 1. As shown in the Fig. 1 and Table
1, we can clearly find that these feature frequencise, all
compounds, fall in the stretching sequence of vas(Si-O,),
vas(M-0gq), vas(M-O,-M) and vas(M-O.-M), (M = W, V), which
is referred to POM character bands at 1100-700 cm™'. We also
find the shift of characteristic peaks of POM-ASs in the Fig. 1
and Table 1 when compared with POM. This phenomenon can
be explained by the vibrations frequency change result in the
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Fig. 1 IR spectra of the compounds.

Table 1 The detail IR spectra of compounds at 1100-700 cm™*

Vibrations/cm SiWoV;  [PyPS];H,SiWoV;  [PyPS]sH,SiWoV;
M-0Oq stretching 970 960 962
Si-0, stretching 914 911 908
M-O.-M stretching 785 790 788
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influence of the anion-anion interactions among poly-
oxoanions.”®”” In spite of the shift of characteristic peaks of
POM-ASs, the peaks still exists, which can find at a red zone in
the Fig. 1. The result infer that these compounds still maintain
POM structure without decomposition, when PyPS added.

The POM in non-reduced state is generally characterized by
charge transfer bands of oxygen-to-metal, which can be
observed by UV-vis spectrophotometer in the UV region below
400 nm. The UV absorption spectrum of the compounds is
shown in the Fig. 2. As shown in the Fig. 2, we can find that the
absorption bands of H;SiWgV30,40, [PyPS]3H,SiWoV;0,, and
[PyPS]sH,SiW,V30,, appear at about 260 nm, 259 nm, 260 nm,
respectively. The absorption spectrum of POM-ILs display
a moderately intense peak nearly 259 nm (O-M) and the peak is
blue-shifted from 260 nm which is referred to the pure POM.*®
This phenomenon can provide an evidence for intermolecular
interactions between PyPS cations and Keggin-type anion units.

Wide-angle XRD patterns of POM and POM-ASs are shown in
the Fig. 4. The intensity is very strong peaks in the large region
of the XRD patterns of H,;SiWyV;0,,. The Keggin-type of the
polyoxometalates which exhibited typical peaks in the range of
2¢ = 7-11° in the XRD patterns was found. From that
phenomenon, it is clear that the POM compound was success-
fully prepared. Furthermore, we also found a broad diffraction
peaks in the region of 26 = 20-35° of POM-ASs, which indicates
the distinction between the POM-ASs and their parent HPA.”
[PyPS]3H,SiW,V;0,, and [PyPS]|sH,SiW,V;0,, present similar
XRD pattern. This phenomenon infers that the parent HPA is
changes into amorphous structure after the acidic protons
(PyPS) were added.

These POM-ASs exhibit a characteristic of reversible gel-
liquid phase transformation. Fig. 5 shows the POM-ASs phase
transform between gel state and liquid state at 100 °C. Since the
weak connection among PyPS cation, POM anion and protons,
the gel state of POM-ASs exhibit amorphous state, which can be
proved by XRD patterns, and the schematic is shown in Fig. 3.

The variation of the conductivity of these compounds can be
observed with heating. The results of variation of conductivity
show in the Fig. 6. As shown in the Fig. 6, it can find that there is
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Fig. 2 The UV absorption spectra of the HPA and POM-ASs.
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Fig. 3 Schematic illustration of potential weak connections in these
compounds among PyPS, protons and POM anion.

a broad endothermic peak at about 85 °C for [PyPS];H,SiW,-
V304 and at about 70 °C for [PyPS]sH,SiWoV3;04. That
phenomenon can be attributed to a phase transformation from
a solid gel phase to an isotropic liquid phase.* It can also find
that the conductivity of these compounds increase with heating,
especially at the time that these compounds at the temperature
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Fig. 4 Wide-angle XRD patterns of the HPA and POM-ASs.
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Fig. 5 Photographs of the [PyPS]sH4SiWgV3zO40 reversible gel-liquid
phase transformation at room temperature and 100 °C.
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Fig. 6 Conductivity—temperature and heat flow curves of (a)
[PyPS]zH4SiWgVz040 and (b) [PyPS]sH2SiWgV3O 4.

of phase transformation from gel to liquid, the phenomenon of
increasing conductivity is obvious. Concretely, at 110 °C the
conductivity of [PyPS]3H,SiWoV30,, and [PyPS]sH,SiWoV;0,, is
2.57 x 107> S cem ' and 2.18 x 1072 S em ™ *, respectively. The
phenomenon can be resulted in an increase in the migration of
particles in the compound.

Fig. 7 shows conductivity of different amount of PyPS
substitution at different temperature. Obviously, when the
number of protons in the compound increase, the conductivity
of these compounds enhance accordingly. This phenomenon
can be explained as that the protons in the compounds migrate
much faster than PyPS. Thus it is found that the higher
conductivity can result from more protons in the compound.
Additionally, when many protons have substituted the PyPS, the
conductivity of the compounds also increase. So it is infer that
more protons in the compounds will result in higher conduc-
tivity. Furthermore, this result also can be confirmed by
conductive activation energy.*"*>

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Conductivity—temperature plots of
[PyPSIsH2SiWgV3O40 and [PyPSI7SiWgV3O 4.
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Fig. 8 The conductive Arrhenius plots of [PyPS]zH4SiWgVzO40,
[PyPS]sH2SiWoV3O40 and [PyPS];SiWgVzO40 at the same condition.

The conductive activation energy E, can be evaluated as
follow

_Ea
g = gy exp (ﬁ)

where ¢ is conductive, o, is the pre-exponential factor, E, is the
conductive activation energy, R is the gas constant and T is the
absolute temperature. Fig. 8 shows the conductive Arrhenius
plots of [PyPS];H,SiW,V;0,0, [PyPS]sH,SiWoV;0,, and [PyPS],-
SiW,V;0,4, at the same condition. The values of E, of these
compounds can be obtained by linear fit and the values of E, for
[PyPS]3H,SiWoV;30,0, [PyPS]sH,SiWsV30,4, and [PyPS],SiWeVs-
0,0 is 33.4 k] mol %, 33.7 k] mol* and 35.7 k] mol *, respec-
tively. In this case, it is found that number of protons have an
obvious influence on conductivity of the compounds.

4. Conclusions

In this paper, we have reported two vanadium-substituted pol-
yoxometalate acid salts gel electrolytes, [PyPS]3H,SiWoV304
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and [PyPS]sH,SiW,V;0,4. These electrolytes exhibit reversible
gel-liquid phase transformation. A relationship among the
conductivity, substituted protons and temperature can be
observed by heat flow and conductivity plots. The results indi-
cate that the conductivity and phase transformation tempera-
ture improve with increasing the number of protons in the
compounds. Thus these materials maybe provide both liquid
state electrolytes and solid state electrolytes for supercapacitors.
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