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A new solid high-proton conductor, heptadecatungstovanadodiphosphoric heteropoly acid
H;P,W;7V0s,-28H,0 with Dawson structure was synthesized by the stepwise acidification and
the stepwise addition of element solutions. The optimal proportion of component compounds in the
synthesis reaction was given. The product was characterized by chemical analysis, potentiometric
titration, IR, UV, XRD, 3'P NMR, TG-DTA and electrochemical impedance spectroscopy (EIS). The results
indicate that H;P,W;7VOg,-28H,0 possesses the Dawson structure. EIS measurements show a high
conductivity (3.10x 1072Scm~! at 26°C and 75% relative humidity), with an activation energy of
32.23kJmol-"! for proton conduction. The mechanism of proton conduction for this heteropoly acid is

Keywords:
Heteropoly acid
Dawson structure

Synthesis Vehicle mechanism.

Conductivity
Conductive mechanism

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There is considerable current interest in heteropoly acids (HPAs)
from both fundamental and practical points of views. They are capa-
ble of being fine-tuned at molecular level to promote a variety of
applications in catalysis, biomedicine and material science [1-4].
Due to their high proton conductivity, HPAs have also been reported
as electrolytes for fuel cells and ultracapacitors. In 1979, Nakamura
first reported the high proton conductivity of H3PM3049-29H,0
(M=Mo, W). His work opened up a new field of HPAs as proton
conductors.

HPAs are known to show very strong Brensted acidity. The
acid strength of concentrated HPAs aqueous solutions in terms of
Hammett acidity function is higher than that of constituent oxo-
acids and ordinary inorganic acids. The acidity of HPAs solutions is
reflected on their proton conductivity which is of the same order of
magnitude as that of ordinary mineral acids. HPAs also show high
proton conductivity when they are in crystalline forms with deter-
mined numbers of water molecules in their structures. There are
two types of protons in heteropoly acid crystals: one is the dissoci-
ated and hydrated proton that is combined with the HPA anion; the
other is the unhydrated proton that is located on the bridge-oxygen
in the HPA anion. Because of good mobility of the dissociated pro-
tons, HPA crystals have some characteristics of “pseudo liquid”.
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Thus, they are excellent proton conductors, and are promising solid
electrolytes [5-8].

To investigate the effect of component elements in HPA on con-
ductivity, we have reported many solid high-proton conducting
HPAs such as Hs GeW1pMoV0,44-21H,0 [9], HsGeW1(V;2049-22H,,0
[10] and H7[In(H,0)CoW11039]-14H,0 [11]. All of them are of
Keggin structure and their conductivity is 1074-10-3Scm!.
Recent studies have shown that as a kind of proton conduc-
tors, the conductivity values of heteropoly compounds are closely
related to their structures. Herein, we report the synthesis,
characterization, conductivity and proton conduction mecha-
nism of heptadecatungstovanadodiphosphoric heteropoly acid
H;P,W17V0g,-28H,0 (H7P,W17V) with Dawson structure.

2. Experimental
2.1. Instrument and reagent

Infrared (IR) spectra were recorded on a NICOLET NEXUS 470 FT/IR spectrome-
ter over the wave number range 600-4000 cm~' using KBr pellets. The UV spectrum
was measured on a SHIMADZU U-2550 UV-Vis spectrophotometer. X-ray powder
diffraction analysis was obtained on a BRUKER D8 ADVANCE X-ray diffractometer
using a Cu tube operated at 40kV and 40 mA in the range of 20=5-40° at a rate
of 0.02°s~1. 31P NMR spectrum was recorded in 5mm outer diameter tubes on a
BRUKER MSR-400 spectrometer using 85% H3 POy as the external standard. The ther-
mal stability of the sample was investigated using simultaneous thermogravimetry
(TG) and differential thermal analysis (DTA) techniques from room temperature
to 600°C. Measurement was performed using a SHIMADZU thermal analyzer in a
Nitrogen stream, with a scanning rate of 10°Cmin~'. Impedance measurement of
the product was performed on a VMP2 Multichannel potentiostat electrochemical
impedance analyzer.
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Fig. 1. The potentiometric titration curve of H;P,W;7V0Og,-28H,0.

All reagents were analysis grade.
2.2. Synthesis of HPA

2.2.1. Synthesis of [P;W;70¢;]0~

[P, W15062]6 (P,W;g) was synthesized according to the literature available
[12]. [P;W17061]'%~ (P,W;7) was synthesized by a modification of the method in
this literature. 5.0g KHCO3; was dissolved in 50 mL of water. Then it was added
dropwise to 50 mL of aqueous solution containing 20g P,W;g. The mixture was
stirred for an hour to give the white sediment. P,W;7 was obtained after being fil-
trated and dried. Although K¢P,W;506; is more soluble than K;oP,W;70¢1, it can
still precipitate with K;oP,W;706; when treated with potassium bicarbonate. In
order to improve the purity of K9P, W17061, we used sodium bicarbonate instead
of potassium bicarbonate.

2.2.2. Synthesis OfH7P2W17V052<28H20

0.582 g of NaV03-4H,0 was dissolved in 6 mL of water and this solution was
added dropwise to 84 mL 0.5molL~! of hydrochloric acid. The 14 g of presynthe-
sized P,W17 was added to this solution and stirred for an hour. The mixture was
extracted with ether in a hydrochloric acid medium. After the ether was removed
in the desiccator, orange H7P,W;7VOs,-28H,0 was obtained.

2.3. Measurement of conductivity

The product was compressed to a disc under a pressure of 15 MPa at room tem-
perature (26°C). The diameter was 10 mm and the thickness was 3.64 mm. Two
copper sheets were attached to the faces of the disc. Copper slices and copper
wires were used as electrodes and lines, respectively. The proton conductivity was
measured using a cell: copper [sample| copper.

3. Results and discussion
3.1. Elemental analysis

Phosphorus, tungsten and vanadium were analyzed by ICP;
the amount of water was analyzed by thermogravimetry. Found:
P=1.26%, W=65.12%,V=1.03%, H,0=11.75%.

Calculated for H;P,W;7VO¢2-28H,0: P=1.31%, W=65.92%,
V=1.07%, H,0=10.63%.

3.2. Determination of basicity

The number of hydrogens and states of ionization in the HPA
can be determined by potentiometric titration [13]. The poten-
tiometric titration curve (Fig. 1) shows that seven protons of
H7P,W17V0g,-28H,0 are equivalent and are ionized in the same
step.

3.3. IR and UV spectra

The IR spectrum of HPA shows the jump between two
vibrational energy levels of the electronic ground state. The
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Fig. 2. IR spectra of heteropoly acids with Dawson structure.

vibrations of the oxygen bond reflect the change of mechan-
ical and electronic properties of the bond, and every change
has its own characteristic frequency. Vibrations correspond-
ing to the heteropoly acid with Dawson structure appear at
700-1100 cm!. The vibrational frequencies fall in the sequence of
Vas(P-0a) > Vas(M=-0q) > Vas(M-0p-M) > Vas(M-0c-M), (M=W, V).
The vibrational frequencies of M-O.-M and M-0y are red shifted,
while that of M-0p,-M is blue shifted, compared with the corre-
sponding vibration frequencies of heteropoly acids with Keggin
structure [14].

Fig. 2 shows the IR spectra of H;P,W;7V and HgP,W;g. The
characteristic bands of the heteropoly anions at 700-1100cm™!
are observed, indicating that H;P,W;7V still maintains Dawson
structure after introduction of vanadium atom. The characteristic
bands of P,W;7V appear at 1087.5, 963.0, 919.6, and 793.1cm™!,
which correspond to v;5(P-0;), vas(M-0y4), vas(M-0p-M) and
Vas(M-0.—M) vibrations, respectively, and the corresponding char-
acteristic bands of P,W;g appear at 1091.4, 963.4, 916.0, and
792.9cm~1. The difference between the bands of the two com-
pounds probably arises from the substitution of vanadium atom.
The bands at about 3450 and 1640 cm~! are assigned to the stretch-
ing vibration of O-H bonds and the bending vibration of H-O-H
bonds, respectively.

The absorption band of the HPA UV spectrum shows the charge
transfer between oxygen and a coordinate metal atom. There is an
intense absorption peak at 194 nm (O4 — W) and a relatively weak
absorption peak at 253 nm (O,/0¢ — W).

3.4. X-ray powder diffraction

X-ray powder diffraction is widely used to study the structural
features of HPAs and explain their properties [15]. The data of X-
ray powder diffraction are listed in Table 1. Fig. 3 shows the X-ray
diffraction pattern of heptadecatungstovanadodiphosphoric het-
eropoly acid with Dawson structure. The most intense peak exists
at about 8.4°. In four ranges of 26 (i.e. 7-10°, 17-20°, 23-28° and
29-30°), there are characteristic peaks of HPA anions with Dawson
structure [16]. Combined with the IR and UV spectra, this confirms
that H;P,W17V0Og,-28H,0 has Dawson structure.

3.5. 31P NMR spectrum

31p NMR spectroscopy is quite useful for studies of phosphorus
chemical environment, which further determine molecular struc-
ture of phosphorus-containing compound. The 3P NMR spectrum
(Fig. 4) shows that the upfield line (8, =—12.04 ppm) is assigned
to the phosphorus atom in the unsubstituted half-anion, while
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Table 1
Data of X-ray powder diffraction of H;P,W17VOg,-28H,0.
20(°) 1[Iy d(A)
7.06 0.67 12.52
7.76 0.48 11.39
8.40 1.00 10.53
9.00 0.37 9.83
17.96 0.25 4.94
18.86 0.47 4.71
23.18 0.80 3.84
25.00 0.50 3.56
27.70 0.77 3.22
29.76 0.88 3.00
32.22 0.31 2.78
34.40 0.33 2.61
38.18 0.22 2.36
38.96 0.12 231
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Fig. 3. X-ray diffraction pattern of H;P,W;7VOg,-28H,0.

downfield chemical shift (§; =—10.92 ppm) corresponds to the
phosphorus atom in the substituted half-anion. The downfield shift
is attributed to an increase of P-O 7 bonding when the atom
sequence P-O-W is replaced by P-O-V [17]. We conclude that the
phosphorus nucleus responsible for the downfield line is under-
going faster relaxation because it is more strongly coupled to the
nearby vanadium atom.

3.6. Molecular structure

Fig. 5 shows the polyhedral representation of the molecu-
lar structure of heptadecatungstovanadodiphosphoric heteropoly
acid with Dawson structure. It is closely related to Keggin struc-
ture in that we can imagine that it is constructed from two
9-tungstophosphate fragments of the Keggin anion joined together.
There is a heteroatom P at the center of each half which tetrahe-
drally coordinated to four oxygen atoms, respectively. Each PO,
tetrahedron is sharing corners with nine WOg octahedra. Three
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Fig. 4. 3'P NMR spectrum of H;P,W;7VOg;-28H,0.

Fig. 5. Polyhederal representation of molecular structure of H7P,W17VOg,-28H,0.

WOg octahedra form a compact group by sharing edges, while the
remaining six octahedra in each of the [PWg034]°~ fragments form
a zigzag ring by alternately sharing edges and corners. The two
fragments are linked by six nearly linear W-O-W bonds [18,19].
The HPA with Dawson structure has a rugby ball-like shape. There
are two types of tungsten atoms, 6 “polar” and 12 “equatorial”.
H;P,W;7V0g,-28H,0 with Dawson structure can be synthesized
by the substitution of polar WOg octahedra with VOg octahedra.

3.7. TG and DTA analysis

Generally speaking, HPAs consist of protons, HPA anions and
water. TG and DTA curves of H7P,W;7V0g,-28H,0 are shown
in Fig. 6. The TG curve shows that the total percent of weight
loss is 11.75%, indicating that 30.80 water molecules are lost.
There are three kinds of water: hydration water, protonized water
and structural water. The loss of 23.62 molecules of hydration
water happen at first, the second is the loss of 3.73 molecules
of protonized water, and 3.45 molecules of structural water are
lost at last. Thus, accurate molecular formula of the product is
(H5032")2-H5[PW17VO0g,|-24H,0.

A
230°C

0 100 200 300 400 500 600
Temperature (°C)

Fig. 6. TG and DTA curves of H;P,W;7V0g,-28H,0.
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Fig. 7. Electrochemical impedance spectrum of H;P,W;7VOg;-28H,0.

In general, we take the temperature of the exothermic peak
of DTA curve of compound as a way of characterizing its ther-
mostability [20]. In the DTA curve, there are both endothermic and
exothermic peaks. The process of dehydration occurring at 61°C
is an endothermic peak. The exothermic peak at 536°C is due to
the decomposition of heteropoly acid H7;P,W17VOg2-28H,0 with
Dawson structure.

3.8. Conductibility

Conductivity is an important parameter. We have recorded the
complex impedance spectra of the HPA (over a frequency ranges
from 0.01 to 9.99 x 10%Hz) at room temperature (Fig. 7). The con-
ductivity can be obtained from these results, as o =L/(S x R), where
R is the resistance, L is the thickness, and S is the area of the tablet
[21]. The calculation shows that at room temperature (26 °C) and
75% relative humidity (RH), the conductivity value of the product
is 3.10 x 1072Scm™!. This compound is a new solid high-proton
conducting HPA. Kreuer has suggested that HPA acts as a Bronsted
acid toward the hydration water, which is generally loosely bound
in the structure, resulting in high proton conductivity [22]. Conse-
quently, the conductivity of HPAs is strictly related to the numbers
of water molecules coordinated to the Dawson units.

Fig. 8 shows the Arrhenius plot. From the slope, the activation
energy E, of conductivity can be evaluated using the relation:

—E,
o:aoexp( T )

where E; denotes the activation energy of the conductivity, o is
the preexponential factor and « is the Boltzmann constant. We
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Fig. 8. Arrhenius plot for H;P,W;7VOs,-28H,0.

can calculate the activation energy of proton conduction, which is
32.23 k] mol~!. In the range of measured temperature, the conduc-
tivity of H;PoW17VOg;-28H,0 increases with higher temperature.

The conductivity is a function of the movement of protons.
There are two predominant mechanisms of proton conduction:
the Vehicle mechanism and the Grotthuss mechanism [23]. In the
Vehicle mechanism, water assists proton movement by facilitating
transport as H30* species. This differs from the Grotthuss mecha-
nism, in which a large amount of water can assist proton transport
through a hydrogen-bonded network [24]. Generally, the activation
energy of the Vehicle mechanism is higher (20 k] mol~! or more)
than that of the Grotthuss mechanism (10kJmol-! or less). The
activation energy of proton conduction of H;P, W{7V0g,-28H,0 is
32.23 k] mol~!, indicating that its mechanism of proton conduction
is Vehicle mechanism.

4. Conclusions

H;P,W;7V0g,-28H,0, a new solid high-proton conducting HPA
with Dawson structure was synthesized and characterized by
chemical analysis, potentiometric titration, IR, UV, XRD, 31P NMR
and TG-DTA. The accurate molecular formula of the product is
(H50,%),-H5[PW17V042]-24H,0 and its decomposition tempera-
ture is up to 536°C. Electrochemical impedance spectroscopy
measurements show that its conductivity is 3.10 x 1072Scm™!
at room temperature (26°C) and 75% RH. The conductivity of
H7P,W17V0g2-28H50 increases with higher temperature and the
activation energy of proton conduction is 32.23 k] mol~1, indicating
that its mechanism of proton conduction is the Vehicle mechanism.
The results also suggest that the H;P;W17VOg,-28H,0 performs
excellent conductivity bases on the amount of the water in each
HPA molecule and the particular Dawson structure.
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