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Abstract
Zirconium (1,3,5,2λ5,4λ5,6λ5-triazatriphosphinine-2,2,4,4,6,6-hexyl) hexa(phosphate) (ZrTHPA) is synthesized by chelation
combination (1,3,5,2λ5,4λ5,6λ5-triazatriphosphinine-2,2,4,4,6,6-hexyl) hexa(phosphonic acid) (THPA) with zirconium ion in
a certain ratio. The THPA is synthesized by hexachlorocyclotriphosphazene with P(OEt)3, and hydrolyzed in HCl. Their
structure is characterized by nuclear magnetic resonance (NMR) and infrared spectroscopy (IR), and hydrogen bonding and
chelation interactions between Zr4+ and phosphonic acid are detected. X-ray diffraction and scanning electronmicroscopy (SEM)
show that ZrTHPA has a layered structure. Thermogravimetry-differential thermal analysis (TG-DTA) shows that ZrTHPA has
good thermal stability. ZrTHPA also has good oxidative stability and hydrolysis resistance. The ion exchange capacity of
ZrTHPA (1:2) is 2.21 meq g−1. At 180 °C, the proton conductivity of ZrTHPA (1:2) at 100%, 50%, and 0 relative humidity is
0.128 S cm−1, 0.069 S cm−1, and 0.038 S cm−1, respectively. ZrTHPA can be used as solid acid catalyst or proton conductor
which is doped into proton exchange membranes.
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Introduction

Proton-conductive phosphates and phosphonates have re-
ceived extensive research interest due to their applications in
various chemical devices such as fuel cells and sensors [1–3].
When applied as proton conductors in fuel cells, their proton
conductivity is among the key issues which determines the
power conversion efficiency [4–6]. These proton conductors
can be doped into polymer electrolytes of which the working
temperature can be as high as 200 °C owing to their water-
independent Grotthuss mechanism for proton transport [7–9].

Phosphoric acid (PA) has been commonly used as the pro-
ton conductor in polymer electrolytes, especially in
polybenzimidazole-based ones [10–13]. However, PA

dehydrates into pyrophosphoric acid at high temperature and
leaks from polymer electrolytes at high relative humidity (RH)
[14, 15]. Additionally, increasing PA doping level causes de-
terioration of mechanical strength and dimensional stability
while reducing PA doping level results in low proton conduc-
tivity [16, 17].

Inorganic metal phosphates and pyrophosphates were de-
veloped in the past few decades to address the issues men-
tioned above [18–22]. They are more stable at high tempera-
ture and do not leak at high RH. At moderate doping levels,
they can improve the mechanical stability and dimensional
property of the polymer electrolyte membranes [23, 24].
Nevertheless, their intrinsic inorganic structure induces phase
separation with polymer matrixes at high doping levels, thus
limiting their proton-conducting performances [24–26].

Organic-inorganic hybrids containing phosphoric acid or
phosphonate moiety were chosen as the alternatives to im-
prove the compatibility with polymer matrixes [27–29].
Their hybrid structure allows high doping levels and thus high
proton conductivity.

Hexachlorocyclotriphosphazene (HCCP) has low melting
point (112–115 °C) and good solubility in most organic
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solvents [18, 30, 31]. It has an aromatic ring although it has no
carbon atoms, which exhibited good compatibility with poly-
mers [22, 32–34]. The six P–Cl bonds in HCCP are highly
active and are ready to undergo nucleophilic substitution re-
actions [30, 32, 35].

Inspired by the properties of phosphoric acid of phosphate-
based proton conductors as well as by the good compatibility
and reactivity of HCCP, six phosphoric acid groups were in-
troduced into the HCCP backbone by a two-step reaction to
synthesize (1,3,5,2λ5,4λ5,6λ5-triazatriphosphinine-
2,2,4,4,6,6-hexyl) hexa(phosphonic acid) (THPA). THPA
was found to be water-soluble and thus its zirconium salt
derivative ZrTHPA was prepared by chelation reaction be-
tween THPA and water-soluble zirconium salts (zirconyl
chloride octahydrate).

The optimum performance of the proton conductor was ob-
tained by screening the metal to acid ratios. The structure, mor-
phology, and properties of ZrTHPA were studied, and the ion
exchange capacity (IEC) and proton conductivity of proton con-
ductors at high temperature and different RHs were measured.

Experimental

Materials

Hexachlorocyclotriphosphazene (HCCP, 99.0%) was pur-
chased from Zeshi New Material Tech. Co., Ltd., triethyl
phosphite (98%) was purchased from Tianjin Komiou
Chemical Reagent Co., Ltd., and zirconyl chloride
octahydrate (ZrOCl2·8H2O, 99 wt%) was purchased from

Sinopharm Group Chemical Reagent Co., Ltd. All raw mate-
rials meet the requirements without further purification.

Synthesis of DTHP

To a three-neck flask equipped with a condenser and a drying
tube, triethyl phosphite (467.42 mmol, 55.83 mL) and HCCP
(71.91 mmol, 25 g, in portions) under magnetic stirring were
added. The reaction was exothermic and the solution gradual-
ly turned yellow. After complete addition, the temperature
was raised to 120 °C and reacted for 6 h. After cooling, the
product was extracted with petroleum ether to remove excess
triethyl phosphite for 2~3 times, and dried at 90 °C in an oven
to obtain a yellow viscous liquid which was DTHP (24.32 g,
25.41 mmol); the yield was 97.3%. The reaction equation is
shown in Scheme 1. The structure of the compound was tested
by nuclear magnetic resonance (NMR).

Synthesis of THPA

To a three-neck flask equipped with a condenser, a drying
tube and a stirring rotor was added DTHP (24 g) and concen-
trated hydrochloric acid (150 mL) for stirring, then the mix-
ture was heated to 120~140 °C for 72 h. Then, it was cooled,
poured into a beaker, and concentrated to 40~50 mL at
120 °C. It was extracted for 2~3 times with appropriate
amount of ethyl acetate to remove unhydrolyzed complete of
DTHP, and dried at 140~160 °C in an oven to obtain a white
transparent viscous liquid was THPA (22.58 g); the yield was
94.1%. The reaction equation is shown in Scheme 2. The
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structure of the compound was tested by nuclear magnetic
resonance (NMR).

Synthesis of ZrTHPA

The obtained transparent viscous liquid (products in 2.3 above)
(13.69 mmol, 8.5 g) was dissolved in water, and the correspond-
ing zirconium oxychloride (6.84 mmol, 2.21 g) was dissolved in
dilute hydrochloric acid, and each was dissolved completely.
Under stirring, the zirconium oxychloride solution was added
dropwise to the THPA solution. After the dropwise addition,
the mixture was stirred for 24 h, filtered, washed to neutrality,
and dried at 100 °C in an oven to obtain ZrTHPA(1:2). ZrTHPA
(1:1, 3:4, 2:3, and 1:2) were prepared with the same method at
different molar ratio of Zr4+ to THPA (Table 1). The structural
formula of ZrTHPA is shown in Scheme 3.

Characterization

The structures of DTHP and THPA were determined by an
NMR spectrometer (Bruke AVANCE III 400 MHz). The
structure and intermolecular interactions of ZrTHPA were de-
termined on a Nicolet 5700 FT-IR spectrometer (Thermo
Electron Corporation) in transmission mode at room temper-
ature by mixing the fine-powdered sample with KBr and
pelleting. Transmittance (%) was recorded in the range of

4000~400 cm−1 and 64 co-added scans were collected for
each sample. The micromorphology of ZrTHPA was investi-
gated applying SEM (FEI Sirion 200) and EDS. The elemen-
tary composition of ZrTHPA was confirmed from EDX (FEI
Sirion 200). The thermal stability of ZrTHPA was measured
using Netsch STA 409 thermogravimetric analyzer at a
heating rate of 10 °C min−1 from room temperature to
800 °C under an air flow of 30 mL min−1. The XRD patterns
with Cu Kα radiation (40 mA, 40 kV) over a 2θ range of
2o~60o were recorded on a Bruker D8 Advance diffractome-
ter. By XRD peak position, the layer spacing is calculated by
the following Eq. (1):

d ¼ λ

2sin
2θ
2

� � ð1Þ

where λ (nm) is X-ray wavelength, Cu Kα is 154.18 pm, 2θ
(°) is peak position, and d (nm) is layer spacing.

Water uptake, oxidative stability, hydrolysis
resistance, and ion exchange capacity

The water uptake was measured by immersing 1.00 g of
ZrTHPA in 20 mL deionized water at 80 °C for 24 h. Then,
it was filtered, dried with tissue paper, and weighed.

Table 1 Comparison of color,
yield, IEC, and water uptake of
THPA proton conductors

The molar ratio of
Zr4+ and THPA

The color of ZrTHPA The yield of ZrTHPA IEC (meq g−1) Water uptake

1:1 White 87% 1.35 24%

3:4 White 74% 1.62 43%

2:3 White 62% 1.86 58%

1:2 White 54% 2.21 73%
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The oxidative stability of ZrTHPA was measured by
immersing 1.00 g of ZrTHPA in 20 mL Fenton reagent
(3% H2O2 aqueous so lu t ion con ta in ing 5 ppm
(NH4)2Fe(SO4)2) at 68 °C for 24 h. Then, it was filtered,
dried, and weighed. Blank experiment was conducted by
immersing powder in deionized water at 68 °C for 24 h.
The deviation caused by dissolution was obtained by
deducting weight loss of the blank experiment from the
result of Fenton test.

The hydrolysis resistance in acidic conditions was mea-
sured by immersing 1.00 g of ZrTHPA in 0.1 M HCl aqueous
solution at 80 °C for 24 h. Blank experiment was performed
by immersing powder in deionized water at 80 °C for 24 h and
the deviation caused by dissolution in water was deducted.

The IEC was measured by immersing 1.00 g of ZrTHPA in
50 mL saturated NaCl aqueous solution at 25 °C and magnet-
ically stirred for 48 h. It was then filtered and the mother liquid
was titrated using 0.01 mol L−1 NaOH aqueous solution. IEC
(meq g−1) was calculated from the following Eq. (2):

IEC ¼ M � V
m

ð2Þ

where M (mol L−1) is the concentration of NaOH aqueous
solution, V (mL) is the volume of consumed NaOH aqueous
solution, and m (g) is the mass of the sample.

Proton conductivity

To test the proton conductivity, powder was pressed into a
sheet, clamped with the stainless electrodes and PTFE
plates, and placed in a high-pressure autoclave [36]. The
device is shown in Fig. 1. At 100% RH, the autoclave was
prefilled with enough water and the pressure inside it was
the saturated vapor pressure of water. At 50% RH, the
actual pressure inside the autoclave was controlled by
adjusting the amount of injection water from the injection
port to let it reach half of the saturated vapor pressure of

Fig. 1 Measurement system of
proton conductivity
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water. At 0 RH, it was measured in a drying oven. The
resistance of the sample was obtained from AC imped-
ance spectroscopy. Conductivities under different temper-
atures were calculated from the following Eq. (3):

σ ¼ l
AR

ð3Þ

σ (S cm−1) is the membrane conductivity, l (cm) is the
thickness of the sample, A (cm2) is the contact area between
electrodes, and R (Ω) is the resistance.

Results and discussion

Fourier-transform infrared spectroscopy

The FT-IR spectrum of ZrTHPA (1:2) is shown in Fig. 2(a).
The absorption peak at 3444 cm−1 was caused by the hydroxyl
groups in the phosphonic acid and the hydrogen bonds formed
between them and P=O bonds. The absorption peak at
1631 cm−1 was caused by the bending vibration of the bound
water (H–O–H) between the layers. The absorption peak at
1453 cm−1 was caused by the stretching vibration of P=O and

Fig. 3 SEM (a), EDX (b), and the
elementary of N (c), O (d), P (e),
and Zr (f) images of ZrTHPA
(1:2)
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P=N bonds [37]. The broad absorption band at 1048 cm−1 was
the tensile vibration absorption peak of P–P–O. The absorp-
tion peaks at 753 cm−1, 587 cm−1, and 517 cm−1 were caused
by the synergistic effect of Zr4+ and THPA. The IR results
demonstrated successful synthesis of the chelate of Zr and
THPA.

X-ray diffraction

The XRD spectrum of ZrTHPA is shown in Fig. 2(b). It can be
seen from the figure that the peak shapes of ZrTHPA are
similar, and they are not an amorphous structure. And there
was a sharp peak about 8.7°, indicated that the compound was
a layered compound. Calculated by Eq. (1), the interlayer
spacing of ZrTHPA (1:1, 3:4, 1:2) was 10.4, 10.28, and
10.16 nm, respectively. The average crystallite size of
ZrTHPA(1:2) calculated by Scherrer was 42.2 nm. It can be
seen from the figure that there was a sharp peak at 33.9°. It
was known that this was the characteristic diffraction peak
between Zr and O [38]. The peak positions of the other peaks
were roughly the same with HCCP [39]. The XRD curve of
ZrTHPA was different from any of the material structures
reported in the literature, and it was known that a new com-
pound was synthesized.

Scanning electron microscopy and energy-dispersive
X-ray spectroscopy and mapping

The SEM and EDXmicrographs are exhibited in Fig. 3(a) and
3(b). As can be seen from the SEM image (Fig. 3(a)), ZrTHPA
has a granular shape. The compound contained P, O, N, and
Zr elements, while Cl and C were not detected from EDX
(Fig. 3(b)). P, O, N, and Zr were evenly distributed among
them, without phase separation from the elementary mapping.
The elemental composition of ZrTHPA was in good accor-
dance with its chemical structure. In addition, ZrTHPA was
not an amorphous structure from the XRD and SEM images.

Oxidative stability and hydrolysis resistance of
ZrTHPA

The oxidative stability of ZrTHPA is shown in Fig. 4(a). After
Fenton test, the remained weight of ZrTHPA (1:1, 3:4, 2:3,
1:2) was 96%, 93%, and 91%, 88%, respectively. It can be
seen that as the relative content of THPA decreased, the oxi-
dation stability of ZrTHPA increased, indicating that the main
part affecting the stability of the substance was THPA rather
than zirconium ion. The hydroxyl groups contained in THPA
were susceptible to oxidative attack from hydroxyl radicals,
which caused the generation of alkoxy groups and H2O, there-
by initiating the chain reactions [40]. Under the catalysis of
zirconium ions, the free radicals induced the auto-oxidation
reaction, causing degradation of the proton conductor [41].
The content of free hydroxyl groups increased with the in-
crease of THPA content, which reduced the oxidation resis-
tance. The proposed mechanism is shown in Scheme 4.

The hydrolysis resistance of ZrTHPA is shown in Fig. 4(b).
After hydrolysis test, the remained weight of ZrTHPA (1:1,
3:4, 2:3, 1:2) was 89%, 92%, 94%, and 97%, respectively. It
can be seen from the figure that hydrolysis resistance of the
ZrTHPA increased as the THPA content increased. This may
be because the ionic bond was formed between Zr and O, and
the electron-withdrawing effect reduced the electron cloud
density on the phosphorus atom, making it more susceptible
to nucleophilic attacked by water molecules, and the Zr ion
could catalyze ZrTHPA hydrolysis reaction (of which the con-
tent is equivalent rather than catalytic amount). The proposed
mechanism is shown in Scheme 5.

Thermogravimetry-differential thermal analysis

The thermogravimetry-differential thermal analysis (TG-
DTA) curves of ZrTHPA are shown in Fig. 5(a). According
to the TG-DTA spectrum, the weight loss of ZrTHPA (1:2)
was 1.05 wt% between room temperature to 200 °C. There
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was an endothermic peak on the corresponding DTA curve
due to the loss of bound water between molecular interlayers.
ZrTHPA (1:2) exhibited significant mass loss above 200 °C,
which was corresponded to an endothermic peak appeared on
the DTA curve caused by the degradation of the organic skel-
eton. The phosphoric acid groups in ZrTHPA dehydrated to
give pyrophosphate. At 798.2 °C, the residual mass of
ZrTHPA remained 89.9%, which was significantly better than
ZrPA [42] and ZrSPP [38], indicating that ZrTHPA had good
thermal stability.

IEC of ZrTHPA

The IEC of ZrTHPA is shown in Table 1. The IEC of ZrTHPA
(1:1), ZrTHPA (3:4), ZrTHPA (2:3), and ZrTHPA (1:2) was
1.35, 1.62, 1.86, and 2.21 meq g−1, respectively. The IEC of
ZrTHPA increased as the content of THPA increased, because
the increase in THPA caused increase in the content of free
hydroxyl groups, which increased the IEC. After soaking for
24 h in deionized water at 80 °C of ZrTHPA (1:2), 1.73 g
powder was obtained corresponding to the water uptake of 73%.

Proton conductivities of ZrTHPA

The proton conductivity of ZrTHPA was tested at different
temperatures and humidity. The results are shown in Fig.
5(b–d). At 100% RH (Fig. 5(b)), the proton conductivity of
ZrTHPA (1:2) increased from 0.027 to 0.128 S cm−1 as the
temperature increased from 30 to 180 °C, which was higher
than that of FeSPP (0.115 S cm−1 at 180 °C) [43]. At 180 °C,
the proton conductivity of ZrTHPA (1:1, 3:4, 2:3) was 0.091,
0.104, and 0.115 S cm−1, respectively. At 50% RH (Fig. 5(c)),
when the temperature was raised from 100 to 180 °C, the
proton conductivity of ZrTHPA (1:2) increased from 0.026

to 0.069 S cm−1, which was higher than that of ZrPA
(0.042 S cm−1 at 140 °C) [42]. At 0 RH (Fig. 5(d)), the proton
conductivity of ZrTHPA (1:2) raised from 0.0034 to
0.038 S cm−1 from 30 to 180 °C, which was higher than that
of LaSPP (1.118 × 10−2 S cm−1 at 170 °C) [44]. At 180 °C, the
proton conductivity of ZrTHPA (1:1, 3:4, 2:3) was 0.028,
0.031, and 0.034 S cm−1, respectively. It can be seen from
Fig. 5(b–d) that the proton conductivity of ZrTHPA increased
with the increase of temperature, relative humidity (RH), and
THPA content. As the temperature increased, the movement
of the molecules was accelerated, which facilitated the con-
duction of protons. Because of the increase of THPA content,
ZrTHPA had more phosphonic acid groups bearing hydrogen
bond donors and acceptors. Therefore, ZrTHPA can form
more intensive hydrogen bond networks, which accelerated
proton transport. That explains why ZrTHPA (1:2) had the
highest conductivity.

It was found that the logarithm of conductivity was linearly
related to temperature. It was known that the kinetics of proton
conduction were in good accordance with the Arrhenius equa-
tion. The activation energy of proton transfer can be calculated
according to the following Arrhenius equation:

σ ¼ Aexp
Eact
RT

� �

where σ (S cm−1), A, Eact (kJ mol−1), R (8.314 J mol−1 K−1),
and T (K) are the proton conductivity, pre-exponential factor,
activation energy of proton conduction, molar gas constant,
and thermodynamic temperature, respectively.

The activation energy for proton conduction was calculated
by Arrhenius equation. At 100% RH, the proton conduction
activation energy of ZrTHPA (1:1, 3:4, 2:3, 1:2) was 16.88,
14.73, 13.31, and 11.84 kJ mol−1, respectively. With the in-
crease of THPA content, ZrTHPA had more phosphonic acid
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groups bearing hydrogen bond donors and acceptors, which
accelerated proton transport and reduced activation energy.
The proton conduction activation energy of ZrTHPA (1:2)
was 17.14 kJ mol−1 at 50% RH. At 100% RH, the proton
conduction activation energy of ZrTHPA (1:1, 3:4, 2:3, 1:2)
was 24.63, 20.48, 19.27, and 18.36 kJ mol−1, respectively.

This was because that proton conduction mainly depended
on the vehicle mechanism (in which protons were transferred
in the form of hydronium ions) at 100% RH. The sketch of
vehicle mechanism of ZrTHPA is shown in Fig. 6(a). When
the relative humidity decreased, the activation energy in-
creased. At 50% RH, vehicle mechanism and hopping
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Fig. 5 TG-DTA curves (a) and proton conductivities of ZrTHPA (b: at 100% RH; c: at 50% RH; d: at 0 RH)
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mechanism coexisted. As the relative humidity decreased, the
vehicle mechanismwas inhibited due to its water-dependence,
and the contribution of the hopping mechanism increased.
Under dry conditions, the proton conduction activation energy
became larger, and proton conduction relied on the hopping
mechanism. The sketch of hopping mechanism of ZrTHPA is
shown in Fig. 6(b). From the point of view of the hopping
mechanism, proton conduction took place through consecu-
tive breaking and formation of hydrogen bonds. Because pro-
ton conduction needs to overcome higher energy barriers un-
der the hopping mechanism, the activation energy under dry
conditions was the highest. In summary, the activation energy
of proton conduction increased with decreased relative
humidity.

The proton conductivity of the proton conductors is shown
in Table 2. By comparison, ZrTHPA had better proton con-
ductivity and could be used as a proton conductor.

Conclusions

ZrTHPA was synthesized as a novel high-temperature proton
conductor. It had a layered structure from SEM and XRD. It
exhibited good thermal stability up to 200 °C and the remain-
ing weight percentage was 89% at 800 °C from TG. ZrTHPA
(1:2) presented the weight loss of 12% after Fenton test for
24 h at 68 °C and the weight loss of 3% after hydrolysis test
for 24 h at 80 °C. ZrTHPA demonstrated good oxidative sta-
bility and hydrolysis resistance. This proton conductor had
intensive hydrogen bonds. The ion exchange capacity of
ZrTHPA (1:2) was 2.21 meq g−1 and the conductivity of
ZrTHPA (1:2) at 100% RH, 50% RH and 0 RH was
0.128S cm−1, 0.069S cm−1, and 0.038S cm−1 at 180 °C,
respectively.
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