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HIGHLIGHTS

e Proton conducting phosphates have been prepared by using a wet impregnation method.
o Crystalline KHs(POy); is introduced to proton conducting electrolyte based on KH,PO,.

e Molten KHs(PO4), plays a decisive role in increasing the proton conductivity.

¢ SiO, addition ensures long-term viability under relatively low humidification.
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Proton conducting composites based on potassium dihydrogen phosphate (KH,PO4) have been
successfully prepared and characterized as a potential electrolyte for intermediate temperature fuel
cells. X-ray diffraction, thermal analysis, and conductivity measurements reveal that the molten
potassium pentahydrogen bis(phosphate) (KH5(PO4);) phase enhances the proton conductivity of
KH,PO4—KH5(PO4), composites by more than four orders of magnitude. The addition of 10 wt.% SiO; is

sufficient to alleviate the dehydration of KH,PO4—KHs(PO4),, and long-term stable conductivity is
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exhibited under a relatively low humidification level (pH,0 = 0.03 atm).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Solid acid phosphates, MyHp(PO4). (M = K, Rb, Cs; a, b,
¢ = integer), have potential for use as electrolytes for intermediate-
temperature fuel cells at 100—200 °C [1-9]. The state of the art
proton conducting solid acid phosphates is caesium dihydrogen
phosphate (CsH,PO4). The conductivity of CsH,PO4 above the
superprotonic phase transition temperature ( ~ 230 °C) increases by
more than two orders of magnitude, exhibiting conductivity of
about 1072 S-cm™~ . The implementation of CsH,PO4 electrolytes in
fuel cells is restricted due to costly Cs and the requirement of a high
humidification condition (pH,0 > 0.3 atm) to avoid dehydration.
Since solid acid phosphates are highly soluble in water, the
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management of water vapor is required to prevent condensed
water from contacting the electrolyte in case of fuel cell shut-down.

To overcome the aforementioned problems of CsH,PO4, a po-
tassium dihydrogen phosphate (KH,PO4) base electrolyte has been
studied as an alternative. However, the use of KH,POy is still limited
due to its poor proton conductivity of about 1074~10"6S-cm'ina
temperature range of 100—200 °C even under high pressure (1 GPa)
[9] and high humidity (pH,O = 0.3 atm) [10]. Eguchi et al.
attempted to enhance the proton conductivity of KHPO4 [10]. They
found that the proton conductivity of a KH,PO4/SiP,07 composite
can be significantly enhanced (e.g., 0.04 S-cm™! at 220 °C and
pH,0 = 0.3 atm) by the formation of molten potassium pentahy-
drogen bis(phosphate) (KHs5(POg4);) at the interface between
KH,PO4 and SiP,07 from the chemical reaction of KH,PO4 and
SiP,07 at 220 °C. However, no direct evidence of the formation of
molten KHs(POy4); has been found because the molten phase cannot
be detected by X-ray diffractometry. In addition, stability under low
humidification (pH,0 ~ 0.03 atm) has not been reported. This
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background has inspired us to explore a direct synthetic method of
a KH5(POg4), containing electrolyte based on KH,PO4 and a stabili-
zation route under a relatively low humidification level. In this
study, we successfully demonstrate that crystalline KH5(POy); is
introduced to a proton conducting electrolyte based on KH,PO4 by
using a wet impregnation method and that the addition of SiO; in
the electrolyte ensures long-term viability for use below 200 °C
under relatively low humidification (pH,0 = 0.03 atm). To the best
of our knowledge, this is the first report on a soft chemical method
for the synthesis of KHs(POg4), phase in a composite electrolyte
based on KH,PO4.

2. Experimental

KH;PO4—KH5(PO4); powder was prepared by the dropwise
addition of water-based phosphoric acid (85 wt.%, OCI) to an
aqueous solution of KOH (Junsei, ultra-pure) under rigorous stirring
followed by slow evaporation of water at room temperature. The
molar ratio of phosphoric acid to KOH is 1:1. KH,PO4—KH5(PO4),—
SiO, powders were prepared using a wet impregnation method.
Amorphous fumed SiO, powder with a particle size of ~ 7 nm
(Sigma—Aldrich) was suspended in an aqueous solution of
KH,PO4—KHs5(PO4), under rigorous stirring, containing 5 wt.% and
10 wt.% of SiO,. Water was removed by slow evaporation of the
suspensions. The obtained powders were dried at 120 °C for 12 h,
ground in agate mortar, and stored in a desiccator. The crystal phase
was analyzed by step scan X-ray diffraction (Rigaku D/MAX 2200)
in the range 15—50° using 5 s count time at increments of 0.02° at
room temperature and processed with the JADE program. Thermal
analysis of the powders was conducted from room temperature to
500 °C under flowing dry Ar with a heating rate of 5 °C-min~! using
a TG-DTA system (SDT 2960, TA instrument). High temperature X-
ray diffraction (Rigaku D/MAX 2500) measurements were also
performed by continuous scan at a scan speed of 0.02 per second
under flowing dry Ar in a temperature range of 100—180 °C.
Equilibration was considered completed at each temperature when
no shift was found in the positions of diffraction peaks.

For conductivity measurements, about 0.9 g of powder was
uniaxially pressed at 25 MPa into discs (20 mm diameter, 12 mm
thickness), followed by cold isostatic pressing at 300 MPa with Ag
electrodes (Elcoat). Temperature dependence of conductivity was
measured by AC impedance spectroscopy (Autolab, Metrohm)
during heating. The applied frequency was in a range of 1 MHz to
0.1 Hz with an excitation voltage of 50 mV. The measurements were
conducted from 100 to 180 °C under a 3% H,O/Ar atmosphere. The
sample was equilibrated for 0.5 h before data acquisition to achieve
equilibrium. A preliminary fuel cell test was performed using a Ag
electrodes (Elcoat) and commercial Pt/C electrodes (EC1019-2,
0.5 mg-cm~2, Fuel Cell Earth) to investigate the open circuit
voltage. Dry air was fed to the cathode side while hydrogen was
supplied to the anode side.

3. Results and discussion

Fig. 1 shows the room temperature X-ray diffraction patterns of
KH2PO4—KH5(PO4)2 and KH2P04—KH5(PO4)2—5102 composites
with 5 wt.% and 10 wt.% mass fractions of SiO,. All patterns are
assigned to orthorhombic KH;PO4 [11] and monoclinic KH5(POy);
[12]. The calculated X-ray diffraction patterns of KH,PO4 and
KHs5(PO4); are shown in the Supporting information (Fig. S1). The
formation of KH5(PO4), might be attributed to local rapid heating of
the solution due to the acid—base reaction between KOH and
H3POg4. The exothermic heat from the reaction could lead to in-
homogeneity in the preparation solution. No evidence of the
presence of other phases is found in the X-ray diffraction patterns.
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Fig. 1. Room temperature X-ray diffraction patterns of KH,PO4—KHs(PO4),—SiO2
composites with 0 wt.%, 5 wt.%, and 10 wt.% of SiO,.

The addition of amorphous SiO, (See Fig. S2 in the Supporting
information) induces a loss of intensity and broadening of the
diffraction peaks, which are due to the loss of crystallinity and
amorphization of KH,PO4 and KHs(PO4), phases. This might be
attributable to infiltration of KH,PO4 and KH5(PO4); in the pores of
well-dispersed SiO, particles during the preparation, since the
powder volume of commercial fumed SiO; (powder
density ~ 0.037 g-cm~3) is much larger than those of KH,PO4
(theoretical density = 2.35 g-cm~3) and KHs(PO4), (theoretical
density = 2.13 g-cm™3). Similar results have been found in previous
studies of solid acid-SiO, composites [13—18].

Fig. 2 shows the results of thermogravimetry (TG) and differ-
ential thermal analyses (DTA) for KH,PO4—KHs5(PO4), and SiO;
composites under dry Ar. The onset temperature of weight loss
decreases from 150 °C to 145 °C by increasing the SiO, mass
fraction due to partial dehydration of the powders. A possible
explanation is that the presence of a SiO, dispersoid-solid acid
interface reduces the number of hydrogen bonds in the hydrogen-
bonded PO4 accompanying a decrease of the dehydration tem-
perature of solid acids. Consistent with the TG analysis, the first
endothermic peak position in the DTA curve decreases from 130 °C
to 125 °C. In contrast to all prepared powders, the as-received
KH,PO4 (Sigma—Aldrich) does not show an endothermic peak
below 200 °C. Supplementary high temperature X-ray diffraction
measurements have been conducted to investigate the phase
behavior of KH,PO4—KH5(PO4); and 10 wt.% SiO, composite. As
shown in Fig. 3, high temperature X-ray diffraction measurements
confirm that the crystallinity of the KH5(PO4); phase completely
vanished above 130 °C for KH,PO4—KHs(POg4), and 125 °C for
10 wt.% SiO, composite; hence the first endothermic peak in the
DTA curve corresponds to the melting of KHs5(POg4),. The high
temperature X-ray diffraction study also reveals that i) the crys-
tallinity loss is found for KH,PO4 without any secondary phase
formation due to the dehydration and ii) the peak splitting of
KH,PO4 phase is observed upon heating at temperature higher
than 125 °C for KH,PO4—KH5(PO4), and 100 °C for 10 wt.% SiO;
composite. The observed peak splitting of KH,PO,4 can be attrib-
uted to the formation of metastable KH,PO4 phase since it has
been found that the metastable P2{/c phase of KH,PO4 can be
formed upon heating and coexist with the dehydration products of
KH,PO4 [19,20]. The endothermic weight loss above 200 °C for all
measured samples is attributed to the formation of KPO3 accom-
panied by multiple dehydration steps [9].
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