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ABSTRACT

The effect of adding silica (SiO2) to a mixed-salt solid acid composite, CsH,PO4/NaH,PO4, was studied via
conductivity measurements, thermal analyses and X-ray diffraction. The conductivity value of the
composites ranged from 1.1 x 1074 S cm™' t0 7.6 x 1073 S cm™! for temperatures from 210 °C to 250 °C,
respectively. Adding NaH,PO4 to the composite reduced the conductivity value at 230 °C due to the
decomposition of NaH,PO4, which initiated at 210 °C. Dehydration of CsH,PO4 was evident at 230 °C and
270 °C, while the superprotonic phase transition was not observed. Dehydration was detected for
NaH,PO4 at temperatures above 210 °C, but a thermally stable composite was produced by mixing it with
CsH,PO4 and SiO,. An X-ray diffraction analysis confirmed the existence of solid acid solutions for the
composites consisting of NaH,PO4:CsH,PO4 and SiO,:CsH,PO4 in molar ratios of 1:10 to 3:10. The
presence of SiO; partially obstructed the dehydration of the composite, as the diffraction intensity of the
dehydration by-product Cs;H;P2,07 decreased at the end of the thermal treatment.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Solid acids are proton-conducting materials with the general
chemical formula of MyHp(XO4)., where M is a monovalent or
divalent metal cation, XO4 is a tetrahedral oxy-anion, and a, b, and ¢
are integers [ 1]. Solid acids, such as CsH,PO4, RbH2PO4 and CsHSO4,
are among the most well-characterized and promising solid acids
for fuel cell applications due to their high proton conductivity, also
known as superprotonic conductivity, whereby the conductivity
increases by 2—3 orders of magnitude when the material is heated
to high temperatures. Generally, solid acids are utilized as the
electrolyte and mixed into the electrocatalyst layers of solid acid
fuel cells operating at temperatures between 100 °C and 250 °C.
The high operating temperature range eliminates the issues of
catalyst inefficiency and intolerance to carbon monoxide (CO)
associated with fuel cells working at low temperatures such as
proton exchange membrane fuel cells (PEMFCs).

Recent studies have been moving towards synthesizing and
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characterizing solid acid composites that are mixed-salt solid acids
and composites with oxides and polymers. Mixed solid acids, also
known as binary solid acid composites, exhibit properties superior
to those of single-salt solid acids such as wider temperature ranges
of superprotonic conductivity and higher protonic conductivity at
lower temperatures due to reduced activation enthalpy [2—5].
Partial substitution with larger cations or tetrahedral oxy-anions
increases the hydrostatic pressure and induces superprotonic
behaviour in solid acids [5].

The addition of hygroscopic oxides, such as silica (SiO3), zirconia
(Zr0y), titania (TiO,) and alumina (Al,O3), produces solid acid
composites that are more robust and less brittle [1,5]. These prop-
erties facilitate the fabrication of an electrolyte and electrode
assembly for fuel cell construction. Furthermore, adding these hy-
groscopic oxides increases proton conductivity over wider temper-
ature ranges and at lower vapour pressures in comparison to the
pure solid acid [6,7]. These oxides enhance the thermal stability of
solid acid composites because filling the alumina matrix with the
solid acids caesium hydrogen sulphate, CsHSO4 (CHS) and caesium
dihydrogen phosphate, CsH,PO4 (CDP) results in invariant conduc-
tivity values during heating and cooling cycles compared to the pure
solid acids [5,8]. High temperature thermoplastics, such as per-
fluorinated polymers, polybenzimidazole (PBI), fluoroelastomers
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and polytetrafluoroethylene (PTFE), can also be added as binders to
produce more flexible, less brittle solid acid composites [9].

Compared with other solid acids, CDP has the highest conduc-
tivity value (2.2 x 1072 S cm~! at 240 °C) and is stable in hydrogen-
rich surroundings [10—13]. A recent study by Martsinkevich and
Ponomareva [3] examined the effects of mixing CDP with sodium
dihydrogen phosphate, NaH,PO4 (SDP), and found that the mixed
salt solid acid Csq_xNaxH,;PO4, with an x value up to 0.2, increases
the low temperature conductivity of CDP by up to 2 orders of
magnitude. The authors found, however, that SDP alone does not
exhibit superprotonic conductivity and is known for dehydration
and a low melting point [3]. In this study, we investigate the effect
of adding a hygroscopic oxide, SiO,, to the mixed-salt solid acid
CDP/SDP via thermal and structural characterization techniques.
The SDP:CDP ratios were also varied to identify the effects of adding
SDP on the properties of the solid acid composite CsH;POg4/
NaH;P04/SiO,. Thus far, we have not studied the effects of adding
other types of additives or hygroscopic oxides.

2. Materials and methods

CDP was synthesized by aqueous mixing of stoichiometric
amounts of caesium carbonate, Cs,CO3 (ReagentPlus®, >99% Sigma
Aldrich, MO, USA) and phosphoric acid, H3PO4 (>85 wt% in Hy0,
Sigma Aldrich, MO, USA) according to the following reaction:

CspCO3 + 2H3P04 — 2CsHpPO4 + CO, + Hp0 (1)

CspCO3 was measured as required and dissolved in distilled
water. A surfactant powder, cetyltrimethylammonium bromide
(CTAB) (BioXtra®, >99% Sigma Aldrich, MO, USA), was dissolved in
ethanol separately and added to the Cs;COs3 solution to reduce the
water surface tension and assist particle dispersion. Using surfac-
tants such as CTAB and Pluronic F-68 solution in solid acid synthesis
was studied by Hosseini et al. [14], who found that the CTAB
cationic surfactant assists proton movement within the solid acid
material. The Cs;CO3 mixture was then stirred for 10 min until a
clear solution was produced. Next, phosphoric acid was added
drop-wise with continuous stirring for another 10 min. Excessive
acetone was added to the mixture to induce precipitation. The
mixture was stirred for another 30 min, followed by filtration to
separate polycrystalline CDP from the solution. The white precipi-
tate CDP was dried at 130 °C for 24 h to eliminate absorbed water
due to the hygroscopic property of the solid acid prior to grinding
the precipitate to produce powdered CDP.

Solid acid composites, CsH,PO4/NaH,P04/SiO,, were synthe-
sized by mixing CDP, NaH,PO,4 (ReagentPlus®, >99% Sigma Aldrich,
MO, USA) and SiO; (purum p.a. powder, Sigma Aldrich, MO, USA,
63 um particle size) according to the ratios in Table 1. The dry
mixing method was utilized by Matsinkevich and Ponomareva [3]
to synthesize the double salts Csy.xNayH,PO4 with x values of
0—0.9. The authors found that both aqueous mixing and the dry

Table 1
Molar ratio of solid acid composites synthesized.

Solid acid sample CsH,P04:NaH,P04:Si0, molar ratio

CDP 11 10:1:1
CDP 12 10:1:2
CDP 13 10:1:3
CDP 21 10:2:1
CDP 22 10:2:2
CDP 23 10:2:3
CDP 31 10:3:1
CDP 32 10:3:2
CDP 33 10:3:3

mixing method produce solid acid composites with similar struc-
tures and thermal properties [3].

Conductivity measurements were conducted via electro-
chemical impedance spectroscopy (EIS) with a 2-electrode config-
uration at ambient pressure in air at room temperature and high
temperatures between 210 °C and 250 °C. The solid acid powders
were pressed into pellets of 1 mm thickness and 13 mm diameter
by uniaxially pressing at 3 tonnes cm~2 for 1 min at room tem-
perature, producing solid acid pellets with a surface area of
1.33 cm?. The pellets were painted with a silver (Ag) suspension on
both sides and then heat treated to cure the Ag layer. This Ag layer
enhances the contact of the surfaces with the current collector. The
pellet was then sandwiched between two squares of platinum
mesh with dimensions of 15 mm x 15 mm (100 mesh, 99.9% trace
metal basis), which acts as the current collector and was placed
inside a metal pellet holder with a ceramic lining and connected to
an Autolab impedance analyser. The impedance readings were
taken within frequency ranges of 1.0 x 107%to 1.0 x 10° Hz and at a
0.01 A current. The measured data were analysed using the Nova
software package. The proton conductivity value was determined
from the impedance data plotted on the real and imaginary axes, Z'
and -Z", respectively, known as a Nyquist plot. The curve was fitted
using the equivalent circuit shown in Fig. 1a. The proton conduc-
tivity values, o, for pure CDP and the CsH,P04/NaH;P04/SiO, (CDP/
SDP/SiO) composites were calculated using the resistance value,
R, and are given by the following equation:

Conductivity, G(S cm’1) = 1/R(Q)/A(cm2>/l(cm) (2)

where A is the surface area of the pellet and [ is the thickness of the
pellet.
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Fig. 1. (a) The equivalent circuit used to analyze the impedance data; (b) Proton
conductivity of mixed-salt Cs;_xNa,H,PO, plotted during cooling cycle, 1-2 °C min~" in
air. Reproduced with permission [3].
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The thermal stability of the solid acid materials was measured
via differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). The DSC measurements display endothermic or
exothermic peaks during heating of the solid acid, which are usu-
ally related to either dehydration or phase transitions of the solid
acid. Solid acid decomposition is identified by measuring the mass
loss as a function of temperature via TGA analysis. Both DSC and
TGA measurements were run simultaneously using an STA 449 F3
Netzsch simultaneous TGA-DSC between 30 °C and 600 °C with a
heating rate of 5 °C min~! under nitrogen flow.

X-ray diffraction (XRD) measurements were conducted using a
D8 Advance diffractometer (Bruker AXS Germany) with CuKa ra-
diation at a wavelength of 0.15406 nm, a 0.025° step size and a
heating rate of 0.2 °C sec”!. Measurements were conducted within
a standard 26 range from 10° to 60° at ambient pressure in air at
room temperature, 200 °C, 225 °C, 235 °C and 245 °C. This mea-
surement is essential for the identification of the phases and crystal
orientations of solid acids. The occurrence of the superprotonic
phase transition is observed when a change in the solid acid phase
occurs at temperatures between 100 °C and 250 °C accompanied by
an immediate increase in the conductivity value.

3. Results and discussion

The conductivities of the solid acid CDP and its composites are
presented in Table 2. We observed a CDP conductivity value of
19 x 1072 S cm™! at 230 °C, which is comparable to the value
determined by Haile et al. [10]. SDP is known for its low conduc-
tivity and its absence of superprotonic behaviour at high temper-
atures. The conductivity of SDP was measured to be
22 x 1074S cm™! at 230 °C.

A study of the conductivity of Csq_xNayH,PO4 for x values of
0—0.3 at lower temperatures between 100 °C and 210 °C, con-
ducted by Martsinkevich and Ponomareva [3], indicated that the
composites show higher conductivity than pure CDP, as shown in
Fig. 1b. This is due to the difference in the sizes of the Na* and Cs™
cations within the CDP composite, which initiates disorder within
the composite's structure at temperatures lower than the super-
protonic temperature of CDP, i.e., 230 °C [3]. Similarly, Otomo et al.
[6] found that the CDP/SiO, composite for a silica mole fraction of
0.33 exhibited a higher conductivity value than that of pure CDP at
temperatures lower than 230 °C. This higher conductivity was
attributed to defects at the interface of both components [6]. The
authors also found that the properties of the silica support, such as
the hydrophilicity and surface area, affect the conductivity of the
CDP/SiO; composite [6], but these factors were not examined in the
present study. Ponomareva and Shutova [7] claimed that a CDP

Table 2
Conductivity values of CDP and its composites.

composite with an acidic-center-modified-SiO, mole fraction of 0.3
produced a higher proton conductivity of approximately 10~2 to
1072 S cm~! over a broader temperature range of 130 °C—250 °C in
comparison to that of pure CDP. From these findings, it could be
deduced that adding SiO; increases the conductivity of the solid
acid composite.

Our measurements indicated that the conductivity value of the
composite ranges from 1.1 x 1074 Scm ™' to 7.6 x 1073 S cm ™! as
SiO; is added to the CDP/SDP, with some conductivity values higher
than the conductivity of the CDP/SDP mixed salt obtained by
Martsinkevich and Ponomareva [3].

We analysed the thermal stability of the solid acids CDP and SDP
and the CDP/SDP/SiO; composites via DSC and TGA measurements
to identify the occurrence of dehydration and decomposition when
the materials were heated to high temperatures. The DSC mea-
surement for CDP in Fig. 2 indicated endothermic heat flows at
230 °C and 270 °C, similar to the findings by Rashkovich et al. as
presented by Boysen et al. [15]. However, this DSC measurement
did not trace the endothermic peak at 149 °C reported by Metcalfe
and Clark [16]. Metcalfe and Clark [16] found that CDP powder
undergoes two endothermic transitions, a quasi-irreversible tran-
sition at 149 °C and a reversible transition at 230 °C with enthalpies
of 1.071 k] mol~! and 7.615 k] mol~", respectively [16]. The TGA
measurement (Fig. 2) showed that negligible weight loss due to the
dehydration of water molecules at the surface of the CDP crystals
occurred up to 230 °C. Subsequently, there was a significant mass
reduction, denoted by the endothermic peaks of our DSC mea-
surement, indicating decomposition of CDP, which produced
CsyH,P,07 and CsPOs3 at 230 °C and 270 °C, respectively.

SDP undergoes dehydration at several temperatures between
60 °C and 350 °C [17], as evidenced by the endothermic peaks in
Fig. 3. The dehydration at 60 °C was assumed to occur because of
water molecules present on the surface of the solid acid crystals
due to their hygroscopic property. The TGA measurements for SDP
(Fig. 3) indicated that SDP undergoes a two-stage dehydration. The
first stage occurred at 210 °C with a weight loss of 8%, and the
second stage was dehydration at 340 °C with a 15% overall weight
loss. This result is in agreement with the findings by Li and Tang
[18] that SDP decomposes when heated, producing disodium
dihydrogen pyrophosphate, NayH,P»07 at 210 °C with a 7.5%
weight loss, followed by a second stage of decomposition between
223 °C and 352 °C, producing NaPO3 with a 14.9% overall weight
loss. An earlier study by Gupta et al. [19] claimed that SDP un-
dergoes dehydration at the slightly lower temperatures of 169 °C
and 240 °C. This is probably due to the different heating rates
imposed on the material during thermal analyses. It has been found
that different products are produced when SDP is heated at

Solid acids Highest conductivity value, ¢ (S cm™!) Temperature during conductivity measurement (°C)
CDP [10] 22 x 1072 240
CDP (pure) 1.9 x 1072 230
SDP (pure) 22 x 1074 230
0.67 CsH,P04/0.33Si0, [6] 1.65 x 107° 225
Cso.gNag,H,PO, [3] 32 x 107* 200
CDP11 6.6 x 1074 210
CDP12 13 x107* 230
CDP13 34 x 1073 250
CDP21 7.6 x 1073 250
CDP22 1.1x 104 210
CDP23 28 x 1073 230
CDP31 40 x 1074 230
CDP32 7.2 x 1073 250
CDP33 38 x 1074 210
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Fig. 3. Thermal analyses via (a) TGA and (b) DSC for SDP. Reproduced with permission [17].

different heating rates [20]. These findings suggest that SDP is less
stable than CDP at high temperatures, with decomposition occur-
ring at 210 °C.

DSC measurements for the CDP/SDP/SiO; composites revealed
that dehydration occurs at temperatures similar to that for pure
SDP. Furthermore, ratios of SDP:CDP and SiO,:CDP varying from
1:10 to 3:10 did not have a significant impact on the thermal
behaviour of the composites, as observed in Fig. 4 and Fig. 5.
Assuming that the reduction of mass prior to 100 °C is due to
water molecules present on the surface of the solid acids, which
are hygroscopic in nature, we calculate the weight loss of the
solid acids when heated above 100 °C from the TGA measure-
ments. The thermal stability of the solid acid composite is com-
parable to that of pure CDP at low temperatures up to 200 °C, as
depicted for CDP23 (CDP:SDP:SiO; molar ratio of 10:2:3) in Fig. 6,

where only a 3% weight loss was detected, indicating a thermally
stable composite.

To identify the occurrence of a phase transition, we conducted
X-ray diffraction analyses for the solid acids CDP and SDP and the
CDP/SDP/SiO, composites. Diffraction spectra for CDP, SDP and the
CDP23 composite at room temperature are depicted in Fig. 7a—c,
respectively. The XRD spectra obtained for CDP in Fig. 7a have
similar attributes to those of the CDP plots obtained by Ortiz et al.
[21] and Boysen et al. [15], as peaks appear at 18°,19°, 23.5°, 25.5°,
28° and 29°. The plot in Fig. 7c indicates that a different phase was
detected for CDP23 than for the single salt solid acids CDP and SDP,
shown in Fig. 7a, b. This confirms the findings of Matsinkevich and
Ponomareva [3], which suggested that the solid solution Csi.
xNaxHPO4 exists only for x values of 0—0.3, while further in-
creases in the molar fraction resulted in the individual phase of SDP,
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Fig. 5. The DSC curves for CDP/SDP/SiO, composites with varied SiO,:CDP ratio in comparison with CDP and SDP.

identified by the similarity in the diffraction patterns of the com-
posite to those of SDP.

Further XRD measurements were conducted for CDP23 to
identify the phase changes of the composite as it was heated to high
temperatures. Measurements were conducted on fresh CDP23
powder at room temperature, 200 °C, 225 °C, 235 °C and 245 °C,
followed by another measurement after cooling to room temper-
ature. These measurements are plotted in Fig. 8a—f. The diffraction
plots at room temperature, 200 °C, 225 °C and 235 °C showed a
high intensity peak at approximately 23.6°, which decreased in
intensity at 245 °C and stayed at a constant intensity after cooling to
room temperature. The peak at approximately 23.6°, corresponding
to the Miller indices of (011) for CDP with the monoclinic phase
space group P21/m, is due to several overlapping peaks [6,21]. CDP

exists in the monoclinic phase structure from room temperature up
to 245 °C, and it remains in this phase even after cooling to room
temperature, as shown in Fig. 8a—f. The intensity of the diffraction
peak at 23.6° decreases, however, indicating the partial dehydra-
tion of CDP at temperatures between 235 °C and 245 °C, producing
C52H2P207.

The formation of Cs;H,P,07 was confirmed by another persis-
tent peak at 25.2°, marked by asterisks in Fig. 8b—f. This is similar to
the findings of Ortiz et al. [21], wherein a peak appeared at 25.2° in
each XRD measurement made at room temperature for samples
subjected to 1 min of heat treatment at 130 °C, 165 °C, 200 °C,
238 °C and 250 °C. Subsequent thermal analyses by Ortiz et al. [21]
confirmed that the peak at 25.2° represents the CDP dehydration
product caesium dihydrogen pyrophosphate, Cs,H,P,07, as CDP
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undergoes dehydration at the surface of the crystal according to the 10 20 30
following equation:
2CsH,P04 — CspHyP207 + HO (3)

Fig. 8f shows that the peak of the dehydration product
CsyHoP,07 is slightly lower in intensity than the peak of CDP, in
contrast to the findings of Rashkovich and Meteva, as highlighted
by Ortiz et al. [21], in which the 25.2° peak of Cs;H;P,07 was found
to be the highest intensity peak. The low intensity of the Cs;H,P207
peak indicates that the presence of SiO, in our solid acid composite
partially restrained the dehydration reaction. These findings sup-
port an earlier study via the Bond method and a Guinier camera by
Bronowska and Pietraszko [22], which revealed that as CDP is
heated, the monoclinic phase with lattice parameters a = 7.917 A,
b = 6495 A, ¢ = 4850 A, and B = 106.71° remains up to

26/degrees

Fig. 8. Compilation of X-ray diffraction plots for CDP23 composite at (a) 25 °C, (b)
200°C, () 225 °C, (d) 235 °C, (e) 245 °C and (f) 25 °C after cooling down of the sample.
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decomposition at 247 °C, at which point the orthorhombic phase of
CsoH,P,07 is formed with lattice parameters a = 4.517 A,
b =8142 A, and c = 11.398 A [22].

Bronowska [23] observed the superprotonic phase transition of
CDP from monoclinic to cubic via XRD measurements conducted at
237 °C in a water—saturated environment. This indicates that hy-
dration is essential in enabling observation of the superprotonic
transition and preventing the material from dehydrating. The cubic
phase related to the superprotonic behaviour of CDP was not
observed in our measurements, as the analysis was conducted
without humidification.

4. Conclusion

The conductivity values of the CDP/SDP/SiO, composites range
from 1.1 x 1074 Scm~1to 7.6 x 107> S cm~!, which are lower than
the conductivity of pure CDP at its superprotonic temperature of
230 °C. At lower temperatures between 100 °C and 210 °C, the
conductivity values of the composite are higher than the conduc-
tivity of the CDP/SDP mixed salt obtained by Martsinkevich and
Ponomareva [3].

CDP undergoes dehydration at 230 °C and 270 °C, while SDP
dehydration peaks were observed at several temperatures between
210 °C and 350 °C [17], indicating that SDP is thermally unstable at
high temperatures. Adding SDP to the composite significantly af-
fects the thermal stability of the composites, and the thermal an-
alyses of the composites showed similar attributes to pure SDP. The
thermal analysis conducted on CDP23 at temperatures less than
200 °C detected a 3% overall weight loss, which is comparable to
that for pure CDP, demonstrating that adding SiO, stabilizes the
overall thermal stability.

X-ray diffraction measurements at room temperature confirmed
the solid solution of the composite. High temperature XRD mea-
surements for the solid acid composite CDP23 indicated that CDP
appears in the monoclinic phase with the space group P2;/m from
room temperature up to 245 °C, as decomposition occurred at the
CDP crystal surfaces and the by-product, Cs;H,P,07 began to form
above this temperature. No phase transition was observed
throughout the measurements. At the end of the CDP23 composite
thermal treatment, the peak of the dehydration product Cs;H;P207
was found to be slightly lower in intensity than the peak of CDP,
indicating that the dehydration reaction is partially obstructed by
the presence of SiO, within the composite.
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