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Nanostructured Pt-Sn;_.In,P,05 Cathodes for
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Nanosized proton-conducting Sng ¢5Ing osP,O; ionomers were grown on carbon supports by the coprecipitation of tin and indium
chlorides with excess ammonia water and subsequent solid-state reaction with phosphoric acid. The resulting homogeneous
networks of Sny¢sIng osP,O; ionomers enhanced the activity of a Pt catalyst for the oxygen reduction reaction in the temperature
range of 150-250°C. In addition, the Pt catalyst showed high corrosion resistance in the cathode environment while maintaining
high performance levels. A comparison of the cathode performance between Sny ¢sIn) sP,O; and H;PO, ionomers further dem-
onstrated that the Sn osIn, (sP,O; nanoparticles are promising candidates for cathode ionomer materials at high temperatures.
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Proton exchange membrane fuel cells (PEMFCs) are considered
to be the most suitable for vehicular and residential applications, and
development of this technology has been aggressively driven toward
commercialization.” A recent trend in developing PEMFCs is to in-
crease the operating temperature up to 120°C or higher and to de-
crease the relative humidity needed up to as low a value as possible,
which offers many advantages over conventional PEMFCs operating
at ~80°C.>* Operating a fuel cell at elevated temperatures provides
high CO tolerance of the anode catalyst, eliminating the need for a
CO removal unit (water-gas-shift and CO preferential oxidation re-
actors). Also, electrode reaction kinetics are enhanced by increasing
the temperature, allowing for low Pt loadings. Other advantages
include simplified water management, good drainage at the cathode,
and effective heat dissipation.

A number of high-temperature PEMFCs based on different tg/pes
of proton conductors have been reported over the past decade.** We
previously found that a fuel cell using In**-doped SnP,0,
(Sn;_,In,P,0O) as an electrolyte membrane showed high stability
between 100 and 300°C in unhumidified atmospheres.9 This fuel
cell allowed operation even at 10% CO concentration'® and enabled
the use of alternative anodes to Pt."" However, contrary to expecta-
tions, the catalytic activity of the Pt/C cathode for the oxygen re-
duction reaction (ORR) was not sufficiently high to yield good cell
performance. One of the main reasons for the poor ORR activity is
thought to be the lack of proton conduction in the catalyst layer. The
ORR occurs at the three-phase boundary (TPB) (gas-phase/
electrode/electrolyte) where all electrons, protons, and gases are
available. It is difficult for high-temperature PEMFCs to use organic
proton conductors, such as Nafion, as ionomers since they dehydrate
at elevated temperatures and at low relative humidities, losing their
proton conducting properties. Although liquid H3PO, is sometimes
used as an ionomer for the cathode, it has a serious challenge in that
the Pt catalyst is subjected to corrosion.'*"* Another challenge for
the H3PO, ionomer is the poisoning of the Pt catalyst by strong
adsorption of phosphate anions.'* Thus, the development of iono-
mers is critical to ensure successful working of high-temperature
PEMFCs.

In this study, we propose an approach for designing a three-
dimensional network of Pt, ionomer, and carbon particles in the
catalyst layer. Our approach is based on the following: (i)
Sn,_,In,P,0; exhibits high proton conductivities (~0.1 S cm™!) be-
tween 100 and 300°C in dry and wet conditions, (ii) both SnO, and
In, O35 easily react with H;PO,4 to form Sn;_,In P,O; with cluster
sizes of several tens of nanometers, and (iif) Sn;_JInRP,0; is an
inorganic compound with high chemical and electrochemical stabil-
ity. We demonstrate that Pt-Sn;_.In P,O; nanoparticles provide
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many reaction sites for the ORR and high corrosion resistance of Pt
in the cathode environment, so that the activity and stability of the
cathode are significantly improved at high temperatures.

Experimental

Preparation  of the nanostructured cathodes.— First,
Sny_,In P,04/C catalyst powders were prepared by coprecipitation
and subsequent solid-state reaction. Appropriate quantities of
SnCly-5H,0 and InCl3-4H,0 were suspended with carbon powders
(Black Pearls) in distilled water while stirring at room temperature.
A 10 wt % NHj; aqueous solution was added dropwise to the sus-
pension until a final pH value of ~8 was obtained. The precipitate
was filtered and then washed with distilled water. After drying at
100°C, the powders were heated in a flowing Ar atmosphere at
600°C for 2 h. The product was mixed with 85% H;PO, in a mortar
and pestle, and then heated in a similar manner to the above proce-
dure. Second, Pt-Sn;_,In P,0,/C catalyst powders were prepared
by chemical reduction of Pt precursors using NaBH, as a reducing
agent. The Sn;_,In,P,O,/C powders were suspended in distilled wa-
ter. Two aqueous solutions of 0.8 wt % H,PtCls-6H,0 and 1.1 wt %
NaBH, were simultaneously added into the suspension while stir-
ring at 70°C. The mixture solution was stirred for 1 h, filtered, and
finally washed with distilled water. After drying at 100°C, the pow-
ders were heated in a H,/Ar (10 vol % H,) mixture feed at 200°C
for 1 h. Unless otherwise stated, the Sn;_,In P,O; and Pt weight
percentages of the catalyst powders obtained were 69 and 9%, re-
spectively. Also, the In content in Sn;_,In,P,0; was 0.05. Finally,
the Pt-Sn;_,In P,O,/C powders were mixed with polytetrafluoroet-
hylene (PTFE) binder in a glycerin solvent using the mortar and
pestle. The mixture was coated on a gas diffusion layer (Toray
TGPH-090), followed by heating at 350°C for 1 h. Pt/C, Pt/C im-
pregnated with H3PO, (hereafter, “Pt/C + H3PO,”), and a physical
mixture of Pt/C and Sng 95Ing osP,O; powders with the same content
as Pt—Sn0'95In0'05P207/C (hereafter, “Pt/C + Sn0.95lno'05P207”) were
used for comparison. The compositions of the four cathodes are as
follows; 44 wt % Sn;_,InP,O0;, 6 wt % Pt, 14 wt % C, and
36 wt% PTFE for the Pt-Sn;_JInP,0;,/C and Pt/C
+ Sng g5Ing sP>O7 cathodes; 13 wt % Pt, 30 wt % C, and 57 wt %
PTFE for the Pt/C and Pt/C + H3PO, cathodes. The loading of Pt
was controlled at 0.6 mg cm™ for all the cathodes.

Synthesis of the electrolyte membrane.— An  Sngglng P,O,
electrolyte membrane was synthesized in the same manner as previ-
ously reported.Q'Il The corresponding oxides (SnO, and In,03) were
mixed with 85% H3;PO, and ion-exchanged water and then held
while stirring at 300°C until a high viscosity paste was formed. The
paste was calcined in an alumina pot at 650°C for 2.5 h and then
ground in a mortar with a pestle. PTFE powders were added to the
Sngolng P,O; powders with 10 wt % PTFE and 90 wt %
Sng ¢gIng {P,O4, then kneaded using the mortar and pestle, and finally
cold rolled to a thickness of 0.1 mm.
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Figure 1. XRD profiles of (a) sample powders prepared by coprecipitation
of SnCl,;-5H,0 and InCl;-4H,0O with NH; aqueous solution and subsequent
heat-treatment at 600°C, (b) sample powders prepared by a solid-state reac-
tion with H3PO, at 600°C, and (c) sample powders prepared by chemical
reduction of H,PtClg-6H,O using NaBH, as a reducing agent.

Characterization of the cathodes.— The microstructures of the
catalyst powders were analyzed using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and transmission electron mi-
croscopy (TEM). The overpotentials and impedance spectra of the
cathodes were analyzed by the current interruption and complex
impedance methods, respectively. A Pt/C anode (10 wt % Pt/C,
0.6 mg Pt cm™2) was purchased from E-TEK, Inc. The anode and
cathode (area: 0.5 cm?) were attached on opposite sides of the elec-
trolyte. A Pt reference electrode was attached on the surface of the
side of the electrolyte. Two gas chambers were set up by placing the
cell assembly between two alumina tubes. The anode and cathode
chambers were supplied with unhumidified hydrogen and air, re-
spectively, at a flow rate of 30 mL min~! in the temperature range
from 150 to 300°C.

Results and Discussion

Pt—Sn 95Ing o5P,07/C powders were prepared step by step and
characterized at each step using XRD. In the first step, Sn(OH)4 and

Figure 2. SEM micrographs of (a) H;PO,-impregnated Pt/C (Pt/C
+ H;PO,), (b) Sn gsIn 4sP,O;-mixed Pt/C (Pt/C + Sng gsIng osP,07), and (c)
SnggsIng gsP207-grown Pt/C (Pt-=Sng gsIng osP,0,/C). (d) TEM micrograph
of Pt—Sny 95In sP,O7/C.

In(OH); were precipitated on the carbon support, followed by heat-
treatment at 600°C in Ar. Figure la shows the XRD profile of the
obtained powders. All the diffraction peaks observed were assigned
to the SnO, tetragonal structure, suggesting that 5 mol % In3* cat-
ions are substituted for a part of Sn** cations in SnO,. In the second
step, the powders were treated with H3;PO, and then heated at
600°C in Ar. As shown in Fig. 1b, the diffraction ;)attern of the
powders was identical to the SnP,0O; cubic structure'” and no other
metal oxide peaks were observed, indicating that SngsIng (5O, re-
acted with H3PO, to form SnggsIng o5P,O7 on the carbon support.
The mean particle size of SnggsIngosP,O7, estimated using the
Scherrer formula, was found to be 62 nm, which is considerably
smaller than the ~500 nm size estimated for SngsIng sP,O7 pre-
pared by a solid-state reaction of SnO,, In,03, and H;PO, without
any added carbon. It is likely that the metal hydroxides formed in
the first step are highly dispersed on the carbon support, resulting in
a small particle size of Sn gsIng osP,O5. At the final step, Pt particles
were impregnated in the Snggslng(sP,O;/C powders. In the XRD
profile shown in Fig. 1c, very small diffraction peaks assigned to Pt
were observed along with those assigned to SnP,O;. Although the
particle size of Pt could not be estimated from the XRD data due to
the low resolution, TEM showed that the particle sizes of Pt were in
the range of 3—7 nm, as described later. Therefore, it is evident that
both Sng 95Ing osP,O7 and Pt nanoparticles were grown on the carbon
support. Note that it was very difficult to prepare Sn gslng o5P,07
particles in the case of previously prepared Pt/C powders, because
an alloy of Pt and Sn was formed in the subsequent heat-treatment.

The microstructure of the Pt—SnjgslngosP,O7/C powders is
shown in Fig. 2, including the data for the Pt/C + H3PO, and
Pt/C + Sn g5Ing o5P,O7 cathodes. By comparing the microstructures
among the three catalyst powders, it was seen that there were several
micron-sized agglomerates of Sng¢sIng(sP,O; primary particles in
the Pt/C + Sn g5Ing sP,07 matrix (Fig. 2b) and several hundreds of
nanometer sized agglomerates of Sn gsIng osP,O; primary particles
in the Pt=Snggs5IngosP,07/C matrix (Fig. 2c). Moreover, the ag-
glomerates of SnggslngosP,O; primary particles were more
homogeneously and closely connected with each other in
the Pt-SnggslngosP,O7/C matrix, compared to those in the
Pt/C + Snggslng o5P,O; matrix. A TEM image of the
Pt—Sng 95Ing osP,O7/C is shown in Fig. 2d. It is observed that the
primary particle sizes of Sng ¢5Ing (sP,O7 and Pt were about 80 and
5 nm, respectively, wherein the Pt particles were deposited not only
on the carbon but also on the Sng 5Ing sP,O7 primary particles. The
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Figure 3. (a) Tafel plots of untreated Pt/C, Pt/C + H;PO,, Pt/C

+ Sny5Ing osP,07, and Pt—Sny gsIng osP,0,/C cathodes for ORR at 200°C.
(b) Arrhenius plots of exchange current density for untreated Pt/C, Pt/C
+ H3POy, Pt/C + Sng¢sIng osP,O-, and Pt—Sny 5Ing osP,O,/C cathodes.

SEM and TEM observations suggest that the area of the TPB is
much larger for the Pt-SnjgsIngosP,O;/C than for the Pt/C
+ Sng 95Ing osP207.

The above suggestion was examined by measuring the cathodic
properties of the Pt-SnjgsIngosP,O;/C. Figure 3a shows the
Tafel plots of the overpotential for the different cathodes,
inCluding Pt—Sn0'95In0‘05P207/C, Pt/C, Pt/C +H3PO4, and Pt/C
+ Sng 95Ing sP>07, at 200°C. The overpotential decreased on the
order of Pt/C > Pt/C + Sng g5Ing osP,O7 > Pt/C + H3PO,
> Pt—Sng 95Ing osP,07/C. This same order was also observed at 150
and 250°C. The Tafel slopes estimated for the four cathodes are
shown in Table I. The Pt—Sng¢5Inj(sP,O0;/C cathode showed the
smallest Tafel slope among the four cathodes. This means that the
charge transfer in the ORR was considerably improved by the dis-
persion of Sng g5Ing osP,O7 on the carbon surface, which is due to an
enhanced turnover rate of Pt or an increased number of the reaction
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Figure 4. (a) Changes in the impedance spectra of Pt/C + H;PO, and
Pt—Sn, ¢5Ing osP,O; cathodes over time at 200°C under open-circuit condi-
tions. XRD profiles of (b) Pt/C + H5PO, and (c) Pt-Sn g5In, osP,0 before
and after impedance measurements.

Table I. Kinetic values for ORR over various cathodes.

Tafel slope at 200°C

Exchange current density

Apparent activation

Frequency factor (A)*

Sample (mV at decade™) (i) at 200°C (mA cm™) energy (E,) (kJ mol™") (mA cm™)
Pt/C 161.6 1.14 33.8 1.15
PU/C + SngesIng gsP20- 161.8 3.45 306 3.48
Pt/C + H;PO, 140.6 4.47 28.9 4.50
PS5 5P, 05/C 126.9 5.27 300 531

“Iniy=1InA — (E,/RT).
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site. In order to clarify which factor is more important, we deter-
mined the exchange current densities for the four cathodes by
using

2.303RT i
=——log— (1]

noF i
where m is the overpotential, R is the gas constant, F' is Faraday’s
constant, n is the number of exchanged electrons, a is the transfer
coefficient, and i and i, are the current density and exchange current
density, respectively. The Arrhenius plots of the i, value for the four
cathodes are shown in Fig. 3b. The apparent activation energies, E,,
for the four cathodes obtained from their slopes were close to one
another (Table I), suggesting that the same reaction mechanism for
the ORR was operating at the four cathodes. We consider that the
differences in the i, values among the four cathodes arises from the
differences in the frequency factor, A (Table I). It is reasonable to
consider that the A value reflects the number of reaction sites at the
cathode, which are responsible for the microstructure of the TPB in
the cathode. On the basis of the above consideration, the high activ-
ity of the Pt—Sng 95Ing osP,0/C cathode for the ORR can be attrib-
uted to the large area of the TPB provided by the Sng¢sIngosP,07

nanoparticles.

The carbon-supported Sn ¢sIng o5sP,O; nanoparticles could re-
duce the overpotential of the Pt/C cathode for the ORR. However,
we still cannot explain why the Pt-SnjgsIngosP,O7/C cathode
shows better performance than the Pt/C + H3PO, cathode, since
both cathodes have various sufficient proton pathways and reaction
sites. One possible explanation is that the Pt/C + H;PO, cathode
deteriorates during the above polarization measurements. The im-
pedance spectra of the two cathodes were therefore compared at
open-circuit voltage (OCV). It can be seen from Fig. 4a that while
the Pt/C + H3PO, cathode showed considerably increased polariza-
tion resistance with time, the Pt—Sng 95Ing osP,O;/C cathode showed
relatively high stability of the polarization resistance. These results
can be better understood from the XRD profiles of the two cathodes
before and after the impedance measurements shown in Fig. 4b and
c. After the measurements, the diffraction peak intensities of Pt were
significantly reduced for the Pt/C + H3PO, cathode; however,
changes in the diffraction peaks were very small for the
Pt—Sn 95Ing o5sP,O;/C cathode. Therefore, the degradation of the
Pt/C + H3PO, cathode is considered to be due to the dissolution of
Pt in the ionomer at high cathode potentials' " ° or the agglomera-
tion of Pt particles caused by carbon corrosion. 319 This suggests
that the high stability of the Pt—Sn gsIng4sP,O;/C cathode can be
attributed to the low solubility of Pt and carbon in the
Sng ¢5Ing osP,O; nanoparticles.

Conclusions

We successfully prepared ~80 nm Sny ¢5Ing osP,O- particles and
~35 nm Pt particles on the surface of the carbon support. This prepa-
ration method suppressed the growth of Sng¢sIng(sP,O; particles
into micron-sized agglomerates and formed more homogeneously
connected networks on the cathode. For various Pt/C cathodes, po-
larization measurements revealed that the Sngg¢sIng(sP>O7-grown
Pt/C cathode exhibited ORR activity comparable to or higher than
that observed for a H3PO,-impregnated Pt/C cathode, due to the
significant increase in the number of reaction sites for the ORR.
Another beneficial effect of this preparation method was the higher
stability of the cathode at OCV, compared to that of the
H;POy-impregnated Pt/C cathode. This stability was responsible for
the low solubility of Pt and carbon in the SnggsIngosP,O7
particles.

Nagoya University assisted in meeting the publication costs of this ar-
ticle.
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