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SnP,0,-based proton conductors were characterized by Fourier transform infrared spectroscopy (FTIR), temperature-programmed
desorption (TPD), X-ray diffraction (XRD), and electrochemical techniques. Undoped SnP,0; showed overall conductivities

greater than 1072 S cm™!

in the temperature range of 75-300°C. The proton transport numbers of this material at 250°C under

various conditions were estimated, based on the ratio of the electromotive force of the galvanic cells to the theoretical values, to
be 0.97-0.99 in humidified H, and 0.89-0.92 under fuel cell conditions. Partial substitution of In3* for Sn** led to an increase in
the proton conductivity (from 5.56 X 1072 to 1.95 X 107! S ecm™! at 250°C, for example). FTIR and TPD measurements revealed
that the effects of doping on the proton conductivity could be attributed to an increase in the proton concentration in the bulk
Sn;_In.P,0,. The deficiency of P,0O; ions in the Sn,_InP,0O; bulk decreased the proton conductivity by several orders of
magnitude, which was explained as due to a decrease in the proton mobility rather than the proton concentration. The mechanism
of proton incorporation and conduction is examined and discussed in detail.
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Nafion is widely viewed as the most important proton-
conducting electrolyte material in polymer electrolyte fuel cells." In
recent years, however, there has been considerable interest in the
development of alternative materials with h1gh proton conductivities
at operating temperatures of 150°C or more. % At intermediate tem-
peratures, CO poisoning of the platinum catalyst becomes less seri-
ous compared to lower temperatures, so that the fuel cell system
does not require a CO removal unit (water-gas shift and CO prefer-
ential oxidation reactors). In addition, the electrode reaction kinetics
is enhanced, and water is easily desorbed from the cathode.

Several approaches have been proposed for the design of
intermediate-temperature proton conductors. - Although a number
of hydrous proton conductors have been developed, most of them
require hlghly humid conditions to achieve sufficient proton
conductivities." Anhydrous proton conductors, at least in principle,
do not require the presence of water as the charge carrier, because
protons migrate via jumps between adjacent oxide ions by a series
of making and breaking of hydrogen bonds (Grotthuss or hopping
mechanism). However, the proton conductivities reported so far
were in the range of 102 S cm™!, which is not sufficiently high to
provide good fuel cell performance.™

We have recently reported that an anhydrous proton conductor,
10 mol % In**-doped SnP,0; (SngIny P,05), shows high proton
conductivities > 107" S cm™" between 150 and 350°C under water-
free conditions.'? Attempts to apply this material as an electrolyte in
some electrochemical devices were also made. A fuel cell using the
0.35 mm thick Sng ¢Ing {P,0O5 electrolyte membrane yielded a power
density of 264 mW cm~2 under unhumidified H,/air conditions."* In
addition, an electrochemical reactor using the Sng¢InjP,O; elec-
trolyte membrane with a PtBa/C cathode reduced NO, to N, with a
current efficiency of 5 81% at 250°C in oxidizing atmospheres
(po = 0.02-0.09 atm) This material also had the potential to be
used for NO, and other gas sensor apphcatlons. However, a de-
tailed mechanism of the incorporation of protons in the bulk is still
unclear. Moreover, the migration of protons through the electrolyte
is not well understood.

The purpose of this study was to attempt to address the above
questions and clarify the mechanisms. Proton conduction in un-
doped SnP,0; was first characterized by impedance spectra, the
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H/D isotope effect, and galvanic cell measurements. The effects of
In** doping and P,0; deficiency on the proton conductivity were
then clarified by Fourier transform infrared spectroscopy (FTIR) and
temperature-programmed desorption (TPD) techniques. A mecha-
nism of proton incorporation and conduction is proposed on the
basis of these results.

Experimental

MP,0; (M = Si, Ge, Sn, and Ti) was prepared as follows. The
corresponding oxide (SiO,, GeO,, SnO,, or TiO,) was mixed with
85% H;PO,4 and then held with stirring at 300°C until it formed a
paste with a high viscosity. The pastes were calcined in an alumina
pot at 650°C for 2.5 h and then ground with a mortar and pestle.
Sny_In,(P,07),_, was also synthesized in a similar manner from
Sn0,, In,03, and 85% H3PO,. In this case, the x and y values were
changed by varying the molar ratio of the raw materials. The prepa-
ration of layered SnP207 and amorphous Sn,P,O; has been de-
scribed in the literature.'®!” The final P/M or P/(Sn + In) molar
ratio of the compounds was confirmed to be 2.0 (+0.02) from X-ray
fluorescence (XRF) measurements. The crystalline structure of the
compounds was measured using X-ray diffraction (XRD). The lat-
tice constant measurements for SnP,O; and Sn;_InP,0; were
made using an Si internal standard.

For electrochemical measurements, the compound powders were
pressed into pellets (diameter 12 mm, thickness 1.0-1.2 mm) under
a pressure of 2 X 103 kg cm™2. The ac conductivity values of the
pellets were measured by the standard four-probe method in differ-
ent atmospheres (py,o = 0.0008-0.12 atm; po, = 1077~1 atm). The
frequency range was 0.1-10° Hz, and the ac amphtude was 10 mV.
The dc conductivity values were also estimated from the IR drop of
the pellet measured by current interruption method. Two types of
galvanic cells, a H, concentration cell and a H,/air fuel cell, were
fabricated using the pellet (thickness ~ 1.2 mm, diameter 12 mm) as
the electrolyte membrane. Both anode and cathode (area 0.5 cm?)
were made from the catalyst (10 wt % Pt/C, E-TEK) and carbon
paper (Toray TGPH-090), wherein the Pt loading was 0.6 mg cm™
The electromotive forces (emfs) of the galvanic cells were moni-
tored as a function of the gas concentration or temperature.

FTIR spectra of SnP,0; and Snglng(P,07),_, powders were
measured in the range of 400-4000 cm™' in a JASCO FT/IR-460
Plus spectrometer. FTIR measurements were performed in the trans-
mission mode by the KBr pellet technique. Data points were ob-
tained in 60 scans with a resolution of 4 cm™'.
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Figure 1. Temperature dependence of the conductivity of MP,0,
(M = Si, Ge, Sn, and Ti) in unhumidified air (py o= ~ 0.0075 atm).
Symbols as noted in figure.

TPD spectra of the Sn()_gln()'l(on'])]_y powders were measured
in a conventional TPD apparatus with an on-line mass
spectrometer.18 Sample powder (4 g) was heated in a stream of
humidified Ar at 200°C for 2 hours. After purging with dry Ar, the
sample powder was heated at a rate of 5°C min~! until the evolution
of gases was completed.

Results and Discussion

Proton conduction in undoped SnP,0,— Figure 1  shows
the temperature dependence of the conductivity of cubic
MP,0,(M = Si, Ge, Sn, and Ti) in unhumidified air
(pu,0 = ~ 0.0075 atm). The conductivity increased in the order of
Ge** < Si** < Ti** < Sn**, which agreed with the closely related
order of electron-hole conductivity for the species (as discussed
later). However, Matsui et al. reported conductivities of SiP,O; and
TiP,O; much lower than those shown in Fig. 1." The dc conduc-
tivity measurements for SnP,0,, TiP,05, and SiP,O; were made to
prove the validity of our results. The conductivities measured at
250°C were 4.7 X 107!, 4.6 X 1072, and 1.7 X 10 S cm™' for
SnP,05, TiP,05, and SiP,04, respectively, which were in agreement
with their ac conductivities shown in Fig. 1. As mentioned later, the
conductivity of MP,O was significantly decreased by the deficiency
of P,O5 ions in the lattice. It is thus speculated that the samples
prepared by Matsui et al. may lose a slight amount of P20‘7‘_ ions by
the vaporization of phosphorus species during the preparation pro-
cess at 700°C, resulting in the low conductivities of SiP,0O; and
TiP,0;.

Other P,05-based tin phosphates are known, including layered
SnP,0; and amorphous Sn,P,0,. As can be seen from Fig. 1, the
conductivities of these materials were higher than those of
POy4-based SnHPO, but lower than those of cubic SnP,0;, indicat-
ing the importance of the crystalline structure, not only based on the
P,0O5 groups but also on cubic symmetry. These results also suggest
that the conductivity of SnP,0O5 is related to bulk conduction rather
than surface conduction, because the former is more strongly influ-
enced by structural characteristics than the latter.

Comparison of the emf values of the following galvanic cells
with the theoretical values calculated from Nernst’s equation was
performed to estimate the proton transport number of SnP,O; under
various conditions

H,(1 atm),Pt/C|SnP,0,|Pt/C,H, + Ar(0.1 atm) [1]
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Figure 2. EMF values of galvanic cells using SnP,0; as an electrolyte. H,
(1 atm) and H, balanced with Ar were supplied to the anode and cathode,
respectively. The operating temperatures were from 100 to 250°C.

H,,Pt/C|SnP,0,|Pt/C, air [2]

It can be seen from Fig. 2 that all the emf values observed for cell 1
between 100 and 250°C were very close to the corresponding the-
oretical values. From the ratio of the emf value to the theoretical
value, the proton transport number of SnP,0O; was calculated to be
in the range 0.97-0.99, which means that this material is substan-
tially a pure proton conductor in H, atmospheres. Cell 2 showed emf
values deviating from the theoretical values (proton transport
number = 0.89-0.92), although the EMF values were as high as
~920 mV. This deviation was due to electron holes in the SnP,0,
bulk (as described later). However, mechanical leakage of gas
through the electrolyte may also be responsible for the lower emf
values compared to the theoretical values, because the EMF value
was affected by the thickness of the electrolyte used. For example,
the EMF value increased from 922 to 934 mV with increasing elec-
trolyte thickness from 1.2 to 2.6 mm.

SnP,0; nominally does not contain protons in the bulk. There-
fore, we attempted to clarify how this material is protonated. The
dependence of the overall conductivity of SnP,O; on the partial
pressure of oxygen (Poz) was investigated at various py o values.
As shown in Fig. 3, at py o = 0.0008 atm, a large increase in con-
ductivity with increasing 1502 was observed under oxidizing condi-
tions (po = 0.21-1 atm), indicating that this material shows mixed
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Figure 3. Po, dependence of conductivity of SnP,0, at 250°C. PH,0 of
0.0008, 0.0062, and 0.12 atm were controlled by passing the gases through
dry ice—ethanol (=72°C), ice (0°C), and warmed water (50°C) baths, re-
spectively.
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Figure 4. Isotope effect on conductivity of SnP,0-. The data were obtained
in argon saturated with H,O or D,O vapor at 20°C. The transient change in
ohmic resistance was measured at 50°C.

electron-hole and proton conduction. However, such a tendency de-
creased with increasing pu,0- In particular, at PH,0 = 0.12 atm, the
conductivity was almost independent of Po, indicating the disap-
pearance of electron holes from the bulk. It appears that there is
interaction between water vapor and electron holes. The following
equilibrium has been proposed as a mechanism of proton incorpo-
ration in perovskite oxides such as SrCeo.95Yb0.0503_a20

H,O + 2h' — 2H + 5 O,

(H,0 +2 O + 2h' — 20H, + 1 0,) [3]

Here, h' and H' denote an electron hole and a proton, respectively. It
is reasonable to consider that protons are formed in the SnP,0- bulk
through Reaction 3. We similarly measured the electron-hole con-
ductivity for other MP,O- and found it to be an order of magnitude,
in agreement with the proton conductivity measurements. This result
supports the validity of Reaction 3. Another important result in Fig.
3 is that almost no variation of the conductivity with Po, under
reducing conditions (po = ~ 1072°-10727 atm) was observed, ex-
cluding the reduction of Sn** and P>* to lower valences.

We also attempted to develop a more detailed explanation for
proton conduction in the SnP,0; bulk. An H/D isotope effect on
conductivity is helpful to clarify this point, and the results are shown
in Fig. 4. SnP,0; yielded a 1.06—1.44 times higher conductivity and
a lower activation energy of 0.03 eV for H,O-containing atmo-
spheres than for D,O-containing atmospheres. This result can be
interpreted by a nonclassic H/D isotope effect.*? When the disso-
ciation of the O-H bond is a rate-determining step for proton con-
duction, the activation energy for D* is higher than that for H* by a
difference in zero point energy of 0.05 eV, which is near the differ-
ence in activation energy shown above. It is thus proposed that
protons migrate via dissociation of O-H bonds (hopping mecha-
nism).

Effect of In’" doping in Sn;_Jn.P>,0; on proton conduc-
tion.— Figure 5 shows typical XRD patterns of undoped and
In**-doped SnP,0; measured at room temperature. The peaks ob-
served for SnP,0; were almost identical to those reported in the
literature.'® SnP,0; has a cubic or pseudocubic structure, with SnOg
octahedra and P,O; units at the corners and the edges, respectively.
Sn,_InP,0; with In** content of not more than 10 mol % showed
the same patterns as those of SnP,O; and an increasing lattice con-
stant with increasing In>* content, 7.945 A for SnP,0; and 7.950 A
for Sngglny;P,0;. Sn,_InP,0; with In** contents of 20 and
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Figure 5. XRD patterns of Sn;_In P,0;.

30 mol % contained some other unidentified peaks. It seems that the
In** content of 10 mol % is the limit of substitution for In>*.

Proton conductivities for undoped and In**-doped SnP,0; at dif-
ferent temperatures in unhumidified air ( pu,o = ~ 0.0075 atm) are
shown in Fig. 6. The conductivity of Sn;_,In,P,0; increased with
increasing In** content and reached a maximum at
In* = 10 mol %. This In** content of 10 mol % corresponded well
with the substitution limit for In3* estimated from the XRD mea-
surements. Therefore, it is concluded that the doping of In3* for Sn**
plays an important role in the enhancement of proton conductivity. It
should be noted here that the conductivities of undoped and
In3*-doped SnP,0; increased monotonously with increasing tem-
perature, which was different from “superprotonic” behavior that
shows a sharp increase in the conductivity of some orders of mag-
nitude b}/ a structural transition from a low- to a high-temperature
phase.s’1 1223 This is because SnP,05 does not show such a struc-
tural transition in the temperature range of interest.'® Sng¢Ing P,O4
with the highest conductivity of 1.95 X 107! S cm™! at 200°C was
used in subsequent experiments.

To better understand the effects of In** doping, the environment
of the protons in the bulk Sny¢In,;P,0; was observed by FTIR. An
IR spectrum of Sngglnj;P,0; is shown in Fig. 7 along with the
spectrum for undoped SnP,0; for comparison. In both IR spectra,
some absorption bands appeared from 1560 to 3720 cm™', with
large differences in the absorbance between the two materials. The
wide absorption bands centered at 1655 and 3410 cm™! are evidence
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Figure 6. Temperature dependence of the conductivity of Sn,_,In,P,O. The
samples were maintained in unhumidified air (py,o = ~ 0.0075 atm).
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Figure 7. IR spectra of SnP,O; and SngoIn,;P,0;.

of v(OH) and 8(OH), respectively.zé"26 The absorbance ratios of
Sng ¢Ing 1P,O5 to SnP,0; were 5.2 and 5.7 for v(OH) and 3(OH),
respectively, which are comparable to their conductivity ratio of 4.6
at 50°C (Fig. 6). While care should be taken to account for water
adsorbed on the sample surface, these results at least suggest that the
absorption bands are mainly attributable to protons incorporated in
the bulk. It is also likely that the protons interact with the lattice
oxide ions to form hydrogen bonds.

A more quantitative measurement of the proton concentration in
Sng ¢Ing {P,O; and SnP,0; was made by TPD of hydrogen species.
The TPD spectra are shown in Fig. 8. Water vapor and a small
amount of H, were evolved from 260 to 1050°C. The evolution of
water vapor from water adsorbed on the surface of the samples
cannot be neglected, especially for data at relatively low tempera-
tures. However, we determined the proton concentrations in
Sng ¢Ing {P,O5 and SnP,0; by assuming that all the evolved water
vapor and H, can be attributed to the incorporated protons. The
resulting proton concentration values were 10.4 and 2.5 mol % for
Sny¢Ingy {P,O5 and SnP,04, respectively. Note that the former value
was in good agreement with the proton concentration predicted from
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Figure 8. TPD spectra of SnP,0; and Sng¢Ing P,0;.
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Figure 9. XRD patterns of Sngglng ;(P,0,),_,.

the In>* content of 10 mol %. It thus appears that the protons were
fully introduced as point defects by the substitution of In** for Sn**.

Electron holes and oxygen vacancies are considered to be origi-
nal positive defects in the Snggln,;P,0; bulk. As described previ-
ously, protons are incorporated into the bulk according to Reaction
3. Another possible reaction is the following interaction between
water vapor and an oxygen vacancy

H,0(g) + V6 — 2H; + O}

[H,0(g) + Of + V6 — 20H,] [4]

Here, V6 and O denote an oxygen vacancy and a lattice oxide ion,
respectively. The degree of Reaction 4 cannot be entirely demon-
strated at this stage. However, when the proton conductivity of
Sng9lng P,O; was measured at different Pu,0 values at 250°C, it
slightly increased with increasing py,o. This result is associated
with the process of proton incorporation through Reaction 4 rather
than 3, because the order of mobility is oxygen vacancy < proton
< electron hole. Therefore, Reaction 4 as well as Reaction 3 are
possible mechanisms of proton incorporation.

Effects of P,0; deficiency in Snyoln, ;P,O5 on proton conduc-
tion.— P,05-deficient SnjgIny {(P,07);_, with y values of 0-0.15
was synthesized. Figure 9 shows the results of XRD measurements
for SngglIng(P,07);_,. The XRD data showed similarities in the
peak position and intensity among the various Sngglng(P,07),_,
samples and an increase in the full width at half maximum (fwhm)
with the amount of P,O; deficiency. For example, the fwhm’s for
the (200) reflection of Sng¢lng ;P07 and Sngglng ;(P,07) g5 Were
0.192-0.200°, respectively. These results suggest substantial distor-
tion and disorder of the crystalline structure of SnoAglnoAl(PQOﬂl_y.
A significant decrease in the conductivity with P,O deficiency can
be seen in Fig. 10. The proton conductivity of Sngglng ;(P,07)¢ss
was about 2 orders of magnitude lower than that of Sng¢Ing;P,05,
indicating that the conductivity is strongly affected by the number of
P2O§_ ions in the lattice.

FTIR measurements of Sngolng;(P,07)yss were conducted to
clarify the effect of P,O; deficiency on the proton conductivity. As
shown in Fig. 11, the IR spectrum showed large peaks at almost the
same wave numbers as those observed for Sngglng, ;P,O;. The ab-
sorbance ratios of Sngglng P,O; to Sngglng ;(P207)ys5 were 1.4
and 1.5 for v(OH) and 8(OH), respectively, which are much smaller
than their conductivity ratio shown in Fig. 10. A similar behavior
was obtained for the TPD spectra, as shown in Fig. 12. The proton
concentration in Sngglng ;(P,07)ggs was estimated to be about
8.1 mol % per unit, which is not significantly different from the
value of 10.4 mol % observed for Snggln,P,0;. Therefore, it is
suggested that the large difference in proton conductivity between
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Figure 10. Temperature dependence of conductivity of SnjgIng (P,07);_,.
The samples were maintained in unhumidified air (PH2O = ~ 0.0075 atm).

Sng 9Ing 1 P>,O5 and Sng¢lng ;(P,07)( g5 can be attributed to the dif-
ference in proton mobilities rather than proton concentrations be-
tween them. The proton conductivity, oy, is generally defined as
follows

oy = Fuy[H ] [5]

Here, oy, F, g, [H], and v denote the proton conductivity, Fara-
day’s constant, mobility of a proton, proton concentration, and molar
volume of SnggIny;P,07, respectively. The proton mobilities in
SngoIng ;P,O; and Sngglng (P,0O7)ggs were calculated to be 1.49
X 1073 and 6.3 X 1070 cm? s™! V7!, respectively. Considering the

— SnosIno.1P207
— SnosIno.1(P207)0.85
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WMASZ R -
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Figure 11. IR spectra of Snggln,;P,0; and SngqIng (P,07) g5
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Figure 12. TPD spectra of SnyqIn, ;P,0; and Snyolng;(P,07)¢gs-

results from the XRD and FTIR measurements, it is assumed that
the extremely low proton mobility in SnggIng ;(P,07)g g5 is not as-
sociated with the local environment of the protons in the crystalline
lattice but is correlated with the long-range nature for the proton
transfer between the crystalline lattices. This assumption is sup-
ported by the strong dependence of the proton conductivity on the
crystalline structure of the P,O;-based tin phosphates with different
types of P,O5 networks shown in Fig. 1. Thus, a possible specula-
tion on the proton mobility of Snyglng ;(P,07)¢gs is that the P,O;
deficiency causes a partial disconnection of the P,O; network for
proton conduction, resulting in a large energy barrier for proton
jumps between sites.

Conclusions

Proton conduction in In3*-doped SnP,0, was investigated by
controlling the In** and PZO§_ content in the bulk. SnP,O; had an
ionic transport number of ~1 and exhibited a large H/D isotope
effect on conductivity, which demonstrates that the protons are mi-
grating via a hopping mechanism. The substitution of In** for Sn**
increased the proton concentration in the bulk, resulting in an in-
crease in proton conductivity. The P,O; deficiency caused extremely
low proton conductivity, which was explained by a large increase in
energy barrier for proton conduction due to partial disconnection of
the P,O; network for proton conduction.

Nagoya University assisted in meeting the publication costs of this
article.
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