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Site identification of protons in SrTiO 3: Mechanism for large protonic conduction
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It is found that the proton is strongly absorbed in heavily Sc-doped StTN@utron-diffraction measure-
ments were performed using single crystals. The O-H distance is found to be about 1.2 A and the proton
concentration is estimated to be about 2 mol % for §g83¢cy (3. Protonic conduction was observed in
Sc-doped SrTiQ by ac-conductivity measurements in wet air, while the hole conductivity was observed in dry
air. The proton is bound by the oxygen ion as if the proton makes the hydrogen bond between two oxygen ions,
which might be responsible for the high protonic conductivity in this mateig0163-182606)01445-3

[. INTRODUCTION proton conductivity* This fact suggests that the proton con-
ductivity is not only due to the heavy doping but also due to
It is known that SrCe@ shows the protonic conductivity some important factors which are essential for this type of
at high temperature when acceptor ions are heavily doped iproton conductor.
the Ce-ion sité. This material attracts many engineers and The microscopic mechanism has not been studied yet for
research workers, because it has a superior protonic conduaeceptor-doped perovskite-type protonic conductors. It has
tivity at high temperature. Proton conductors which functionbeen a serious problem that the proton site in these protonic
at high temperature will have many promising applicationsconductors is not known. One cannot discuss how the proton
such as fuel cells and hydrogen sensors. By using singlenigrates in crystals without knowing where the proton ex-
crystals of SrCe_,Yb,O3, it is confirmed that the proton ists. Numerous infrared-transmission and Raman-scattering
migrates in the bulk rather than the domain wall and that thestudies have been carried out for pure or slightly doped
proton is bounded by the oxygen iéHowever, SrCeQis  SrTiOz in order to know the symmetry of the proton
not stable at high temperagi— a problem for device appli- site®>~’ The proton site was investigated for pure or slightly
cations. The single crystal of acceptor-doped SrgZri®  doped SrTiQ in these studies. Two models for the proton
found to be a protonic conductor as welseveral acceptor- site have been proposed. One is between two oxygen ions,
doped perovskite-type oxides have been found to be the pravhich is called the “octahedron-edge site,” and the other is
tonic conductors so far. between oxygen and strontium ions, which is called as the
Several studies have been carried out in order to investi-cube-face site.” The proton site in this proton conductor,
gate the proton migration mechanism. One can easily repladeowever, should not be necessarily the same as that in pure
protons with deuterons or remove them repeatedly without ar slightly doped SrTiQ, because the absorption structure
change of the crystal structure, so that protons are incorpadue to the O-H stretching vibration is very different from
rated in the interstitial sites. The protonic conductivity mea-those in SrTiQ, as discussed later in this paper. The proton
surement suggests that proton migration is due to the thermalte in heavily acceptor-doped SrTiGhould be investigated
activation process, which is consistent with the isotopic efin order to elucidate its role in the proton conducting mecha-
fects between protons and deuterons in the ionic conductivrism.
ity. The O-H stretching vibration in the infrared-transmission  In this study, neutron-diffraction measurements were car-
spectrum suggests that the protons migrate by hopping fromied out in order to investigate the proton site. Thermal neu-
site to site near the oxygen ions in the crystal. The O-Htrons are a sensitive probe for the proton, which allows direct
stretching vibration is about 3500 ¢m for undoped or determination of the proton site. In the perovskite-type ox-
slightly doped crystals, while it is about 3200 c¢rhand ides, SrTiQ; is one of the most suitable materials to study
2500 cm ! for heavily doped ones. It is curious that the the proton site, because its crystal structure is very simple.
heavy doping brings about the high conductivity. It is knownThe high protonic conduction of SrTiOhas not been con-
that the perovskite-type oxide cannot always become a prdirmed, though it absorbs the proton to some extent. In this
ton conductor even if the crystal is heavily doped with ac-study, it is found that the proton is absorbed in Srfi@he
ceptor ions. For example, Y-doped BaTinardly shows result is based on infrared-transmission measurements in the
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energy region of the O-H stretching vibration when the | . . eron |Frost Fdeuteroh’
Sc3* ion is heavily doped into the fi -ion site. The high | " TFroet Fooal? E o F

protonic conduction is confirmed by ac-conductivity mea- ~ "°Stroton host™ T proto host™ T proton @)
surements.

F deuteron F proton

Here,Fpost: Fdeuteron @NdF o100 denote the structure fac-
tors of host, deuteron, and proton respectively, and
Ihost deuteron @Nd I hosti proton @r€ the Bragg intensities of the

The sample was prepared by the solid state reaction afamples which are doped with deuterons or protons. One can
SrTiO3, SrCO,, and SgO5 at 1250 °C for about 15 h, and compare the diffraction intensity ratio with the theoretical
then single crystals were grown by the floating-zone methodalculations for the appropriate models of the proton site. In
using an imaging furnace. The $cion is found to be doped this study, the difference of the structure factors,
as an acceptor ion in the Ti-ion site of SrTiO, by a simple  (F geuteron- Fproton/ (Fhost™ Fproton)» IS Used to compare ex-
thermoelectromotive force experiméhthe crystal for neu- perimental results with model calculations.
tron diffraction is about 7.5 mm in diameter and 15 mm in  The structure factor with the indices of the plamek[) for
length and the dopant concentration is 2 and 3 mol %. Prothe host crystal becomes
tons are introduced into the crystal by annealing in an at-
mosphere of wet air or hydrogen gas. It is found that the Fhos(h.k,l)=bg+ (b1iCri+bsCsq )expmi(h+k+1)
concentration is largest when the sample is annealed at 300—

Il. EXPERIMENTS

500 °C in water vapor saturated at a temperature above 90 +bo(1-Cy.){expmi(h+k) +expmi(k+1)
°C. Heavy water was used in the same way to substitute the _
proton with the deuteron. We can remove protons or deuter- +expri(l+h)j, ©)

ons easily by annealing in dry air above 500 °C for several,vherebj is the scattering length of atojrandCr;,Cs,_, and

hours. In this study, the notation of "30,” "D ,0,” and Cy.. are the concentration of Ti, Sc, and oxygen vacanc
“dry” designates the atmosphere in which the sample was~Vo it Yo Y,

treated. For example, §O denotes that the sample was an-respectively. The structure factor for the proton is
nealed or measured in wet air.

Neutron diffraction was performed with the FOX spec-
trometer installed at the pulsed spallation neutron facility
KENS, Tsukuba, to determine the proton site. The FOX is a
time-of-flight (TOF) spectrometer with 128 position- whereC, is the concentration of the proton amdl is the
sensitive detector$® The sample crystal was placed on the number of equivalent proton sites.
head of a four-cycle goniometer with a special sample holder The scattering lengths of the proton and the deuteron are
at a reproducible position. The experiment was performed in-3.739 and 6.672% 10~ 13 cm), respectively, and the struc-
air at room temperature. ture factors of the proton or the deuteron in the crystal are

The conductivity measurement was performed with arproportional to their scattering lengths. A better method for
impedance analyzer and the conductivity was determined bgstimating the difference of the structure factors is to com-
the cole-cole complex impedance plot at each temperaturepare the proton-doped sample with the deuteron-doped one

with the assumption that both the proton and deuteron lie at

equivalent positions. This assumption may not be so unrea-

ll. RESULTS sonable, because the crystal structure in the vicinity of the

A. Neutron diffraction proton does not change much. The ratio of the O-H and the

. . -D stretching fr ncies is cl hown in th
Neutron-diffraction measurements of proton-doped ancﬁ stretching frequencies is close (@, as sho the

. . . ext section.
de_ute:ﬁn-doried S_;Tlg?rvr\]/erg_f?arrled ouft tlr? ordet; tq de_tetr- Since infrared-transmission measurements show that the
mine the proton site. the difference of the scattening Inteny, ., s pound by the oxygen ion, two models have been
sity for both compounds corresponds to the difference of th

structure factors. If one uses the theoretical calculations b roposed for the proton site in SrTOOne is the “cube-
uctu : u ' uiatl ace site’” between O-Sr ions as shown in Figc)l Another

using some model of the proton site, the Bragg intensity iﬁs the site in double-minimum potential between O-O as
obtained by shown in Fig. 1a). Here, we use “hydrogen-bond site”
rather than the “octahedron-edge site” to emphasize the im-
L(h,k,D)=Ki(M)|F(hk,DI2L(N, 0)AN,E(N), (1)  portance of the hydrogen bond. Since Srifas the cubic
structure, the former includes 12 equivalent positions in the
wherel, F, i, L, A, andE are the Bragg intensity, structure unit cell and the latter includes 24 equivalent positions.
factor, incident neutron intensity, Lorentz factor We preferred to observe the scattering intensity at the
(=\*%/sirf), absorption factor, and detector efficiency, re-(h00) planes rather than the other planes, because the
spectively. The difference of the structure factors betweerfh00) planes give us the most useful information. To com-
the proton and the deuteron is small, because theare with experimental values, the structure factors were cal-
proton/deuteron concentration is small. If we measure theulated with many values of O-H length and proton concen-
Bragg intensity under the same experimental conditiongration, etc., for the two models. Figure 1 shows several
where these factors except the structure factor are equivaler@xamples for 1 mol % proton concentration. Since the scat-
the ratio of the Bragg intensity becomes tering intensity is the largest #200) in the experiment, the

bC s _
Fpmton:%; exp2mi(hx;+ky;+1z;), (4)
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(h00) FIG. 2. The difference of the structure factors in

SrTi;_,Sc, O3 for (8) x=0.02 and(b) x=0.03. The intensities are

normalized by that a200) plane. Then, the difference of the struc-
FIG. 1. The three model sites of proton and the differences oture factors is always zero 800). Solid circles represent the ex-

the structure factors in Sr§gScq 003. (8) The hydrogen-bond site  perimental results and open diamonds represent the results calcu-

in which the proton is located in the oxygen octahedks. The lated by the hydrogen-bond site model.

hydrogen-bond site in which the proton is slightly leaned to the Ti

ion site.(c) The cube-face site in which proton is in the line of O-Sr Ues. The length of O-H is 1.20.095 A and the proton

bond. The O-H distances for these models are 0.8, 1.0, and 1.2 A&oncentration is 2.6-0.65 mol %. Here, one should notice

that the experimental values are not the same at thehodd

intensity of the other planes is normalized by the intensity at! Nis fact corresponds to that the O-H line lean toward the Ti
(200 plane for the botH st deuteron@Nd | nosts proton- 1N that (Soc) sﬁs from the O-O straight line by an angle of
case, the difference of the structure factors is always zero & = 3:5°. Figure 3 shows the proton position obtained by the

the (200 plane. It is found that there is the simple rule that&Xxperimental results.
the calculated difference of the structure factors, ©One finds the calculated values for t(&00 — (500

(F deuteron F proton)/ (Frost™ Fproton)» iS the same at the even plant_as are fitted \(vell, while the value for tI(ﬁ)O) plane is
index h for both models. Thus, we should consider only then©t fitted well. This may be because the width of the Bragg
oddh in order to make clear the difference for both models.'€flection from the higher plane is so wide in the TOF spec-
Furthermore, in the case of the hydrogen-bond site, all th&Um that the profile cannot be determined accurately.
calculated values at the oddare —b,,C,/3 independent of The neutron-diffraction measurements were also per-
h, if the proton is in the straight line between the O-O ions.formed for the crystal with the dopant concentration of 3

If the proton is out of the line between the O-O ions, thesdM0! % as shown in Fig. ). The site of the proton is also
calculated values at the odd become different from each confirmed with similar results, though the proton concentra-
other. tion for this material is found to be about 1 mol %. The
Experimental results of the difference of the structure facProton concentration of the Srfi5co 0405 is smaller than
tors for the h0OO0) planes are shown in Fig. 2. The solid that of the SrTj ¢gSCq 3. This fact is consistent with the

circles stand for the experimental data. The open diamonddoPant dependence of the conduction measurement of
stand for the calculated values, which seems to be the most T11-xS¢Os, which will be published elsewhere.

suitable for the experimental results. The calculated model is
based on the “hydrogen-bond site.” In the case of the
“cube-face-site” model, the calculated difference of the Figure 4 shows the infrared-transmission spectra in the
structure factors are not fitted at all to the experimental valenergy region of O-H stretching vibration. The thickness of

1 2 3 4 5 6

F Sr O O O Ti(Sc) @ proton

B. Infrared absorption
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FIG. 3. Crystal structure of SrTiQand the proton at the 1000/T (K™

hydrogen-bond site decided by the neutron diffraction. The O-H

distance is 1.2:0.095 A and the angle between the O-H and 0-0  FIG. 5. Arrhenius plot of electric conductivities in the three

lines is 5°+3.5° and the concentration of proton is 2¢00.65  different atmospheres. Below 200 °C, the conductivity of proton is

mol % for SrTiy 6sSCo,003 and 1 mol % for ST ¢:5¢o 00 larger than that of the deuteron, which suggests that the proton or
deuteron migrates by hopping from site to site in Sc-doped

the sample is 0.7 mm for the SiJ§:Scy 003 and 2.0 mm  SrTiOs.

for the undoped SrTi@Q The absorption intensity of

SrTip9SCo 03 is much stronger than that of undoped O-H binding energy. The ratio of the vibration frequencies

SITiO; in the O-H stretching vibration region. The O-H Vo @andvop is approximatelyy2 which is the square root

stretching energy in undoped SrTjQGs about 3500 cm?, of the mass ratio. The existence of absorption due to O-H

which is very close to the free O-H stretching energy. Thevibration implies that the proton is attached to the oxygen

absorption of O-H stretching of undoped SrEi@s very ion in the crystal. This fact is quite consisted with the neu-

weak and narrow. In the case of SgTiScy 003, the O-H  tron measurements. The absorption structure due to O-H

stretching vibration was observed at 3300 cinProtons are  Stretching vibration is rather narrow in SgTi,Sc,O3 com-

easily exchanged into deuterons by the annealing in heavjared with acceptor-doped SrCg0Or SrZrO;. This fact may

water vapor. The O-D stretching vibration was observed ateflect that the crystal structure of SrTjGs simple. Those

2437 cm! for the sample which was annealed in heavy-of SrCeQ; and SrZrQ, are complicated, so that they may

water vapor. There is no structure in the energy region of th€onsist of several different O-H lengths.

O-H stretching vibration for the sample which was annealed

in dry air. By the infrared-transmission measurement, it is C. Protonic conduction

confirmed that the proton or deuteron is absorbed strongly in _ , .

StTige:SC0005 compared with undoped SrTiQ Further- Figure 5 shows the Arrhenius plot of the conductivity

more, this stretching energy becomes lower than that of unheasured in dry air, water vapor, and heavy-water vapor
doped SrTiQ. saturated at 90°. Conductivities in water vapor are always

Obviously, the heavy doping is responsible for the highhigher than in heavy-water vapor. The conductivities in wa-

proton concentration in the crystal and the weakness of thi€" vapor below 200 °C become larger than those in dry air.
In this temperature region, it is clear that protons migrate by

hopping from site to site. The conductivity ratios of the pro-
Dry SrTig.975¢0.0303 ton and Fhe deuteron are approximate'ly. Fhe inverse of the
L mass ratio. Above 400 °C, the conductivities are almost the
| same values for the three atmospheres. The conductivity is a
MD:(T\W little higher in dry air from 300 to 400 °C than in water—

heavy-water vapor. Above 400 °C, the electrical conduction
was mainly due to holes or oxygen vacancies rather than
SrTiO; protons or deuterons. These features are observed similarly
for other perovskite-type oxides which conduct protons

! ! | well 2 The transition temperature from the hole to the proton
2000 3000 -~ 4000 is much lower than the other protonic conductors, such as
frequency (em™) SrCeO5- and SrZrQ,-based compounds.

Transmittance (arb. units)
S
\ /

FIG. 4. Infrared-transmission spectra of SrEiOThe sample

was annealed in three different atmospheres. The dp@,Hand IV. DISCUSSION
D,0 stand for the atmospheres of dry air, water vapor, and heavy- ) ) )
water vapor. The sample thickness of SyF8co 003 is 0.7 mm In this study, the distance of O-H is evaluated to be 1.2 A,

and that of SrTiQ is 2.0 mm. In SrTjo,S¢, 03, absorptions due  While that of O-O is 2.76 A. This is the surprising fact,

to O-H and O-D stretching vibrations are observed at 3300 andecause this O-H distance is extremely longer than the free
2437 cmi L. The sharp structure of O-H stretching vibration is ob- O-H distance of about 0.96 A. This O-H distance should be
served at about 3500 ci in undoped SrTiQ. compared with the values of the various materials which be-
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long to the hydrogen-bonded materials. Novak has shown theegative ion to the proton and the neutron diffraction feels
empirical relation between the O-H distance and O-Hthe average potential of the both 8cand Ti** ions in the
stretching vibratiort! By this relation, 1.2 A corresponds to crystal.

the O-H vibration of 1000 cm?. In fact, the O-H stretching

vibration of this material in Fig. 4 is rather weak compared

with the free O-H stretching vibration. In the scheme of No- V. CONCLUSION

vak, t.h's material belpngs t_o the strong hydrogen-bqnded SrTiO5 exhibits a significant protonic conductivity when
material. Of course, this relation can not be simply applied to

SITi,,Sc,04 because the O-H stretching vibration is also a!t is heavily doped with the Sc ion. The proton concentration

. . S . is 2 =0.65 mol % for SrTj geSCo 3. Protons hop from
Luons(fctlrcr)]gtg;ciat\r?n %fcgféagfcg’rﬁy hs'iho's determined by thesite to site below 300 °C in the wet air. According to the
1Hx O~ 3-

According to a simple interpretation the hydrogen bond | neutron-diffraction measurement, the proton is determined to

caused by the mechanism that the proton is attracted by tf]%e in the site between the 0-O ions which consist of an

. S o Xygen octahedron, as if it forms the hydrogen bond. It is
oxygen ion which is located at the opposite side to the boun . L

) X . : L Supposed that the protonic conductivity increases when the
oxygen ion. Even in the perovskite-type oxides, it is found

that this mechanism is important. It is reasonable that th%;eEggﬁo(geg:goggngfggfomes weak due to the property of

protonic conduction is responsible for the weakness of the
O-H binding energy due to the similar mechanism to the
hydrogen bond.

It is also found that the proton is off the straight line of
two oxygen ions and slightly close to the T8c-) ion site. This research was supported by the Grant-in-Aid for Sci-
This fact may reflect that the proton is attracted by theentific Research on Priority Aredblo. 260 from The Min-
Sc®* ion, because St ion in the Ti**-ion site acts as a istry of Education, Science, Sports and Culture, Japan.
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