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ABSTRACT: Hydrated barium indate oxide, Ba,In,05(H,0), is an ideal model system for
intermediate-temperature proton-conducting oxides based on the brownmillerite structure.
However, fundamental questions surrounding the defect chemistry, proton dynamics, and how
they depend on temperature and cation substitution in this material remain to be understood.
Here, we investigate the nature of diffusional proton dynamics in Ba,In,O5(H,0), and the
cation-substituted materials Ba,In; sM,;sO0s(H,0), (M = Ga, Sc, and Y) with x = 0.70—0.92,
using quasielastic neutron scattering (QENS). Analysis of the QENS data measured upon
heating from 22 to 600 K reveals the onset of diffusional proton dynamics at approximately 400
K for the cation-substituted materials, Ba,In; 3sM, ;sOs(H,0), (M = Ga, Sc, and Y), whereas no
proton dynamics are observed for the pristine material Ba,In,Os(H,0),, in the here probed
time-range of 30—300 ps. For temperatures between 400 and 490 K, the proton dynamics can
be assigned to a mixture of rotational diffusion of O—H species and proton transfers between
neighboring oxygens, with mean residence times in the range of 103—730 ps for both processes,
quite independent of M. At the highest measured temperature, 600 K, the observed proton dynamics are of long-range character and
can be approximated with a Chudley—Elliott model of jump diffusion with a mean jump length and mean residence time between
two successive jumps of approximately 2.5 A and 0.12 ns, respectively. Our results indicate that substituting indium with trivalent
cations, to increase the availability of accessible proton sites along the diffusion pathway, promotes long-range proton diffusion to
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occur on a faster time scale in cation-substituted barium indate than in the pristine material.

1. INTRODUCTION

Proton-conducting oxides are currently receiving considerable
attention because of their promise as electrolytes in future
environmentally friendly proton-conducting fuel cells. Barium
indate oxide, Ba,In,O;, when subjected to a humid atmosphere
at elevated temperatures, transforms into the hydrated, proton-
conducting oxide Ba,In,O5(H,0),, which stands out as an
ideal model system for brownmillerite-based proton con-
ductors."™ During the hydration reaction, hydroxyl groups
(OH™) occupy the formerly tetrahedral layers of Ba,In,O; to
create a structurally distorted “pseudo-cubic” layer, whereas
protons (H") are delocalized over the formerly relatively
undistorted “cubic” layer (Figure 1). Depending on the
hydration conditions, x may take values between 0 (non-
hydrated material) and 1 (fully hydrated material). The
hydration mechanism is a complex process, which involves a
structural phase transition as well as an intermediate phase for
T > 300 °C."™*

Detailed structural studies on the fully hydrated material
Ba,In,05(H,0) showed that two distinct types of proton sites,
H(1) and H(2), are present.”*™'" The H(1) protons are
covalently bonded to the oxygen atoms that connect the
alternating layers of undistorted and distorted InOg octahedra
and form intraoctahedral hydrogen bonds to neighboring
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oxygen atoms.'' In comparison, the H(2) protons form
covalent bonds to oxygen atoms in the heavily distorted
octahedral layers and interoctahedral hydro§en bonds to the
oxygen atoms of the same layers (Figure 1).'"~'* The different
coordination of H(1) and H(2) protons is manifested by
significant differences in the degree of hydrogen-bonding
between the respective protons and neighboring oxygen.'”
Specifically, the H(1) and H(2) protons are found to exhibit
relatively weak and strong hydrogen-bonding, respectively,
whereas the amount of H(1) and H(2) protons is virtually the
same, indicating half occupancy of the H(1) site and full
occupancy of the H(2) site."”

With respect to its proton-conducting properties, results
from variable temperature QENS and ab initio molecular
dynamics (AIMD) data showed that the proton-conduction
mechanism involves localized motions of the protons,
distinguished as rotational diffusion of the O—H(1) species
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Figure 1. Schematic crystal structures of (a) Ba)In,O; and (b)
Ba,In,04(H,0). Covalent bonds are represented by continuous black
lines, and hydrogen bonds are represented by dashed lines. Ba is not
shown in the schematics.

and H(2) proton transfers between neighboring oxygens by
investigating samples with two different degrees of hydration, x
= 0.30 and 0.92."* For x = 0.92, a third proton site was
observed, H(3), also included in Figure 1. The H(3) site is
found to become occupied upon increasing the temperature
and serves as a saddle state for the interexchange between
H(1) and H(2) protons.'* Crucially, the occupation of the
H(3) site enables long-range diffusion of protons, which is
highly anisotropic in nature and occurs through a two-
dimensional pathway.'* For the less hydrated material (x =
0.30), however, the occupation of the H(3) site and
subsequent long-range diffusion are not observed, which is
rationalized by hindered dynamics of H(2) protons in the
vicinity of oxygen vacancies.'* Various cation substitutions on
the In sites, Ba,In; ¢sM,,505(H,0), with M = In, Ga, Sc, and
Y, have also been investigated and showed an increase in the
population of the H(1) site upon the substitution of In with
any of the three different cations M = Ga, Sc, and Y, with the
strongest effect seen for M = Ga and Sc."’ Interestingly, the
cation substitution has been shown to lead to a general
increase of the proton conductivity of the material,"> which
suggests that the proton conductivity may be directly linked to
the relative occupation of the two types of proton sites, H(1)
and H(2).

In this work, we investigate the nature of the localized
diffusional proton dynamics in Ba,In; gsM,;505(H,0), with M
= In, Ga, Sc, and Y, using QENS. The aim of the study is to
unravel the effect of cation substitution on the localized and
long-range (translational) proton dynamics.

2. EXPERIMENT

2.1. Synthesis and Characterization of Powder
Samples. Powder samples of Ba,In, gsM;,505 with M = In,
Ga, Sc, and Y were prepared by solid-state synthesis by mixing
stoichiometric amounts of the starting reagents BaCO;, In,0;,
and M,0; (M = In, Ga, Sc, or Y). The sintering process was
divided into three repetitive heat treatments at T = 1000 °C for
8 h, T = 1200 °C for 72 h, and at T = 1325 °C for 48 h, with
intermediate cooling, grinding, and compacting of pellets
between each sintering step. The phase purity of the as-

prepared samples was confirmed by powder X-ray diffraction
(PXRD), see Figure SI in the Supporting Information (SI).
Hydrated samples were prepared by annealing a portion of the
as-prepared powders in a tube furnace subjected to a nitrogen
flow with water vapor, while cooling from 500 to 200 °C at a
rate of 0.1 °C/min. The hydrated samples,
Ba,In, 4sM,;505(H,0), with M = In, Ga, Sc, and Y, are
referred to as BIO, Ga/BIO, Sc/BIO, and Y/BIO, respectively.
Thermal gravimetric analysis (TGA) of a portion of the
hydrated samples established their degree of hydration, %, to
70% (BIO), 77% (Ga/BIO), 78% (Sc/BIO), and 92% (Y/
BIO) (Figure S2). Furthermore, infrared (IR) absorbance
spectroscopy measurements were performed on all samples
and compared with the literature on the same materials in
order to check for reproducibility and confirm the local
coordination of protons in each material (Figures S3—S5).

2.2. Quasielastic Neutron Scattering. The QENS
measurements were performed on the near-backscattering,
crystal-analyzer spectrometer BASIS at the Spallation Neutron
Source at the Oak Ridge National Laboratory in the U.S."° The
measurements were performed using the Si(111) analyzer
crystal, for which the instrument features an energy resolution
of 3.5 peV at full width at half-maximum (fwhm) of the elastic
line, an energy transfer (E) range of —100 to 100 ueV, and a
momentum transfer (Q) range of 0.2—2.0 A~". Measurements
were taken at the temperatures T = 22, 400, 450, 490 K for
Ga/BIO, T = 22, 400, 490, 600 K for Sc/BIO, T = 22, 400,
450, 490, 600 K for Y/BIO and T = 22, 400, 490, 600 K for
BIO. The 22 K data was used as a resolution function in the
data analysis. Measurements were also performed on a
vanadium standard and on an empty sample container (both
at 300 K) to correct for the efficiency of different detectors and
the background contributions from the sample container and
the sample environment. In the data evaluation, the measured
scattering intensity, S(Q, E)pey was fitted to the following
function

S(Q) E)meas = S(Q) E) ® R(Q) E) + bkg(Q) (1)
where
8(Q, E) = I,(Q)S(E) + [(Q)L(Q, E) ()

Here, S(Q, E) is the dynamical structure factor, R(Q, E) is the
instrumental resolution function, bkg contains contributions
from residual instrumental background as well as from inelastic
scattering events (phonons), I5(Q) multiplied with a Dirac
delta function 5(E) represents the elastic scattering, and I, (Q)
multiplied with a Lorentzian function L(Q, E) describes the
quasielastic scattering. The data reduction and analysis were
performed using the Mantid software.'” QENS measurements
were also taken on the time-of-flight (TOF) spectrometer
FOCUS at the Paul-Scherrer Institute in Switzerland, but these
data did not show any significant QENS signal for any of the
samples (see the SI).

3. RESULTS

3.1. Dynamical Structure Factors. Measurements of the
dynamical structure factor, S(Q, E)pe.s of the pristine
compound, BIO, did not show a significant quasielastic
scattering signal for any of the probed temperatures (T =
400, 490, and 600 K), see Figure S6 for the 600 K data.
Therefore, these spectra were not further analyzed. For the
doped materials, M/BIO (M = Ga, Y, and Sc), measurements
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Figure 2. S(Q, E) ness at Q = 1.50 A™" together with fits measured with the Si(111) analyzer at T = 490 K for (a) Ga/BIO, (b) Y/BIO, and (c) Sc/

BIO.

of S(Q, E) neqs revealed significant quasielastic scattering for T
> 400 K. Figure 2 shows the S(Q, E) e, for the three materials
at T =490 K and Q = 1.50 A, together with fits to eqs 1 and
2; data for additional temperatures and Q values are shown in
Figures S7—10. Our fitting analysis shows that the spectra can
be adequately fitted to a single Lorentzian function.
Interestingly, the Q-dependence of the line width (I') of the
Lorentzian fwhm, which can give information about the spatial
restriction of the dynamics, was found to vary with
temperature, as shown in Figure S11. Up to T = 490 K, I'
does not (within error) depend significantly on Q (Figure
S11), for any of the three materials, whereas for T = 600 K, I"
increases with increasing Q. Within the probed energy window
and the energy resolution of the instrument, our observations
suggest that below T = 490 K, the observed dynamics are
mainly localized in nature, whereas at T = 600 K, it is long-
range in nature. Mechanistic details, such as the mean
relaxation time 7 and spatial geometry of each dynamics
process, are analyzed in the following.

3.2. Localized Proton Dynamics. The mean relaxation
time of the localized dynamics can be derived from the
quasielastic line width as 7 = 27/T, where I is the Q-averaged
value of I'. 7 takes values in the range of 103—210(10) ps for
Ga/BIO, 124—156(10) ps for Y/BIO, and 700—731(90) ps for
Sc¢/BIO. The relatively high value and large error obtained for
Sc/BIO exceed the instrument resolution and should therefore
be interpreted cautiously. This result stems from the
particularly weak quasielastic signal detected for this material,
which impedes a robust data analysis.

The mean relaxation time of ca. 100—200 ps (Sc/BIO
excluded) does not differ significantly among the different
materials and is considerably longer than what has previously
been measured for the proton transfer and O—H rotational
diffusion (<30 ps) for both brownmillerite and perovskite-
based proton-conducting oxides.'”'*™*' However, in the
previous AIMD and QENS study of BIO, it was found that
the H(3) site, which becomes occupied upon increasing
temperature and that serves as a saddle state for the
interexchange between H(1) and H(2) protons and hence
enables long-range proton diffusion, is characterized by a mean
relaxation time of 77 ps related to localized dynamics.'* This
timescale is quite similar to the timescale of the localized
dynamics as observed in our study, which may indicate that the
localized dynamics as observed here involve the H(3) site.

Information about the spatial geometry of the localized
proton dynamics, as observed for T = 400, 450, and 490 K, can
be obtained from the analysis of the elastic incoherent

structure factor (EISF), which is defined as the ratio of the
elastic amplitude over the sum of the elastic and quasielastic
amplitudes, i.e., EISF = I,/(Ip + I). Figure 3 shows the EISF
for Ga/BIO, Y/BIO, and Sc/BIO together with fits to a jump-
diffusion model over two (N = 2) and four (N = 4) equivalent
sites. These models are widely used for describing, respectively,
the proton transfer and O—H rotational motion in proton-
conducting oxides.'"'®?°~** Note, a constant ¢ has been added
to the respective EISF model functions in order to take into
account elastic scattering due to immobile protons, that is,
protons undergoing dynamics that are too slow to be resolved
by the instrument (see S4.3 for details). As can be seen from
Figure 3, both models equally well describe the experimental
EISFs in the probed Q-range, for all three materials. The fitted
parameter, i.e., the jump length, takes values in the range of d,y
= 1.86—2.76 A (N = 2 model) and ryy = 1.09-1.70 A (N = 4
model), see Table 1. We note that the jump length for the N =
2 model is longer than the calculated values as obtained for the
H(1) protons (dyy = 1.6—1.9 A) and H(2) protons (d,y =
0.6—0.8 A).">'* Further, the jump length for the N = 4 model,
which shall be compared to the O—H bond length, is longer
than the expected value of (0.97—1.02 A).">"*

Additional fitting analysis on our EISF data for T = 400 K
was performed by fixing jump lengths to the calculated values
at 300 K from ref 14, corresponding to do_g(;) = 1.6 A and
do-n(2) = 0.6 A (Figure S12). As can be seen, the EISF equally
well describes both jump distances, implying that our data
cannot be simply assigned to the H(1) or H(2) sites, nor to
the two dynamical processes (N = 2 or 4). Instead, the results
point toward the QENS signal being more complex in nature
and may be due to both proton transfer and O—H rotational
processes. The interpretation of the QENS data in terms of
such complex dynamics implies that the mean relaxation time 7
of the localized dynamics corresponds to an average of the
mean relaxation times for the different proton motions. This is
in agreement with previous QENS studies on similar proton-
conducting oxides, such as hydrated BaZr,_JIn,O; ./, (x =
0.10 and 0.20)'®" and BaZr,_,Sc,0;_,, (x = 0.10 and
0.50).”' To distinguish between the two types of dynamics,
one would need to explore a larger Q-range, up to, at least 4
A~!, which is also in agreement with these previous
studies.'®'*!

The fraction of immobile protons, ¢, takes values in the
range of 93—96% for Ga/BIO, 93—96% for Y/BIO, and 89—
93% for Sc/BIO (Table 1), which thus suggests that the major
part of the protons scatter elastically with respect to the
instrument resolution. The immobile fractions of the doped
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Figure 3. EISFs for (a) Ga/BIO, (b) Y/BIO, and (c) Sc/BIO, as
derived from the BASIS data. The lines are free fits to the jump-
diffusion model over two (N = 2) and four (N = 4) sites.

materials are, within error, constant with temperature and have
no clear dependence on the nature of the dopant atom. The
values are similar to those reported in a previous QENS study
on hydrated Ba,In,O;, with immobile fractions of ¢ = 90(3) to
82(2)% for the temperature range between 400 and 485 K.'*
In comparison, smaller values of ¢ have been reported in cubic-
structured proton-conducting perovskites, in the range, for
instance, of 50—60% for Y- and Sc-doped BaZrO,.'®*"*"**
This trend of a higher fraction of immobile protons in hydrated
brownmillerite-structured materials than in cubic-structured
perovskite materials could be related to overall slower proton

Table 1. Compilation of Parameters for the EISF Analysis
(Figure 3)“ and the Analysis with the C—E Model (Figure
4)b,c

model T (K) 400 450 490 600

N=2 rn (A) 1.05(27)  1.18(21)  1.36(18)
(%) 95(3) 93(2) 95(1)
R? 0.956 0.960 0.957
N=4 ran (A) 1.25(40)  1.42(32)  1.65(23)
can (%) 96(1) 95(1) 96(1)
R? 0.948 0.953 0.968
Y/BIO
N=2 ran (A) 0.93(50)  097(14)  1.07(30)
on (%) 95(4) 94(3) 93(3)
R? 0.880 0.974 0.955
N=4 ran (A) 1.09(60)  1.14(33)  1.27(38)
can (%) 96(3) 95(2) 94(2)
R? 0.924 0.974 0.962
C-E de_g (A) 2.52(80)
7c_g (ps) 122(37)
R? 0.917
Sc/BIO
N=2 rn (A) 1.05(30) 1.38(42)
on (%) 89(3) 90(2)
R? 0.960 0.764
N=4 ran (A) 1.26(42) 1.70(57)
e (%) 93(3) 93(2)
R? 0.743 0.954
C-E de_g (A) 2.64(70)
7cs (ps) 117(28)
R? 0.849

“Jump-diffusion model of N equivalent sites placed upon a circle of
radius r. For N = 2, the jump distance is d = 2r; for N = 4, itis d =
r\/2. ®The C—E model assumes I'(Q) = 2a/z[1 — (sin(Qd))/Qd].
“The R-square values (R*) indicate the goodness of the fit.

dynamics in BIO-based materials than in their cubic counter-
parts. The large fraction of immobile protons would then be
rationalized as protons experiencing dynamics that are simply
too slow with respect to the time scale accessed by the
instrument.

Alternatively, the large values of ¢ could also be explained if a
population of protons is unable to participate in diffusion
processes, which can be inferred by the lack of temperature
dependency of ¢ and the overall lower intensity of the QENS
signal in BIO-based materials than in their cubic counterparts,
despite their higher proton concentration. Indeed, hydrated
BIO features strongly bonded protons, not found in cubic
proton-conducting perovskites, which are present not only at
room temperature but are also stable up to ca. 400 °C,*"° and
persist well beyond the onset of dehydration and up to 700 °C.
This is evidenced in the TGA results (Figure S2) with BIO
showing a small gradual dehydration in the range of 400—700
°C, followed by a significant and rapid mass loss at 700 °C.
The presence and persistence in temperature of these strongly
bonded “structural” protons are less pronounced in the M-
doped materials, as evidenced in the TGA results (Figure S2)
by the lower onset of dehydration of ca. 300 °C for Ga/BIO,
Y/BIO, and Sc/BIO. Note, however, that the onset of
dehydration in M/BIO is significantly higher than in cubic-
structured perovskite materials, typically ca. 200 °C,**%*°
which suggests that a population of strongly bonded protons is
also present in the doped M/BIO materials.

https://doi.org/10.1021/acs.jpcc.5c04230
J. Phys. Chem. C 2025, 129, 19242-19248


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c04230/suppl_file/jp5c04230_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c04230/suppl_file/jp5c04230_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c04230?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c04230?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c04230?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c04230?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c04230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

3.3. Long-Range Proton Dynamics. Figure 4 shows
I'(Q) at T = 600 K for (a) Y/BIO and (b) Sc/BIO. Included in
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Figure 4. Q-dependence of the fwhm (I') at T = 600 K for (a) Y/BIO
and (b) Sc/BIO. The lines are fits to the C—E jump diffusion model.

the graphs are fits to a Chudley—Elliott (C—E) model of jump
diffusion, which describes long-range diffusion as a series of
jumps with a fixed jump length d-_g and a mean residence
(relaxation) time 7o_g.”” For both materials, a free fit of the
C—E model to the data yields a reasonable fit; the small misfit
for Q < 1 A™' is considered less important because of the
weaker QENS signal in this Q-range. It must be understood
that due to the limited Q-range, it is not possible to
conclusively determine the correct diffusion model.

For Y/BIO, the obtained jump distance and mean residence
time are dc_p = 2.52(80) A and 122(37) ps. For Sc/BIO, the
respective values are dc_p = 2.64(70) A and 117(28) ps. Note
that, for both materials, d._; is comparable to the fitted
localized proton transfer jump length (cf. Section 3.2 and
Table 1), exactly as expected for a long-range diffusion
mechanism involving individual proton transfer events. More-
over, for Y/BIO, the mean residence time closely matches that
of localized proton dynamics ([122(37)] ps for long-range and
124—156(10) ps for localized proton dynamics), suggesting
that between 490 and 600 K, the dynamics in this material
gradually shift to long-range motion within the probed time
window of 30—300 ps, whereas the localized dynamics
becomes too fast to be observed within the time window. In

contrast, for Sc/BIO, the mean residence time is found to be
significantly shorter than that of localized proton dynamics
(117(28) ps for long-range and 700—731(90) ps for localized
proton dynamics). However, one should note that the
obtained I" values for Sc/BIO below 600 K are close to the
instrumental resolution, which thus indicates a large
uncertainty in the obtained time scales for localized proton
dynamics in Sc/BIO. Notably, the mean residence times for
the long-range jump-diffusion mechanism for Y/BIO (122(37)
ps) and Sc/BIO (117(28) ps) are considerably smaller than
the ones reported in the previous QENS studies of BIO
(~0.5-6.6 ns)."*

4. DISCUSSION

By bringing together the results of the analyses of the QENS
data, we can now understand several new features pertaining to
proton dynamics in BIO and in the cation-substituted
equivalents Ga/BIO, Y/BIO, and Sc/BIO. An important,
unexpected observation is the absence of a clear QENS signal
for BIO. At first glance, this finding contrasts with previous
QENS measurements of BIO, which showed a significant
QENS signal at similar measuring temperatures.'”'* This
discrepancy likely stems from differences in instrumentation.
The TOFTOF spectrometer used in the previous studies'***
featured an energy resolution of 480 weV, which limits the
study to dynamics with a characteristic relaxation time faster
than a few picoseconds. At these time scales, only the
dynamical signatures of H(1) and H(2) could be identified.
The signature of H(3) in ref 14 was detected at the limit of the
dynamical range of the IN16B spectrometer, a backscattering
instrument with a resolution of 0.75 peV, which also allowed
for observing long-range translational diffusion. In comparison,
the BASIS instrument used in this study has an energy
resolution of 3.5 peV, which allows measurements of dynamics
as slow as some hundreds of picoseconds. This is well suited to
cover the dynamical signature of H(3) but may not capture the
faster dynamics of H(1) and H(2), nor the slower translational
dynamics. As a result, the two sets of data are not directly
comparable, as they probe different time scales and hence,
potentially, different dynamics. Regarding the absence of the
H(3) QENS signature in BIO in the present study, it may be
due to a combined effect from the intrinsically weak QENS
signal in BIO, the neutron absorbing nature of the sample due
to the large neutron absorption cross section of indium, and to
difference in sample geometry as thin samples in annular cells
were used in the present study, while thick samples in flat cells
were used in ref 14. Nevertheless, our results imply that the
time scale of the proton dynamics is markedly different
between the nonsubstituted and cation-substituted materials,
as only the cation-substituted ones exhibit proton dynamics
within the here probed time range of 30—300 ps. Our results
thus indicate that the strategy of substituting indium with other
trivalent cations may be an effective way to promote long-
range proton diffusion on a faster time scale than in BIO.
Interestingly, there seems to be no clear, direct correlation
between the nature of the substituting cations and the proton
dynamics as seen by QENS. There also seems to be no
correlation between the proton dynamics and the degree of
hydration (77—92%), nor with the crystal structure and cell
parameters (see the SI). To shed further light on this, we
investigated the local coordination environments of the
protons by performing a peak fit analysis of the IR spectra of
all materials (see the SI). Our results from this analysis show

https://doi.org/10.1021/acs.jpcc.5c04230
J. Phys. Chem. C 2025, 129, 19242-19248


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c04230/suppl_file/jp5c04230_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c04230/suppl_file/jp5c04230_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c04230?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c04230?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c04230?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c04230?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c04230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

that the local proton environments are comparable between
the pure and cation-substituted materials, with no significant
difference in terms of, e.g., hydrogen-bond strength, which is in
full agreement with a previous report.'” Regarding the relative
distribution of protons between the H(1) and H(2) sites,
which can qualitatively be approximated from the integrated
intensities of the IR absorption bands, we found a comparable
ratio of the H(1) and H(2) signatures for Ga/BIO and Sc/
BIO, whereas the contribution of H(1) sites is relatively
smaller for BIO and Y/BIO, also in agreement with ref 13.
Thus, there also seems to be no clear correlation between the
H(1)/H(2) ratio and the nature and rate of the localized
proton dynamics in the cation-substituted materials, which is
consistent with the similar local proton environments present
in these materials.

As the difference in proton dynamics as seen by QENS
between pristine and cation-substituted BIO cannot be simply
explained by the nature of the dopant, the hydration level, the
average structure, the local environments and distribution of
the protons in the materials, nor the geometry of the
elementary diffusion motions, we speculate that the difference
in dynamics may be due to the H(3) site availability. Indeed,
the two-dimensional diffusion pathway proposed for BIO relies
on the interexchange between the H(1) and H(2) sites,
through the intermediate H(3) sites.”> To complete a long-
range diffusion event, this mechanism relies on two
consecutive localized diffusion motions. First, a proton from
the H(1) or H(2) site has to diffuse to the H(3) site, then this
H(3) proton has to further diffuse to a neighboring vacant
H(2) or H(1) site. The large proton content—and thus the
lack of vacant sites, leading to a saturation of the diffusion
pathway in BIO—has been discussed as a factor that limits the
proton diffusivity in this material.”"

The significantly shorter residence time for the long-range
diffusion process as found by QENS in the cation-substituted
materials, with respect to BIO, may thus indicate that the
saturation of the proton path is lessened or that the energy
barrier for a proton to diffuse to the H(3) site is lowered due
to the substitution of indium by trivalent cations. This raises
questions, such as whether there is an optimal level of cation
substitution for maximizing the proton diffusivity, and whether
cations of different charge will behave in the same way. These
questions may stimulate further studies in this field.

5. CONCLUSIONS

Our variable temperature QENS study on Ba,In,0(H,0),
and the cation-substituted materials Ba,In; 3sM,,505(H,0),
(M = Ga, Sc and Y) with x = 0.70—0.92 reveals the transition
from localized proton dynamics between 400 and 490 K, to
long-range proton dynamics at 600 K for the cation-substituted
materials, whereas we observe no proton dynamics for
Ba,In,04(H,0),, in the here probed time-range of 30—300
ps. Detailed analysis of the Q-dependence of the intensity and
line width of the quasielastic scattering suggests that the
localized proton dynamics are related to a mixture of rotational
diffusion of O—H species and proton transfers between
neighboring oxygens, with mean residence times in the range
of 103—730 ps for both processes, quite independent of M.
Furthermore, the long-range proton dynamics can be
adequately modeled by a Chudley—Elliott model of jump
diftusion, with a mean jump length and mean residence time
between two successive jumps of approximately 2.5 A and 0.12
ns, respectively, also quite independent of M. It follows that,

while the cation substitution is shown to lead to faster localized
and long-range proton dynamics, the type of substituting
cation appears to have a minor role in the nature (i.e., time
scale and spatial geometry) of the dynamics. Our results
instead indicate that the beneficial effect of trivalent-cation
substitution of BIO is related to an increased availability of the
H(3) proton site that enables long-range diffusion on a faster
time scale.
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