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Perovskite—type metal oxides such as Y-doped BaM0, (M=Zr/Ce) have drawn
considerable attention as proton-conducting electrolytes for intermediate
temperatupe eeramic electrochemical cells. Improving the proton
conductivitysat lower temperatures requires a comprehensive understanding
of the proton conduction mechanism. By applying high pressure or varying
the Ce content of Y-doped BaMO,, we demonstrate the proton conductivity
fol lows the Meyer—Neldel Rule (MNR) well. In the Arrhenius plot, the
conductivitiess intersect at an isokinetic temperature, where the proton
conductivisbymsiss independent of activation energy. Considering the
relationship between isokinetic temperature and lattice vibration
frequency, we observed a high isokinetic temperature in materials with
stiff l[attiees, consisting of light atoms and small M-0 bond length. Based
on consideration of the MNR, we suggest that the enhancement of proton
conductivity at low temperature can be well achieved by tuning lattice

vibration,.frequency towards a desired isokinetic temperature.

1. Introduction

Perovskite-type metal oxides, such as barium zirconate and cerate (BaMO,
where M=Zr/Ce).are promising proton—-conducting electrolytes for
intermedjate_temperature (450 — 700°C) proton—-conducting ceramic fuel cells
(IT-PCFCs)«"". Fully understanding the proton transport mechanisms is
vital Tofwthe improvement of proton conductivity. To form protonic defects,
BaMO, are doped with trivalent elements to create oxygen vacancies. In a
humid environment, water is incorporated to the oxygen vacancies so that
This article is protected by copyright. All rights reserved.
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the protonic defects are formed at interstitial sites. ®' The protons
migrate along oxygen sites in the Zr0O; octahedra. Classically, this
migration process is described by the Grotthuss (hopping) mechanism,
involving proton reorientation around the oxygen and hopping to an adjacent
oxygen site I ¥ Yamazaki et al. proposed that protons are trapped by
oxygens around the trivalent dopants ['"”. Thermal activation drives the
proton hopping from one oxygen to another oxygen nearby by overcoming an

energy barrier.

The temperature-dependent proton conductivity, o, follows the Arrhenius

equation:

E
oT = o, exp (— X Efr) (1)
B

where 7 [is \the, temperature, o, is an experimental prefactor, E, is the

activation energy, and kg, the Boltzmann constant.

Since the diséovery of ceramic proton conductors in 1980s, there has been
an ongoing guest to improve the proton conductivity at intermediate
temperature. According to the Arrhenius equation, lowering the activation
energy is considered as an effective approach. Nevertheless, it is widely
observed/ "' that the Arrhenius prefactor and the activation energy shows
the following relationship, that affects the conductivity:

E
Ingy =1 — 2.
noy, Noyo + kBTiSO ( )

where oy, and T, are constants, as further explained below. Equation (2)
is known as_Meyer—Neldel Rule (MNR), a compensation law, as the change in
prefactor. compensates the change in activation energy " ' Prior to Meyer
and Neldel, Constable found a similar relation in data about the catalytic

[17]

decomposition of organic molecules on metal surfaces . Such a
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compensation “law” has been discovered in many different fields and appears
to be a universal statistical relationship "®. At T, the conductivity is
independent of activation energy. Therefore, the MNR is also called
isokinetfic rule and T, is known as the isokinetic temperature. The
prefactor, oy, Is called the “isokinetic prefactor” in the following. In
general, (Equation (2) has been observed " 2% in many fields and a wide
range of gkinetic phenomena, when the activation energy, E, is greater than

the thermal=energy kgzT and phonon energies.

Yelon et“al. proposed the multi-excitation entropy model " to describe
the high activation energy kinetics for high-temperature conductivity. This
mode| pointed out that when £, is large comparing to the excitation energy
or thermal energy, a fluctuation providing multiple excitation is necessary

to overcome.the energy barrier

The isokinetic temperature is related to an excitation energy, hv, to which
the chargemearriers must couple, in order to overcome the activation

barrierg™expressed by '+ %

hv

kgTiso = m

(3)

where A (s the Planck constant, v is the excitation frequency, and x is a
coupling constant. As observed experimentally, Inx is usually between 0.5

and 2. The excitations may involve phonons or local excitations ',

The impaet of phonons and lattice dynamics on ionic conductivity has drawn

[21-28]

considerable attention in recent years Previous studies have shown

that a softerslattice leads to a lower activation barrier for ion migration
(21,22 28351 In |ithium superionic conductors, Zeier and coworkers™’ proposed
that changes in polyhedral species lead to a variation in phonon modes.

Shao-Horn and col laborators proposed to use the phonon band center as a
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descriptor for the average phonon frequency of mobile ion, and concluded
that lowering the phonon band center can reduce the activation barrier for
ion migration in lithium superionic conductors and olivine ion conductors
[26.28. 29 "We have found, for proton conducting barium zirconate ?? and
cerate B" 2 by applying high pressure, that low activation energy for
proton conductivity is correlated to the softening of Raman modes.
Particulaf modes of the phonons seem to propel the protons through the
crystal [attice, following the quantitative description of a Holstein-type

proton polaron 2> 24,

Previous studies have demonstrated the importance of lattice dynamics on
design of many fast ionic conductors. However, for proton conductors, it
remains unclear how to tune the proton conductivity based on lattice
dynamics. .ln.the present work, we first show that the proton conductivity
in perovskites follows the MNR. Then, based on the effect of pressure on
BaZr, Yo {055 (BZY), a model system, we consider the role of phonon
excitationm proton conductivity. For further investigation of the proton-
phonon coupling, we apply a controllable method of varying the proton
conductimity, this is, introduce the external applied pressure as a
thermodynamic variable and tunable technical parameter. This permits tuning
of the crystal structure and vibrational frequency of the Zr0Q, octahedron
without intreducing potential microstructural changes due to material
processinNgm=Which can happen in the case of chemical pressure by doping and
substitution™After investigating the correlation between Raman modes and
the proton conductivity in BZY under high pressure, we propose to use the
average M-0 stretch vibration, defined below, as a simple descriptor of
lattice”dynamics. Based on these results, a novel quantitative relationship
between isokinetic temperature, vibrational frequency and proton-phonon

coupling is revealed.

This article is protected by copyright. All rights reserved.
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2. Results
2.1 Protéon conductivity in perovskites: an investigation according to MNR

To vemifymwhether MNR describes proton conductivity in the perovskite
proton conduetors, we plot the Arrhenius prefactor o, versus the activation
energy E, — a Meyer-Neldel (MN) plot - for BZY and BaCe, Y, ,0,.5 (BCY)
measured under high pressure 3% and BaZr,, CeY,,0,s (x0, 0.1 and 0.2,
denoted as/BZGY) with varying Ce composition at ambient pressure®!, as
shown in“Figure 1a. The detailed proton conductivity data for bulk and
grain bolindaries used to extract o, and E, are presented in Figure S1.
Varying mechanical pressure (either on bulk material, as we have done, or
by thin film epitaxy) and chemical compositions are two distinct approaches
for modification of the material structure. Proton conductivity can be
tuned raccordingly. Typically, the activation energy for bulk proton
conductivity-can be changed between 0.4 and 0.9 eV using these approaches,
as shown“in Figure 1a. The relationship between prefactors and activation
energies,_in Figure 1a agrees with Equation (2), validating the application
of MNR to proton conductivity in BaM0, (M=Zr/Ce) when the material
structure is changed using different approaches. This MN behavior can be
explained by _the local volume change in atomic structure associated with
ion migration®. The isokinetic temperatures T, can be obtained from the

inversessSihopes of the MN plots, according to Equation (2).

This article is protected by copyright. All rights reserved.

6




WILEY-VCH

Temperature (K)
400

a 1w t} 1
" [ @ Bafe,V, 0, Bulk L = & BaZr,Y, 0, Bulk
1L O Bafe,y,, 0, GH o 0 Bakrgy,, 0, GR
10 L Ll N - [ i -
— [ * Bakr, Ce VO b=00008 - - W Bakrg, Ce Vo 00 (a=i0,01,0.2)
T WOF m Bace,v,.0,, Rulk L= = B BaCe,,¥,.0, , Bulk
£ . . 4
o " [0 Bale,V, 0., GB - ke Balc, ¥, 00, Gt
o & - o
Al (] = E
Y | S
= Wy W
TS -
. 1 [ *" =
2w B b
o L r '-'I" L —
E W g g
£ 'y ‘ix
1’ r .
1 [
' L L 1 L 5 L L L . 5 5 5 ] ]
04 05 e 07 0E 09 10 L1 LI L3 14 1.5 La 1.5 S 35
Activation energy Ea (eV) LOOOCT | I{"}

Figure 1. a) Gorrelation between Arrhenius prefactor o, and activation
energy E, (MN plot) and b) The corresponding isokinetic temperature for
BaZr, .Y, i0,.s ®* * and BaCe, Y, ,0,.s “” under high pressure for bulk and
grain boundary, (GB) conductivities, and for BaZr,, CeY,,0,s (x=0, 0.1, 0.2)
bulk conductivities ®. Shadowed areas represent the conductivity range
when the™aetivation energies vary between 0.4 eV (dotted lines) and 0.9 eV
(solid lines); simulated according to Equation (4). The blue dash-dot line

indicates the proton conductivity at 800 K.

Combining Equation (1) and Equation (2), the Arrhenius relationship can be

written as:

5= %e(_k?)(%‘ﬁ) (4)

Equation (4) shows that, at T, the proton conductivity has a single
value™ . Forf < T, the highest values of o are obtained for the lowest
valuestef E,. For 7 2Ty, the highest o corresponds to the largest E,.
Such behavior is observed only occasionally @ in studies of MNR, in all

fields. This is due to the fact that, as 7 is increased, Equation (4) will
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eventual ly no longer describe the experimental observations, due to changes
in the kinetic mechanism, changes in material structure, or, finally, to
breakdown of the condition that E, be larger than kgT. This often happens
before Ty, is rfeached. We have studied o between room temperature and 800K

2.3 and verified the application of Equation (4) in both regimes

The calculated” isokinetic temperatures are shown in an Arrhenius plot in
Figure 1b. Notably, for the bulk conductivities, the T, for BZY is twice
as high as that of BCY. The T, for grain boundary conductivities are
higher than those of bulk conductivities. We show the range in which proton
conductivity can be tuned (shadowed area) assuming the activation energy
varies from 0.4 eV (dotted lines) to 0.9 eV (solid lines) according to
Equation . (4). Note that this calculation shows the proton conductivities in
an ideal case.based on the MNR, e.g. assuming that the proton concentration
is constant. Figure 1b shows that the T, of BCY is lower than that of BZY;
however,“the™ad justable range for proton conductivity is the largest among
all the three materials when changing the activation energy between 0.4 and
0.9 eV. Here, we face an interesting paradox: let us assume that the
working temperature is 800 K, which is a realistic operation temperature
for PCFC. 800 K is higher than the isokinetic temperature in all reported
cases here. As discussed above, it will then be necessary to increase the
activationmenergy, counterintuitive to the general experience that
activationgenergies should be lowered. Figure 1b reveals that materials
with lew Tgo7such as BCY, provide a large tunable range for proton
conductivity when the activation energy is changed within the same range.
From Figure 1b.and Equation (4), we can understand that in order to apply
an appropriate strategy for tuning the activation energy, it is essential
to determine T,,. The importance of kgTis, in guiding the search for new

ionic conductor materials has been discussed in detail, elsewhere. 7.
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2.2 Role,of phonons in proton transport

We have presented the importance of isokinetic temperature for the design
of proton conducting perovskites. However, the effect of material structure
and phonons on isokinetic temperature remain unclear. To find any causal
relationshipsbetween material vibrational character and proton
conductividys#we calculated the Meyer-Neldel energies kgTi, for the
reported/ isokinetic temperatures T, and the corresponding range of
excitation phonon energies hv and wavenumbers v, according to Equation (3)
for the materials presented in Figure 1, as listed in Table 1. Here, we
focus oupsdisseussion on the bulk conductivity, with the corresponding
lattice vibration being primarily a bulk property. From the calculated
results, fwe Tind that the excitation frequencies typically fall in the
range of phonon vibrations. When Zr is substituted by Ce, T, decreases,

accompaniedyby a reduction in excitation energy.

BaZr0,"has“a“stiffer lattice than BaCeO,. This is reflected in a much higher
Raman shift in Zr-0 stretch mode (750 cm™ “?) than that in Ce-0 stretch
mode (350 cm™®"Y). The vibrational energies of these stretch modes are
within the range of the calculated excitation as shown in Table 1. Inspired
by these findings, we further investigate the correlation between the

excitation energy and phonon vibration.

This article is protected by copyright. All rights reserved.
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Table 1. The isokinetic prefactor o, isokinetic temperature T, Meyer-
Neldel energy kgTis,, excitation energy hv and the corresponding phonon
wavenumber v fior BaZr,,Y, 0,5 BaZr,, CeY,,0,.5 (x=0, 0.1, 0.2) and
BaCe, ;Y ,0,-5.. The excitation energy was calculated according to Equation
(3) assuming the coupling constant Ink is between 0.5 and 2.

BaZr, s_,Ge,Yo .05

parameters BaZr, oY, 056 (=0, 0.1, 0.2) BaCe, ;Y, ;055
oo (K - Sem™) 1.12 0. 0544 2.02x10°
Tiso ) 596 498 297
kpT;s,_(meV) 51.4 42.9 25. 6
hv (meV) 25.7 - 103 21.5 - 86 12.8 - 51.2
v (™) 207 - 827 152 - 609 110 - 438

We use Raman spectroscopy to investigate the variation of phonon vibration
with the increase of pressure for BZY, as shown in Figure S2. The prominent
characteflistic bands vary significantly with pressure. According to the
density fumetional theory study on BaZr0,"'"”, the Raman bands at around 107,
231 and 458 cm™ correspond to Ba-Zr0, stretching, ZrO, torsion, and 0-Zr-0
bending motions, respectively. The two Raman bands at 600 and 750 cm™
represent the"Zr-0 stretching motion. In order to gain quantitative
information on how the different Raman modes in BZY change with pressure,
we fit the Raman spectra using Gaussian functions. As shown in Figure 2,
three Gaussianspeaks labeled as v;, v, and vs were used for fitting the Zr-
0 stretehing motion in the range between 600 and 1000 cm”'. Two peaks named
as v; and v, were used to fit the Ba-ZrQ; stretching in the range between

100 and 120 cm”', and other two peaks named as t; and t, were used to fit

This article is protected by copyright. All rights reserved.
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the Zr0, torsion vibrations in the range between 150 and 350 cm™ (Figure

S3, S4).
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Figure 2.""Raman peak fitting diagram ambient pressure (AP) to 2.5 GPa for
the Zr-Oustretching motion of BaZr,,Y, 0,5 from 600 to 1000 cm”. Black open
circles.mexperimental data, purple line: cumulative fit; red line: vs;
green line: v,; blue line: vs. Three Gaussian functions were used in the

peak fitting procedure.

Compar i ng=thempressure—-dependent changes in the Raman shifts, as shown in
the slopeswin=Figure S5, it is clear that applied pressure has
significantly affected the Zr-0 stretching modes. To look for the
correlations between these stretching and torsion Raman modes, and proton
conductivity in BZY, in Figure 3, we plot the activation energy E,, and
prefactor oy as a function of the Raman shifts under pressure. Upon
pressurizing, the changes in v; and v, are not significant, therefore, E,

and o, are virtually independent of the Ba-Zr0O, stretching modes. For the

This article is protected by copyright. All rights reserved.
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Zr0, torsion (r; and 7,) and Zr-0 stretching motions (v;, v, and vg), the
activation energy and prefactor increase linearly with increasing Raman
frequency, but the slopes are different for each Raman mode. Both ZrQ;
torsion and Zr=0 stretching belong to the motion within the Zr-0
octahedron. Therefore, although each vibrational mode shows a different
dependence of E, and o, on Raman shift, we attribute the proton
conductivity “@o the vibrational modes in the Zr-0 octahedron, but not to
the Ba-ZrOgsstretching modes. This is in line with our previous findings on

BCY [24, 381 [
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Figure 3. ,Correlation between activation energy (red open symbols),
prefactor” (blue closed symbols) and Raman bands for BaZr,,Y, 0,.s v; and v,:
Ba — ZrQ, stretching modes; 7; and t,: ZrO, torsion motion; vs,v, and vg: Zr—0

stretching motion.

The increase in prefactor is correlated to the increased phonon frequency
by the attempt” frequency of proton hopping. As demonstrated in our previous
work Pwmythe attempt frequency scales linearly with the Arrhenius
prefactor. The calculated attempt frequency is of the order of 10" ™ 10

Hz at ambient pressure ?2, falling in a typical phonon frequency range

This article is protected by copyright. All rights reserved.
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(10" Hz). Therefore, it is reasonable to at least consider that the attempt
frequency for proton hopping originates from lattice vibration. At high
pressure, for the increase in activation energy would result in a decrease

[39] In

in vibration amplitude with increasing in vibration frequency
addition, as resolved by X-ray diffraction in Figure S6, at high pressure,
a short Zr-0 bond length hardens the phonon mode, which leads to a smaller
displacemént “of oxygen ions. This reduces the phonon assistance for proton
transfer.“Pressure also reduces the size of the channel. These effects

leads tol a higher energy barrier for proton transport 2.

It may still be difficult to precisely identify the contribution of a
specific vibration mode to the proton transport properties such as E, and
o, We provide a qualitative discussion in the Supporting Information, see
“Contribution.of specific Raman modes”, from a differential perspective
according.to Figure 3. However, the present evidence provides hope that a
more precise tnderstanding of the vibration structure will hold the keys
for unlocking the remaining secrets of proton migration in light of
thermodynamics and cooperative behavior of protons with the lattice. From
Figure 35 we are confident that the proton motion is dominated by
vibrations within the Zr-0 octahedron, which is known to provide pathways
for proton hopping. Possibly, more element-specific vibration spectra such
as known fremmnuclear resonant vibration spectroscopy (NRVS) could shed

furtherslightson this M.

2.3 Correlation between Zr-0 stretch vibration and proton conductivity

In peroyskites, it is generally accepted that the ZrO, octahedron provide

[1, 2,7, 41, 42]

pathways for proton hopping implying that only the vibration of

Zr and 0 atoms contribute to the proton transport. For instance, the 0-M-0

This article is protected by copyright. All rights reserved.
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bending mode have been considered to provide proton transfer path! “*! We
have found that the Ce-0 stretching mode best represents the proton
transport A BCY-oxide™ by analysing the proton jump time applying

Samgin’ § proten polaron model™. Through first-principle simulation
Toyoura suggested that in BaZrQ,, the Zr-0 stretching modes contribute to
proton hopping “? Therefore, the 0-M-0 bending and M-0 stretching mode
have been”considered to dominate the contribution of proton transport. In
our high pressure Raman measurement, we did not observe prominent signal
from bending modes due to their low Raman activity, therefore, in this
work, we.focus.our discussion on the contribution from M-0 stretching
modes. Nevertheless, we cannot rule out the contribution from 0-M-0 bending

modes ongproton conductivity.

Here, we propose to consider the average frequency of v, v, and v;, which
we call “‘average Zr-0 stretch vibration (v)” in the following, to

descr ibe™the™Vibrational motion that controls the proton transport in
perovskitess A justification for attributing the effect to these modes,
based on the multi-excitation entropy model, is provided in the Supporting

Informatgion.

Figure 4a"shows the average Zr-0 stretch vibration as a function of
pressure. “Wewhave transformed the ordinate of the Zr-0 stretch vibration
for BZY from wave numbers, cm’', to energy meV, in order to compare the
Raman data with the excitation energy later. As the pressure increases, the
average Zr-0 stretch vibration (v) increases linearly by 9 cm™ GPa™ in
wavenumbers, within the range pressure-dependent enhancement in Raman shift
for v;, v,.and v; in Figure S5. The increase of the Zr-0 stretch vibration
frequencymindicate increased force constant under high pressure, that is,
the lattice becomes “stiffer”. Such lattice hardening originates from the

reduced Zr-0 bond length under pressure, as shown in Figure S6b. The

This article is protected by copyright. All rights reserved.
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relationship between Zr-0 stretch vibration and proton conductivity is
demonstrated in Figure 4b. With the increasing Zr-0 stretch vibration, both
the activation energy and the prefactor increase 2, consistent with their

changes versus Raman shift shown in Figure 3.

o

Activation energy (eV)

o
n*
s 8 LK o mns e LLE i

Pressure (Pa) Average Lr-0 stretch vibration (meV)

Arrhenius Prefactor (K-S-cm™)

i [ i (K1 18 J‘

Average Zr-0 stretch vibration {meV)
Average Zr-0 streteh vibration (em™)

Figure 4.""a)"Average Zr-0 stretch vibration (v) versus pressure for
BaZr, Y, 7055 b) Activation energy and prefactor of BaZr,,Y,0,s as a

functionw6f the average Zr-0 stretch vibration (v).

3. Discussion

3.1 Correlation between isokinetic temperature, vibrational frequency and

proton—-phonon coupling

Fol lowiAg“EqUation (3), we show the Meyer-Neldel energy kgTi, and T, as
functions of the average M-0 stretch vibration (M = Zr, Ce) for BZY,
BaZr, , ,Ce,Y, ,0ss (x=0, 0.1, 0.2) and BCY®" in Figure 5. For the samples
with Ge content greater than 0.1, the three modes v, v, and v; merge into
one band at 350 cm™ ¥ as shown in Figure S7. The vibration frequency of

Ce-0 stretch is much lower comparing to Zr-0, because of larger Ce-0 bond

This article is protected by copyright. All rights reserved.
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length, and heavier atomic weight of Ce. The isokinetic temperature
increases with the increasing average M-0 stretch vibration. We suggest
that for perovskite-type proton conductors, higher isokinetic temperature
is foundl in materials with higher average M-0 stretch vibration. Therefore,
the average M-0 stretch vibration might be used as a simple descriptor to

design new proton conductor materials with desired isokinetic temperature.

Here we have shown for analytical reasons how application of pressure can
be used for 4the parameterization of the vibration energy. In technical
applicatiens,#the use of epitaxial strain - compressive or tensile — may be
a solution for tailoring the vibration structure and thus proton-phonon

coupling for improved proton transport or any ion transport.
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Figure 5. Correlation between Meyer—-Neldel Energy or isokinetic temperature
and the average M-0 stretch vibration (v) for BaZr,.Y, 0,5, BaZr,,.,GCeY, ,0,s
(x=0, 0.1, 0.2) and BaCe, ,Y,,0, s Dashed line represents fit according to
Equation (3).
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Figure 5 indicates that the average M-0 stretch vibration is in the same
order of magnitude as the Meyer-Neldel energy. In fact, both Ty, and (v) of
BCY are“only 1/2 comparing to those of BZY. Taking the average M-0 stretch
vibration to serve as the excitation energy in Equation (3), we calculated
the corresponding coupling constant Ink, as listed in Table 2. For the
three material systems investigated here, Ink is about 2.0 + 0.4,
indicating similar coupling energy between protons and the perovskite
lattice. Ttwhas been suggested that the coupling constant is determined by
phonon occupation statistics™!, which will provide a better understanding

on the ien.diffusion mechanism.
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Table 2. The calculated Average M-0 stretch vibration (v) and coupling
constant Ink for BaZr,,Y, 0,.5 BaZr,, ,CeY,,0,.s (x=0, 0.1, 0.2) and
BaCe, oY, 30, s

BaZr, 4Y040;-s BaZr, ,_,Ce,Yy ;055 BaCe, 3Yo ;05-5
(x=0, 0.1, 0.2
(v) (me\ Ink (v) (meV) Ink (v) (meV) Ink
908 1.77 86.7-91.3 2.30-2.42 43.8 1.60

More datamismtequired to confirm the correlations in Figure 5. We note that
few data -ongisokinetic temperature are available, partly because changing
the comp@sition in proton conductors may also affect the microstructure,
and proton concentration. Therefore, we propose that applying high pressure
or variatieen of pressure in general be considered to be an effective
approach=to predict the isokinetic temperature for proton conductors.
Similarly, the pressure-tuning approach has been proved has a rapid method

to determine the Meyer—Neldel energy kgTis, for lithium ionic conductors

[37]

3.2 Tuning™the" isokinetic temperature according to MNR

In Figurembampwe show the isokinetic prefactor o,, as a function of the
reciprocalmofsT,,, as obtained from Figure 1, and approximate the
relationship between the two constants %:

Ey

an-OO = an'éo — F’I’iso (5)
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where oy, and E, are empirical constants that we will explain below. The
proton conductivity in Figure 6 follows Equation (5) (shown as the solid
fitting“IThe)" as observed previously in semiconductors ®", and in the
proton conductivity in minerals 2. The fact that the proton conductivity
is low, and that o,, increases with T, that is, it increases with the
vibration frequency and decreases with Ink (Figure 5), indicates that the
conductiof méehanism is polaronic ¥, as we have proposed for perovskites

in genera[mti4

. We note that for temperatures higher than 800 K, one can
see bending off of the conductivity curves in the Arrhenius plot around 800
- 900 K. .fhis.may arise from a decrease in the proton concentration with
increasing.temperature. Therefore, in Figure 6a, the apparent 7, may
deviate from the fitting line. This might suggest that there is also a
| imitation“en“the enhancement of proton conductivity by tuning 7. However,

more data willhbe needed to reach a solid conclusion.

E, is[0766"%70. 14 eV as calculated according to Equation (5). As shown in
Figure 6b, ;for materials with activation energy E, < E,, large T, leads
to high proton conductivity at low temperature, as indicated by the dashed
line; whereas for materials with E, > E,, it is necessary to decrease T,
to achieve high proton conductivity at the operating temperature (e.g. 800
K), as represented by the dotted line. Therefore, E, is considered to be a
critical .energy to determine the strategy for improving the proton
conductiVvitysby tuning the isokinetic temperature. An example scenario is
provided iA"Figure S8: for the bulk conductivity of BZY, the E, is around
0.46 eV® smaller than the critical energy. When tuning Ty, from 596 K to
1361 K® "as achieved in BZY films with epitaxial strain, the proton

conductivity is effectively enhanced.
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Figure 6.a). Correlation between isokinetic prefactor o,, and isokinetic
temperature Ty, and for BaZr,,Y, 0,5 BaZr,,,CeY,,0,s (x=0, 0.1, 0.2), and
BaCe, ,Y, 057580l id line is the fit according to Equation (5) where E, =
0.66 eV. *Themdash—-dot |ine indicates the temperature of 800K. b). Strategy
to tune the Tig. The green open circle represents the case when E, < E,,

the blue open circle for E, > E,.

From experiment, 7. may be determined by computational simulations®. For

proton conductivity in perovskites, some other simple descriptors, such as
ionic radii“and basicity, are already known. Very likely, these descriptors
turn out “tegzbe included in the concept of proton—-phonon interaction. For

6] which has been shown to

example, fbasicity is related to polarizability
be closely related to phonons®”. lonic radius is related to the bond

length, which determines the vibration frequency.

4. Conclusion

We have confirmed the existence of a Meyer-Neldel Rule (MNR) between

Arrhenius prefactor and activation energy for the proton conductivity in
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perovskite-type Y-doped BaMO, (M=Zr or Ce), when the material structure is
tuned by applying high pressure and by varying the Ce content. Since this
behaviori is ITikely to be caused by the free volume change in response to
ion motion, it could be interesting to investigate the relation of MN
behavior to activation volume, for an in-depth understanding of proton
diffusion in perovskites. We have shown that when the isokinetic
temperatufe calculated according to MNR, is low, the adjustable range for
proton conduetivity is large. Therefore, the tunable range for proton
conductivity can be adjusted by designing the material isokinetic

temperatukre,.breaking the l[imitation of MNR.

Following the multi-excitation entropy model, the isokinetic temperatures
suggest that protons are excited by lattice phonons. The correlations
between activation energy, prefactor and Raman shifts under high pressure
emphasize.the dominant contribution of vibrations within the M-0 octahedron
to theproton™motion. We propose to use average M-0 stretch vibration, as a
lattice dynamics descriptor for BaMO,. Larger average M-0 stretch vibration
corresponds to |ighter M atoms, with shorter M-0 bond lengths and higher
isokinetic temperatures. The relationship between isokinetic temperature,
isokinetic_prefactor a,, and average M-0 stretch vibration reveals the

polaronic nature of proton conductivity in perovskites.

Based onf the understanding in this work, to design new perovskite materials
with high proton conductivity, it is necessary to tune the material Ti,
according to_its activation energy. For proton conductors with E, < 0.66
eV, to increase the isokinetic temperature, it is necessary to choose
elements with“weak proton-phonon coupling, as indicated in Equation (3). In
additionmhigh Ty, is also correlated with large average M-0 stretch
vibration, which can be realized by choosing |ight atoms with small bond

length, as indicated in Equation (8). On the other hand, for proton
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conductors with E; > 0.66 eV, a low isokinetic temperature offers high
proton conductivity at the typical working temperature (e.g. 800 K). The
design“principle has potential to be more universally applied to other fast

ionic conductors that follow MNR.

5. Experimental Section

A solid-state reaction method was used to prepare BaZr,,Y, 0, , ??. Oxide
precursors/ ineluding barium carbonate (General-Reagent, 99%), zirconium
dioxide '(Adamas, 99%), and yttrium oxide (Adamas, 99.99%) were dried and
weighed aéeording to their stoichiometric ratio. The precursor materials
were balll-milled and calcined at 1200 ° G for 10 hours. The powder was
pressed into pellets and sintered at 1720 ° C for 24 hours, and ground to
powder again for high pressure measurements. The sample hydration was
perfonmedsat=600 ° C in a tubular furnace for 24 hours in wet nitrogen flow

(20 mL/min).

Raman spectroscopy was employed to study the lattice vibration under high-
pressuretat room temperature, with the excitation laser of 532 nm and the
power of 3=mWy High pressure was applied using a diamond anvil cell with
rhenium gaskets, and silicone oil as pressure transmit medium. The anvil
culet size was 400 um. The pressure was calibrated using the ruby
luminescence method ®”. High-pressure X-ray diffraction (XRD) was
performed to investegate the structural evolution under pressure, in angle-
dispersive geometry at the beamline 15 U at the Shanghai Synchrotron
Radiation Faeifl ity (SSRF), using a same DAC. The X-ray wavelength is 0.6199
A. Rietweld refinement was performed to determine the crystal lattice

parameters using the software Match!3 [8
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In the Arrhenius plot, the conductivities intersect at an isokinetic
temperature, where the proton conductivity is independent of activation
energy.sWe observe a high isokinetic temperature in materials with stiff
lattices, consisting of |ight atoms and small M-0 bond length. This work

suggests that the enhancement of proton conductivity at low temperature can
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be achieved by tuning lattice vibration frequency towards a desired

isokinetic temperature.
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