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ABSTRACT: Proton-conducting oxides are used in intermediate-temperature
(300 °C < T < 700 °C) applications of fuel cells, electrolyzers, membrane reactors,
hydrogen pumps, and sensors. The proton conductivity of doped ABO;
perovskites is partly dependent on the proton concentration and hence on the
level of material hydration. However, how the material hydration ability is affected
by differences in doping is not fully understood. Here, we show the prospect of
proton trapping and detrapping that influences material hydration and
dehydration. The proton-trapping influence is significant for Sc-doped BaZrO,
compared to Y-doped BaZrO;. Our work offers a perspective to understand how
defect interaction/associations influence the hydration ability of proton-
conducting oxides. Furthermore, positron annihilation lifetime spectroscopy was
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revealed to be a valuable technique for studying the proton-trapping phenomena and the defect chemistry of dense proton
conductors. Density functional theory calculations also showed that a high hydration level in Sc-doped BaZrO; boosts proton
migration. In contrast, the effect of boosting the proton migration due to increased hydration is limited for Y-doped BaZrO;. This
effect, in turn, might explain the trend of conductivity with dopant concentration in doped BaZrO;.

B INTRODUCTION

Proton-conducting perovskite ceramics with an ABOj structure
are applied in fuel cells, electrolyzers, membrane reactors,
hydrogen separation membranes, and hydrogen sensors.' ™
Among the available solid oxide proton conductors, barium
zirconate (BaZrO;) perovskite is one of the leading candidates
for large-scale application, mainly due to its chemical stability
in a steam environment and high proton conductivity.
Maximizing the BaZrO; proton conductivity has been
accomé)lished through addition of dopants at optimized
levels.”® Typically for proton-conducting perovskite-type
electrolytes, the protons, OH}, are formed by the hydration
of an oxygen vacancy, V.°, which is favored at lower
temperatures

H,0 + V& + Of < 20Hg (1)

Proton conductivity is proportionally limited by the oxygen
vacancy concentration and degree of hydration. To create
oxygen vacancies, the Zr sites are doped with trivalent
elements.”” Oxygen vacancies are generated to compensate
for charge neutrality. Using doping levels that keep the lattice
structure stable, and by ensuring all oxygen vacancies are
hydrated both serve to maximize the proton concentration.
However, there is a limitation to oxygen vacancy hydration due
to high energies associated with their hydration and its
dependence on the lattice structure, environment, and defect
associations.'’”™"” With Y-doped BaZrO;, the ideal level is 20
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mol %, BaZr,3Y,,0;_s (BZY20), where it reaches the highest
conductivity taking into account the optimum compromise
between high hydration level and structure stability.””"'*"?
Fundamentally, the limit on material hydration is closely
related to complicated proton processes within the lattice,
Figure 1. When protons migrate via reorientation and jump
between two oxygen atoms,m’20 they may experience attraction
from dopant atoms, known as proton trapping, resulting in
reduced proton mobility.”** The proton-trapping effect is
more severe at lower temperatures and higher doping
levels.'#'® Therefore, proton conduction as a function of
temperature might be influenced by hydration and proton-
trapping processes, which in turn can be a function of the
dopant type and concentration. For instance, when the
temperature increases, a proton experiencing trapping might
exit the material by dehydration, remain in the proton trap, or
migrate to a nonproton-trapping position (Figure 1a). For the
proton that migrates to a nonproton-trapping position, an
increase in temperature can result in its removal by
dehydration. Similarly, when the temperature decreases, a
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Figure 1. Possible proton processes in doped BaZrOj as a function of
temperature: (a) for a trapped proton when the temperature is
increased and (b) for a trap-free proton when the temperature is
decreased.

proton in a nonproton-trapping position might migrate to a
trap (Figure 1b).

While BZY20 is currently considered the benchmark
composition for BaZrOj;-based materials, past studies have
shown (1) reduced proton concentrations at temperatures
higher than 500 °C,% (2) electronic conduction in oxidizing
atmospheres, (3) Y-segregation at the surface of densified
samples,”* and (4) Y-seggregatlon at the space charge region
along grain boundaries.”> Any of these could negatively affect
its performance as an electrolyte.

Sc-doped BaZrO; has shown promising conductivity and
hydration ability,”*® even though there are concerns about
increased proton trapping compared to other dopants (proton-
trapping energies: —0.296 eV for Sc, —0.196 eV for Y, —0.201
eV for In, —0.204 eV for Gd according to ref 27). The lack of
comprehensive published studies of these materials does not
allow for a complete assessment of their efficacy as an
electrolyte in proton-conducting applications. Therefore, in
this paper, we report a series of Sc-doped BaZrO; materials
focusing on hydration response as a function of doping level.
We showed that defect interaction/associations might account
for hydration as a function of doping level.

B EXPERIMENTAL SECTION

Synthesis of Sc/Y-Doped BaZrO; Electrolytes, X-ray
Diffraction, and Scanning Electron Microscopy Character-
izations. Undoped BaZrO; and different compositions of Sc-doped
and Y-doped BaZrO; were prepared by solid-state reactions resulting
in the compositions listed in Table 1. Stoichiometric quantities of
BaCOj; (Alfa Aesar, 99.8% purity), ZrO, (Alfa Aesar, 99.7% purity),
and Sc,0; (Aldrich, 99.9% purity) or Y,0; (Alfa Aesar, 99.9% purity)
were ball milled in ethanol for 24 h, dried, and calcinated at 1100 °C
for 6 h to form powders.

Table 1. List of Sc-Doped and Y-Doped BaZrO;
Compositions

composition abbreviated name

BaZrO;

BaZry4Scy 035 BZSc10
BaZr4Scy,0;_5 BZSc20
BaZry;S¢30;3_5 BZSc30
BaZryScy 4035 BZSc40
BaZrysYo,05_s BZY10
BaZrygYo,05_s BZY20
BaZry¢Y4O5_s BZY40
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X-ray diffraction (XRD, 2008 Bruker D8) was used to examine the
phase purity. The chemical stability was studied by exposing the
powders at 600 °C in 50% H,O (water vapor pressure (pii o), pii.o =

0.5 atm)—Ar for 500 h. XRD was used to observe phase changes after
exposure. Scanning electron microscope (SEM, JEOL 6700F) was
used to examine the sintered materials.

Electrical Conductivity Measurements. For conductivity
testing, samples were pressed at 375 MPa with the addition of 1 wt
% NiO (Alfa Aesar, 99% purity) as a sintering aid and drops of 10 wt
% PVB as a binder. NiO was used to aid the densification of the
samples. However, using smterln§ aids decreases materials’ proton
concentration and conductivity.”** These effects are assumed to be
similar for all of the studied materials of this work. Samples were
sintered at 1600 °C for 5 h with a heating rate of 2 °C/min covering
the samples with powder with the same composition, and an initial
stage at 600 °C for 1 h to eliminate the organic binder. The density of
the materials was calculated after sintering. Relative density was
calculated using the theoretical density of 6.2 g/cm®>° Pellets were
polished, and ink made of Pd + Ag (1:3) (ESL) was used as the
current collector on both sides, with Au wires as the leads. Samples
were connected to an alumina testing fixture with a glass cover. The
temperature was monitored by a thermocouple next to the samples.
Air and 5% H,—Ar were used as the testing gases. Wet conditions
were obtained by flowing the gases through a bubbler at room
temperature to obtain a content of ~2.7% H,O (pii o = 0.027 atm) or

through a temperature-controlled humidifier for 5% H,0 (pf; o = 0.05

atm). The isotope effect was studied by passing air through a bubbler
at room temperature containing 100% D,O to obtain a content of
~2.7% D,0 (p#,o = 0.027 atm). Conductivity was measured by

electrochemical impedance spectroscopy (EIS, Solartron 700E) with
20 mA of amplitude from 0.1 Hz to 10° Hz.

Transference Number Calculations. Transference numbers, ¢,
were calculated by the electromotive force measurement method in a

concentration cell by*'~**

t = OCVmeasured
| = —_meawrec

EMFtheoretical (2)
where OCV,,.qureq cOrresponds to the measured open circuit voltage

and EMFy . eica cOITesponds to the theoretical electromotive force,
. 31-33
which was calculated by

I
RT, Po RT. Pno
EMFheoretlcal - (tOHO + tV") AF —In _12 + tOHz)Eln 112
P 0, H,0

()

where toy is the proton transport number, ¢, is the oxygen vacancy

transport number, R is the gas constant, T is the temperature, and F is
the Faraday constant.

A pellet with Pd + Ag (1:3) ink (ESL) as an electrode was sealed in
an alumina testing fixture using a glass powder sealant. The
temperature was monitored by a thermocouple placed next to the
sample. Transport numbers were calculated at 400, 500, and 600 °C.
Each side of the pellet was exposed to different chemical gradients.
For proton defect transference number, the samples were exposed to a
fixed oxygen concentration and a water gradient (9.7% O,, pglo/ P%—lloi

5% H,0 (pf;,0 = 0.05 atm)/2.7% H,O (pj; o = 0.027 atm)). For ionic

transference numbers, the samples were exposed to a fixed water
concentration and an oxygen gradient (2.7% H,O (pj; o = 0.027 atm),

poz/ poz 13.1% 0,/9.9% O,). Corrected transference numbers were

calculated by considering the effect of polarization resistance® by

i [1 OCVmeasured]
EMFtheoretical

(4)

where Rgpni. corresponds to the Ohmic resistance and Ry
corresponds to the total resistance.
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Chem. Mater. 2023, 35, 5341-5352


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00531?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00531?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00531?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00531?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm
(a)
—— BZSc 10— After exposure to steam
. A A
=] l —— BZSc20 After exposure to steam
© A A A~
_é‘ 1 —— BZSc30 After exposure to steam
@ N A A A
Q l —— BZSc40 —— After exposure to steam|
= A A
1 —— BZY20 —— After exposure to steam
A A
e
20 30 40 50 60 70 80
2theta, °
(b) 4.195
98 e
3 \ la.190 &
= 96 =
Z ’ {4.185 3
T 94} * B
S \+ {4.180 §
Q 3
= 921 ]
2 \ 4475 &
[0 o
o 90 + 14170 3
88 4.165

00 01 02 03 04

Doping level, mole fraction

Figure 2. Characterization of Sc-doped and Y-doped BaZrO;. (a) X-ray diffraction patterns of the as-prepared and after 500 h of exposure to S0%
H,O (pf;,0 = 0.5 atm)—Ar at 600 °C for BZSc10, BZSc20, BZSc30, BZSc40, and BZY20. (b) Lattice parameter a and relative density of sintered

materials as a function of the doping level. (c) Scanning electron microscopy image of BZSc20. (d) Scanning electron microscopy image of BZY20.

Water content was obtained by flowing the gas through a room-
temperature bubbler to 2.7% H,0 (pfio = 0.027 atm) or a
temperature-controlled humidifier for 5% H,O (pfo = 0.05 atm).
EIS was used to obtain Royy;o and linear sweep voltammetry from 0
to 0.001 V was used to obtain Ry from the slope of the current—
voltage curve.

Proton Concentration Calculations. Thermogravimetric anal-
ysis (TGA) measured the water uptake as a function of temperature
(Netzsch STA 449 F3 Jupiter, with water vapor generator ASTEAM
DV2). Powder samples were dried at 1100 °C for 1 h and cooled to
900 °C in nitrogen. Then, 10% H,0—-N, (piio = 0.1 atm) or 5%
H,0-N, (pj,c = 0.05 atm) was introduced while keeping a constant
temperature to allow for weight change equilibration. After
equilibration, the temperature was reduced to 300 °C, with
equilibration periods every 50 °C. All measurements were corrected
for buoyancy. According to the hydration reaction, eq 1, 2 moles of
proton defects are formed for every mole of water incorporated into
the lattice. Then, by assuming that all weight change is due to the
water uptake, the proton concentration, copt (mole fraction), can be

calculated according to**

2 mol OHE)
1 mol H,O

mass H,O uptake molar mass sample

c =
OH
© mass sample

©)

where the mass water uptake corresponds to the equilibrium mass
change achieved at each temperature to the mass of the dry sample at
1100 °C.

The hydration equilibrium constant, K, at each temperature, was

calculated by

molar mass H,O

2
4COH;

" Pw(cx - COH;)(é & COH;)

(6)

where ¢, corresponds to the doping level and P, to the water
concentration. The hydration enthalpy, AHy 4, and entropy, AS; 4,
were calculated by
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AHyq  ASyyq

InK, =-
RT R

)

Diffuse Reflectance Fourier Transform Spectroscopy. Diffuse
reflectance Fourier transform spectroscopy (DRIFTS, Nicolet iS50,
Thermo Fisher with a Praying Mantis Diffuse Reflection Accessory)
was used to measure the evolution of the OH™ stretching band during
dehydration. First, samples were dried at 550 °C for 1 h with dry He.
Then, the temperature was decreased to 150 °C, and water was
introduced by passing He through a bubbler at room temperature for
2 h. After hydration, the cell was flushed for 1 h with dry He at 150
°C. DRIFTS spectra were collected while heating every 50 °C until
550 °C keeping each temperature steady for 20 minutes.

Temperature-Programmed Desorption. Temperature-pro-
grammed desorption (TPD) was used to study the dehydration
behavior of the materials. 100 mg of each sample was placed between
wool in a tubular quartz reactor held by a glass frit. The temperature
was monitored by a thermocouple placed inside the reactor. First, the
temperature was increased to 800 °C to dehydrate the sample under
Ar. Next, samples were hydrated during cooling to 50 °C with Ar
passed through a bubbler at room temperature. The temperature was
kept at 50 °C for 1 h, continuing with the hydration. Then, samples
were flushed with dry Ar for 1 h at 50 °C. The H,0—TPD was
performed from S0 to 800 °C with a heating rate of 4 °C/min. The
exhaust gas was monitored using online mass spectroscopy (OmniStar
gas analysis system, GSD 320 OI, with a quadrupole mass
spectrometer MS, QMG 220).

Positron Annihilation Lifetime Spectroscopy. Positron
annihilation lifetime spectroscopy (PALS) was conducted using a
TechnoAP digital spectrometer (real-time digital signal processor
board, APV8702-8, with two channels, 3 GHz data sampling, and 8-
bit resolution). Two fast scintillation detectors were used (BAF,
cylindrical crystals built-in H3378-51 photomultiplier tubes, Hama-
matsu Photonics). The shorter time-scale acquisition mode was used
up to 70 ns range with 0.01042 ns/channel and about 1 million or
more counts for each spectrum. Measurements were conducted using
a sandwich arrangement where a sealed in Ti thin film with a 12.5-
micron thick positron source (**Na, 50 mCi, Eckert & Ziegler Isotope
Products) was sandwiched in between two sintered pellets (@ > 10
mm, thickness > 1 mm) of sample material®> Data analysis was

https://doi.org/10.1021/acs.chemmater.3c00531
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Figure 3. Conductivity and electronic conduction of a series of Sc-doped BaZrOs. (a) Total conductivity in 3% H,O (pif o = 0.03 atm)—air. (b)

Comparison of total conductivity at 400 °C and 5% H,O (pf;,o = 0.05 atm)—H, of Sc- and Y-doped BaZrO; versus doping concentration. * Y-

doped BaZrO; data reproduced from ref 6. (c) Isotope effect: conductivity of BZSc20, BZSc40, and BZY20 in 3% H,0O—air and in 3% D,O—air.
(d) Protonic and electronic transference numbers as a function of temperature for the Sc-doped BaZrO; materials and BZY20.

conducted using the Kansy LT 9.2 analysis program with
deconvolution ()(z goodness-of-fit & 1, S/N & 0.1) into three discrete
lifetimes without source correction with the intensities normalized to
100% according to

n(t) = I exp(—t/7) + L, exp(—t/1,) + L exp(—t/1;) (8)
where n(t) corresponds to the counts; t corresponds to the time; and
I, I, and I; correspond to the intensity of bulk annihilation, positron
trapping, and positronium formation, respectively. 7;, 7,, and 73
correspond to the lifetime of bulk annihilation, positron trapping,
and positronium formation.

Sintered pellets were prepared as described in the Electrical
Conductivity Measurements section. Hydrated samples were addi-
tionally treated at 300 °C for 24 h in 10% H,O (pfi o = 0.1 atm)—Ar

before the measurements.

Density Functional Theory Computations. Proton migration
in X-doped BaZrO; (X = Sc, Y) was studied by plane-wave density
functional theory (DFT) using the Vienna Ab initio Simulation
Package (VASP 6.1.2).37% The generalized gradient approximation
(GGA) of the Perdew—Burke—Ernzerhof (PBE) function was
selected to parametrize exchange—correlation potentials. X-doped
BaZrO; bulk models were created based on cubic BaZrOj; unit cells.
To accommodate dopants, 2 X 2 X 2 supercells containing 40 atoms
were constructed. The concentration of X in X-doped BaZrO; was 25
mol %, which mimicked the composition of BZSc20 and BZY20
synthesized in experiments. We considered possible doping sites and
ran geometry optimization calculations for those structures. The most
stable one was chosen for the study. Proton migration in X-doped
BaZrO; was investigated using BagZr,X,0,,H and BayZrX,0,,H,
supercells, representing different hydration levels. The proton
migration barrier was investigated by the climbing-image nudged
elastic band (CI-NEB) method with an image of 6. All calculations
were performed in a spin-polarized fashion with a kinetic cutoff
energy of 500 eV. A I'-centered 4 X 4 X 4 k-point mesh was used for
Brillouin zone integration. The calculation criteria for electronic self-
consistency and Hellmann—Feynman forces were set as <1 X 1075 eV
and <0.02 eV/A, respectively.
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B RESULTS AND DISCUSSION

Material Characterization. The phase purity of powder
samples was examined, showing pure phase (Figure 2a). The
lattice parameter, g, changed with respect to the doping level
(Figure 2b). The lattice expanded by incorporating Sc up to 30
mol % of doping, while it decreased for BZSc40. The change in
the lattice parameter further supports the incorporation of Sc
into the lattice. In contrast, the decrease of the lattice
parameter for BZSc40 can be explained by the formation of
more oxygen vacancies.” " All samples resulted stable in 50%
H,O0 (pf,0 = 0.5 atm)—Ar at 600 °C for 500 h with no visible

new phase formation (Figure 2a). Finally, sintered materials
had their relative density decreased with increasing doping
concentration in Sc-doped BaZrO; (Figure 2b). The relative
density of BZY20 was 95.5 + 0.5%. Figure 2¢,d shows the SEM
for representative BZSc20 and BZY20, respectively. Sintered
materials had an average grain size of 4—6 pm and smaller
grains with an average size of 1.5—2 um.

Dopant Effect on Proton Conductivity and Proton
Concentration. The total conductivities of Sc-doped BaZrO,
were measured in wet air conditions to study the dependence
of the conductivity as a function of the Sc doping level (10—40
mol %). As seen in Figure 3a, the Sc dopant has an evident
positive effect on the conductivity of BaZrO;. BZSc40 had the
highest conductivity in the studied Sc doping range between
350 and 650 °C. At the higher-temperature region (550—650
°C), the conductivities of BZSc20, BZSc30, and BZSc40 were
either similar to or higher than the conductivity of BZY20. At
temperatures lower than 550 °C, BZSc40 had significantly
higher conductivity than other Sc-doped BaZrO; materials.
However, at temperatures lower than 450 °C, BZY20 had
higher conductivity in wet air. The activation energies between
450 and 650 °C were 0.66 eV for BZSc10, 0.69 eV for BZSc20,
0.72 eV for BZSc30, 0.61 eV for BZSc40, and 0.44 eV for
BZY20. These results suggest that Sc-doped BaZrO; materials
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Figure 4. Hydration of Sc-doped and Y-doped BaZrOs. (a) Proton concentration as a function of temperature in 10% H,O (pf o = 0.1 atm)—N,.

(b) Proton concentration as a function of temperature in 5% H,0 (pji o = 0.05 atm)—N,. (c) Hydration equilibrium constants. (d) Comparison of

proton concentration and hydration level (actual proton concentration/theoretical maximum proton concentration) at 600 °C and 5% H,O (pfio

= 0.05 atm)—N, of Sc- and Y-doped BaZrO; versus doping concentration.

can be used in high-temperature (>500 °C) applications and
that BZSc40 could be better used in low-temperature
applications (<S00 °C). The conductivity of Sc-doped
BaZrO; increased with increasing doping levels (Figure 3b),
while the trend is the opposite for Y-doped BaZrO;.° The
doping level of Sc-doped BaZrO; with the highest conductivity
is inconclusive as compositions with doping higher than 40
mol % were not studied. Nevertheless, previous work showed
that the conductivity of heavily Sc-doped BaZrO; (60 mol %)
was higher than that of BZSc20,>* suggesting that for highly
dense and mechanically stable samples, the conductivity shows
a positive trend with respect to increasing Sc doping levels.
Electron holes can be formed in an oxygen-containing
atmosphere,"** and electron—hole conduction can contribute
to the total conductivity under oxidizing conditions. Hence, it
is necessary to show that proton defects are the dominant
charge carriers of doped BaZrOj;. If so, the conductivity in
H,O—air should be higher than that of D,O—air due to the
heavier OD; defects. The kinetic isotope effect was studied,
resulting in lower conductivities in D,O—air than in H,O—air
(Figure 3c). The isotope effect increased with decreasing
temperature with values of 6y o — air/op o_y, & 1.02—2.3 for

temperatures between 350 and 650 °C. Such values suggest
that proton migration was by the proton-hopping mecha-
nism.">** In addition, the electronic transference numbers in
oxidizing conditions were also studied (Figure 3d). The
protonic transference numbers decreased with increasing
temperature for all materials. At the same time, their trend
with doping levels in Sc-doped BaZrOj; suggests that doping
decreases the proton transference numbers. The calculated
electronic transference numbers show an increasing trend with
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increasing temperature. Finally, all studied materials had
protonic transport numbers close to unity at 400 °C.
The proton concentration was studied in 10% H,O (pii o =

0.1 atm) (Figure 4a) and 5% H,O (pf; o = 0.0S atm) (Figure

4b). The proton concentration decreased with the temperature
for all materials and with lower steam concentration reaching
high proton concentration at the lowest temperature studied
(T < 400 °C). At higher temperatures (T > 400 °C), the
proton concentration decreased significantly, having samples
with higher doping levels the higher proton concentrations.
Hydration energies were calculated from their equilibrium
constants, K, using a high-temperature range of T > 600 °C
(Figure 4c, Table S1). Nonlinear isotherms can be observed
for the complete temperature range. Such nonlinear behavior
has been previously described.”*> BZSc20 and BZSc40 had the
most favorable hydration enthalpy (—131 kJ/mol), while the
hydration enthalpy of 20, 30, and 40 mol % Sc-doped BaZrO,
materials was more exothermic than the hydration enthalpy of
BZY20 (—96 kJ/mol).

We can infer that increasing doping levels does not hinder
the hydration of Sc-doped BaZrO; materials. The hydration
level defined as the actual proton concentration over the
theoretical maximum proton concentration of the Sc-doped
BaZrO; and Y-doped BaZrO; at 600 °C and 5% H,O (pf; o =

0.05 atm) shows that hydration was more favorable for BZSc40
than the rest of the studied Sc-doped BaZrO; materials (Figure
4d). On the other hand, as the doping level increased for Y-
doped BaZrO;, the hydration level was reduced. While other
factors could explain the difference in the conductivity and
hydration trend with doping levels, such as the local
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structure and dopant characteristics, we
will focus on the effect of proton—dopant associations on the
hydration ability of the materials. We then explored why the
hydration on Sc-doped BaZrO; tends to be enhanced
compared to Y-doped BaZrO; and the possible effects of
higher hydration on proton conduction. We started with
exploring the possible influences of proton—dopant associa-
tions, i.e., proton trapping, on the hydration ability of Sc-doped
BaZrO; and Y-doped BaZrO; by studying the material
dehydration.

Proton Defect Characterization via Dehydration.
DRIFTS was used to study the evolution of the OH™
stretching band (3800—3000 cm™) during dehydration in

dry He after hydration in 3% H,O (pjio = 0.03 atm)—He

assuming that the local environments of the protons in the
sample would result in changes on the OH™ stretching band
observed by DRIFTS. The spectra for BZSc40 (Figure Sa,
other samples shown in Figure S1) show the shift of the OH~
stretching band peak with a temperature increase from 150 to
550 °C. This band peak shift indicates two different local
environments of the protons in the sample. The band peak
centered around 3540—3630 cm™" can be assigned to an OH~
between two Zr atoms, Zr—OH-Zr,"' while the band
maximum centered around 3350 cm™ can be assigned to an
OH~ between a Zr atom and a dopant atom (X), Zr—OH-
X% Therefore, the 3350 cm™ peak intensity evolution is of
significant interest since it can indicate the concentration of
protons experiencing proton trapping in the electrolytes.

The peak at 3350 cm™' was apparent in the temperature
region from 150 to 300 °C but disappeared at higher
temperatures. It was only visible in Sc-doped BaZrO; materials
with high doping concentrations and only in Y-doped BaZrO;
materials (Figure S1). Proton trapping is believed to be
accentuated at low temperatures;”' therefore, the presence of
the 3350 cm™ peak (Zr—OH—X) at low temperatures and its
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subsequent disappearance at higher temperatures can be
explained by the low-temperature proton-trapping effect.

The intensity of the Zr—OH—Zr peak (3540—3630 cm™")
was used to characterize the dehydration (Figure Sb). The
intensity of the Zr—OH-—Zr peak (3540—3630 cm™)
decreased as the temperature was increased for BZScl0,
BZSc20, and the Y-doped BaZrO, materials. However, Sc-
doped BaZrO; materials with higher doping concentrations
(30 mol %, 40 mol %) showed an initial increase in intensity,
with maximum intensity at about 400 °C, followed by a
decrease in intensity. This could indicate that protons in
proton-trapping positions (Zr—OH—X) might migrate to
nontrapping positions (Zr—OH—Zr), as reported previ-
ously.”">* Though the increase in the intensity of the Zr—
OH-Zr peak (3540—3630 cm™") with increasing temperature
was not apparent in the other compounds, the possibility of the
migration of protons from the trapping position to non-
trapping positions with increasing temperature is plausible.

We next studied the samples by H,O—TPD, focusing on the
high-temperature water desorption that can infer the local
environment for protons in the sample. The H,0-TPD
spectra for BZSc20 and BZY20 (Figure Sc) show multipeak
H,O dissociation. As observed in the literature and Figure 4a,b,
the maximum hydration of the material occurs at low
temperatures, while the material dehydration is evident at
temperatures above ~300 °C.”"? Therefore, the peak below
150 °C can be assigned to the vaporization of physically
adsorbed water,**>* leaving the high-temperature peaks to the
H,O dissociation from the lattice due to the endothermic
material dehydration. Multiple peaks at higher temperatures (T
> 150 °C) in the H,O—TPD spectra suggest different proton
dissociation energies. The lower-temperature peak, Peak 1 in
Figure Sc, can be related to protons in chemical environments
where dissociation requires less energy. The higher-temper-
ature peak, Peak 2 in Figure Sc, involves more protons in
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Figure 6. Positron annihilation lifetime spectroscopy for the study of proton trapping in doped BaZrO;. (a) Schematic of positron annihilation in
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doped BaZrO;.

chemical environments where dissociation requires higher
energy.

The remaining materials showed similar H,O—TPD spectra
with two high-temperature peaks (Figure S2). The analysis of
Peak 2 area fraction (Peak 2 area over the total area of Peak 1
and Peak 2) (Figure 5Sd) showed that for Sc-doped BaZrO,
materials, protons from Peak 2 decreased in concentration with
increasing doping level. For Y-doped BaZrO; materials, the
peak area fraction for Peak 2 showed a maximum of 20 mol %
of doping and decreased with increasing doping concentration.
The results suggest that Sc-doped BaZrOj; has the potential to
retain more protons at a higher temperature (higher Peak 2
area fractions) than Y-doped BaZrO;,

Protons in positions of proton trapping, Zr—OH—X, might
be the main component of Peak 1 as the dehydration of the
material will form a more stable oxygen vacancy near a dopant
atom, Zr—V;*—X, than in between zirconium atoms, Zr—V3*—
Zr.>° Therefore, protons not in proton-trapping positions
might be the main component of Peak 2. In addition,
according to DRIFTS results, protons that required higher
energy to dissociate (Peak 2) might include protons initially in
a proton-trapping position, Zr—OH—X, that migrated to Zr—
OH—-Zr as the temperature was increased. Thus, proton
trapping could influence the level of hydration at high
temperatures.

Proton-Trapping Study by Positron Annihilation
Lifetime Spectroscopy. As discussed in the previous section,
material dehydration was influenced by proton trapping and
proton migration. We next expand the study of the proton
trapping on hydrated Sc-doped BaZrO; and Y-doped BaZrO;.
A better understanding of the nature of proton trapping as a
function of doping level requires usin§ special techniques such
as nuclear magnetic resonance,” quasielastic neutron
scattering,">”” or modeling and computational work.'*>*
PALS has been used to study the electron structure of
ceramics and oxides on the nanoscale.”**~** According to
PALS theory, the positively charged positrons penetrate inside
the bulk of the samples, thermalize, and diffuse until they
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annihilate with electrons®>®! (Figure 6a). The presence of
lattice dislocations or negatively charged defects affects
positrons since they tend to be trapped in low electron
density volumes.”' Therefore, structural defects, open pores,
and negative or neutral vacancies increase the positrons’
lifetime before annihilation.®' Oxygen vacancies do not trap
positrons due to their positive charge.”> For highly dense
doped BaZrO; materials, the presence of the negatively
charged areas induced by dopants could act as positron-
trapping sites (Figure 6a) and hence contribute to the
positron-trapping intensity (I,) and the positron-trapping
lifetime (7,). The possible Ba vacancies formed® and the
space charge region outside grain boundaries can contribute to
positron trapping.sg’67

The PALS spectra for BZSc20 (Figure S3) show the
response broken down into bulk annihilation, positron
trapping, and positronium formation contributions. Significant
contributions, more than 1%, were observed only for bulk
annihilation (I; and 7,) and positron trapping (I, and 7,).
When compared to undoped BaZrO;, doping modified the
positron-trapping intensity of BaZrO; (Figure 6b). The source
of positron trapping on undoped BaZrOj; could correspond to
positron trapping at the space charge region along grain
boundaries and on Ba vacancies.””®” The evolution of I, as a
function of doping level (Figure 6b) demonstrates that dopant
atoms increased the positron-trapping sites as I, increased,
although not linearly, with the doping level for Sc-doped
BaZrO; and Y-doped BaZrO;. The effects of positron trapping
as a function of doping concentration were nonlinear since
doping may modify the positron-trapping site’s character.’®

On the other hand, 7, decreased for Sc-doped BaZrOj; as a
function of doping due to the higher electron density at the
positron-trapping site. At the same time, 7, increased for Y-
doped BaZrO; as a function of doping, suggesting a lower
electron density at the positron-trapping site.”” The longer 7,
for Y-doped BaZrO; materials compared to Sc-doped BaZrO;
is caused by different valence/core electron densities related to
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the bigger positive core of Y with the same amount of valence
electrons as Sc.

We then studied fully hydrated materials and compared I,
and 7,, which represent positron-trapping intensity and
lifetime, respectively, to that of dry samples (Figure 6c). 7,
increased for almost all samples after hydration. On the other
hand, I, slightly increased or remained the same in the error
range for low doping concentrations (at 10 and 20 mol %).
However, it decreased significantly for high doping concen-
trations (40 mol %) in hydrated specimens.

We propose that protons might deflect positrons due to their
positive charge, thus causing the positron-trapping diffusion
pathway to lengthen. The more extended diffusion pathway
will increase the positron-trapping lifetime (7,), i.e., it takes
longer for the positron to reach the positron-trapping site.
Similar behavior was reported in the literature where the
hydrogen uptake by metals increased the positron lifetime and
decreased the electron density of the material since some of
the electrons may be immobilized by the influx of protons.”®

At the same time, if the positron pathway is lengthened, the
probability of positrons being trapped could decrease since
positrons might annihilate with delocalized electrons before
reaching the trapping sites. In this case, the positron-trapping
intensity (I,) might decrease from I, from dry samples. This
was the case for BZSc40 and BZY40, where 7, increased
significantly.

On the other hand, there is a contrary effect since protons
might also neutralize some of the material electrons, making
them unavailable for positron annihilation. This allows more
positrons to reach the trapping sites so that I, might increase
compared to I, from dry samples. This was the case for
BZSc10, BZSc20, BZY10, and BZY20. Therefore, the change
in the trapping lifetime (z,) in hydrated specimens would be
due to several effects: the surge in the presence of positively
charged protons, the altering of the positron pathway to the
trapping sites, and the altering of the trapping sites, i.e., dopant
defects, by the protons. Future studies are required to develop
the present theory and characterize proton trapping by PALS.
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Proton-Trapping Effect on BaZrO; Hydration. The
previous results indicate that proton trapping might occur
during the hydration and dehydration of Sc-doped BaZrO; and
Y-doped BaZrO;. The results also suggest that these processes
appear more strongly on Sc-doped BaZrO;. The effect of
proton trapping on hydration was examined previously.
Literature has predicted that the ratio of the trapping energy
of oxygen vacancies over the trapping energy of protons by the
dopant could predict the material hydration enhancement or
inhibition."* In previous work, Sc doping enhanced the
hydration of BaZrO; compared to Y, which impeded the
hydration.'* While it has been shown that Sc doping leads to
stronger proton tralpping,27’69’70 the oxygen vacancy trapping
energy for Sc is lower than for bigger dopant atoms,” resulting
in favorable ratios of trapping energy of oxygen vacancies over
that of protons, which, in turn, predicts favorable hydration
even at increasing doping levels."”

Precisely how the proton trapping and migration interfere in
the material hydration is not clear. Nonetheless, the proton
trapping in Sc-doped BaZrO; positively correlated with
material hydration. However, the increase in conductivity
with the doping level in Sc-doped BaZrOj; requires more
insight. Sc-doped BaZrO; and Y-doped BaZrO; proton
concentrations increased with doping concentrations, while
the increase was even higher for Sc-doped BaZrO;. Still, such a
proton concentration increase might not be enough to account
for the conductivity increase with the doping level observed in
Sc-doped BaZrO;.

Effect of Hydration on the Proton Conduction. A
proton experiencing trapping shows reduced conduction
compared to a nontrapped proton.”’ While previous work
has suggested that percolation channels could appear in
samples with a high doping concentration and hence facilitate
the proton conduction,” we are interested in studying the
effect of enhanced hydration, i.e., higher proton concentration,
on the conduction of a proton experiencing proton trapping by
density functional theory. To that end, a 2 X 2 X 2 supercell
was constructed, representing 25 mol % of doping
(BagZrgX,0,,, where X represents Sc or Y). Three supercells
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(supercells A, B, and C) were created for each composition to
investigate the distribution of dopant atoms. Details about the
lattice structure of these supercells and relative energy
differences can be found in Figures S4 and S5 and Table S2.
The lattice structure of supercell C, which exhibits the lowest
energy for both compositions, was used in subsequent
simulations. Including Y or Sc cations at Zr*" sites disrupt
the electronic balance, which will be compensated by the
formation of oxygen vacancies. Owing to lattice symmetry,
three nonequivalent oxygen vacancy sites exist, as depicted in
Figure S6a. The formation energy of oxgyen vacancies for
BagZrX,0,; (X = Sc or Y) with different oxygen vacancy sites
was calculated. It was found that oxygen vacancies tend to form
on site 1 in Sc-doped BaZrO;, whereas oxygen vacancies show
a preference for site 3 in Y-doped BaZrO; (Figure S6b). The
reaction energy and migration barrier for the conduction of a
proton in a trapping position were calculated as a function of
hydration level, considering that for the supercell, the complete
hydration of the material corresponds to two protons (100%
hydration). In contrast, incomplete hydration corresponds to
one proton (50% hydration).

In our analysis of incomplete hydration, we considered the
migration of a proton from its trapping site to four adjacent
oxygen sites. Figure 7a employs a quarter of the Y-doped
BaZrO; supercell for demonstration. Oxygen sites in the (001)
plane were designated sites 1 and 2, while those in the (100)
plane were labeled sites 3 and 4. The four potential proton
migration pathways in Sc-doped BaZrO; were illustrated in
Figure 7b using the same method. The activation energy for
the migration of a proton in a trapping position is slightly
lower in Y-doped BaZrO; (1.16 eV) than in Sc-doped BaZrO;
(1.22 eV), as shown in Figure 7c. However, if the hydration
level is increased, the local environment of trapped protons
would be changed by neighboring protons. To explore
neighboring protons’ absorption sites, we investigated the
hydration process in Sc-doped BaZrO; and Y-doped BaZrO;
(Figure S7). The most stable configuration, possessing the
lowest hydration energy, was chosen for the exploration of
proton migration in fully hydrated scenarios. For Y-doped
BaZrO;, the neighboring proton prefers a second nearest
neighbor site, resulting in four potential migration pathways
(Figure 7d).

Conversely, the neighboring proton demonstrated a
preference for the first nearest neighbor site in Sc-doped
BaZrO;. This preference reduces the lattice symmetry, thus
providing five nonequivalent proton migration pathways
(Figure 7e). We observed that the activation energy for a
proton’s migration in a trapping position remarkably drops for
Sc-doped BaZrO; (0.57 eV), see Figure 7f, compared with the
activation energy for proton conduction for incomplete
hydration. The influence of a neighboring proton is less
pronounced in Y-doped BaZrOj; due to the increased distance
between two protons. This distant neighboring proton only
marginally reduces the migration barrier to 1.08 eV. The
results are consistent with a previous computational report that
suggested a positive effect of proton—proton interactions
through a trap-filling mechanism that increases the proton
diffusivity on Y-doped BaZrO; ' The positive proton—proton
interaction decreased the activation energy more significantly
for Sc-doped BaZrOj; than for Y-doped BaZrO;. This partially
explains why the conductivity of Sc-doped BaZrOj; increases
with doping as opposed to Y-doped BaZrO;. The hydration is
improved for high doping levels in Sc-doped BaZrOj;, and the
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activation energy for proton migration is reduced. However,
for Y-doped BaZrOj;, high doping levels do not substantially
enhance the hydration of the material, and the activation
energy for proton migration in a highly hydrated material is not
reduced significantly. Both factors could end up limiting the
conductivity of highly doped Y-doped BaZrO; and enhancing
the conductivity of highly doped Sc-doped BaZrOs.

B CONCLUSIONS

This work investigated the origin of increased proton
conductivity in Sc-doped BaZrO; materials with different
doping levels. We revealed that the conductivity increased with
high Sc doping levels and that the hydration ability of the
material did not seem to be hindered by higher doping
concentrations, as opposed to Y-doped BaZrO; It was
proposed that the proton trapping influences the material
hydration and dehydration, resulting in higher hydration of Sc-
doped BaZrO; materials. However, the mechanism is not
completely clear. Moreover, DFT calculations showed that the
proton migration is boosted for highly hydrated Sc-doped
BaZrO; compared to Y-doped BaZrO;. This positive feature
could expand the future work on Sc-doped BaZrOj; and focus
on the application of these materials in intermediate-temper-
ature applications. Furthermore, positron annihilation lifetime
spectroscopy was used to explore proton trapping for the first
time. The results showed the promise of this technique to
characterize dense proton conductors.
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Figure S1. Diffuse reflectance Fourier transform spectroscopy spectra of (a) BZSc10, (b)
BZSc20, (c) BZSc30, (d) BZY10, (e) BZY20 and (f) BZY40 during dehydration showing the
bands assigned to Zr-OH-Zr and X-OH-Zr, X: dopant atom according to ref. .
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Figure S2. H,O — temperature programmed desorption of (a) BZSc10, (b) BZSc30, (c) BZSc40,
(d) BZY10, and (e) BZY40.
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Figure S3. Positron annihilation lifetime spectroscopy response of BZSc20.



Supercell A Supercell B Supercell C

Figure S4. Supercell lattice of 25 mol. % Sc or Y-doped BaZrOs with possible distributions of
dopants, designated as Supercell A, B, and C, respectively.
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Figure S5. Relative energy differences (AE) for three supercells of Sc-doped BaZrOszand Y-
doped BaZrOs. The lattice configuration of supercell C turns out to be the most stable one in
both cases.
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Figure S6. (a) Non-equivalent oxygen vacancy sites in Y/Sc-doped BaZrOs lattice, labeled as 1,
2, and 3. (b) The formation energies of oxygen vacancy (Oy) at different sites in Sc-doped
BaZrOzand Y-doped BaZrOs lattice.
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Figure S7. The hydration process with an OH occupies an oxygen vacancy site, and a proton
bonded on a neighboring O site. Possible proton absorption sites in (a) Y-doped BaZrOs lattice
and (b) Sc-doped BaZrOz lattice illustrated by a quarter of their supercells. (c) Hydration
energies of the proton on different O sites.



Table S1. Enthalpy and entropy of hydration for Sc-doped BaZrOz and Y-doped BaZrOs materials.

Material caimal Jmol K
BaZro.9Sc0.103-5 -91 -116
BaZrosSco.203-5 -131 -144
BaZro.7Sc0.303-5 -111 -118
BaZro.6Sc0.403-5 -131 -140
BaZrosY0.203-5 -96 -126




Table S2. Lattice parameters and relative energies of Supercell A, B, C for 25 mol. % Y/Sc-
doped BaZrOs

Composition | Supercell type |[a(A) |b(A) |c(A) |a=p=y(°) |Relative
energy (eV)
25mol. % Y A 8.559 |8.580 |8583 |90 0.33
doped BaZrOs | B 8.578 | 8578 |8.584 |90 0.08
C 8.582 | 8585 |8582 |90 0
25 mol. % Sc A 8.462 | 8.466 |8.469 |90 0.07
doped BaZrOs | B 8.464 | 8.464 |8.469 |90 0.05
C 8.467 |8.471 |8.467 |90 0
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