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1. Introduction

Proton-conducting ceramics such as yttrium-doped barium
zirconate (BZY) and yttrium-doped barium cerate (BCY) have

applications
cells,

strong potential for

temperature fuel

Understanding the effects of fabrication process on BaZry9Y.103.5
grain-boundary chemistry using atom probe tomography

Daniel R. Clark®®*, David R. Diercks?, Sandrine Ricote®, T. Tauer Dearden?, Neal P. Sullivan¢, J. Will
Medlin®, Brian P. Gorman?, and Ryan P. O’Hayre?"

Proton-conducting oxides, such as BaZrosY0.1035 (BZY10), are receiving significant scientific attention for application in a
variety of electrochemical applications. It has been shown that the synthesis route has a significant effect on the ionic
behavior of these materials, especially the grain boundaries (GB). In this study, laser-pulsed atom probe tomography (APT)
is used to characterize the GB chemistry of BZY10 samples prepared by four different methods: (1) spark plasma sintering
(SPS), (2) conventional sintering followed by high-temperature annealing (HT), (3) conventional sintering with NiO used as a
sintering aid (SSR-Ni), and (4) solid-state reactive sintering of oxide precursor powders with NiO as a reactive sintering aid
(SSRS-Ni). Oxygen depletion (corresponding to oxygen vacancy accumulation) was observed at every GB in this study,
consistent with the positive space-charge GB region commonly assigned to these materials. In contrast to the consistent
trends associated with oxygen depletion, cation constituents showed varying segregation/depletion behaviors. The samples
that used NiO revealed Ni preferentially segregating to the GB. The most common impurities in BZY10 are Al, Fe, Mg, Si, and
Sr, all of which generally accumulate at GBs. In order to quantify these chemical trends, the APT method was optimized for
this material supplemented with understanding from density functional theory (DFT). This APT study reveals the complexity
of BZY10 GB chemistry and shows that even adjacent GBs in the same material can sometimes show surprisingly different
GB chemistry.

BaZrpsY0.103-5 (BZY10). In Ricote’s work, the results from four
different BZY10 fabrication techniques were compared:
e  spark plasma sintering at 1700 °C (SPS);1°
e solid-state reaction at 1200 and 1400 °C followed by a
sintering at 1720 °C to produce phase-pure BZY10
powder, followed by high-temperature annealing at
2200 °C (HT) to produce dense samples;2°

intermediate-
methane

such as

steam electrolysis,

dehydroaromatization (MDA), and hydrogen production.-12
BZY is receiving particular attention due to its improved stability
compared to BCY in H,0- and CO,-containing environments,213-
16, However, this stability comes at the cost of sintering
challenges and higher grain-boundary (GB) resistance.l” These
issues have motivated the development of a variety of
fabrication methods in an attempt to produce dense, large-
grained BZY materials with lower grain boundary resistance. As
shown by Ricote et al.,18 these different processing methods can
lead to dramatic variations in the GB and bulk conductivity of
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e solid-state reaction at 1585 °C to produce phase-pure
BZY10 powder, followed by sintering at 1600 °C with
1 wt. % NiO added as a sintering aid to produce dense
pellets (SSR-Ni);18
e single-step solid-state reactive sintering at 1535 °C
directly from BaCOs, ZrO,, and Y,03 precursor powders
with 1 wt. % NiO as a reactive sintering aid (SSRS-
Ni).18.21
Electrochemical impedance spectroscopy (EIS) studies
revealed >10X differences in the bulk and the GB conductivities
between samples produced by these four methods. Some of the
absolute conductivity variations between sample types could be
explained by differences in microstructure (e.g. grain size).
However, substantial variations were also observed in the
specific (i.e.
sample types. This observation suggests that the different
fabrication processes likely lead to substantial differences in the
GB chemistry, with a consequent effect on the specific GB
resistance.
In order to examine this hypothesis in further detail, the
present work applies laser-pulsed atom probe tomography

area-normalized) bulk-to-GB ratios between
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(APT22-24) to probe the grain boundary chemistry of the same
four BZY10 samples previously interrogated in the Ricote study.
The goal of the present work is thus to uncover potential
linkages between the BZY10 fabrication method, GB chemistry,
and the resulting ionic conduction properties.

Using focused-ion beam (FIB) based tip fabrication methods,
APT specimens can be produced that contain a GB within the
needle-shaped volume. See supplemental information for
further details. We have previously demonstrated that this
approach can be used to extract nm-scale spatial information
and very high chemical resolution from the GB regions of BZY-
based proton-conducting ceramics.?> In contrast, traditional
characterization techniques, such as scanning transmission
electron microscopy with energy dispersive x-ray spectroscopy
(STEM-EDS), generally lack the chemical sensitivity to analyze
GB chemistry quantitatively. This is due in large part to the
challenges of directly correlating the number of measured x-ray
counts with a specific composition and the two dimensional
projection through a three dimensional structure.

However, for APT, it is essential that the experimental
conditions are optimized for the analyzed material. Because BZY
is @ multi-cation material, this presents challenges in obtaining
accurate chemical quantification due to the differing fields
required for removing each cation/anion species. Therefore in
this study, the effect of the applied field on the stoichiometric
ratios of two common compositions of proton-conducting
ceramics, BaZrogYo010ss (BZY10) and BaCeo2Zro7Y0.103-5
(BCZY27) was examined in order to gain confidence that APT can
be used for these materials. In APT, there is a relationship
between laser pulse energy and standing bias for a given
detection rate; as the laser energy decreases, the required
standing bias increases and changes in anion stoichiometry
have been observed?%.27, Since the only difference between the
two materials studied here (BZY10 vs BCZY27) is the substitution
of cerium for some of the zirconium, this study also reveals the
effects of the differing Ce-O and Zr-O bond strengths on the
optimal laser energy/applied field. Density functional theory
(DFT) is used to help understand the differing results between
BZY10 vs. BCZY27, providing insight into the tradeoffs needed
to achieve accurate measurement of the correct stoichiometry
for a given material. This allows for a much more meaningful
analysis of the differing GBs in the BZY material.

2. Experimental
2.1 Materials Synthesis

As described above, in this work, we used APT to examine the
grain boundary chemistry of BZY10 samples prepared by four
different synthesis methods (SPS, HT, SSR-Ni, and SSRS-Ni).
Because interpretation of the APT results requires an
understanding of the nuances in the four synthesis methods,
they are briefly detailed below. For further details, readers are
referred to the original papers.18-20

SPS:1819 SPS samples were prepared from BaCOs (Aldrich,
99+%), Y203 (Sigma-Aldrich, 99.99%), and YSZ (Sigma-Aldrich,
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submicron powder; 99.5%, 5.3 mol. % of yttria) powders mixed
in stoichiometric amounts and ball milled for 20 h with ZrO;
milling media. After calcination in air at 1400 °C for 24 h in an
alumina crucible, SPS was carried out using a Sumitomo SPS
2080 provided by Plateforme PNF2, Université Paul Sabatier,
CIRIMAT, Toulouse, France. The BZY10 powder, without binding
material, was set in a graphite die and sintered under vacuum
(roughly 1 Pa). The experiments were done at 1700 °C for 5 min
using a uniaxial pressure of 100 MPa. The heating rate for all SPS
experiments was maintained at around 150 °Cemin! with a
natural cooling rate of 100 °Ceminl. The temperature was
controlled by an optical pyrometer focused on a small hole
(1.8 mm diameter, 3 mm depth) at the surface of the die.

HT:20 The HT sample was prepared from BaCOj3 (Fluka 99%),
Y,03 (Stanford Materials, 99.9%), ZrO, (Tosoh, 99.9%) powders
mixed in stoichiometric amounts, and ball milled with 3 mm-
ZrO; milling media. The powder was calcined in air at 1200 °C
for 10 h then dry ball-milled for another 48 h before an
additional calcination at 1400 °C for 10 h. The fully calcined
powder was milled in a planetary mill (200 rpm) in a ZrO;
container for 3 h then isostatically pressed into a rod and
sintered at 1720 °C for 24 h in a bed of pre-sintered BZY10
powder. The as-sintered rod was annealed in an optical floating
zone furnace (FZ-T-10000-H-IV-VP-PC, Crystal System Corp.,
Japan) using four 1000 W halogen lamps as a heat source. The
focused light was moved along the rod (back-and-forth) with a
rate of 5 mm/h, achieving a maximum temperature in the hot
zone of approx. 2200 °C. The annealing was performed in
oxidizing atmosphere (5% O, in Ar) at a pressure of 2 bars and a
gas flow rate of 250 ml/min.

SSR-Ni8: The SSR-Ni sample was prepared using stoichiometric
proportions of BaSO4 (Solvay), ZrO, (AMR China) and Y,03 (HJD
Int., Ultrafine 99.99+%) which were blended in acetone for 24 h.
After drying, the powder mixture was calcined at 1585 °Cfor 6 h
in an alumina crucible, and then ball milled using ZrO, milling
media and sieved through a 120 mesh screen. NiO at 1 wt. %
was added to the calcined BZY10 powder as a sintering aid. A
binder and dispersant solution of PeOx (poly(2-ethyl-2-
oxazoline)), MW 5000 binder and Kellox (fish oil) was added and
the mixture was blended for an additional hour. The dried
powder was sieved through an 80 mesh screen, and pellets
were uniaxially pressed (60 MPa) and sintered in air at 1600 °C
for 24 h on a Ni-YSZ substrate without a packed bed of powder.
SSRS-Ni8: The SSRS-Ni sample was prepared via solid-state
reactive sintering (SSRS)2! by mixing BaCOs (Alfa Aesar, 99.95%
metal basis), ZrO, (AMR China), and Y,03 (HJD Int., Ultrafine
99.99+%) in stoichiometric amounts, with the addition of
1wt. % NiO (Novamet, Inco F-Grade). After ball milling with
ZrO; milling media for 24 h, the powder was mixed with 1 wt. %

This journal is © The Royal Society of Chemistry 2022
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solution of PeOx, MW 5000 binder, and Kellox and sieved
through a 20 and 80 mesh screen. The pellets were uniaxially
pressed (60 MPa) into a 20 mm disk and sintered at 1535 °C for
8 h. Each sample was used for conductivity experiments (long
duration at intermediate temperatures in moist 5% H» balanced
Ar and very slowly cooled down to room temperature—see Ref.
14 for details) before APT analysis.

2.2 APT Analysis

For each sample, APT specimens specifically targeted to
contain a GB region were created using a focused ion beam (FIB)
lift-out technique (see Supplementary Information for more
detail). Briefly, the sharp tip-like APT specimens were prepared
from the bulk BZY10 samples using an FEI Helios NanoLab™ 600i
focused ion beam (FIB) microscope using a standard wedge lift-
out technique and annular milling patterns from the centers of
each pellet (to avoid surface contamination/changes). Initially,
tips were sharpened using a 30 kV Ga-ion beam and then
subsequently cleaned with a 2.0 kV Ga-ion beam to minimize Ga
damage to the surface. Multiple APT specimens were prepared
from each sample, meaning that the multiple grain boundaries
analyzed for each sample originated from within close proximity
(<15 pm) to each other. Fig. S1 illustrates a FIB sample of BZY10
SSR-Ni, outlining the approximate locations of each APT
specimen produced from this lift-out.

APT was performed in a Cameca LEAP 4000X Si system
equipped with a 355 nm wavelength laser with a spot size less
than 1 um at full-width half-maximum (FWHM). An optimized
laser energy of 10 pJ was used with a pulse frequency of 625
kHz and a specimen base temperature of 40 K. In order to
quantitatively compare grain boundary vs. bulk composition, a
region of interest (ROI) was designated that contained the GB
region for each APT dataset. Average mass spectra were then
analyzed inside and outside the ROI. Quantification of the APT
data depended, in part, on the deconvolution of overlapping
peaks in the mass spectra. Peak deconvolution involved fitting
of the subsidiary isotopic mass peaks for overlapping elements
in concert with the known natural isotopic abundances of these
elements. For further details on the APT experimental methods,
peak deconvolution, and ROl selection please see the
Supplementary Information.

2.3 Stoichiometric analysis via correlative techniques

Stoichiometries of the BZY10 and BCZY27 samples (material
synthesis found in Supplementary Materials) were measured
using XRF, calibrated against several known standards (Phillips
MagiX). The exterior surfaces of the samples, as well as standard
BZY10 and BCZY27 samples, were also analyzed directly by Laser
Ablation ICP-OES (Spectro Acros FHS13 with a Cetac LSX-500
Laser Ablation System). The spectral peaks at the wavelengths
corresponding to Ba, Zr, Ce, and Y were measured. The results
were then compared to standard samples to obtain absolute
levels of metal oxides in units of weight percent.

3. Results and discussion

This journal is © The Royal Society of Chemistry 2022
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Fig. 1. Labeled APT mass spectra of BZY10 and BCZY27 collected at 10 pJ. The
mass spectra are normalized to the intensity of the O,* (32 Da) peak with no
background correction. Some minor peaks, including impurities, are not
labeled for clarity.

3.1 Accurately quantifying stoichiometry

Representative APT-measured mass spectra of the bulk BZY10
and BCZY27, both obtained at a laser energy of 10 pJ, are shown
in Fig. 1. The most abundant ions and ion clusters have been
labeled. Small impurities of nickel (intentionally added as a
sintering aid for BCZY27), silicon, aluminum, strontium, and
hafnium were found in the specimens at levels below 1 at. %
and are common impurities found in the precursor powders.
These are not labeled in the mass spectra for clarity. Individual
mass spectra and a discussion on the behavior of ions as a
function of laser energy can be found in the Supplementary
Materials (Fig. S2 and S3).

Fig. 2 plots the deviations between the “apparent”
(measured from APT) and “actual” (measured from standards-
calibrated XRF and ICP-OES) stoichiometries for Ba, Ce, Zr, Y,
and O in the BZY10 and BCZY27 samples. The detected Si, Al, Ni,
Sr and Hf are not included in this analysis. Grey regions denote
a conservative estimate of the error associated with our
standards-calibrated XRF determination of stoichiometry (~+/-2
at. %). Thus, APT stoichiometry measurements falling within the
grey band are deemed to be approximately as accurate as those
from the calibrated XRF measurement. The scatter in the APT
data is attributed to variations in specimen tip shapes, which
leads to variations in the electric fields for a given laser energy.
Even though the same sharpening routine was used with all of
the tips, the final tip shape varies based on factors such as
fluctuations in the FIB ion beam current density/probe size and
crystal-orientation-dependent milling speed.

J. Mater. Chem. C., 2022, 00, 1-3 | 3
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Fig. 2. Deviation between the “apparent” (measured from APT) and “actual” (measured from standards-calibrated XRF and ICP-OES) stoichiometry for Ba, Ce, Zr, Y, and O in the

BZY10 and BCZY27 samples as a function of the laser energy.

Bond Ba-O Zr-0 Ce-O Y-O
Energy BazrOs -0.73 -3.11 - -2.45
(eV) BaCeO3 -0.71 - -2.54 -2.76

Table 1. Bond energies (eV) calculated by DFT (VASP) for 12.5% yttrium-doped
barium zirconate (BaZrOs) and 12.5 % yttrium-doped barium cerate (BaCeOs).

In order to help understand the results of Fig. 2, Table 1
presents the oxygen bond energies in both yttrium-doped
BaCeOs; and BaZrOs calculated by DFT (methods detailed in
Supplementary Materials). As can be seen in Fig. 2, the oxygen
stoichiometry measured by APT for both BZY10 and BCZY27 is
higher than expected at low laser energies, while the Ba
stoichiometry is lower than expected. This is attributed to the
relative weakness of the Ba-O bond compared to the Zr-O and
Y-O bonds (Table 1). Under the higher DC standing bias required
at low laser energies, we hypothesize that a significant amount
of weakly-bound Ba evaporates between pulses and thus is not
used in analysis, resulting in an apparent Ba-cation loss and a
corresponding apparent anion (oxygen) enrichment. The Ba
evaporation hypothesis is corroborated by the prominent tail
on the Ba* peak mass spectrum (larger than all the other
species) shown in Fig. S2 and Fig. S3, which is a hallmark of post-
pulse evaporation caused by poor thermal dissipation in
thermal insulators. At higher laser energies, the APT-measured
oxygen-ion stoichiometry decreases and approaches that of the
XRF standard, although an apparent slight enrichment is
maintained. While a decrease in anion concentration with
increasing laser energy is consistent with literature26.28.29, few
studies have observed an apparent absolute enrichment in the
APT-measured anion stoichiometry (most other studies have
measured an apparent anion depletion)3°. We hypothesize that
the apparent APT-measured anion enrichment is again
connected to Ba volatility, and the fact that inter-pulse Ba

4 | J. Mater. Chem. C., 2022, 00, 1-3

evaporation likely greatly exceeds the laser-induced oxygen
atom sublimation that causes anion sub-stoichiometry. At
higher laser energies, the background signals due to inter-pulse
Ba evaporation decrease, as shown in Fig. S4.

One of the major observations from the above results is that
for multiple cation (or anion) ceramics it may not be possible to
achieve the correct quantification of all species simultaneously,
which has previously been observed in InGaN and InAIN31. Due
to the tradeoffs associated with the differing evaporation and
detection rates between cation and anion species, for BZY10 it
is not possible to identify a unique laser energy condition that
yields the correct total stoichiometry for all species
simultaneously. However, it is possible to identify laser energy
ranges where good accuracy was obtained for one or more
species at the same time. This means that the analysis
conditions can be tailored toward the quantification of a
particular species of interest. An additional concern is laser-
induced redistribution of particularly mobile species during
measurement. To investigate this potential issue, the standard
deviations of the measured elemental compositions were
calculated from twelve 8x8x8 nm sub-volumes randomly
selected throughout each reconstruction for each of the laser
energies. There was no clear trend in these values as a function
of laser energy, although at lower laser energies (such as the 10
pJ used for the subsequent analyses of the various samples in
this work) there was minimal spatial variation in the measured
composition, indicating that there is no appreciable laser-
induced segregation of mobile elements during measurement.

Interestingly, while there are many similarities in behavior
between BZY10 and BCZY27, there are also a few important
differences. In particular, BZY10 shows an optimal range of laser
energies for oxygen quantification between ~7-100 pJ, while for
BCZY27, this optimal range is between ~10-70 pJ. For BZY10, Zr
quantification was optimal between 0.1 and 4 pJ, and deviates
from stochiometry with further increasing laser energy.

This journal is © The Royal Society of Chemistry 2022
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Because of this, ~10-20 pJ is deemed the most ideal laser energy
range for BZY10 to maintain optimal oxygen stoichiometry
while minimizing the Zr and Ba stoichiometric deviations. For
the remainder of the APT results in this study, 10 pJ was used as
the laser energy.

3.2 APT of the SPS sample

coordinate (nm)

Y-

coordinate (nm)

Y-

105 0 5 10
X-coordinate (nm)

105 0 5 10
X-coordinate (nm)

-10 -5 5 10
X-coordinate (nm)
Fig. 3. APT analysis of SPS2. (a(LTransmission electron microscopy (TEM

micrograph pre-APT analysis. (b) Region of interest (ROI) used for (c
elemental atomic fraction 2-D contour maps of Ba, Zr, Y, O, Al, and Si.

Two different grain boundaries from the SPS sample were
examined by APT (SPS1 and SPS2). Fig. S6 (SPS1) and Fig. 3
(SPS2) provide the Ba, Zr, Y, and O elemental contour maps for
these two specimens, as well as maps for Al and Si, which were
the main impurities found in these specimens.

Oxygen depletion coupled with Ba, Y, and Al accumulation
was observed at the GB of both SPS specimens. One of the
samples (SPS2; Fig. 3c) showed a very slight Si accumulation at
the GB. The Al impurity concentration ranged from ~2000 parts-
per-million (ppm) in the bulk to ~6000 ppm at the GB, while the
Si impurity concentration ranged from about 300 ppm in the
bulk to as much as 4000 ppm at the GB. The powders for the
SPS samples were calcined in alumina crucibles at 1400 °C; we
hypothesize that this was the likely source of the Al impurities
found in these specimens. There are several possible sources for
the Si impurity, including contamination from the quartz-based
mortar and pestle materials, trace impurities in the precursors
as well as potential contamination from the MoSi, furnace
elements used in the calcination step.

3.3 APT of the HT sample

Three different GBs from the HT sample were examined by APT
(HT1, HT2, and HT3); these showed the most varied GB
chemistry of all samples. The first two HT GB specimens, HT1
and HT2 (Fig. 4 and Fig. S7), showed similar behavior (Zr and O

This journal is © The Royal Society of Chemistry 2022

ARTICLE

depletion at the GB coupled to Ba and Y accumulation), but the
third GB specimen, HT3 (Fig. 5) showed markedly different
behavior: Ba, Y, and O depletion coupled to Zr accumulation. It
is interesting to note that specimen HT3 originated from a GB
only a few microns away from specimens HT1 and HT2. Thus,
the three major cationic species showed opposite segregation
behavior in the HT3 specimen compared to HT1 and HT2.

20 40 60 80
Z (nm)

0.019
0.020
0.022
0.023
0.024
0.025

Y-coordinate (nm)

Y-coordinate (nm)

A -
-10 0 10 -10 0 10
X-coordinate (nm)

-10 0 10

-10 0 10

Fig. 4. APT analysis of HT1. (az Transmission electron microscopy (TEM

micrograph pre-APT analysis. (b) Region of interest (ROI) used for (c

elemental atomic fraction 2-D contour maps of Ba, Zr, Y, O, Al, Mg, Si and Sr.
Impurity GB segregation behavior was also not consistent
between specimens. The main impurities found in the HT
specimens were Al, Mg, Si, and Sr at concentration levels
varying from approximately 200-5500 ppm. The Si impurity was
present at the greatest concentrations, ~600-5500 ppm. Both
the HT1 and HT2 specimens showed Mg accumulation at the GB
(200-300 ppm in the bulk vs. 1400-2000 ppm at the GB), while
the HT2 sample also showed Si accumulation (~2200 ppm bulk
vs. ~5500 ppm GB). Mg is a known impurity in many of the BZY
elemental precursors, including BaCOs. A small degree of Al GB
accumulation was measured in all three HT specimens, although
it is only visually apparent in the elemental contour map of the
HT1 sample (Fig. 4c, ~200-600 ppm bulk vs. ~1400-1900 ppm
GB). As with the SPS sample, we hypothesize that the Al
impurity is likely imparted by calcination in an alumina crucible
and the small amount of Al impurity found in ZrO; precursors.
Sr, the main impurity found in the BaCOs; precursor (see
Supplementary Information), was also found in every HT

J. Mater. Chem. C., 2022, 00, 1-3 | 5
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specimen (500-5500 ppm), although Sr GB segregation was not
observed.

3.4 APT of the SSR-Ni sample

atomic fraction

Soooo0o0000
2BBVV222F
WohbhOLOOOO

:J}c@j

uNvOCOWwWOO W
atomic fraction<

X

S

LS
-10 -5 0 5 10 0.5 0 5
X-coordinate (nm) X-coordinate (nm)

Fig. 5. APT analysis of HT3. (a) Transmission electron microscopy (TEM
micrograph pre-APT analysis. (b) Region of interest (ROI) used for (c
elemental atomic fraction 2-D contour maps of Ba, Zr, Y, O, Al, Mg, Si and Sr.

Two different GBs from the SSR-Ni sample were examined by
APT; these two specimens (SSR-Nil and SSR-Ni2) showed similar
GB chemistry (Fig. 6 and Fig. S8, respectively). Both specimens
showed Zr and O depletion at the GB coupled with Ba and Y
accumulation. The main impurities found in the SSR-Ni
specimens were Ni (intentionally added as a sintering aid at 1
wt. %) and Si. The Ni concentration varied from approximately
0.4 at. % (in the bulk) to as much as 4.5 at. % (at the GB), while
the Si concentration varied from approximately 2000 to 8000
ppm. Ni accumulation was observed as a consistent and
relatively uniform layer along both GBs (e.g., Fig. 7 showing Ni
accumulation at the GB of the SSR-Nil sample), while Si
accumulation at the GB was found only for the SSR-Nil sample
(~2000-4000 ppm in the bulk vs. 6000-7000 ppm at the GB).

6 | J. Mater. Chem. C., 2022, 00, 1-3
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3.5 APT of the SSRS-Ni sample

Only one specimen was successfully measured by APT from the
SSRS-Ni sample. With the combination of a lower grain
boundary density (higher average grain size) and Ni-rich grain-
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Fig. 6. APT analysis of SSR-Nil. (a) Transmission electron microscopy (TEM)
microEraphs pre- and post-APT analysis (inset shows more detailed view of
GB). (b) Region of interest (ROI) used for (c) elemental atomic fraction 2-D
contour maps of Ba, Zr, Y, O, Ni, and Si.

: ' l l l l l l l i 1 O

To 3 50 70 90 1"
Z (nm)

Fig. 7. Example of GB ROI selection for SSR-Nil using a Ni isoconcentration (>

0.6 at. %) surface. Mass spectra were analyzed and decomposed inside and
outside of the region of interest.

boundary particles leading to mechanically weakened grain
boundaries, the probability of successful APT experiments for
the SSRS-Ni sample was lower and therefore unfortunately
yielded only one successful experiment. This specimen showed
Ba, Zr, and O depletion in concert with Y accumulation at the GB
(Fig. 8). In addition to the major constituents, many impurities
were found within this specimen, including Al, Fe, Si, and Sr (at
concentrations ranging from 1500-16000 ppm) and Ni
(intentionally added as a sintering aid at 1 wt. %). All of these
impurities showed segregation at the GB, with the Fe and Ni
manifesting as particle-shaped impurities at the GB, as shown

This journal is © The Royal Society of Chemistry 2022
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Journal Name

in Fig. 9. The Ni-rich particles were 5-10 nm in size. Since Fe is
the most common impurity in NiO, it is unsurprising that these
Ni-rich GB particles also contain Fe. Previously, Ricote et al.
showed these Ni particles to be uniformly distributed at the GB

o
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Fig. 8. APT analysis of SSRS-Ni. (a) Transmission electron microscopy (TEM)
micrographs pre- and post-APT analysis (inset shows more detailed view of
GB). (b) Region of interest (ROI) used for (c) elemental atomic fraction 2-D
contour maps of Ba, Zr, Y, O, Al, Fe, Ni, Si, and Sr.

Y (nm)
-20 0 20
b

Fig. 9. Ni-rich particles in SSRS-Ni. (a) and (b) two orthogonal views of the
reconstruction of the Ni-rich particles at the SSRS grain boundary. Green
particles are Ni-rich regions defined by a 1 at. % isoconcentration surface.
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via SEM, and these were interpreted as metallic Ni
nanoparticles.'® While it is possible that Ni metal nanoparticles
may be present at other GBs, the APT analysis of the GBs
investigated here suggests that these particles are more likely
to be NiO, as suggested in Fig S9. This is despite the fact that
these samples were analyzed after long-duration conductivity
testing in reducing (5% H,) environments. Similar NiO particles
have been previously reported at the GB of BCZY27 with Ni
(incorporated from the anode substrate during sintering) after
exposure to long duration (over 300 hours) reducing
environments.?> See Supplementary Information for more
detail on the Ni-rich particle analysis.

3.5 Discussion of the grain-boundary chemistry results

Fig. 10a presents the ratio of GB to bulk concentration
([GB]/[Bulk]) for the four constituent elements (Ba, Zr, Y, and O)
as well as the most common impurity elements (Al, Fe, Mg, Ni,
Si, and Sr) observed across all investigated specimens. Fig. 10b
presents the absolute GB concentration values measured for all
specimens in a similar manner. For this data in tabular form, see
Table S5 and Table S6. Based on these summary figures, a
number of general observations can be drawn:

e BZY10 grain-boundary chemistry is surprisingly variable,
even within the same sample. For example, even though the
three grain boundaries examined in the HT sample were located
only a few microns apart from one another, they showed
dramatically different GB chemistry. HT1 and HT2 showed Zr
and O depletion coupled with Ba and Y accumulation, while HT3
showed Ba, Y, and O depletion and Zr accumulation. One
possibility is that GB orientation may play an important role in
determining GB chemistry, as has been observed for other
oxides32:33,

e Regardless of the segregation behavior of the other primary
constituent atoms in BZY10, oxygen GB depletion was observed
for every specimen. This finding is consistent with the widely-
accepted positive space-charge-layer description of BZY grain
boundaries.3441 Other than the SSR-Ni sample, which had the
largest oxygen GB depletion and the correspondingly highest GB
resistance, a broader correlation could not be drawn to connect
the oxygen stoichiometry at the GB with the resulting
macroscopic electrical properties.

e While there is little apparent trend between the electrical
properties and the oxygen GB stoichiometry, we observe a
trend between the absolute concentration of Ba at the GB and
the resulting electrical properties of the sample. Specifically, the
average Ba GB concentrations measured for SSRS-Ni, HT, SPS,
and SSR-Ni samples were 9.0, 10.8, 11.4, and 14.5 at. % while
the corresponding GB barrier heights (¢$) calculated by Ricote et
al.’® for these samples were 40, 150, 170, and 200 mV,
respectively (see Table S4). This trend also applied to the
measured GB activation energy for these samples (Easpcs)-
Interestingly, Ba depletion at GBs has previously been proposed
as a possible cause of high GB resistance,? but in this study, we
observed the opposite trend. Of the four constituent lattice
elements in BZY (Ba, Zr, Y, and O), Ba showed the most severe
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GB segregation behavior, although the direction of Ba
segregation varied from GB to GB.

All of the specimens except for one (HT3) showed Zr
depletion and Y accumulation at the GB. The most severe Zr
depletion and Y accumulation occurred in SSR-Ni sample, which
also demonstrated the highest GB-to-bulk resistance ratio
(Res/Rbuik). This sample also showed the largest oxygen
depletion (or Yo' accumulation) at the GB, which is consistent
with oxygen vacancy charge compensation of the B-site Y
dopants (i.e., Yzosﬂ>2Y2'r"'V('>'"’305). The correlation
between Y GB accumulation and Zr depletion (or vise-versa for
sample HT3) is consistent with the fact that they compete for
the same lattice site (the B-site).

materials, at concentrations of up to 4.5 atomic percent.
Segregation is more severe for SSRS-Ni (and results in Ni-rich GB
nanoparticles) while the SSR-Ni sample manifests a Ni-rich film
at GBs. Ni-rich GB films have been reported for SSR-Ni
fabricated BaCeo0.7Zr0.1Y0.1Ybo.103.5 proton-conducting
ceramics,*? while Ni-rich GB nanoparticles have been observed
in SSRS-Ni fabricated BaCeo.7Zro2Y0.103.5.2> As the SSRS-Ni
sample yielded the lowest Rgs/Rouk ratio while the SSR-Ni
sample yielded the highest Res/Rbuik ratio, it is possible that Ni-
rich GB nanoparticles are beneficial to conductivity while a
continuous Ni-rich GB film is detrimental. As has been
previously hypothesized, the Ni-rich GB phase may induce its
own space-charge region due to differences in material work
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Fig. 10. (a) Ratio of grain boundary to bulk concentration. A ratio greater than 1 indicates segregation to the GB, a ratio less than 1
indicates depletion from the GB. (b) Absolute concentration at the GB of Ba, Zr, Y, O, Al, Fe, Mg, Ni, Si, and Sr for all SPS, HT, SSR-
Ni, and SSRS-Ni specimens. See Table S5 and Table S6 for tabular values. Error bars are not shown in cases where the error bars are

smaller than the data points.

e The samples that used NiO as a sintering aid (SSR-Ni and
SSRS-Ni) tended to show the largest GB segregation effects for
the constituent lattice elements, suggesting that the NiO
sintering aid enhances cation-lattice mobility. Ni also

preferentially segregates to the GB in the NiO-sintered

8 | J. Mater. Chem. C., 2022, 00, 1-3

functions*3. While Ni-rich nanoparticles may provide a
percolating space-charge pathway across the GB that assists
proton transport, a homogenous Ni-rich GB film may impede
proton transport. The difference in the formation of nickel

nanoparticles versus a nickel-rich film may be due to the lack of

This journal is © The Royal Society of Chemistry 2022
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formation of BaY.NiOs, which is the liquid phase reported as
responsible for sintering and phase formation in SSRS, while not
found in SSR, since the perovskite phase is already formed.**

In general, impurity species were observed to accumulate at
(rather than deplete from) GBs. Due to the higher energy at the
GB, this is expected and has been previously observed.4>46
Commonly detected impurities included Al, Si, Mg, Fe, and Sr.
Impurity species were generally present (0.01-1.6 atomic
percent). The precursor powders are the likely source of the Mg
and Sr impurities, while Al is ascribed to the use of alumina
sintering containers/setters and impurities from the ZrO,
precursors. Si is ascribed to contamination from the quartz-
based mortar and pestle used during synthesis and/or
volatilization from MoSi, furnace heating elements. Only the
samples sintered with NiO showed Fe impurities. Fe is the most
common impurity in NiO (see Supplementary Information for
details), and thus, this is the likely source of this impurity. The
HT process leads to the most marked impurity GB segregation
effects, which we ascribe to the enhanced cation mobility
provided by the high-temperature annealing step used for this
sample. Sr segregation and Ba segregation were correlated—
specimens that showed the most Ba segregation also showed
the most Sr segregation. This correlation is reasonable given
that Sr is the most common impurity found in the Ba precursors
(it is present in concentrations up to 0.7 at. %), and it substitutes
for Ba on the A-site of the perovskite lattice.

Conclusions

A richer understanding of GB chemistry is vital to further
improve the performance of proton-conducting perovskites.
This study demonstrates the complex nature of GB chemistry
associated with these multi-cation oxide materials and suggests
that Ba enrichment/depletion at the GB may be at least partially
correlated to the resulting electrical properties. In addition, a
surprising number of impurities, including Al, Si, Mg, and Sr
were demonstrated to segregate to the GBs of these BZY10
samples, although their impact (if any) on the electrical
properties of the material is unclear. Finally, Ni, in the form of
NiO particles appears to lead to much less resistive GBs, while
Ni in the form of a homogeneous Ni-rich GB film appears to be
associated with highly blocking GBs. While this study gives a
glimpse into the complexity of GB chemistry in BZY, we caution
that the limited number of specimens analyzed prevents
statistically relevant quantification. The difficulty associated
with successfully preparing and analyzing multiple APT
specimens will likely make any attempt at statistical
quantification of GB chemistry extremely challenging. However,
in the future, we suggest that the combination of in-situ TEM
measurements of GB orientation combined with APT analysis of
GB chemistry could provide further insight into potential GB
structure-chemistry correlations in these materials #7.
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