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ARTICLE INFO ABSTRACT

Keywords: Electrochemical devices based on the proton conducting ceramic BaZrO3 have shown their immense potential for
Cold Sintering efficient energy conversion and gas separation processes at intermediate temperatures. A major drawback of this
Sintering

material class is the inevitably high sintering temperature, which is necessary to reach sufficient densities for gas
tightness. Recently, cold sintering has been applied to densify BaZrOs — BaCeOj3 solid solutions at low temper-
atures using a partial dissolution of the Ce-rich phase. Here, we apply the method to BaZrg gY( 203.5 (BZY20),
which is a Ce-free proton conducting ceramic. We show that densification by cold sintering is viable at tem-
peratures between 150 °C and 250 °C under uniaxial pressures of 400 MPa and deionized water as a sintering aid.
The dissolution of yttrium from BZY20 during cold sintering acts as the trigger for densification at low tem-
peratures but forms Y(OH)3 as an instable side product. Therefore, we developed a two-step cold sintering
process that adds an additional thermal treatment between 900 and 1100 °C directly after the cold sintering

Protonic Ceramics
Grain boundaries
BaZrO3

process to enable electrochemical characterization and transmission electron microscopy investigations.

1. Introduction

Proton conducting ceramics have shown a large potential for the
defossilization of future energy systems based on renewable energy
sources due to their reversible and robust performance in fuel cell and
electrolyser applications [1]. Recent developments show the immense
potential of proton-conducting fuel and electrolysis cells [2-7] and
membrane reactors [8-11] for electrochemical conversion and separa-
tion processes. In general, ceramic proton conducting cells and reactors
are based on the perovskite ceramic BaZrOs, which is usually doped with
trivalent cations (Y3*, S¢®*, Yb®™), which act as acceptor dopants. Most
material designs use yttrium in the range between 10-20 mol% to
generate oxygen ion vacancies, which allow the hydration of the ma-
terial through the dissociative adsorption of water at intermediate
temperatures [12].

Compared to highly conductive proton conductors based on solid
solutions of the perovskites BaZrO3 and BaCeOs (BZCY) [13,14], Y
doped BaZrOj3 (BZY) does not suffer from instability issues in contact

with HyO and CO5 under applied operation conditions [15-17]. How-
ever, BaZrO3; based ceramics suffer from their intrinsic refractory
properties, making high sintering temperatures around 1600 °C inevi-
table to manufacture gas tight membranes and electrolytes. The sinter-
ing temperatures can be slightly reduced (to around 1500 °C) through
the application of sintering aids as ZnO, CoO, or NiO, which facilitate a
low-cost, one-step solid state reactive sintering (SSRS) procedure
[18-21]. However, the introduction of sintering aids leads to negative
side effects, such as the formation of secondary phases [22,23], grain
boundary segregation phenomena [24,25] and reduced proton uptake
induced by lower effective acceptor dopant concentrations [26].
Because of that, the removal of performance degrading sintering aids as
well as a further reduction of the processing temperatures of BaZrO3
based ceramics are of high interest [27]. This could decrease the overall
energy consumption during manufacturing of proton conducting
ceramic components and open up new material combinations and
co-sintering approaches (e.g. metal supported electrochemical cells)
[28-30].
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A novel approach to drastically lower the sintering temperature of
ceramic materials is the cold sintering process (CSP) recently developed
by Randall et al. [31]. Liquid sintering aids and high mechanical pres-
sures are combined to trigger pressure solution processes, allowing
densification at temperatures below 400 °C [31,32]. A broad variety of
ceramic materials (e.g. ZnO [33-35], BaTiO3 [36,37], CeO2 [38,39] and
LLZO [40,41]) has been densified using CSP at strongly decreased pro-
cessing temperatures. Recently, we reported on the cold sintering of a
BaZrO3 — BaCeOs solid solution (BaZrg 7Ceg 2Y0.103.5, BZCY72), where a
partial dissolution of the Ce-rich perovskite in water acted as the trigger
for densification [42,43]. In the following we transferred the gained
knowledge to a system that does not contain Ce, to elaborate alternative
pathways to trigger the densification through cold sintering.

Here, we investigate the cold sintering of BZY20 ceramics using a
one-step as well as a two-step cold sintering approach using deionized
water as a sintering additive. At a maximum temperature of 250 °C and
400 MPa, BZY20 powders can be densified to relative densities around
87%. However, the formation of unstable side products during the cold
sintering process complicates further characterization by high-
resolution electron microscopy and electrochemical investigations.
Therefore, we developed a two-step cold sintering procedure, which
utilizes the advantages of high strength molybdenum (TZM) tools in a
field assisted sintering/spark plasma sintering (FAST/SPS) apparatus.
The combination of a cold sintering step at 250 °C with a subsequent
thermal treatment at 900 to 1100 °C in the same tool allows us to remove
unstable reaction products, increase the relative density to over 90%,
facilitating the characterization of the electrochemical performance as
well as the grain boundary properties. As the sample is not removed
from the pressing tool, the overall processing time can be kept below one
hour. Here, we applied electrochemical impedance spectroscopy (EIS)
and high-resolution scanning transmission electron microscopy (HR-
STEM) to investigate the proton conductivity and couple it to the grain
boundary structure and chemistry.

2. Experimental methods
2.1. Powder synthesis and cold sintering

In the following, ceramic powders with a nominal composition of
BaZr gY0.203.5 (BZY20) were used. The powder synthesis is based on a
mixed oxide route. The powder precursors BaCOs, ZrO,, and Y;03
(Sigma-Aldrich), were milled in isopropanol using a planetary ball mill
(Retsch PM400, Germany) using a zirconia jar and milling balls to
decrease and homogenize the pre-calcination particle distribution. Af-
terwards, calcination of the powders was done at 1175 °C for 3 h in air.
After calcination the powders were sieved to remove large agglomerates.
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As reference, BaZrOs s (BZO) was synthesized from BaCO3 and ZrO,
using the same processing parameters. Details on the powder prepara-
tion can be found elsewhere [44,45].

The cold sintering experiments were carried out in a field-assisted
sintering technology/spark plasma sintering machine (FAST/SPS, FCT
Systeme HP-D5, Germany) utilizing a TZM die set-up (TZM = Mo-based
alloy from Plansee SE, Austria) with a diameter of 12 mm. The die was
filled with 4 g BZY20 powder, and 5 wt% deionized water was homo-
geneously dripped onto the green body using a micropipette (Eppendorf,
Germany). The powder was compacted at temperatures from 150 °C to
250 °C (in 50 °C steps) using a uniaxial pressure of 400 MPa, a heating
rate of 20 K/min, and a heating time of between 10 and 60 min. This
procedure will be called one-step cold sintering. Additionally, a two-step
cold sintering procedure was developed that combines cold sintering at
250 °C for 10 min with different thermal post-treatments between 900
— 1100 °C, which are made directly after cold sintering in the same tool
setup. The uniaxial pressure was decreased to 100 MPa to prevent high
temperature creep of the TZM tools and a heating rate of 50 K/min and a
heating time of 5 min was applied. The processing cycles are visualized
in Fig. 1 for clarification. After cooling inside of the FAST/SPS chamber
the samples were demolded and residual carbon paper was removed by
dry grinding.

As reference for electrochemical characterization, the BZY20 powder
was uniaxially pressed at 25 MPa for 1 min, afterwards cold isostatically
pressed at 400 MPa for 2 min and then sintered at 1600 °C for 24 h in a
BZY20 powder bed.

2.2. Density, phase analysis and scanning electron microscopy

The relative density of all sintered samples was determined by the
Archimedes method. One-step cold sintered samples were measured in
heptane instead of deionized water due to the high reactivity of sec-
ondary phases formed during cold sintering with water. Two-step cold
sintered samples were measured in deionized water. X-ray diffraction
(XRD, Brucker D4 Endeavor, USA) was used to investigate the phase
composition of starting powders, one-step and two-step cold sintered
samples. Additionally, the morphology of powders (Supplementary
Fig. S1) and the microstructure of sintered samples were characterized
by scanning electron microscopy (SEM, Zeiss FEG-GeminiSEM 450,
Germany).

2.3. Transmission electron microscopy
To investigate the microstructure of two-step cold sintered samples

and the chemical composition and structure at grain boundaries, elec-
tron transparent lamellae were cut from a representative area using
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Fig. 1. Processing cycles of one-step cold sintering (a) and two-step cold sintering experiments (b).
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focused ion beam SEM (FIB-SEM, FEI Helios NanoLab 460F1, USA).
Scanning transmission electron microscopy (STEM) was performed at
200 kV using a probe corrected TFS Spectra 300 microscope (Thermo
Fischer Scientific, USA), which is equipped with a Super-X EDS detector.
High resolution transmission electron microscopy (HRTEM) was per-
formed at 300 kV using an image corrected FEI Titan 80-300 TEM which
is equipped with a Cg-corrector (CEOS CETCOR).

2.4. Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) was used to compare
the conductivity of two-step cold sintered BZY20 ceramics to a
conventionally processed BZY20 sample made from the same starting
powder. To clearly separate bulk and grain boundary conductivity the
impedance was measured between 600 and 150 °C using an Alpha-A
High Performance Frequency Analyzer, (Novocontrol, Germany) in the
frequency range of 10 MHz to 0.1 Hz in wet Ar/2.9%H, (p(H20)
~0.025 bar). The impedance data was analyzed using an equivalent
circuit consisting of a series of parallel resistance and constant phase
elements (R||CPE) according to the brick layer model [46,47] in
RelaxIS3 (version 3.0.20.19, rhd instruments, Germany). The R||CPE
elements were attributed to bulk, grain boundary or electrode by
calculating the corresponding capacity [44,47,48]. Subsequently, the
total, bulk and effective grain boundary conductivity are calculated
using Egs. (1-3), respectively. In the given equations Ry, and Rgy, are the
resistivities derived from the fitting and [ and A are the thickness and
area of the measured sample.
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3. Results and discussion
3.1. Microstructure and phase formation during cold sintering of BZY20

In first section, we discuss the densification and phase formation
during single and two-step cold sintering. The densification, micro-
structure, and phase formation of BZY20 samples were investigated, and
the sintering experiments were carried out in a parameter range of
150 °C to 250 °C (50 K steps) for 10, 30, and 60 min at 400 MPa, using
deionized water as a sintering aid.

The relative densities of the sintered pellets are shown in Fig. 2a. It
can be observed that sintering temperatures of 150 °C achieved relative
densities around 80%. However, with an increase in temperature to
200 °C and 250 °C, higher densities between 85% to 87% were ob-
tained. Microstructural analysis of the fractured surfaces, as shown in
Fig. 2(b-e), revealed a fine-grained structure with a notable amount of
residual porosity. Some of the small crystallites are embedded in an
amorphous secondary phase (as shown later by TEM investigations),
which is highlighted by red circles. Comparable microstructural features
were reported for the cold sintered Ce-containing proton conductor
BZCY (BaZr(7Ceg2Y0.1035) and attributed to the formation of second-
ary phases through solution processes [42,43].

Fig. 3 displays XRD diffractograms focusing on 20 values between
15° and 26°, which correspond to the (110) and (020) diffraction peaks
of BaCOs3 and the (100) peaks of Y(OH)3, as well as 20 values between
26° and 33°, representing the (110) diffraction peak of BaZrOs and
Y,03. The XRD analysis clearly indicates that the starting powder con-
tained residual BaCO3 and Y503 that were not completely decomposed
during the low-temperature calcination process at 1175 °C. After cold
sintering at 150 °C and short dwell times (10 and 30 min), no apparent
changes in the phase composition can be observed.

However, after heating to 150 °C for 1 h, and for all samples sintered
at temperatures above 150 °C, an additional peak at 2@ = 6° becomes
visible, which can be attributed to the (100) peak of Y(OH)s. The
appearance of Y(OH)s in the XRD patterns correlates with the higher
relative density values observed in Fig. 2(a). The increased temperatures
and dwell times during sintering may cause an increased dissolution of
Y, either from the BZY20 powder particles or Y03 residuals. The
observable hydrothermal dissolution process, which leads to the for-
mation of Y(OH)3, is assumed to aid densification by allowing particle
sliding and a better rearrangement under high mechanical pressure.

Fig. 2. Influence of sintering temperature and dwell time on the relative density and microstructure of BZY20 ceramics. (a) Relative density of cold sintered BZY20
measured by Archimedes method in heptane. (b-e) SEM images of the fracture surfaces of selected samples 150 °C, 10 min (b), 150 °C, 60 min (c), 200 °C, 10 min (d)
and 250 °C, 10 min (e). The measured density of the SEM is highlighted in (a) as black circles. Additionally, red circles highlight the formation of an amorphous

secondary phase.
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Fig. 3. Phase formation during cold sintering at varied sintering temperatures and dwell times. XRD diffractograms between 26 = 15-26° and 26-33° with different
magnifications to highlight the secondary phases as well as the main phases. The sintering temperature is increased from top to bottom from 150 °C (a), 200 °C (b) to

250 °C (c).

For a more comprehensive understanding of the phase composition
and microstructure, additional characterization was performed using
SEM-EDS, as depicted in Fig. 4. The polished cross-section (Fig. 4a) of
the cold-sintered BZY20 densified at 250 °C and 400 MPa exhibits a
heterogeneous microstructure, revealing the presence of residual pores
and different secondary phases. Using the EDS mappings of the major
components (Fig. 4b-d), it is possible to identify various secondary
phases resulting from hydrothermal dissolution processes that occurred
during cold sintering. EDS point scan were derived from specific areas in
the mapping to elucidate the composition of distinct phases (Fig. 4e, f):
the primary bulk phase (1), a phase enriched in zirconium and depleted
in barium (2), and a phase rich in yttrium (3). Comparing the SEM-EDS
results to the phase composition of the cold-sintered samples determined
by XRD, the Y rich phase can be attributed to Y(OH)3, which is a product
of the dissolution process during cold sintering. However, the presence

2747

of a Zr rich and Ba deficient phase could not be detected by XRD, likely
due to a low total amount in the sample. The phase changes during cold
sintering observed by SEM and XRD clearly highlight that dissolution of
Y containing particles is the major driving factor for densification of
BZY20, as already observed for Ce containing BZCY ceramics [42,43].
Further evidence for the dominant role of Y during cold sintering can
be derived from the densification behavior of pure BaZrOs (BZO) pow-
ders that were prepared using the same powder processing route. Even
though residual BaCOs is present due to low calcination temperatures,
no cold sintering activity can be observed (Fig. 5a), excluding BaCO3 as a
dominant factor facilitating densification during cold sintering. A direct
comparison between the densification behavior is displayed in Fig. 5a.
During the application of uniaxial pressure (marked with blue back-
ground) both powders show a similar compaction behavior, which is
likely the elastic response of the setup and a powder compaction due to
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Fig. 4. Microstructure after cold sintering of BZY20 at 250 °C using 400 MPa for 10 min (a) SEM image of a polished cross section showing the heterogeneous
microstructure. (b-d) SEM-EDS mappings of the major components of BZY20. (e, f) Selected EDS spectra in the energy range of the Y La, Zr Lo and Pt Ma peaks (e) as
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pressure of 400 MPa using deionized H,O as a sintering aid. (b) Raman spectroscopy measurements of powders and cold sintered samples. Blue background
highlights the vibrational modes associated with BaCO3. In BZY20 the Y-O vibrational modes (4p) are reduced after cold sintering.

the loading. Once heat is applied, a clear piston displacement is already
measurable for BZY20 powders even at low temperatures of 150 °C,
while BZO powders show no sign of powder densification. Additionally,
Raman measurements on both starting powders and cold sintered sam-
ples give an insight into the phase changes induced by cold sintering
(Fig. 5b). It is clearly visible that both powders as well as the sintered
samples contain BaCOj3 (highlighted by blue background). Furthermore,
the Raman spectrum of BZO samples is not affected by the cold sintering
treatment, while in BZY20 small changes in the Y-O vibrational modes
are visible.

Even though a substantial densification could be achieved in one-
step cold sintering, the presence of unstable phases after sintering pre-
vents electrochemical characterization and high-resolution electron
microscopy. Therefore, a two-step sintering procedure was developed
(Fig. 1b) to remove instable components (Y(OH)3) as well as to further
increase the relative density. Fig. 6 summarizes the effect of a second
sintering step at higher temperatures on the relative densities and the
phase composition. The two-step cold sintering process yields relative
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densities between 91% and 95% (Fig. 6a), which is significantly higher
than after one-step cold sintering. Furthermore, the XRD diffractograms
in Fig. 6b, c clearly show the removal of the instable secondary phase Y
(OH);3 that was present after cold sintering at 250 °C. All temperatures
used here are above the decomposition temperature of Y(OH)3 into Y203
and Hp0 [49,50]. However, the temperatures are not sufficient to
decompose residual BaCOs, which remains inside the samples [51]. This
treatment not only stabilizes the cold sintered samples in contact with
wet atmosphere but also allows high resolution investigation of the
microstructures and grain boundaries by transmission electron micro-
scopy and a detailed electrochemical characterization.

3.2. Grain boundary composition and resulting electrochemical properties

In the following section, the electrochemical properties are investi-
gated and high-resolution electron microscopy is used to correlate the
bulk properties to the microstructure and the chemical composition at
the grain boundaries.
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Figs. 7 and 8 show the electrochemical impedance spectroscopy (EIS)
measurements to assess the conductivity of two-step cold sintered
BZY20. We used a conventionally processed BZY20 sample, which was
sintered in a BZY20 sacrificial powder bed at 1600 °C for 24 h in air as a
reference [44]. Firstly, Fig. 7 displays three Nyquist plots of EIS mea-
surements at 300 °C in wet Ar/Hy. Comparing the different contribu-
tions of bulk (RQ1), grain boundary (RQ2) and electrode (RQ3) it
becomes clear that both cold sintered samples (Fig. 7a and b) have a very
high grain boundary resistivity that is dominating the overall conduc-
tivity. A comparison with the conventionally processed sample (Fig. 7c)
highlights the strong differences. Here, the grain boundary resistivity is
smaller compared to the bulk resistivity, an effect recently highlighted
by Ebert et al. [44].

The presented fitting procedure is applied between temperatures of
150 and 600 °C. The conductivity is displayed separately in the total,
bulk and effective grain boundary conductivity, which are represented
as squares, circles and triangles in Fig. 8. The conductivity values are
derived from the fitting procedure using Eqs. (1-3) [52]. The total
conductivity of both cold sintered samples (900 and 1100 °C) is several
orders of magnitude lower than the conductivity of the conventionally
processed reference specimen.

This stems from the large difference in effective grain boundary
conductivity between cold and conventionally sintered samples (high-
lighted by arrows in the graph). When comparing the bulk conductivity,
all tested samples are in the same conductivity range. The extremely low
grain boundary conductivity observed in impedance measurements
might be explained by the presence of the secondary phases and grain
boundary films being present between BZY grains. Additionally, the
extremely small grain size of cold sintered samples increases the impact
of the grain boundary conductivity on the total performance.

Therefore, an in-depth characterization of the microstructure and the
grain boundary composition is needed to correlate the conductivity re-
sults to distinct microstructural features. Fig. 9 shows a TEM-EDS
mapping for two-step cold sintered BZY20 (250 °C for 10 min at
400 MPa followed by 1100 °C for 5 min at 100 MPa) on the micro-
structure and grain boundary scale. The microstructure is characterized
by a very small grain size and secondary phases that are predominantly
located at triple points (Fig. 9b) and in between grains (Fig. 9a). In
addition to the major components of BZY20 (Ba, Zr, Y and O), Fig. 9a
also includes Carbon, which can be associated to residual BaCOs (also
clearly present in XRD and Raman measurements).

A clear separation between the crystalline BZY20 grains and the
secondary phase inclusion can be observed. The secondary inclusion can
be separated into two distinct phases: a carbon-rich phase, most likely
identified as BaCOs, and an yttrium-rich phase, presumably originating
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Fig. 8. Arrhenius plot of the total, bulk, and effective grain boundary conductivity of conventionally sintered BZY20 (1600 °C, 24 h) and two-step cold sintered

BZY20 (900 °C / 1100 °C) measured in wet Ar/H,.

|

Y-rich phase

«— C-rich phase

Fig. 9. High resolution (S)TEM imaging of two-step cold sintered BZY20 sintered at 1100 °C. (a) Overview HAADF STEM image and the associated EDS mappings
displaying the major components of BZY20 and Carbon (b) Representative HRTEM image of a triple point between two BZY20 grains and a Y-rich secondary phase
inclusion. (c, d) Fast Fourier Transformation (FFT) patterns of selected areas from the TEM image in Fig. 8b.

from the decomposition of Y(OH)3 into Y503. These results confirm the
observations that were made using macroscopic characterization
techniques.

Additionally, high-resolution transmission electron microscopy
(HRTEM) images provide further insights into the nanostructure of a
representative interface region between BZY20 grains and the secondary
phase (Fig. 9b). Inside the secondary phase, nanometer-sized crystals are
embedded within an amorphous matrix. To shed light on the nature of
the yttrium-rich secondary phase, a Fast Fourier Transformation (FFT)
was conducted on the region corresponding to this phase (highlighted by
an orange box). The FFT pattern obtained from this analysis (Fig. 9¢c)
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emphasizes the predominantly amorphous nature of the yttrium-rich
phase. The absence of well-defined spots in the FFT reveals the lack of
long-range order in the yttrium-rich phase, pointing towards an early
stage of a recrystallization after the decomposition of volatile phases
[53].

For comparison, an additional FFT of the neighboring BZY grain is
displayed in Fig. 9d. Here, clear spots are visible highlighting the crys-
tallinity of the selected area. Using STEM and HRTEM characterization,
we could reveal the locations of secondary phases inside the micro-
structure of two-step cold sintered BZY20. Both BaCOs and Y rich re-
siduals (probably Y503), which were detected by XRD, can be found
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predominantly at triple points and as larger side phases inside the grain
structure. Particularly the Y-rich secondary phase might facilitate the
densification during cold sintering by activating grain sliding and
rotation mechanisms. However, due to the unfinished decomposition
and re-integration into the perovskite structure, both identified com-
pounds might harm functional properties.

Given that grain boundaries are the most critical feature defining the
conductivity of BZY ceramics, the structure and chemical composition of
selected interfaces was investigated using high resolution STEM imaging
and EDS and is summarized in Fig. 10. The high resolution HAADF
image in Fig. 10 a shows a representative grain bounday with the bottom
grain aligned along the [100] axis. The high magnification of the HAADF
image allows to resolve an intergranular film that is present between
both grains (highlighted by dotted lines). The grain boundary film ex-
hibits an inhomogenious, rough appearance and has a thickness of
around 1 nm. To elaborate further on the chemical composition, an EDS
mapping at the same position is displayed in Fig. 10 b. The alignement of
the bottom grain along the [100] axis leads to an intensity difference in
the EDS signal, which is induced by channeling effects [54]. This makes
high resolution observations only possible on one side of the grain
boundary. However, on the aligned side, the major elements Ba and Zr
are atomically resolved in the spectral image and a minor Y enrichment
can be observed next to the grain boundary. No clear changes are visible
in the O and C signal. To get a better comparison of the local elemental
disribution, a line scan is derived from the EDS mappings by summari-
zing the spectral data perpendicular to the grain boundary (Fig, 10c as
highlighted by an orange arrow in Fig. 10 b). The Y segregation at the
grain boundary is now clearly visible next to the grain boundary core.

Intensity (a. u.)

T T T T

6 8 10 12
Position [nm]
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The increase of Y at the grain boundary is correlated with a simultanious
decrease in Zr signal. All other signals are at a constant intensity outside
of the center of the grain boundary. The subsitution of Zr with the
trivalent Y cation on the B side of the perovskite lattice (ABO3) is the
natural position in a solid solution system like BZY20 [12].

The segregation of negatively charged acceptor dopants towards the
charged interface has been observed in several studies for this material
system and is driven by the formation of a space charge potential at the
grain boundary [55-57]. However, the low extent of cationic segrega-
tion which we observe here is not comparable to the pronounced
segregation profiles that are present when BZY20 is conventionally
processed at high temperatures [25,58]. The low overall sintering
temperatures of 1100 °C and the extremely short dwell time of 5 min are
preventing a full equilibriation of the cationic composition at the
interface, leading to the low extent of segregation and amorphous layers
at the grain boundaries.

Similar observations were reported recently for SrTiO3 perovskite
ceramics that where reaction-sintered at low temperatures with FAST/
SPS [59]. In this system, the segregation of Ti towards the grain
boundary is prevented, increasing the specific grain boundary conduc-
tivity. However, in the present study, the chemical composition of the
grain boundary film, in Fig. 10 a could not be determined. This could be
explained by the overall low amount of material at the interface and the
possible beam sensitivity of the film. The intergranular film is unstable
under long term exposure, which is needed for high resolution EDS
mappings (HAADF images before and after the EDS mapping are shown
in supplementary Fig. S2).

The extremly low grain boundary conductivity observed in

Fig. 10. High resolution STEM-EDS mapping of a grain boundary in two-step cold sintered BZY20. (a) High resolution HAADF STEM image showing an atomically
resolved grain boundary between two BZY20 grains (b) HAADF image of the same grain boundary and associated EDS mappings. (c) EDS line scan derived from the
EDS maps in (b). The direction and the integration thickness are also visualized in (b).
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impedance measurements is likely due to the presence of the intra-
granular films between BZY grains. Due to a processing window below
the decomposition temperature of BaCO3 and an incomplete integration
of the Y-rich residues into the perovskite structure, the secondary phases
remaining in the microstructure (as intragranular films and secondary
phase particles) still represent a detrimental barrier to ionic
conductivity.

Future strategies to overcome the limitations posed by secondary
phases at the grain boundary might include several pathways: (1)
Thermal post-treatments at temperatures high enough to decompose
BaCOg and to intregrate Y residuals into the structure. (2) Optimization
of the starting powder composition to reduce the amount of residual
BaCO3 while preserving the nanocrystalline powder morphology. (3)
Changes of the transient sintering additive chemisty to a Ba(OH); hy-
drated flux or other solid sinterings aids that have been applied in the
cold sintering of BaTiO3 [36,60]. However, the processing strategy using
a combination of cold sintering and high pressure FAST/SPS presented
here allows to strongly reduce the processing temperature and addi-
tionally offers various future possibilities to design the sintering
behavior and grain boundary properties of barium zirconate based
proton conducting ceramics.

4. Conclusions

A new two-step sintering process has been developed for BZY20,
enabling cold sintering at 250 °C and stabilization between 900 —
1100 °C inside a FAST/SPS device. The sintering behavior is determined
by the Y solution and the formation of Y(OH)s3, facilitating densification
under high uniaxial pressures. High-resolution characterization and
electrochemical testing are made possible by the decomposition of Y
(OH)3 during a heat treatment following cold sintering. The resulting
BZY20 exhibits a nano-sized microstructure, with residual secondary
phases mainly located at grain boundaries and triple points. However,
likely amorphous grain boundary films form which significantly reduce
the electrochemical performance by a strong reduction of the grain
bounday conductivity. Despite the limited conductivity achieved here
for BZY20, this innovative approach offers a new pathway for the low-
temperature processing of proton-conducting ceramics based on
barium zirconate and adds further possibilites to design the grain
boundary properties.
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