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ABSTRACT

Proton conducting BaZry..Ce.Yy 035 electrolytes have been intensively investigated
in the past years. The zirconium rich stoichiometry of this perovskite type material shows
good chemical stability coupled with high proton conductivity. However, this material
remains highly refractory. Therefore, high sintering temperatures (1800 °C) are required to
fully densify the electrolyte layer. This study focuses on using different sintering strategies,
such as cold-sintering and sintering aids, during the fabrication of the electrolyte to decrease
the sintering temperature. After various densification protocols, the electrical conductivity of
the zirconate (BaZry;Cey,Yy.103.5) electrolytes are compared to study the influence of the
densification process on the bulk, grain boundary and total conductivity of the electrolyte
layer.

I. INTRODUCTION

Solid oxides cells have been increasingly investigated in the past decades, owing to their
high faradic efficiencies [1,2]. Solid oxide cells are most commonly based on fluorite-type
oxide-ion conducting materials such as yttria-stabilized zirconia. To limit ohmic losses in the
cells, they typically operate at high temperature (700 - 900 °C), which causes accelerated
degradation of performance [3]. More recently, new classes of ceramics were studied for their
fast proton transport ability in lower temperature ranges (450 - 600 °C) [4,5]. Since the
discovery of protonic conduction in strontium cerates perovskite by Iwahara and coworkers
[6], many efforts concentrated on more stable perovskite materials such as barium cerate and

barium zirconate [7].



Barium zirconate BaZrOjs crystallizes in a perovskite structure and is already in use in
the industry for its thermal refracting properties, since its melting point is around 2620 °C [8].
The material also shows excellent mechanical resistance to yield stress, high chemical and
thermal stability and compatibility with a wide range of elements. Doped Barium cerate,
particularly with yttrium, Ba(Ce,Y)Oss is also a well-known material that shows high proton
conductivity at intermediate temperature [9] . However, this material shows poor thermal and
chemical stability, especially when exposed to carbon dioxide [10]. Therefore, solid solutions
of the two perovskites were also considered, with the aim to combine the chemical stability of
BaZrOs; with the high proton conductivity of doped BaCeO; [11,12]. In this study, a
composition with high Zr content is considered: BaZry;Cey,Y0 1035 (BZCY-721) [13].
Therefore, this zirconium-rich composition shows good proton conduction and stability in
presence of CO,. Its properties make it a suitable material as an electrolyte for Proton
Ceramic Fuel Cell or electrolyser (PCFC or PCEC). However, the sinterability remains the
major issue of this highly refractory ceramic material. To limit processing costs and thermal
stresses during sintering treatments, there is a clear incentive to reduce the temperatures

required to densify those ceramics.

In the early 60s, Coble [14] proposed a detailed study explaining the different
phenomenon occurring during sintering. He also stated that transparent ceramics (crystalline
state of the material) could be obtained by completely removing the porosity, thus reaching
the complete densification of the material. For some specific materials such as Al,Os, it is
possible to naturally reach such relative density. However, for more refractory materials,
using alternative strategies such as sintering aids is almost mandatory. For example, it is
possible to use metal oxides such as ZnO, NiO, FeO, MoO;, CuO, etc. as sintering aids to
enhance both densification and grain growth [11,15-17]. In 2005, ZnO was first used as
sintering aid for BaZry3Y.1503.5, and the sintering temperature was reduced from 1700 °C to
1300 °C. Another study presented by Babar et al. [18] showed the possibility to reduce the
sintering temperature to 1150 °C using a CuO sintering aid. More recently Y. Li ef al. [19]
have demonstrated that the potential of the simultaneous use of lithium and zinc oxides is
effective to enhance the densification of BaZrygY,0s.5 (1400 °C for 8 h). Another effective
way to reduce the energy consumption during sintering is to use intermediate strategies such
as Cold-Sintering Process (CSP). The densification mechanisms of the CSP have been
extensively studied by Guo et al. [20] for simple oxides. CSP uses a small amount of aqueous

solution added to the ceramic powder during pressing. The solvent enables densification via a



dissolution-precipitation process, while heating the material at boiling temperatures. Recently,
CSP has been also applied in our group to BZCY type oxide with a high concentration of
cerium, BaZry1CepsY 01035 [21]. The challenge here is to develop low temperature sintering
for the refractory ceramic composition BaZr;7Cep2Y0.1035. This study compares the
influence of dual sintering aids (lithium and zinc oxides) and of CSP on the densification, the

morphology and the conductivity of the BaZr 7Ce Y1035 electrolyte materials.

Il. EXPERIMENTAL

Commercial BaZry7Ce.2Y 01035 powder (Cerpotech) was used and characterized for this
study. Conventional preparation of the electrolyte membrane consists in pressing the powder
at 375 MPa for 10 min followed by a sintering treatment at 1600 °C for 15 h. For CSP
protocol, 5 wt. % of water was added to the powder and mixed in a mortar. A simple hot-
pressing dye is used to enable both heating and pressing [21]. A 375 MPa pressure is applied
to the 10 mm diameter pellet and the temperature is kept at 180 °C during 1 h. The pellet is
then dried overnight in an oven at 120 °C. Then, the pellet is further treated at 1600 °C during
15 h. In the protocol using sintering aids, a dual sintering aid containing 20 mol.% of lithium
oxide and 80 mol.% of zinc oxide is investigated. The sintering aid powder was prepared by
impregnation of a lithium nitrate solution (in ethanol) on a commercial zinc oxide powder
(Aldrich). The product was dried at room temperature overnight and calcined at 700 °C for
10 h. Then, 1 wt% of the sintering aid powder is added to the BZCY-721 powder and mixed
in a mortar manually. In this study, four densification strategies were used: 1) the conventional

sintering protocol, i) the sintering aid protocol and ii1) the CSP protocol.

The grain size distribution of the powders was measured by laser-granulometry
(Masterize2000) under pressurized air and in an ultrasonic bath of absolute ethanol.
Calibration of the measurement was done using the commercial powder before conducting 15
stable measurements for statistical purposes. The specific surface areas were determined by
N, adsorption using the Brunauer, Emmett and Teller (BET) method in a Micrometrics 3flex
apparatus. X-ray diffraction patterns (XRDP) of the powder and sintered commercial
BZCY-721 pellet were recorded at room temperature in air using a Bruker D8 advance
diffractometer in Bragg-Brentano geometry. A copper anode source of wavelength
Acukar = 1.5406 A is used, isolated with a germanium monochromator. The data is recorded in

the range 10-80° 26 with a step size of 0.018° and 0.42 s at each step. Rietveld refinements



were performed with the JANA2006 software using Pm3m and R3c space groups [22].
Crystallite size and isotropic microstrain were determined using the fundamental approach as
implemented in JANA2006 [23]. Berar corrections were applied to obtain more realistic
standard uncertainties [24]. The lithium doped zinc oxide sintering aid was characterized
using X-ray photoelectron spectroscopy (XPS) on Surface Science Instruments using an Al K
Alpha source with a spot size of 500um. 501 energy steps were made using a step size of 0.1
eV. For each measurement ten scans were made for a total acquisition time of 4 min and 10
seconds. The spectra were analysed and fitted using the CasaXPS software. The densification
behaviour of the electrolyte material was characterized by dilatometry using a NETZSCH
Dil402C dilatometer, from room temperature to 1600 °C at a rate of 3 °C-min”'. The raw
powder was characterized using simultaneous Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC) up to 1550 °C in dry air using a NETZSCH
JUPITER 4. The morphology of the pellets and powders were characterized using Scanning
Electron Microscopy (JEOL 7600 SEM). Energy Dispersive X-ray spectroscopy (EDX) was
performed on polished cross sections. Samples were fractured and thermally etched at 1400
°C for 10 h. The Image] software was used to determine the volume density of grain
boundaries after thermal etching of the cross-section. Scanning transmission electron
microscopy (STEM) experiments were carried out using Themis Z G3 Cs-probe corrected
microscope (Thermo Fisher Scientific) operated at 300 kV and equipped with a high-angle
annular dark field (HAADF) detector, with 30mrad convergence angle. Elemental maps were
acquired in STEM mode using a Super-X emission X-ray spectrometer consisting of four
windowless silicon-drift detectors (SDDs) providing a large collection solid angle of 0.7 rad.
In order to limit electron beam damages the samples were cooled at 96K.

The relative density of the sample before and after densification is obtained using the
ratio between measured and theoretical density. The theoretical density is calculated using the

equation 1.

Z+M (1)
N, *xV

Pth =

where Z is the coordination number of the cubic lattice, M the molar mass of the
material, N, the Avogadro constant and V" the theoretical lattice volume of the material. The
measured density is determined geometrically by measured the mass and volume of the

pellets. The relative density is the ratio between measured density and theoretical density.



For electrochemical measurements, symmetrical cells were prepared [25]. One ink of
Ba 5SrpsCo sFep2035 (BSCF) and a second one of a composite BaZry7Cep2Y0.1035 /
Bay 5S105C0o0 sFep 2035 (50/50 wt%) were prepared. The inks were prepared by mixing the
oxide powder and ethyl-cellulose (as binder) in a-terpineol. The inks were further mixed in a
three-roll mill for better homogeneity. A multi-layer electrode was deposited by screen-
printing. The first layer was the composite material deposited as an interface layer to enhance
the mechanical resistance of the electrode and reduce the resistive contribution of the interface
to the conductivity. The second layer was made of pure BSCF. After optimization of current
collection considering several current collection materials (LagSr94Cog2Fe 3055,
Lag sSrosMnOs, Silver and Platinum), and Pt was selected. Finally, the three layers were

sintered at 1100 °C for 1 h.

Impedance diagrams were recorded using the Bio-logic SAS model VSP-300
potentiometer. Measurements were taken every 50 °C while decreasing the temperature from
750 °C to 100 °C. Measurements were repeated in dry and wet (3 %) synthetic air (N, and Oy,
Alphagaz™ 2 grade, Air Liquide). Validity of the measurements were controlled using the
built-in Kramer-Konig test from the EC-LAB software (Biologic SAS). Frequency sweeps
were performed from 1 MHz to 100 mHz using an amplitude of 100 mV, chosen after
optimizing the signal to noise ratio while addressing the linearity requirements. In order to
quantify the electrolyte contributions, the impedance diagrams of the symmetrical cells were
fitted [26] with appropriate equivalent circuits using the ZVIEW software (Scribner

Associates).

I1l. Results and discussion

The electrolyte material conductivity depends on the grain growth and densification i.e.
high relative density yields high conductivity. The study compares the impact of several
sintering strategies on the morphology and electrochemical properties of the electrolyte

material.

I11.1 Structural analysis of the electrolyte



BaZry7Ce2Y0.105.5 crystallizes in a perovskite-type structure. The XRDP recorded at
room temperature of the powder as received and of the sintered pellet were refined in the
possible space groups Pm3m and R3c [27]. The XRDP of the powder as received shows small
impurity peaks corresponding to BaCO; (Figure 1a) while the XRDP of the sintered pellet
shows a pure perovskite phase (Figure 1b). The presence of BaCO; suggests that the
commercial powder is slightly deficient in barium which would explain the slightly smaller
volume than that of the sintered pellet. Indeed, in the latter, barium from BaCO; can be

dissolved in the perovskite lattice, thus increasing its volume.
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Figure 1 - X-ray diffraction patterns, and Rietveld refinements in the Pm3m space group of commercial
BZCY721 powder (a) as received, and (b) after sintering at 1600 °C for 15 h

The results of the Rietveld refinement are reported in Table 1. The refinements in the
Pm3m and R3c space groups give almost identical results with respect to R-factors,
microstructural parameters, and isotropic displacement parameters. However, the Pm3m
space group gives slightly better Rpg, than in the R3¢ space group. This result, coupled with
the lack of visible superstructure peaks in the patterns, leads to consider refinements in the
Pm3m space group. Figure 1 shows the final plots of the Rietveld refinements in the Pm3m
space group. As expected from the temperature increase, the crystallite size of the sintered
pellet (103 nm) is larger than that of the commercial powder (36 nm). The line broadening of
the diffraction peaks is also affected by microstrain which is due to multiple substitutions in
the same la site of the cubic structure. The microstrain decreases significantly, from 0.2 to
0.04%, after sintering.
Table 1. Structural parameters obtained from Rietveld refinement of the powder and sintered pellet of

commercial BZCY721. For refinements, the Ba site occupancy is set to full, the Zr, Ce and Y occupancies are set
to 0.7, 0.2 and 0.1, respectively and the O site occupancy is set to obtain the formula BaZr;Cey Y, ;0505 “V, is



the volume per unit formula. "For the x-coordinate of oxygen in the R space group, the value was set to 0.5

due to instability.

As received Sintered (1600°C)
Space group (no.) Pm3m (221) R3c (167) Pm3m (221) R3c (167)
a(A) 4.2371(8) 5.988(7) 4.2536(2) 6.0125(7)
c(A) 14.70(4) 14.750(3)
Vv (R%), Vv, (R%? 76.07(3) 456.4(14), 76.07 76.959(8) 461.76(13),
76.96
Z 1 6 1 6
Xz 1.23 1.23 1.32 1.32
Rp (%) 12.92 12.93 15.29 15.30
Rup (%) 19.09 19.09 21.50 21.48
Reragg (%) 2.13 2.30 2.23 2.43
Microstructural parameters
Crystallite size (hm) 36(2) 36(2) 103(4) 104(4)
Microstrain gy (%) 0.198(7) 0.195(11) 0.042(3) 0.035(4)

Isotropic displacement parameter Ui, (A?), Wyckoff position and x-coordinate for O in the R3¢ space group

Uga in 1b 0.017(4) - 0.012(3) -
Uzncery iN 1a 0.002(4) - 0.002(3) -

Uo in 3d 0.010(9) - 0.013(9) -

Uga in 6a - 0.017(4) - 0.012(3)
Uzricery i 6D - 0.002(4) - 0.002(3)
Uo in 186, x - 0.010(9), 0.5” - 0.008(10),

0.478(10)




I11.2 Specific surface area and grain size distribution of the powder

As powder morphology is critical for describing sintering behavior, the specific surface
area and grain size distribution of the commercial electrolyte were studied. Figure 2 shows the
particle size distribution measured by laser granulometry. The presence of agglomerates in the
powder results in a bimodal distribution. The median repartion d50 of the particles can be
separated in two sections at the inflection point. Particles of the first section are measured
between 800 nm and 2 pm and represent 28 % of the particle volume density. Particles size of
the second section are measured between 5 and 11 um and represent 25 % of the particle
volume density . The particle size measured by granulometry is higher than the cristallite size
calculted using Rietveld refinement. This difference can be explained by the presence of

agglomerates in the powder during the granulometry measurments [28].
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Figure 2 - Grain size distribution of the Cerpotech commercial powder measured by laser granulometry

BET measurements shows that the powder specific surface area decreases from 20 to
0.08 m*-g™" after heat treatment at 1600 °C for 15 h. This behavior is consistent with grain
coarsening during the densification process. However, the sensitivity of N, adsorption might
be to low for sintered grains, which limits the precision of the measurement, even with a large

amount of powder.



I11.3 Characterization of the dual sintering aid

The phase composition of the pure lithium doped (20 wt%) ZnO powder was studied
by X-ray diffraction. Figure 3 shows the XRD patterns of ZnO and Li doped ZnO samples.
The positions of the Bragg peaks match well with the reported XRD pattern of the Wurtzite
structure of ZnO (JCPDS: 89-1397). No additional phases with zinc and/or lithium compound
were detected from the XRD patterns. However, small shifts in the position of the diffraction
peaks towards higher angles are observed and indicate a contraction of the unit cell, consistent
with Li substitution for Zn in the ZnO lattice. Indeed, Li** has a smaller ionic radius (0.60 A)
in comparison to Zn®* (0.74 A) ion. It was found that the hexagonal lattice parameters
(a=3.24 A and c =5.21 A) are close to those reported in the literature [29].

—— Commercial powder of ZnQ
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—— Li doped commercial powder of Zn0
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20(°)

Figure 3 - X-ray diffraction patterns of commercial Zinc oxide powder and the Lithium doped Zinc Oxide
powder

Additionally, the oxidation states of lithium and zinc were studied by XPS. The
binding energy level of Carbon C 1s (285 eV) was used as a reference energy level and all
XPS spectra were shifted according to C 1s energy level. In Figure 4a it is possible to see that
the carbon peak is influenced by two chemical compositions. The C-C reference at 285 eV
and the presence of carbonates (CO3) at 290 eV. Figure 4 shows the full-scale measurement of
the 20 mol% Li doped ZnO sample (figure 4a), Zn 2p (figure 4b) and Li 1s (figure 4c) binding
energy were analyzed. The Zn 2p and Li 1s peaks were fitted using the CasaXPS software and

all the fitting parameters are referenced in Table 2. In the Zn 2p region, the XPS spectra



shows two peaks located at 1021.5 eV and 1044.9 eV corresponding to the Zn 2pz, and Zn
2p12 states. The spin—orbit splitting of 24 eV for Zn-2ps;, and Zn-2py, confirms that the Zn
atoms are in a completely oxidized state in the sample. Li 1s signal appearing at a binding
energy of 55.1 eV also shows two chemical contributions. The first contribution corresponds
to Li,O (66.58 %) fitted at 54.98 eV. The second contribution corresponds to LiCO;3 (33.42
%) and is fitted at 55.88 eV, its presence being supported by the carbonate contribution to the
C 1s peak. In this study, no binding energy positions due to metallic lithium cluster (52.3 eV)
and interstitial Li atoms (52.9 eV) [30] was detected by XPS. Therefore, the XPS results
confirm that 66.58 % of lithium substitutes well the Zinc atoms.
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Figure 4 - (a) X-Ray photoelectron spectrometry measurements of Li doped ZnO, (b) Scan for Zn 2p and (c) Li
1s binding energy levels

Table 2. XPS measurement fitting parameters used in Figure 4b and 4c

Li1s Zn 2p
Li,O Li,CO3 1/2 3/2
Fwhm 1.36703 1.81595 2.60566 2.69236
Area 876.9 440.2 48116.1 23458.1
Position 54.98 55.88 1022.28 1045.38
Line Shape | LA(1.3.230) | LA(1.3.230) | LA(1.3.230) | LA(1.3.230)

10



| %Concentr. | 6658 | 3342 | 6723 | 3277 |

I11.4 Conventional sintering, cold sintering and sintering aids processes

The presence of open pores inside the electrolyte layer compromises the gas tightness of
the electrolyte, leading to cross diffusion of gases from the fuel and air compartment of the
cell. Therefore, it is mandatory to reduce the porosity of the electrolyte by enhancing the
densification during sintering. In this section, the morphology of pellets is compared and
discussed with respect to the densification protocol. Three cases are considered: pellets
prepared with conventional sintering, CSP and sintering aids. To investigate the impact of the
different sintering protocols on the grain growth and the grain boundary density, thermal
etching [9,31,32] was performed on cross sections of the samples to reveal the grain
boundaries. SEM images of the cross sections of samples prepared with the three protocols
are shown in Figure 5. Grain size and concentration calculated using ImageJ software are
applied to the SEM images (Table 3). For conventional sintering (Figure 5a), the high number
of grains and their small size shows a limited grain growth. Figure 5b shows SEM images of
sample fabricated using CSP. The cross section shows a grain morphology characterized by
the heterogeneity of the grain shape and size. However, the grain number is lower than that of
the conventional sintering sample, suggesting that CSP facilitates grain coarsening. In

contrast, using sintering aid (Figure 5c) gives the highest relative density value, with low

porosity and large grain, suggesting that the sintering aids increases grain coarsening.

Figure 5 - SEM images of BaZry;Ce;,Y0.103.5 pellets cross sections, densified by (a) conventional sintering, (b)
ZnO-Li 1wt% sintering aid (c) CSP at 180 °C before sintering
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Table 3. Grain density values calculated with ImageJ from SEM cross section images after thermal etching

Sintering protocol Conventional CsP ZnO-Li

Grain count (grain) 50 86 26

Count Area (um?) 4.52 26.1 409
Mean grain diameter (um) 0.35 0.55 3.3
Grain Density (grain.um?) 11 3.3 0.06

As shown in table 3, conventional sintering yields low grain coarsening, exemplified
by a high grain density (11 grain-um™). The presence of lithium doped zinc oxide increases
grain coarsening dramatically, yielding a grain density one order of magnitude lower than that
of the conventional sintering (0.2 grain‘um=). The CSP yields a grain density of

3.3 grain-pm™.

Then, the crystalline structure of the densified samples is studied by X-ray diffraction
(Figure 6). For samples densified conventionally and with a sintering aid, the material
structure is single-phase with narrow diffraction peaks. For the CSP strategy, the X-ray
diagram shows that each diffraction peak has a shoulder systematically to its right, indicating
the presence of two phases: a majority phase corresponding to the main peaks, and a minority
phase corresponding to the shoulders, whose composition is close to that of the majority phase
and whose lattice parameter is slightly lower than that of the majority phase. The addition of
water to the powder could influence the structure via the formation of hydroxides during the
hot-pressing stage, which, being complex to decompose, would slow the crystallization of the

structure, and prevent the formation of a single-phase material.
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Figure 6 — XRD diagrams of the BZCY-721 samples densified following the three strategies.

Because there are two morphology properties affected by the processing protocol,
namely densification and grain growth, dilatometry measurements were performed to further
characterized the densification mechanisms. Figure 7a shows the sintering curves measured
by dilatometry. Green pellets for conventional sintering (a), and sintering aid (b) protocols
shows similar initial relative densities around 42 %. For the pellet prepared by conventional
sintering, densification begins around 1000 °C before reaching a disruption at 1400 °C. This
disruption is overcome around 1500 °C, after what the pellet density increases again, to reach
a relative density of 66 % at 1600 °C. For the sample fabricated using sintering aid (b),
densification also starts around 1000 °C. However, the disruption occurs at temperatures
lower than for the conventional sintering, beginning at 1100 °C, and ending at 1400 °C. This
disruption is more pronounced than that of the conventional sintering. Finally, the relative
density reaches 96 % at 1600 °C. Here, the sintering mechanism is linked to the reactivity of
ZnO-Li with the Barium oxide present at the surface of the grains. The sintering aid reacts to
form a mixed Barium-Zinc oxide phase at the grain boundary [9]. By tuning the chemistry of
the grain surface, the melting temperature of the grain boundary is decreased, owing to the
formation of an eutectic (1099 °C) [33]. Moreover, the addition of lithium oxide decreases the
formation temperature of the eutectic [34], thus increasing the diffusion kinetics. The cation
diffusion in the liquid phase being high as compared to solid state diffusion, sintering aids

leads to grain coarsening and growth. After densification, high concentration of ZnO are
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usually measured inside the grain boundary, whereas low concentrations are measured inside
the bulk [35]. For the sample including CSP in its fabrication protocol (c), the relative density
of the green pellet is higher, around 50 %. Similarly, to the conventional sample, the sintering
process of the CSP sample begins around 1000 °C and yields a final relative density of 79 %
at 1600 °C. The disruption is still observable at 1450 °C, but at a smaller magnitude.
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Figure 7 - Temperature dependence (up to 1600 °C) of the relative density and geometrical shrinkage of the of
BaZry,Cep,Y0105.5 pellets measured by (a) dilatometry based on the different sintering strategies, (a)
conventional sintering, (b) ZnO-Li 1 wt% sintering aid and (c) CSP. Evolution of the BaZry;Ceq,Y0103.5 pellet,
(b) characterized using TGA and DSC (up to 1550 °C), fabricated using the different sintering strategies

These results confirm that the various sintering strategies have a significant impact on
the densification mechanisms. The energy loss linked to the observed disruption could be
associated to the decomposition of the Barium carbonate impurity. The reaction produces
carbon dioxide, which is released in the furnace atmosphere and barium oxide. Moreover,
barium oxide is incorporated inside the structure [36,37]. It is also shown that using sintering
aids decreases the activation energy of the decomposition reaction and facilitates the re-

incorporation of barium oxide thus improving the densification.

The decomposition of the barium carbonate and the barium oxide incorporation
phenomenon, inside the various electrolyte pellets, is studied in Figure 7b, showing
TGA/DSC measurements conducted in similar conditions to dilatometry, coupled to a mass
spectrometer. During the measurements the mass spectrometer only identified the presence of
molecular weight between 43 and 45u which corresponds to the emission of CO,. The mass
spectrometer does not detect lithium or barium, which confirm that there is no cation
evaporation during sintering. For the conventional sample (red), TGA measurements shows

4 % mass loss below 800 °C, related to evaporation of the residual humidity. DSC shows that
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the onset of the exothermic phenomenon occurs around 1400 °C, which can be correlated to
the disruption observed by dilatometry. The refractive behaviour of this sample implies that
the temperature is not high enough to reach the energetic feature observable on the other
samples. It also means that the decomposition of the barium carbonate is not complete. The
absence of the impurity decomposition could explain the very low relative density of the
sample after dilatometry measurements. The CSP sample (yellow) is also marked by a loss of
3 % mass under 1000 °C. The absence of the evaporation step can be linked to the drying step
of the CSP pellet after the hot pressing. The DSC show the disruption in between two
exothermic steps, the first one around with an onset 1318 °C could indicates the carbonate
decomposition followed by diffusion of barium and grain coarsening over 1500 °C. The pellet
densified with sintering aids (wine) loses 3 % of mass between room temperature and 400 °C,
linked to the evaporation of residual humidity. Between 400 and 800 °C, the pellet loses an
additional 2.5 % mass, that could be explained by the decomposition of the lithium carbonate
occurring after 690 °C [38]. The remaining 2.5 % mass loss corresponds to the barium
carbonate decomposition between 800 and 1300 °C. Moreover, an energetic feature similar to
the CSP sample can be observed, where the exothermic response has an onset around 1102 °C
follow by a transition marked by an endothermic phenomenon before beginning the
densification process. The reaction enthalpy for the decomposition of barium carbonate is
measured around 227 kJ.mol™, comparable to the 230 kJ .mol” found in the literature [39].
Since the carbonates were decomposed, the barium in excess needs to be reincorporated into
the structure of the material. As the decomposition of the barium carbonate impacts the mass
and thermal response of the electrolyte material, it could interfere with the densification
process, thus slowing it down. Figure 7 supports well this hypothesis, mainly for the sintering
aided and CSP samples where the sintering process begins only after complete decomposition
of the Barium carbonate impurity. This delay of the sintering comes in addition of the natural
refractive behaviour of the electrolyte material and is exemplified for the conventional pellet
where the measured temperature range is not wide enough to observe the complete

phenomenon.

111.5Bulk and grain boundary conductivity

In order to complete the densification and reach relative densities superior to 90 % the

electrolytes were sintered at 1600 °C for 15 h. In dense ceramics, conductivity depends on
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intrinsic factors such as charge concentration and mobility in the crystal lattice, and on
extrinsic factors such as diffusion across grain boundaries [31,40]. In proton conducting
ceramics, it has been shown that proton transport across grain boundaries can be orders of
magnitude slower than that of the bulk, and limit the total conductivity [41]. Because the
various protocols studied here, yields dramatically different microstructures, their

conductivity are measured by impedance spectroscopy and compared.

Figure 8 shows, as an example, the Nyquist diagrams of the Pt//BSCF//BCZY-BSCF//BCZY
symmetrical cell, measured at 200 °C and 500 °C in humidified air ( py,o = 0.02 atm). The
diagrams show a series of depressed semi-circles that can be fitted by an appropriate
equivalent circuit displayed above each of them. The impedance of the CPE element is given

by equation (2).

Zo o= 1 (2)
“PET Qepe(w)P

where Qcpr 1s the pseudo capacitance and p is the depression angle parameter. The equivalent

capacitance, in F cm™, is calculated using the equation (3) [26,31,40].

1
(Rmeas ) QCPE)p

Rmeas

Ceq = (3)

where C,, is the equivalent capacitance, and R,..; the measured resistance of the R-CPE
parallel circuit. The Nyquist plot displayed in Figure 8a is composed of three different semi-
circles, where Cy= 10" F.em™ and C, = 10° F.cm? correspond to the bulk and grain
boundary contribution, respectively. The presence of a C>= 10" F.cm™ shows the evolving
electrode contribution and the beginning of the charge transfer phenomenon. As the
temperature increases, all contributions are shifted to higher frequencies and it becomes
impossible to discriminate the bulk and grain boundary contributions. Therefore, in Figure 8b,
Reiecrroiie corresponds to bulk and grain boundary contributions. Moreover, C, and C3, of
respective capacitance of 107 and 10° F.cm™ correspond to the charge transfer and
adsorption/dissociation reaction of oxygen and water occurring inside the electrodes. The
conductivity of the electrolytes prepared by the different sintering routes was derived from

impedance diagrams by determining R, and R; values, which are not affected by the electrode
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contribution. After fitting of the impedance data to obtain the resistive contribution of each
phenomenon, the conductivities of the samples were calculated by taking into account the

geometry of the samples.

a
© BZCY//BZCY-BSCF//BSCF//Pt at 200°C
RO R R2
4x10%
CPED CPE1 CPE2

0 iMHz 10Hz ; 1Hz ;100mHz {
T T T T T T
0 4x10* 8x10* 1x10°
b Z..(9
O BZCY//IBZCY-BSCF//BSCF//Pt at 500°C
-4 4
| Relectrolyte
~ -2 -
S)
£ 100 KHz
N
O T TO T
1w ©
2 | ]

Z..(9

Figure 8 - Nyquist plot of the Pt//BCZY-BSCF//BCZY//BCZY-BSCF//Pt symmetrical cell at 200 °C (a) and 500
°C (b) under humid air and corresponding equivalent circuit. BCZY sample has been sintered at 1600 °C for 15
h

Figure 9 shows the temperature dependence on the bulk and grain boundary
conductivities of the different sintering processes, on an Arrhenius plot. The grain interior and
grain boundary (a,b) have been characterized at low temperatures in wet (3%) synthetic-air
between 350 and 100 °C. The bulk conductivity (Figure 9a) is similar for all sintering
processes, which confirm that it is primarily intrinsic, i.e. not affected by microstructure. The
activation energy for the bulk conductivity is around E,=0.5 £ 0.2 eV for all processing
routes, which is consistent with proton transport in perovskite type compounds [41]. Figure
9b shows the temperature dependence of the grain boundary conductivity, which is clearly
affected by the various sintering strategies. Compared to the conventional sintering route, the
use of sintering aids seems to improve the grain boundary conductivity, while the CSP route
yields lower grain boundary conductivity. The contribution of the grain boundary transport is

influenced by both the chemistry of the grain boundary (segregation of charged defects, space
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charge, crystallinity), and by their concentration. Indeed, more grain boundaries will yield

higher resistance.
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Figure 9 - Temperature dependence on the (a) bulk and (b) grain boundary conductivities of the different
sintering processes, on an Arrhenius plot

111.6 TEM and EDX mapping of the grain boundary

Since the grain boundary conductivity is the limiting factor at low temperature, an in-
depth analysis of the specific chemical and morphological features of grain boundaries was

performed for each sintering protocol.

The Figure 10a shows a TEM image of the grain boundary of the conventional sintering
sample. A specific section of this image was analysed by EDX mapping (mapping of the
Yttrium element repartition is shown on Figure 10b) in order to determine the elemental
distribution of cations in the grain boundary when using the conventional route. Figure 10c
shows the atomic distribution of each element as a function of the position in the area. The
HAADF curve corresponds to the intensity of the signal measured at a given pixel. From the
HAADEF curve, it is possible to see that the grain boundary is located between the 11™ and the
20™ nm. The mean thickness value of this grain boundary is 8.3 nm. This measurement shows
no variation at the grain boundary, meaning that the element repartition is stable. The

stoichiometry calculated from the measured elemental concentrations yields a unit formula of
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Bay 35Z19.75Ce024Y 0.1603.5, which corresponds to a Barium deficiency as compared to the

nominal formula of BaZr0,7Ceo,2Y0,103_5.
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Figure 10 - (a) TEM image of a cross section of BaZr,,Ce,,Y, 0;.s electrolyte fabricated using conventional
process (b) EDX mapping of the conventional sample grain boundary {Y} and (c) evolution of the atomic
distribution as a function of the map position on the sample

The same analysis is performed on a sample fabricated using the CSP sintering strategy.
Figure 11 shows TEM images taken on FIB-SEM-thinned lamellae of the electrolyte
(Figurella). A closer image (Figure 11b) reveals the EDX mapping of the grain boundary
(yttrium element). Figure 11c shows the atomic distribution of the various elements present at
the grain boundary plotted as a function of position on the sample. The grain boundaries of
the CSP sample are thinner (7.1 nm) than the conventional one (8.3 nm). Figure 11c shows
that, the distribution of the elements is also homogeneous. For the CSP sample, the
stoichiometry calculated from the measured elemental concentrations yields a unit formula of
Bag 39Z19.74Ce022Y0.1503.5, which also corresponds to a Barium deficiency. This observation
suggests that the Barium deficiency originates from the initial composition of the commercial
powder, rather that of an effect of the sintering strategies. There is no measurable change of
cation concentrations close or in the grain boundary. Previous results showed that grain
boundary has a dominant influence on the total conductivity. However, conventional and CSP

densification protocols do not seem to influence the grain boundary chemistry.
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Figure 11 - (a) TEM image of a cross section of BaZr ;Ce Y, 0;.s electrolyte fabricated using CSP, (b) EDX
mapping of the CSP sample grain boundary {Y} and (c) evolution of the atomic distribution as a function of the
map position on the sample

Figure 12 shows TEM images of the electrolyte fabricated using ZnO-Li sintering aids.
Figure 12a shows the atomic matrix of the grain boundary, the change in structure orientation
at the intersection between the two crystals can be observed. Figure 12b and ¢ shows the EDX
maps for yttrium and zirconium elements. Finally, Figure 12d shows the atomic distribution
of the constituting elements present at the grain boundary, plotted as a function of position on
the sample. EDX analysis confirms the presence of the doping element Zn (the technique is
not sensitive to lithium). The thickness of the grain boundary reaches 2.9 nm, which is much
smaller than for the other routes (7.1 and 8.3 nm). Figure 12b and c¢ shows that, while the
distribution of barium, cerium and zinc is homogeneous, an excess of yttrium and a slight
deficiency of zirconium is observed at the grain boundary, between 2.5 and 5.5 nm. The
Figure 12d, confirms that the distribution of elements inside the bulk structure (from 0 to 2.5
nm and 5.5 to 8.5 nm), corresponds to a Bag91Zrp73Ce022Y0.1303-5 stoichiometry (the atomic
fraction of the elements has been normalized by the presence of zinc) close to the desired one
(BaZry7Cep2Y0.1035). At the grain boundary, from 2.5 to 5.5 nm, the element distribution

corresponds to a stoichiometry with yttrium enrichment: BaZrj 6;Cey.19Y 0203.5.
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Figure 12 - (a) TEM image of a cross section of BaZr, ;Ce Y, 10;.s electrolyte fabricated using ZnO-Li, (b and
¢) EDX mapping of the ZnO-Li sample grain boundary {Zr and Y} and (d) evolution of the atomic distribution as
a function of the map position on the sample

The fine characterization of the grain boundary by TEM and EDX mapping provides
information to better explain the discrepancy in grain boundary conductivities revealed by
impedance measurements between the different samples. Both Conventional and CSP samples
show a similar chemical behaviour at the grain boundary. The elements are well distributed
and the stoichiometry of the grain boundary is close to the desired one. In the sample
densified with sintering aid, the presence of zirconium deficiencies and high yttrium
concentrations influences charge diffusion in this zone. The sintering aids, namely ZnO and
Li,0, because of their low solubility in the perovskite lattice, will segregate at the grain
boundary and promote proton diffusion by reducing the space charge barrier. Their presence
could also favours the yttrium and zirconium segregation. Higher concentrations in yttrium
indicates higher concentrations of oxygen vacancies, thereby increasing the height of the
space charge. Therefore, it is easier for the ionic charges to diffuse inside a grain boundary
that is parallel to the charge flow. It should also be noted that no excess zinc is observed in the
grain boundary zone, which suggests that the beneficial effect of the sintering aid is correlated
with densification mechanisms, and not with the change in composition at the grain
boundaries. Finally, for every sintering routes, a constant barium deficiency in the structure is
observable. During the decomposition of the barium carbonate impurity studied previously,
the assumption that the barium was entirely re-dissolved inside the structure was proposed.
The TEM analysis shows that this assumption might is not true, and that the initial

stoichiometry of the commercial powder used might be deficient in barium.
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TEM analysis of the different routes shows variations in morphology (different
thicknesses) and chemistry at the grain boundary. To discriminate the two effects, the specific
grain boundary conductivity is calculated. The specific grain boundary conductivity Figure 13
has been determined based on the brick layer model [42,43] using equation 4 in the case of

Chuik < Cgp and where ogp < opyik.

) (4)

Qle

asp.gb = agb * (

where, g is the grain boundary thickness calculated using TEM images and G the grain
thickness given in Table 3. Moreover, oy, Values (displayed in Figure 9b) are obtain by fitting
the corresponding Nyquist diagrams and normalized regarding the geometry of the sample.
The values of g and G used to calculate the specific grain boundary conductivity are detailed

in Table 4.

Table 4 — Grain size calculated from SEM images and grain boundary thickness calculated from TEM images

Conv CSP Zn0O-Li
G(cm) | 3.5-10° | 5.5-10° | 3.5-107
g (cm) 83-107 | 7.1-107 | 2.9-10”

Figure 13 shows the temperature dependence of the specific grain boundary
conductivities of the different samples, which better represents the grain boundary transport
by suppressing volumetric effect. Figure 13 shows that the presence of ZnO-Li has a positive
impact on the grain boundary as compared to conventional and CSP sintering, increasing by
an order of magnitude the specific conductivity of this sample. On the contrary, the CSP route
yields a specific grain boundary conductivity closer to conventional sintering, linked to their
similar mean grain boundary thicknesses (respectively 7.1 and 8.3 nm). As already observed
by Iguchi et al. [44], cation segregations and depletions can readily occurs at the grain
boundaries of zirconate ceramics. These imbalances cause a variation of charged defects
concentrations in the grain boundary cores, which in turn results in variation of the space
charge barriers that protons need to overcome to cross the grain boundary. Then, the wide

range between the specific grain boundary conductivity of the ZnO-Li sample and the other
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strategies could be explained by the observed segregation of Yttrium and depletion of
zirconium. Whereas, the specific conductivity similarity between the conventional and CSP

routes can be explained by their closed values of grain boundary thickness.
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Figure 13 — Conductivity dependence of the specific grain boundary over the temperature range 100 - 350 °C in
humid (3 %) atmosphere, of the BZCY-721 electrolytes densified using the different sintering strategies

A first hypothesis would be to imagine that the chemistry of the grain boundary has a

dominant influence on its conductivity.

111.7 Total conductivity of the electrolytes

Additionally, the total conductivities are compared over a wider range of temperatures
in wet and dry atmospheres (Figure 14 a,b and c¢). Below 600 °C, in wet air, all the samples
show higher conductivity, compared to the dehydrated ones (under dry atm), in accordance
with the presence of protons in the lattice. At low temperature, thermal energy is not sufficient
for the oxide ion to diffuse easily through the grain boundary due to their high ionic radii.

Moreover, the activation energy range from 0.7 to 1 eV of the oxygen-ion diffusion requires
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higher temperatures (From 600 °C to 1100 °C) to increase the charge mobility in the
electrolyte structure [45—47]. For protonic species, smaller than the oxide ions, the activation
energy for diffusion is lower (0.4-0.55 eV), thus increasing the conductivity at lower
temperatures. At temperatures above 600 °C, proton concentration decreases as a result of
dehydration [48], which reduces the protonic conductivity accordingly. Therefore, the
conductivity is primarily that of the oxygen-ion vacancies, which is consistent with the
observed change of activation from 0.5 eV to 0.7-0.8 eV and an overlap between the
conductivities in wet and dry atmospheres. For the sample with sintering aid (Figure 14c¢), the
overlap between protonic and oxygen-ion conduction occurs at a temperature below 600 °C.

This behaviour suggest that the chemistry of the grain boundary has also an influence on the

dehydration processes.
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Figure 14 - Temperature dependence on the total conductivities of the different sintering processes; (a)
conventional, (b) CSP and (c) ZnO-Li sintering aid on an Arrhenius plot from 750 to 350 °C in dry and wet
atmospheres

Table 5 compares the values of total conductivities of the different samples. The

conventionally sintered electrolyte yields a conductivity of 1.6:10° S-cm™ at 450 °C in wet
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air and 4.7-10* S:em™ in dry air. Therefore, the specific protonic conductivity extracted by
subtracting the dry conductivity to the total one, yields 1.13-107 S-cm™. At 450 °C the best
conductivity is observed with the ZnO-Li sample in wet air (2-10~ S-cm™), increasing by one
order of magnitude the conductivity compared to the dry atmosphere. At 750 °C, where the
conductivity is dominated by oxygen-ion transport, the electrolyte samples yield comparable
total conductivities, between 1.5 and 2- 102S-cm™.

Table 5. Relative density values calculated from the lattice volume and geometrical parameters of the different

samples. Activation energies of the total conductivities under dry and humid (3 %) atmospheres, and total
conductivities of the samples at 450 °C and 750 °C.

Relative Ea wet Ea dry | o1t 450 °C | 610t 450 °C | oyt 750 °C
density (%) | atm (eV) | atm (eV) | wet (S-cm™) | dry (S-:cm™ | (S-cm™)
1
)
Conv 90 0.50 0.78 1.6-10° 4.7-10% 1.8-10
CSP 91 0.55 0.79 1-10°3 3.9-10" 1.6-10°
ZnO-Li 95 0.48 0.77 2.10° 8.10™ 1.9-10°

I11.8 Towards decreasing the sintering temperature

One of the motivations for this study was to better understand the densification
behaviour of the BaZryCeyo.xY0103-s electrolyte material in order to reduce its sintering
temperature. Figure 15 shows the total conductivity of a sample, fabricated using the CSP
protocol, densified at 1500 °C for 15 h, compared to the former CSP sample densified at
1600 °C for 15 h. At 500 °C, it is possible to observe constant conductivity for both samples
around 2-10° S-cm™. The conductivity remains constant even though the relative density of
the sample respectively going from 91 to 88 %. CSP samples have also been fabricated using
lower temperature (1400 — 1300 — 1200 °C), however, at this temperature the densification

process is not sufficient and the pellets are too brittle to be measurable.
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Figure 15 - Total conductivities of densified BaZr) ;Ce Yy ;0;3.5 electrolyte using CSP, at decreasing
temperatures, 1600 °C for 15 h and 1500 °C for 15 h

In view of the promising results obtained with the ZnO-Li aid, several BaZry7Ce2Y.103-5
samples were densified with this aid at lower temperatures (1500 - 1400 - 1300 °C) while
maintaining this temperature the longer the lower the temperature (15 - 20 - 25 h
respectively). Figure 16 shows SEM images of cross-sections of the various samples. These
images show that the structure is homogeneous and completely dense (around 93 % relative
density). It is therefore possible to achieve complete densification of the BaZry7Cep2Y 0103
material using a suitable heat treatment (1300 °C for 25 h) and the sintering aid of ZnO-L.i.

Figure 16 — SEM images of a cross section of the ZnO-Li sample sintered at (a) 1500 °C for 15 h, (b) 1400 °C
for 20 h and (c) 1300 °C for 25 h

Figure 17 shows the evolution of the total conductivity of the electrolyte under humid air
(3 %) as a function of the densification temperature, compared with that of the initial sample

densified at 1600 °C for 15 h. At 500 °C, all samples show a total conductivity of 3-107 S-cm”
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' 1t is therefore possible to lower the sintering temperature by around 300 °C using the ZnO-
Li sintering aid and a longer densification step (25 h), without impacting the performance of
the electrolyte material.
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Figure 17 — Total conductivities of densified BaZr ;Ce ;Y 10;.s electrolyte using the ZnO-Li sintering aid, at
decreasing temperatures, 1600 °C for 15 h, 1500 °C for 15 h, 1400 °C for 20 h and 1300 °C for 25 h

IV. Conclusion

The densification mechanisms of zirconium-rich BaZr,7Cey,Y103-5 electrolytes
based on commercial powders using different protocols have been studied. XRD diagrams of
the powder material showed the presence of a barium carbonate impurity, which completely
decomposes at 1100 °C, leaving a pure crystalline phase of the electrolyte material after a
high temperature treatment (1600 °C). From this powder, electrolyte pellets have been
synthetized using conventional pressing, CSP, or 1 wt.% of ZnO-Li sintering aid. The three
samples were post-sintered at 1600 °C for 15 h. The densification process was characterized
by dilatometry. A volume increase, associated to the decomposition of the barium carbonate is
observed between 1100 °C and 1450 °C. TGA and DSC results confirm that the disruption is
due to the decomposition of the barium carbonate impurity and the dissolution of the barium

back in the perovskite lattice. The characterization of the morphology shows that improved

27



densification method such as CSP or the addition of sintering aids have a direct impact on the
grain growth, thus giving higher relative density. The conductivity of the samples has been
characterized using EIS. At temperatures below 350 °C, the grain boundary is the limiting
factor to the conductivity of the electrolyte. Concerning CSP and conventional strategies, the
specific grain boundary conductivity showed similar results. However, the ZnO-Li sample
showed an improved specific grain boundary conductivity. The TEM analysis conducted
shows that, even if it favours a higher conductivity of the material through a better
densification (grain boundary thickness equals 2.9 nm), using sintering aids such as ZnO-Li
influences the chemistry of the grain boundary. Higher concentrations of yttrium and a
zirconium deficiency can be observed at the grain boundary. Moreover, the TEM analysis of
the conventional and CSP sample shows a thicker grain boundary (respectively 8.3 and 7.1
nm). However, the latter demonstrates a homogeneous repartition of the elements at the grain

boundary. Finally, for each sample, a general barium deficiency is observed.

At temperature between 350 and 600 °C under humid atmosphere, the study showed that
the protonic behaviour of the material increases by one order of magnitude the total
conductivity. The sintered aided electrolyte (95 % relative density) yields a conductivity of
2:10° S-em™ at 450°C in wet air and 810" S-em™ in dry air. The specific protonic
conductivity is then extracted yielding 1.2-10” S-cm™. Finally, at high temperature (750 °C),
conductivity is dominated by oxide ion diffusion, and all electrolyte samples yields total

conductivities of 2:10 S-cm™, regardless of the processing route.

Finally, while using the sintering aid strategy, sintering temperature of the sample has
been decreased from 1600 °C during 15 h to 1300 °C during 25 h. While using this new
protocol, the sample showed equivalent relative density (93 %) and total conductivity (3-107

S-cm™ at 500 °C)
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