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10 Abstract: The present work describes a novel process for the elaboration of a ceramic material.
11 Y-doped barium zirconate, an electrolyte material for Protonic Ceramic Fuel cell, was synthesized
12 by a continuous hydrothermal process in supercritical conditions (410°C/30.0MPa) using nitrate
13 precursors and NaOH reactants. The use of supercritical water allowed the formation of particles of
14 about 50 nm in diameter with a narrow size distribution. X-Ray Diffraction examination revealed
15 that a major perovskite phase with few BaCO3 and YO(OH) impurities was obtained. BaCOs is
16 assumed to form due to faster kinetics than Y-doped BaZrOs resulting in a Ba-deficient perovskite
17 phase. The Ba-deficiency limits the incorporation of yttrium into the perovskite structure. However,
18 a thermal treatment at 1000 °C for 1 hour allows to homogenize the composition and thus to obtain

19  the compound Ba1.01Zro.s5Y0.1503-s.

20 Keywords: Hydrothermal synthesis; Protonic Ceramic Fuel Cell; Nanoparticles; Supercritical

21 water; Y-doped BaZrOs.

22 1. Introduction

23 Finding new clean and efficient ways to generate energy has become a major global challenge.
24 For a few years now, Protonic Ceramic Fuel Cells (PCFCs) have attracted much attention in the field
25 of hydrogen energy. Contrary to Solid Oxide Fuel Cells that operate at a temperature above 600 °C
26 and where the oxygen ions are the charge carriers, PCFCs use protons. Indeed, the lower activation
27 energy of proton diffusion compared to that of the oxygen ion allows to decrease the operating
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temperature down to the 400 - 600 °C range[1]. Among the different electrolyte materials for
PCFCs, BaCeOs and BaZrOs have attracted much attention [2-4].

BaCeOs-based oxides are currently the most commonly chosen electrolyte material for PCFC
[5,6]. It is generally reported that doped-BaCeOs exhibits the highest protonic conductivity among
the perovskite-type materials [7-9]. However, BaCeOs-based perovskites exhibit low stability in
H20 and/or CO: containing atmosphere which limits their practical application [10,11]. On the
contrary, doped BaZrOs exhibits excellent chemical stability [12]. The substitution of zirconium by
yttrium allows to achieve acceptable electrical conductivity up to 10-3 S.cm1[13,14]. However, the
highly refractive nature of BaZrixYx0O3-s (noted BZY) leads to the requirement of a high synthesis
temperature (1400 °C) for the classical solid state reaction method and to an even higher (1600 -
1700 °C) sintering temperature [15,16].

In this work, a continuous hydrothermal process developed at the ICB laboratory is proposed
to elaborate the electrolyte material [17]. The supercritical hydrothermal synthesis of metal oxide
particles using a continuous flow reactor was first proposed by Adschiri et al. in 1992 [18]. This
process presents several advantages such as a precise control of the morphology and the size of the
particles with a narrow size distribution [19-21]. Furthermore, in supercritical water, inorganic
compounds become insoluble leading to the formation of hydroxide nuclei which are immediately
dehydrated to form ultrafine particles [22]. Another important advantage of using supercritical
water with a continuous flow is the short reaction time leading to the possible formation of
metastable and highly doped structures [23,24].

The synthesis of BaZrOs by the continuous hydrothermal process was investigated by several
groups in the past decade. For example, Aimable et al. studied the influence of the nature of the
precursors, the pH and the temperature on the synthesis of BaZrOs [25]. Yoko et al. studied the
formation mechanism of BaZrOs in supercritical water. They suspected the formation of
Ba-deficient particles with a shell of ZrO(OH) at the early stage of the precipitation followed by an
uptake of Ba2* up to Ba/Zr=1 [26]. In 2016, the same group used in situ X-ray diffraction to study
and support the previous mechanism [27].

However, few studies focus on doped BaZrO3 material elaborated by this method, and, to the

authors’ knowledge, no studies on Y-doped BaZrOs have been conducted. Then, this work aims to
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investigate the feasibility of the elaboration of BaZrixYx0s-s by supercritical hydrothermal process

using a continuous flow reactor.

2. Materials and Methods

2.1. Continuous process

The continuous process can be used up to 600 °C/35.0 MPa. Indeed, for water, the critical
temperature/critical pressure values are 374 °C/22.1 MPa, this set-up can work in supercritical
conditions. For the experiments, the syntheses were carried out at 410 °C/30.0 MPa. A solution of
metallic precursors (Ba(NOs)z, ZrO(NO3)2:6H20 and Y(NOs)s-6H20 purchased from Sigma-Aldrich)
is prepared by following the stoichiometry of the target composition by dissolution in deionized
water and homogenized with an ultrasonic rod, the concentration is 5x10-2 mol L1 for Ba%+, 4x102
mol L1 for Zr** and 1x10-2 mol L for Y3+. A second solution composed of sodium hydroxide at
3x10-1 mol L?was employed in order to avoid the formation of ZrO2 [25]. Figure 1 shows the
scheme of the continuous set-up. Container (a), at the beginning of the process, holds the aqueous
solution of metal cations, container (b) holds the solution of sodium hydroxide and the third
container (c) holds the distilled water. The reactor consists of a “pipe to pipe” cylinder with a total
volume of 25 mL, the inner diameter of the external pipe is 10 mm. Pressurized solutions (a) and
(b) are brought to the reactor inlet at room temperature by high-pressure pumps. Pressurized
demineralized water is pre-heated and brought counter-currently through the internal pipe of the
reactor so that the three solutions meet at the mixing zone. The resulting solution is evacuated
through the external pipe where the reactions leading to the formation of metal oxides take place.
The flow rate of the three solutions is set to around 10 mL min! per solution, the final flow
measured at the end of the set-up (after the back pressure regulator) varies between 30 and 35
mL.mint. The residence time into the reactor under supercritical conditions is of the order of few
seconds (determined by Computational Fluid Dynamics calculations) [28]. At the reactor outlet, a
cooling system stops the germination and growth stages. A filtration system at the end of the device
captures the agglomerated particles that are added to the suspension obtained after the
back-pressure regulator. The particles sediment at the bottom of the beaker, the surfactant is

siphoned off and distilled water is added to wash the particles. This operation is repeated until a
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85 neutral pH is obtained. The supernatant water is siphoned off one last time and the suspension is

86  dried in an oven at 80 °C for three days to obtain a powder.

87  2.2. Characterization methods

88 X-Ray Diffraction (XRD) analysis was conduct on a Bruker D2 Phaser coupled with linear
89 detector Lynxeye XE T using Cu Ka radiation. The obtained XRD pattern was refined by the
90 Rietveld method using the Fullprof software. The microstructure was investigated by transmission
91 electron microscopy (TEM) on a ThermoFisher FEI Tecnai F20. The chemical composition was
92 analyzed by scanning electron microscopy (SEM) on a Hitachi SU1510 coupled with a Bruker
93 XFlash6110 energy-dispersive X-ray (EDX) analyzer. The collected peaks for EDX quantification
94 were the L-series of Ba, Zr and Y and the K-series of 0. EDX investigations were conducted on 16
95 different agglomerates with an area of measurement from 2.5 pm X 2.5pum to 5pm X 5 pm. The
96 Brunauer, Emmett and Teller (BET) measurement was carried out on a Micromeritics TriStar 3020.
97 Particle size distribution (PSD) was evaluated using the Dynamic Light Scattering method using Mie
98 theory calculation with a Malvern Microsizer 2000 laser granulometer coupled with a hydro

99  2000MU dispersion unit using ultrasound.

100 3. Results and discussion

101 Among the Y-doped BaZrOs materials, BaZro.sYo0.203-sappears to be the best composition. The
102 protonic conductivity increases with the Y content up to a substitution of 20 % before decreasing
103  due to structural distortion and proton trapping [29,30]. Thus, BaZrosYo203.s was the target
104 composition. The chemical reaction yield varies from 60.5 % to 70 % with an average value of 66.5
105 %, the productivity depends on the final flow measured after the back pressure regulator and

106 varies from 5.5 to 6.8 g.h'1 about 23.5 g was produced per synthesis.

107 Figure 2 shows the volume and number PSD of the synthesized powder. The volume PSD
108  (Figure 1.a) exhibit a quadrimodal distribution with mean sizes at around 0.1 um, 1.7 pm, 14 um
109  and 210 um. The obtained D10, Dso and Doo are 0.817 um, 4.570 pum and 35.73 um respectively
110 suggesting that the elementary grains are highly agglomerate. Figure 3 shows the TEM micrograph
111 of the synthesized powder. As suggested by the PSD analysis, the particles with a nearly spherical
112 morphology are agglomerated. The particle size varies from 10 nm to 315 nm on this micrograph

113 with a median value of 48 nm (evaluation on 50 particles).
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114 The X-ray diffractogram of the obtained powder is shown in Figure 4. The major phase
115 obtained has a perovskite cubic structure with Pm-3m space group. BaCO3, with an orthorhombic
116 Pnma structure, and YO(OH), with a monoclinic P21/m structure as secondary phases were
117 detected. Rietveld refinement was performed on the diffractogram, the determined phase
118  percentages are 86.2, 10.6 and 3.1 wt% for BZY, BaCO3 and YO(OH) respectively. The average
119 crystallite size of the perovskite phase was evaluated from the integral width of the diffraction
120 peaks and is 53 nm. This value is in agreement with the 48 nm obtained from TEM analysis and
121  with the 47.3 £ 0.2 nm calculated from the 20.74 + 0.06 m? g-1 specific surface area obtained by BET
122 measurement. The refined lattice parameter for the perovskite cubic phase is 4.2015 A, this value is
123 lower than those reported in the literature for BaZrosYo.203-s suggesting that a part of Y is not in the
124 perovskite phase leading to the formation of YO(OH). As a comparison, Sun et al. obtained a lattice
125  parameter of 4.2048 A for BaZrosYo203.s prepared by combustion method, Nuiiez et al. obtained a
126 lattice parameter of 4.2067 A for BaZrosYo.203-s prepared by a modified Pechini method and Sazinas
127 et al. obtained a lattice parameter of 4.2151 A for BaZrosYo20s-s prepared by spray pyrolysis and
128 sintered at 1600 °C [31-33]. In order to investigate the origin of lattice parameter deviation, a
129 comparison with undoped BaZrOs elaborated by the same method was carried out. The refined
130  lattice parameter is 4.1939 A, this value agrees well with the 4.1930 A and the 4.1943 A obtained by
131 the Nufiez group and the Akbarzadeh group [32,34]. Then, this synthesis method does not appear
132 to particularly generate defects or nano-size effects that affect the lattice parameter. Moreover, the
133 increase in the lattice parameter for Y-doped BaZrOs compared to the non-doped sample well
134 evidence the Y doping. However, the amount of Y cannot be quantified by XRD since the synthesis
135 route implement several defects or structural distortions that affect the lattice parameter value, for

136 example, values of lattice parameter for BaZrosYo.103.s differ from 4.193 A to 4.2101 A [33,35-38].

137 In order to determine the composition of the BZY powder as-synthesized, EDX investigations
138 were conducted on several agglomerates. Ba, Zr, Y and O elements were detected, for the following
139 interpretation, Ba is assumed to belong to the A-site of the perovskite while Zr and Y are supposed
140 to occupy the B-site of the perovskite. Figure 5 shows a) the obtained A-site/B-site ratios and b)
141 the obtained Y/(Zr+Y) ratios and the corresponding number of agglomerates per interval. The
142 as-synthesized powder exhibits a wide range of A-site/B-site ratio, from 0.70 to 1.33, with a strong

143 tendency for the Ba-deficient composition. In order to homogenize the composition, a heat
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144 treatment at 1000 °C for 1 hour was applied to the powder. The resulting distribution of
145 A-site/B-site ratio is narrower, the lower value is 0.92 and the biggest value is 1.08 with an average
146 value equal to 1.01. Then, the thermal treatment at 1000°C effectively homogenizes the
147 composition. Moreover, a study of Haile group showed that BaCOs decomposition leads to the
148 compensation of the Ba sub-stoichiometry during sintering [39]. Since BaCO3 decomposition
149 (reaction 1) occurs at around 1000 °C [40], it can reasonably be assumed that the increase of the
150 A-site/B-site ratio in the annealed powder is due to the Ba uptake from BaCOs. The integration of

151  Bainthe BZY structure is described in Kréger - Vink notation in reaction 2.

152 BaC0O; - Ba0 + CO, Reaction 1
153 BaO + Vg, + V5" > Bagz, + 05 Reaction 2
154 The Y/(Zr+Y) ratio values of the as-synthesized powder cover an interval of 0.08 to 0.25 with

155 an average value of 0.14, this ratio is lower than the expected 0.20. Yamazaki et al. and Magrez et al.
156  have shown that yttria exsolution in Ba-deficient BZY compounds during sintering is due to the Ba
157 sub-stoichiometry [41,42]. It can then be assumed that, in hydrothermal synthesis, the
158 Ba-deficiency caused by the kinetics of the BaCOs formation faster than the BZY formation hinders
159 the incorporation of more than 14 % of Y in the BZY structure. After thermal treatment, the
160 distribution of Y/(Zr+Y) is substantially the same as before, covering an interval from 0.07 to 0.24
161 with an average value of 0.15. Because of the high occupancy rate of the B-site of the perovskite,
162 yttrium from YO(OH) cannot integrate the perovskite structure and react at 450 °C to form Y203

163 according to reaction 3 [43]:

164 2 YO(OH) - Y,05 + H,0 Reaction 3

165 4. Conclusions

166 The hydrothermal synthesis of BaZrixYxO3-s was carried out in supercritical water (410
167 °C/30.0 MPa) using a continuous flow reactor. This process allows the elaboration of nanoparticles
168 of about 50 nm in diameter with great productivity (5.5 - 6.8 g h-1), an average chemical reaction
169 yield of 66.5 % and high reproducibility. XRD characterization revealed the presence of BaCOs and
170 few YO(OH) impurities. It is assumed that BaCO3 formation occurs due to faster kinetics compared
171 to that of BZY formation. EDX study showed the obtaining of highly Ba-deficient perovskite and a

172 substitution rate of Zr by Y of about 14%. However, a thermal treatment at 1000 °C for 1 hour
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173 allowed the homogenization of the composition resulting in a Ba1.01Zro.s5Y0.1503-s perovskite phase.
174 In summary, this continuous hydrothermal synthesis in supercritical conditions is highly promising
175 and extensive research on controlling the synthesis parameters would greatly broaden the

176 possibilities for elaborating advanced ceramic materials at low temperature.
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324 Figure 1. Schematic of the continuous hydrothermal set-up (adapted from[44]) (Not colored

325 for the print version)
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Figure 2. Particle size distribution by volume of the powder synthesized by the continuous
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