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Abstract 18 

 19 

BaCe0.65Zr0.20Y0.15O3-δ - Gd0.2Ce0.8O2-δ (BCZY-GDC) is currently one of the most investigated 20 

composites as ceramic membranes for H2 separation and membrane reactors. In this context, we will 21 

present for the first time the possibility to exploit the ice-templating method coupled with screen 22 

printing to obtain hierarchically-structured proton-conducting ceramic membranes. All the processing 23 

steps to obtain a defect free dense/porous structure were considered and analysed. In particular, the 24 

formulation of screen printing ink was optimized in terms of nature/amount of deflocculant and type 25 
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of starting BCZY powder. An innovative membrane constituted by a 50 %-porous support with well-26 

organized and aligned porosity and a 13 ± 3 μm thick dense layer on the top, was produced. The 27 

mechanical properties of this kind of structure, i.e. microhardness (452 ± 95 HV) and compressive 28 

strength (20.6 ± 5.6 MPa), were considered acceptable for practical applications. Promising H2 fluxes 29 

of 0.36 and 0.42 mL min-1 cm-2 at 750°C, using a feed stream with 50 and 80% H2 in He (H2 %vol.) 30 

respectively, were obtained. 31 

 32 

 33 

Keywords: BCZY-GDC, hydrogen permeation, ceramic membrane, freeze casting, screen printing, 34 
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 37 

1. Introduction 38 

The hydrogen economy is a priority for the EU’s post-COVID-19 economic recovery package guided 39 

by the European Green Deal. Hydrogen is in fact expected to play a pivotal role in a future climate-40 

neutral economy, enabling emission-free transport, heating and industrial processes as well as energy 41 

storage as renewable carrier [1]. However the so called “green hydrogen” produced by zero-emission 42 

water electrolysis exploiting renewable electricity, represents only 5 % of the global hydrogen, being 43 

not yet as cost competitive as the one produced from natural gas/fossil fuels [2]. “Grey” and “blue 44 

hydrogen” obtained from the classical processes (i.e. hydrocarbon reforming and pyrolysis) contains 45 

inevitably CO2, CO, H2O, and other contaminants [3–7]. Thus, differently from H2 produced by water 46 

electrolysis, the gases separation is a mandatory step to obtaining pure hydrogen through conventional 47 

technologies involving fossil fuels and C-based materials.  48 

In this context, membrane technology, due to its many associated advantages such as simpler 49 

operation, higher modularity and adaptability with simpler up‐ and downscaling, compactness and 50 

lower capital, operating and maintenance costs, is an appealing candidate for hydrogen separation 51 



3 

 

[8], that can compete with highly cost and energy demanding traditional separation processes, i.e. 52 

cryogenic distillation and pressure swing adsorption. Specifically, ceramic hydrogen permeation 53 

membranes are cost-effective, robust, with high thermal and chemical stability at operating 54 

temperatures ranging between 300 and 1000 °C [9]. These characteristics make these membranes of 55 

particular interest for the possibility to combine separation process directly with catalytic reaction 56 

[10], e.g. for CO2 hydrogenation reactions [11–13], leading to process intensification [14–16] and 57 

increasing the overall process efficiency.  58 

Among the mixed proton and electron conducting membranes investigated so far, dense ceramic-59 

ceramic composites of BaCe0.65Zr0.20Y0.15O3-δ and Ce0.8Gd0.2O2-δ (BCZY-GDC) have shown suitable 60 

compatibility [15] and ambipolar conductivity [16], promising performances in terms of H2 61 

permeation [17,18], robustness in operation even in presence of CO2 [19], and acceptable stability in 62 

H2S containing atmospheres [20].  63 

In a first approximation, the hydrogen obtained by the membrane is directly proportional to its 64 

thickness and therefore asymmetric membranes, a thin dense active layer supported onto a porous 65 

substrate, are preferred to minimize the resistance caused by bulk diffusion [21]. Nonetheless, other 66 

mechanisms become limiting in the H2 separation upon reaching a characteristic membrane thickness, 67 

i.e., (i) catalytic surface exchange and (ii) gaseous transport [22]. In the case of asymmetric 68 

membranes, the optimization of the whole ceramic process is crucial to engineer the support porosity 69 

while obtaining a proper gas-tight thin layer on the top. In this direction, the fabrication methods 70 

selected must consider and solve all the technological issues arising from the coupling of a porous 71 

support with a dense active layer with extremely different microstructures. 72 

With the aim of improving the membrane fabrication, freeze casting is considered a very attractive 73 

technique to obtain hierarchically-porous structures with aligned channels [23]. In particular, ice-74 

templating consists in freezing a water-based ceramic slurry followed by the sublimation of the 75 

solvent and the final sintering of the green body, leading to highly porous and organized structures 76 
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with values of tortuosity close to the ideal case (τ=1), lower pressure drops, and higher gas 77 

permeability.  78 

Despite the increasing research interest on this kind of structures for gas separation, only few papers 79 

have been published on mixed ionic–electronic conducting membranes just focused on oxygen 80 

separation, thus considering O2-/electronic conducting materials [24,25]. 81 

In this study, the possibility to exploit the freeze-casting process to produce protonic-electronic 82 

conductive composite for hydrogen separation membranes will be presented for the first time. An 83 

innovative asymmetric BCZY-GDC membrane will be fabricated by a two-step process involving the 84 

production of a hierarchical porous support by freeze-casting and the deposition of a dense top-layer 85 

by screen printing. All the processing steps needed to obtain the asymmetric structure will be 86 

addressed. Finally, hydrogen permeation will be investigated as a function of temperature, 87 

composition of the feed stream and thickness of the porous support.  88 

 89 

2. Experimental 90 

BCZY-GDC membranes with a porous-dense architecture were obtained coupling the freeze casting 91 

process with screen-printing for the production of the porous support and the dense active layer 92 

respectively.   93 

2.1. Production of the porous substrate 94 

For the porous support, BCZY (BaCe0.65Zr0.20Y0.15O3-δ, Marion Technologies, France) and GDC 95 

powders (Gd0.2Ce0.8O2-δ, FuelCellMaterials, USA) were mixed in 50:50 vol% with 1 wt% ZnO 96 

(Sigma Aldrich, Italy) as sintering aid. The detailed composition of the freeze casting slurry is 97 

reported elsewhere [26]. The slurry was poured in a circular crown silicon mould supported on metal 98 

plate and cooled at -40°C for 3 h in a freeze-drier (Lio 3000 PLT, 5Pascal, Italy) with a freezing rate 99 

of 30°C/h. The as-obtained freeze-cast support was then thermally treated and screen printed as 100 

detailed in 2.3.   101 

2.2. Screen printing ink preparation for the dense layer 102 
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For the preparation of the dense layer two BCZY powders (BaCe0.65Zr0.20Y0.15O3-δ, Marion 103 

Technologies, France) with specific surface area (SSA) of 4.92 m2/g (d50 = 0.97 µm and d90 = 1.73 104 

µm) and 13.4 m2/g (d50 = 0.72 µm and d90 = 15.4 µm), were considered for the formulation of two 105 

different inks, namely ink A and ink B respectively. Each BCZY powder was previously mixed with 106 

GDC (Gd0.2Ce0.8O2-δ, SSA: 5.6 m2/g, d50 = 0.49 µm and d90 = 2.17 µm, FuelCellMaterials, USA) in 107 

50:50 vol% with 1 wt% ZnO (Sigma Aldrich, Italy). The powders’ morphology and particles size 108 

distribution of the as-received commercial feedstocks (i.e. GDC and BCZY with different SSA 109 

values) is reported in Figure S1 and S2 respectively. For the inks production terpineol (Sigma Aldrich, 110 

Italy) was used as solvent. The type and amount of deflocculant was firstly optimized throughout 111 

viscosity analyses, fixing the powder/solvent volume ratio at 10 % as in the final ink compositions. 112 

The amount of deflocculant was calculated considering the different SSA of the two powders. The 113 

screen-printing inks were prepared at room temperature adding the deflocculant and powder to the 114 

solvent and mixing the suspension in a polyethylene jar with ZrO2-based grinding beads. After 24 h 115 

of ball milling, ethyl cellulose (EC, 15-25 mPa · s, Sigma Aldrich, Italy) was added to the suspension 116 

as a binder and ball-milled for 3 h. The as-prepared inks were forced in a three-roll mill (Exakt 80E, 117 

Norderstedt, Germany) [27,28] to obtain a more homogeneous and structured system.  118 

2.3.Production of porous-dense bilayer 119 

The porous supports produced in 2.1 were demoulded and thermally treated at 1200°C for 2h. The 120 

pre-sintered samples were then screen-printed using a 165-mesh screen and dried in IR furnace at 121 

80°C for 30 min. The deposited samples were finally sintered at 1600°C for 4 hours obtaining 122 

membranes of 15 mm in diameter with final thicknesses of 2.00 and 0.85 mm (named as Mbr2.00 123 

and Mbr0.85 respectively). The final thickness of the membranes was tailored by grinding down the 124 

porous side. 125 

2.4. Characterization 126 

The best type and amount of deflocculant were determined by viscosity test at a controlled 127 

temperature of 25 °C using a controlled-stress rheometer (Bohlin CVOR 120, Malvern Instruments, 128 
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Italy) with 20 mm diameter parallel-plate geometry, setting a gap between plates of 0.5 mm. The flow 129 

curves of the suspensions were determined applying a shear stress from 0.01 to 100 Pa.  130 

The phase purity of the obtained membranes was assessed through X-Ray diffractometer (D8 131 

Discover X-Ray diffractometer, Bruker Cu Kα radiation, Germany) and microstructures were 132 

investigated using optical digital microscope (RH-2000, Hirox, France) and scanning electron 133 

microscopy (Field Emission Gun - Scanning Electron Microscopy, FEG-SEM, ΣIGMA, Zeiss, 134 

Germany). To evaluate the cross section of the sintered membrane, each sample was embedded in 135 

epoxy resin, cut with a cutting machine and then mechanically polished up to 0.25 µm finishing. The 136 

grain dimension was estimated by Image Analysis using ImageJ software considering multiple SEM 137 

surface micrographs. 138 

The open porosity (%) of the freeze cast substrates were determined according to ISO/DIS 10545-139 

3:1993 through water absorption. The results were compared to the ones obtained using mercury 140 

intrusion technique (Thermo Finningan Pascal 140) working at pressure from ambient to 400 kPa. 141 

The compressive strength of the sintered samples was investigated with a Universal Testing Machine 142 

(Zwick/Roell Z050, Germany) considering cylindrical samples with a high/diameter ratio of about 143 

0.5 using a crosshead speed of 2 mm/min. 144 

Membranes leak rate was tested employing the same reactor used for H2 permeation, as described 145 

hereafter. Leak rate was tested at room temperature, using a polymeric hand-carved o-ring, a 146 

commercial septum (CrossLab non-stick BTO inlet septa), a mixture of 50% of H2 in He (H2 %vol.) 147 

as feed stream, and Ar as sweep stream observing the amount of leaked feed gas in the sweep current. 148 

To develop a robust testing procedure, preliminary tests with non-permeable alumina disks were 149 

carried out, showing no leaked gas. Membranes gas tightness was considered acceptable with values 150 

of leaked He inferior to 0.5 %.  151 

Before determining membrane permeation performances, both surfaces of the membrane were 152 

activated with Pt. Tetraammineplatinum(II) nitrate (Premion®, 99.99%) solution, with the suitable 153 

concentration, was deposited on the membrane surfaces and then dried in oven at 50°C for 1 h to 154 
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obtain a total Pt (metal) amount of 0.23 mg and 2.3 mg on the dense and porous side respectively. 155 

Reduction of Pt precursor to metal Pt was carried out directly in the reactor set-up during the sealing 156 

procedure and just before the permeation testing. 157 

Permeation measurements were carried out on disk shaped samples with a diameter of about 15 mm 158 

determining hydrogen permeation in a temperature range from 350 to 750 °C. The set-up employed 159 

for measurement is composed of a handmade double chamber quartz reactor, where feed and sweep 160 

sections are separate. Sealing is achieved using silver alloy rings and keeping the reactor at 750°C for 161 

24 h to achieve acceptable condition of leakage. A mixture of H2 and He were employed as feed gas, 162 

while pure Ar was used as sweep gas. All gaseous current were controlled by mass flow (MFC) and 163 

the flow rate were 80 mL/min and 150 mL/min for feed and sweep gas respectively. Both current 164 

were humidified to saturation at 28 °C. Hydrogen concentration in permeate gas was determined 165 

using an Agilent Technologies 490 Micro GC equipped with a Molsieve5A capillary module. An 166 

appropriate sealing was determined by monitoring He content at the permeate side, and results were 167 

considered acceptable when He leaked was below 5%, and leaked hydrogen was subtracted form 168 

permeation results. Data reported in the present study were recorded at a steady state after 30 minutes 169 

of stabilization. Temperature was monitored by a thermocouple close to the membrane. Each 170 

permeation point was the result of 15 analysis. The activation energy for H2 permeation was 171 

calculated by the Arrhenius equation: 172 

 173 

Eq. 1    𝐽 = 𝐽0 exp (
−𝐸

𝑅𝑇
) 174 

 175 

By plotting ln(J) as a function of 1/T, the slope can be used to obtain the activation energy. 176 

 177 

3. Results and discussion 178 

3.1 Production and characterization of the membrane 179 
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The porous support was obtained following the optimized composition and procedure reported in 180 

[26]. As described in the Experimental section, the freeze cast supports were firstly thermally treated 181 

at 1200°C for 2h to deposit the dense active layer by screen printing, thus obtaining the porous-dense 182 

BCZY-GDC membrane.  183 

Suitable screen-printing inks were formulated choosing the optimal type and amount of deflocculant 184 

agents, considering a powder/solvent volume ratio of 10 %. The stability of the BCZY-GDC powder 185 

in the ink is, in fact, strongly connected to effectiveness of the coordination sphere around particles. 186 

The latter acts on the particles through one or two mechanisms eventually combined: electrostatic 187 

repulsion or steric stabilization [29]. Among the dispersants chosen, Glycerol Trioleate (GTO) shows 188 

a prevailing steric effect, furoic acid (FA) presents mainly an electrostatic activity while Lauric acid 189 

(LA) shows a combination of electrostatic and steric behaviour. Viscometry has been considered to 190 

select the most effective dispersant for the system [30].  191 

Different dispersant amounts (g/m2 of ceramic powder) were tested in the range between 5 x 10-4 to 192 

1 x10-2. Some viscosity/shear stress curves of the suspension containing different amounts and type 193 

of deflocculant compared to the bare BCZY-GDC/terpineol system are reported as example in Figure 194 

1.  195 
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 196 

Figure 1. Viscosity/shear stress curves of the BCZY-GDC suspensions containing different amount 197 

of furoic acid a), lauric acid b) and glycerol trioleate c). 198 

 199 

The registered viscosity curves show a pseudoplastic behaviour for all the considered slurries and the 200 

lowest viscosity values were recorded for suspensions containing GTO. The values of suspension 201 

viscosity as a function of different deflocculant concentrations, recorded at shear stress of 1 Pa (value 202 

of shear to which an ink is typically subjected in the printing process), are reported in Figure 2. The 203 

results confirm that the deflocculants having mainly or partially an electrostatic behaviour (LA and 204 

FA) do not show a stabilizing effect for the suspensions. On the other hand, the prevailing steric 205 

stabilization acted by GTO is the most effective mechanism to stabilize the ink, in particular at 206 

concentrations equal to or greater than 1x10-3 g/m2 of dispersant. This GTO concentration was 207 

therefore selected for the production of BCZY-GDC screen printing inks.  208 
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 209 

Figure 2. Viscosity of BCZY-GDC/terpineol suspensions produced using different types and 210 

amounts of deflocculants measured at 1 Pa. 211 

 212 

The influence of the specific surface area (SSA) of the starting BCZY powder on the microstructure 213 

of the final dense membrane layer was also investigated. The use of finer powder with higher specific 214 

surface area and thus a higher sintering activity, could in fact promote the densification of the screen 215 

printed active layer at lower temperatures [21]. For this reason, Ink_A and Ink_B were produced 216 

using BCZY-GDC powder as reported in the Experimental section considering BCZY commercial 217 

powders with different SSA values of 4.92 and 13.4 m2/g respectively, according to the formulations 218 

reported in Table 1.  219 

 220 

Table 1. Inks compositions (expressed in vol%) formulated using BCZY powder with lower 221 

(Ink_A) and higher (Ink_B) specific surface area. 222 

Component Ink_A Ink_B 

BCZY-GDC 8.5 8.5 

Terpineol 85.1 84 

GTO 1.3 2.5 
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EC 5.1 5.0 

 223 
 224 

Both the inks were screen printed on the freeze-cast porous supports thermally treated at 1200°C for 225 

2h. The as-produced membrane systems were finally sintered at 1600°C for 4 hours to obtain the 226 

complete membranes with the porous-dense structure.  227 

Figure 3 shows the microstructure of the membrane porous support obtained after the final sintering 228 

step, while the values of open porosity measured using Hg intrusion technique (Hg) and following 229 

the ISO/DIS 10545-3:1993 procedure (ISO) are reported in Table 2. The SEM micrographs confirm 230 

the obtaining of a membrane constituted by a porous support with vertically-oriented pores and high 231 

level of open porosity as demonstrated by porosimetric analyses. These results are consisted with the 232 

ones reported in our previous work [26].  233 

 234 

Figure 3. SEM micrograph of the polished cross section (support side) of the final membrane at 235 

different magnifications.  236 

 237 

Table 2. Total open porosity obtained using Hg intrusion technique (Hg) and following the 238 

ISO/DIS 10545-3:1993 procedure (ISO) for the membrane support sintered at 1600°C for 4 hours. 239 

Sample Total open porosity Hg 

(%) 

Total open porosity ISO 

(%)  

Support 51.3 ± 08 49.4 ± 1.7 
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 240 

 241 

The XRD diffractogram of the dense membrane layer (Figure 4) shows the maintenance of pure 242 

BCZY-GDC phases indicating that the whole process did not affect the stability of the dual perovkite-243 

fluorite phases.   244 

 245 

Figure 4. XRD analysis of the dense BCZY-GDC membrane surface sintered at 1600°C for 4 246 

hours.  247 

 248 

The SEM micrographs of the cross sections and dense membrane surfaces of the samples deposited 249 

with Ink_A and Ink_B were reported in Figure 5 and 6, respectively.  250 

 251 

Figure 5. SEM micrographs of the polished cross section of the membranes deposited with Ink_A 252 

a), and Ink_B b). 253 

 254 
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 255 

Figure 6. SEM micrographs of the screen-printed dense surface of the membranes deposited with 256 

Ink_A a), and Ink_B b). 257 

As clearly shown by the SEM images, the dense active layer produced with Ink_B shows a relevant 258 

number of cracks in both cross section and top surface (Fig. 5b and 6b). This is attributed to 259 

an unsuitable particle size distribution and an insufficient green density of the printed layer. The 260 

BCZY powder used in Ink B is, in fact, characterized by a combination of inhomogeneous particle 261 

size (Figure S1 and S2) and high SSA (13.4 m2/g) causing anisotropic shrinkage of the screen printed 262 

layer and incompatible shrinkage mismatch between the freeze cast support and the deposited film. 263 

This leads to the final delamination and detachment (Fig. 5b) of the dense layer from the substrate 264 

during sintering. Moreover, the use of a finer powder (Ink_B) promotes the coarsening of BCZY 265 

grains as shown in Figure 6. On the contrary, no defects and a good level of densification of the 266 

membrane layer were achieved for samples produced using the Ink_A (Fig. 5a and 6a). A mean grain 267 

size of 1.86 ± 0.73 μm was calculated from image analysis of SEM micrograph collected for the dense 268 

layer surface.  269 

For these reasons, the Ink_A was selected for the production of hierarchically-structured BCZY-GDC 270 

membranes for the further mechanical and functional tests. Membranes constituted by a porous 271 

support with two different thicknesses (i.e. 2.00 mm and 0.85 mm, named as Mbr2.00 and Mbr0.85 272 

respectively) were successfully produced as depicted in Figure 7a. A typical cross-section 273 
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microstructure of a hierarchically-structured membrane obtained using the optimized ceramic process 274 

is reported in Figure 7b. A 13 ± 3 μm thick dense layer with residual porosity of 1.5 ± 0.9 % was 275 

obtained.  276 

 277 

Figure 7. a) Photographs of the screen printed/freeze cast membranes with different thicknesses. b) 278 

SEM micrographs, at different magnifications, of the polished cross section of the hierarchically-279 

structured BCZY-GDC membrane. 280 

 281 

To investigate the mechanical properties of the produced membranes, compression tests were 282 

performed on the as-produced samples. A compressive strength (σ) value of 20.6 ± 5.6 MPa was 283 

registered for the hierarchically-structured BCZY-GDC membrane, acceptable for the subsequent 284 

permeation tests. In addition, σ value is comparable to the one recorded on the freeze cast porous 285 

support reported in [26] underlining that the contribution of the dense layer to the mechanical strength 286 

of the asymmetric membrane is practically negligible. 287 

 288 

 289 

3.2 Hydrogen permeation measurements 290 

The hydrogen permeability of the produced membranes was characterized at high temperature and 291 

different hydrogen partial pressures. The characteristics of the two tested membranes (Mbr2.00 and 292 

Mbr0.85) are summarized in Table 3.  293 

 294 
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Table 3. Characteristics of the hierarchically-structured BCZY-GDC membranes considered for 295 

hydrogen permeation tests. 296 

 297 

 298 

 299 

 300 

 301 

The membranes were activated with Pt to favour both hydrogen activation and water splitting reaction 302 

and to avoid surface kinetic effects on permeation [22,31,32].  303 

Figure 8 shows permeation curves for the thicker Mrb2.00 membrane. Generally, the hydrogen flux 304 

through a mixed proton–electron conducting membrane is described by the Wagner equation, which 305 

is reported hereafter (Eq. 2): 306 

 307 

Figure 8. H2 fluxes (mL min-1 cm-2) as a function of temperature and composition of the feed 308 

stream (80%, 50% and 20% H2 in He, H2 %vol) for a 2 mm thick membrane (Mbr2.00). Both feed 309 
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Mbr0.85 0.85 ± 0.01 49.8 ± 2.2 13.0 ± 1.0 1.5 ± 0.7 

Mbr2.00 2.00 ± 0.01 51.9 ± 1.1 14.5 ± 1.5 1.3 ± 1.0 
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and sweep streams are humidified to saturation at 28°C. Insert on top shows a schematic of the 310 

membrane test configuration.  311 

 312 

Eq. 2        𝐽𝐻2 ≈
𝑅𝑇

4𝐹2𝐿

(𝜎
𝐻++𝜎

𝑂2−)(𝜎𝑒+𝜎ℎ)

𝜎𝑇
𝑙𝑛

𝑝(𝐻2 𝑓𝑒𝑒𝑑)

𝑝(𝐻2 𝑠𝑤𝑒𝑒𝑝)
 313 

 314 

Where 𝜎𝑗  and 𝜎𝑇 are, respectively, partial conductivity of j species and total conductivity and L is the 315 

thickness of the dense mixed conductor. According to this equation and in line with the obtained 316 

result the permeated hydrogen increases with an increase of the operating temperature thanks to a 317 

higher ion mobility in the ceramic system. Moreover, it raises with an increase in hydrogen 318 

concentration at the retentate side due to an increased driving force given by the hydrogen partial 319 

pressure in the feed. In fact, in each curve registered for different H2 compositions (80%, 50% and 320 

20% H2 in He, H2 %vol.) an increment of 𝐽𝐻2
 is observed when the temperature is increased from 350 321 

to 750 °C. However, it must be noted that at high temperatures (>650 °C) the amount of hydrogen in 322 

the permeated flux is also increased by the water splitting reaction of steam molecules present at the 323 

retentate (feed side). Water splitting contribution can be seen as an apparent permeation that 324 

nevertheless allows to increase the amount of separated hydrogen. In the water splitting process, a 325 

molecule of water reacts over the Pt sites of the membrane producing H2 (at the permeate) and a 326 

surface oxygen that in turn is adsorbed, splitted in O2- ions and migrates back through the dense layer 327 

reaching the retentate. Oxygen ions reacts with the fed hydrogen producing steam. The net result is 328 

the consumption of hydrogen at the feed giving H2O and the production of H2 at the permeate 329 

consuming H2O giving what can be called an apparent hydrogen permeation as the real permeated 330 

species is the surface oxygen and not hydrogen. This results in a further increase in hydrogen 331 

separation at high temperature as it can be seen from the results obtained above 650 °C. 332 

The highest 𝐽𝐻2
 value was obtained at 750 °C, with a composition of 80% H2 in He, reporting 0.39 333 

mL min-1 cm-2, while an H2 flux of 0.29 mL min-1 cm-2 was achieved using 50% H2 in He as feed 334 

gas. 335 
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Post-mortem analyses, shown in Supplementary Material, evidenced that neither structural (Figure 336 

S3) nor morphological modifications (Figure S4) occur after permeation tests.  337 

 338 

3.2.1 Influence of membrane thickness 339 

Asymmetric architectures are used to couple a mechanically stable porous architecture with a thin 340 

dense layer, decreasing, in this way, the thickness (L) of the active dense membrane part and thus 341 

increasing permeation [33]. In such systems, the porous layer serves as a mechanical support for the 342 

thin active dense layer to confer the necessary mechanical stability to the entire system. However the 343 

porosity of the support must be properly engineered to minimize mass transfer resistance [34,35] and 344 

to eventually facilitate its activation with a specific catalyst. 345 

To understand the influence of the porous support thickness on final hydrogen permeation, 346 

membranes having the comparable dense layer thickness but different porous support thicknesses 347 

(2.00 mm and 0.85 mm, named as Mbr2.00 and Mbr0.85) were considered. Results of Mbr2.00 and 348 

Mbr0.85 permeation performances are reported in Figure 9.  349 

 350 

Figure 9. H2 permeation fluxes as a function of temperature and composition of feed streams for 351 

Mbr0.85 (blue) and Mbr2.00 (red) membranes. The inset shows a schematic of the membrane test 352 

configuration. 353 

 354 

Also in this case, the temperature was varied from 350 to 750 °C and three compositions of feed 355 

streams were investigated: 80%, 50% and 20% (H2 %vol). For both samples an increase in 356 
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temperature and hydrogen pressure corresponds to an increase in the permeated hydrogen as expected 357 

from Wagner equation and water splitting contribution. When JH2 performances of the two 358 

membranes were compared some interesting information arose. It is possible to observe that for every 359 

feed stream composition, Mbr2.00 shows slightly higher JH2 at temperatures lower than 700 °C, while 360 

this tendency inverted at 750°C, where Mbr0.85 membrane shows a sharp increase in permeation 361 

values. This is consistent with a different extent of the already discussed two separation phenomena 362 

occurring in Pt-activated BCZY-GDC based membranes: (1) transport of protons and electrons 363 

through the dense layer, (2) water splitting reaction in the sweep side, due to oxide-ion conduction of 364 

the composite at temperatures higher than 650°C [35–39]. The latter phenomenon is related to the 365 

presence of Pt along the porous matrix. At lower temperatures, hydrogen permeation through the 366 

dense layer is the predominant phenomenon while, at higher temperatures, water splitting contributes 367 

to larger extent.  368 

Thus, the sharp increase in Mbr0.85 permeation curve, at temperature > 700 °C, can be attributed to 369 

the Pt sites close to the dense layer, causing a more efficient O2- transport and thus enhancing the 370 

water splitting reaction rate in the thinner membrane. This is attributed to the major “dilution” (i.e. 371 

lower concentration) of the Pt particles in the Mbr2.00 porous substrate (Figure S5 b) in respect to 372 

the Mbr0.85 one (Figure S5 a), considering the same Pt loading used for the two different samples. 373 

The higher thickness of the Mbr2.00 implies, in fact, that a significant amount of the Pt is more distant 374 

from the dense side or at least less concentrated (considering an equal Pt penetration depth) in respect 375 

to the Mbr0.85, requiring O2- to be transported across a greater portion of the porous matrix. On the 376 

contrary, a higher concentration of Pt particles closer to the dense side is observed for Mbr0.85 377 

(Figure S5 a) compared to Mbr2.00 (Figure S5 b). This positively affects the transport phenomena 378 

constraints in the case of the Mbr0.85 for water splitting reaction. On the other hand, permeation 379 

performances obtained at temperatures < 600 °C, which primarily depend on proton and electron 380 

transfer through the dense active layer, correlate in a complex way with average thickness, residual 381 

porosity (Table 4) but also surface roughness, and sample homogeneity in terms of defects and 382 
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microstructure. For these reasons we believe that the slightly higher permeation flux observed for 383 

Mbr2.00 in the 350-650 °C range might be due to an overall thinner and/or denser active layer in 384 

respect to Mbr0.85. Unfortunately, the standard deviation of the morphological parameters 385 

(thickness/residual porosity) of the dense layers of the 2 membranes does not allow to discern a 386 

precise morphology-permeation correlation. More accurate investigations of the microstructure (i.e. 387 

through micro-CT techniques) will be carried out to further study and investigate this trend at low 388 

temperatures.  389 

Indication of a different water splitting behaviour by the two systems was further evident when the 390 

results were plotted as percent increase in permeation between JH2 values recorded at 500 °C (where 391 

water splitting is negligible) and at 750°C. From calculation carried out on data recorded with 50% 392 

H2 in He (H2 %vol) it is possible to notice a higher increase in the hydrogen permeation from 500 to 393 

750 °C as reported in equation 3 and 4:  394 

Eq. 3    Mbr0.85∆% =
𝐽𝐻2750−500°𝐶

𝐽𝐻2750°𝐶
= 80%;  395 

Eq. 4    Mbr2.00∆% =
𝐽𝐻2750−500°𝐶

𝐽𝐻2750°𝐶
= 66% 396 

To further investigate the effect of membrane architecture and porous layer thickness on the 397 

phenomena occurring during H2 permeation, streams fluxes were inverted, sending feed current on 398 

the membranes porous side (Inverse Fluxed, I.F.), while at the dense side was fluxed the sweep stream 399 

(where water splitting takes place). The tests were performed on the same membrane and the inlet 400 

permeate and retentate flows were exchanged to obtain the flows inversion. The results of the 401 

permeation tests with inverse fluxed (I.F.) are shown in Figure 10 and compared with the ones of the 402 

standard configuration (S.F.). 403 
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 404 

Figure 10. H2 fluxes (mL min-1 cm-2) as a function of temperature. Measurements were performed 405 

in both configurations: i) feeding with 50% H2 in He (H2 %vol) the porous support (configuration 406 

I.F.) and, ii) feeding with 50% H2 in He (H2 %vol) the dense side (configuration S.F.). The inset 407 

shows a schematic representation of the membrane test configuration. 408 

 409 

For both membranes, at temperatures below 600°C, changing the feed stream from the dense side 410 

(standard fluxes, S.F. config.) to the porous side (inverted fluxes, I.F. config.) does not result in 411 

different JH2 values. On the opposite, at higher temperature (> 600°C), a different permeation between 412 

the two configurations is observed particularly for Mbr0.85, with an increase in permeation when the 413 

permeate is sent to the porous side. It must be noted that the Pt amount at the porous side is 10 times 414 

higher than on the dense side. Thus, the systems should catalyse water splitting to a higher extent 415 

when tested in the standard configuration, where the humid sweep is sent over the porous support. 416 

This is the case of Mbr0.85. On the opposite, similar curves are recorded for standard and reverse 417 

flow over Mbr2.00 where the change of side and thus of Pt amount seems to have a slight effect. This 418 

phenomenon can be attributed to both the low Pt particles concentration in the thicker porous support 419 
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and the presence of mass transfer limitations. In fact, porosity, though well oriented, may result in 420 

concentration polarization effect. An interesting study showed that concentration polarization can be 421 

avoided for uniform freeze casted pores with average pore diameter higher than 20 microns [24]. The 422 

membranes here reported are characterized by average pore diameters lower than this value, as can 423 

be seen from SEM images reported in Figure S5. Thus, performance limitation due to concentration 424 

polarization effect may occur.  425 

Finally, the apparent activation energies of the two membranes were calculated to get further insights 426 

into the contribution to permeation of the different phenomena (Table 4). The apparent activation 427 

energies calculated for Mbr0.85 and Mbr2.00 (respectively 0.24 and 0.20 eV at T < 625 °C and 0.54 428 

and 0.35 eV at T > 625 °C) are comparable with those of other dense ceramic membranes present in 429 

literature (Table 4). The membranes show two different activation energies in the temperature range 430 

below and above 625°C. This difference has been already reported in literature [18] and is due to the 431 

prevalence of different transport mechanisms as already discussed above. A higher activation energy 432 

is related to the prevailing oxygen ion transport followed by water splitting at T>625°C, while the 433 

decrease in activation energy at lower temperatures is due to a higher contribution of proton transfer 434 

through the membrane.  435 

 436 

Table 4. Apparent activation energies reported in literature for dense ceramic membranes. 437 

 438 

System Architecture Configuration 

Activation 

Energy 

(eV) – low 

T 

Activation 

Energy 

(eV) – 

high T 

Ref. 

      

      

Mbr0.85 - BaCe0.65Zr0.20Y0.15O3-δ 

(BCZY)–Gd0.2Ce0.8O2-δ (GDC) - 

(BCZY-GDC) 

Disk 
Dual-phase – 

asymmetric 
0.24 0.54 

This 

work 

Mbr2.00 - BaCe0.65Zr0.20Y0.15O3-δ 

(BCZY)–Gd0.2Ce0.8O2-δ (GDC) - 

(BCZY-GDC) 

Disk 
Dual-phase – 

asymmetric 
0.20 0.35 

This 

work 

SrCe0.7Zr0.2Eu0.1O3-δ – NiO-

SrCe0.8Zr0.2O3-δ 
tubular 

Single-phase – 

asymmetric 
not reported 0.84 [40] 

Sr(Ce0.6Zr0.4)0.85Y0.15 O3-δ 

(SCZY)–SCZY-NiO 
Disk 

Single-phase – 

asymmetric 
0.32 0.50 [41] 
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BaCe0.65Zr0.2Y0.15O3-δ 

(BCZ20Y15) -Ce0.85Gd0.15O2-δ 

(GDC15) 

Disk 
Dual-phase – 

symmetric 
0.82 1.04 [16] 

SrCe0.95Tm0.05O3-δ  (SCTm) – 

SCTm 
Disk 

Single-phase – 

asymmetric 
1.35 0.182 [42] 

SrCe0.95Y0.05O3−δ (SCY) – SCY Disk 
Single-phase – 

asymmetric 
not reported 1.11 [43] 

La0.5Ce0.5O2-δ (LDC) – LDC disk 
Single-phase – 

asymmetric 
not reported 1.219 [44] 

 439 

The hierarchically-structured BCZY-GDC membranes presented in this work show hydrogen 440 

performances comparable to the ones recorded for tape cast asymmetric BCZY-GDC membranes 441 

[17] that are, up to now, among the highest reported in literature for ceramic-based membranes (Table 442 

5). Further work will be necessary to carefully investigate and compare the morphological and 443 

microstructural features (such as tortuosity, average pore opening diameter, specific surface area, 444 

porosity, etc.) of the porous supports obtained via conventional tape-casting and freeze casting. 445 

Besides the morphological/microstructural optimization (such as thickness and densification level) of 446 

the thin active layer, these results will be of paramount importance for the construction of models to 447 

effectively identify the predominant key-parameters (i.e. material properties, catalysts, 448 

microstructural properties and operational conditions) to improve H2 permeation of ceramic 449 

membranes. However, the results presented in this paper for the first time, lay the foundation for 450 

further studies on the development of ceramic-based membranes using non-conventional technique 451 

for the production of hierarchically engineered porosity. 452 

 453 

 454 

 455 

 456 

 457 

 458 
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Table 5. Hydrogen separation performances for ceramic membranes reported in literature. Bold systems indicate the active (dense) layer whereas 

italics is used for the porous support. 

 

System Architecture Configuration 
Dense layer 

Thickness [mm] 
J  [mL cm-2 min-1] 

Feed/Sweep 

gasses 
T  [°C] Ref. 

Cerate-zirconate-based        

SrCe0.7Zr0.2Eu0.1O3-δ – NiO-SrCe0.8Zr0.2O3-δ tubular 
Single-phase – 

asymmetric 
0.033  0.23 100% H2 900 

[40] 

[45] 

Sr(Ce0.6Zr0.4)0.85Y0.15 O3-δ (SCZY)–SCZY-NiO disk 
Single-phase – 

asymmetric 
0.017  

0.184 mmol cm-2 min-

1 
100% H2 800 [41] 

BaCe0.65Zr0.20Y0.15O3-δ (BCZY)–Gd0.2Ce0.8O2-δ 

(GDC) - (BCZY-GDC) 
disk 

Dual-phase – 

asymmetric 
0.020  0.47 

Wet 50%H2-

He/wet Ar 
750 [17] 

BaCe0.65Zr0.2Y0.15O3-δ (BCZ20Y15) -

Ce0.85Gd0.15O2-δ (GDC15) 
disk 

Dual-phase – 

symmetric 
0.65 0.27 

wet 50%H2-He/wet 

Ar 
755 [16] 

BaCe0.65Zr0.20Y0.15O3-δ (BCZY)–Gd0.2Ce0.8O2-δ 

(GDC) - (BCZY-GDC) 
disk 

Dual-phase – 

asymmetric 
0.013  0.36 

Wet 50%H2-

He/wet Ar 
750 

This 

work 

BaCe0.85Tb0.05Zr0.1O3-δ (BCTZ) - BCTZ disk 
Single-phase – 

asymmetric 
0.020 0.35 50%H2-He/Ar 1000 [46] 

Cerate-based        

SrCe0.9Y0.1O3-δ-Ce0.8Sm0.2O2 (SCY-SDC) disk 

Dual-phase 

independently 

distributed - 

symmetric 

1  0.163 20% H2 -He/N2 900 [47] 

SrCe0.95Yb0.05O3−α (SCY) - SrZr0.95Y0.05O3−α disk 
single phase -

asymmetric 
0.002 6∙10-4 mol cm-2 min-1 H2-N2/N2 680 [22] 

BaCe0.8Y0.2O3−α (BCY) hollow fiber 
Single-phase -

symmetric 
0.4 0.38 25% H2–He / N2 1050 [48] 

BaCe0.85Tb0.05Co0.10O3−δ (BCTCo) - (BCTCo) hollow fiber 
Single-phase – 

asymmetric 
0.132  0.42 50%H2-He/N2 1000 [49] 

BaCe0.8Y0.2O3-δ (BCY)-Ce0.8Y0.2O2-δ (YDC) - 

(BCY-Ni) 
hollow fiber 

Dual-phase – 

asymmetric 
0.017  0.566 50%H2-He/N2 900 [50] 

SrCe0.95Tm0.05O3-δ  (SCTm) - SCTm disk 
Single-phase – 

asymmetric 
0.150  9.37∙10-8 mol cm-2s-1 10%H2-He/Air 900 [42] 

SrCe0.95Y0.05O3−δ (SCY) - SCY disk 
Single-phase – 

asymmetric 
0.050 7.6∙10-8 mol cm-2s-1 80%H2-He/Ar 950 [43] 

La0.5Ce0.5O2-δ (LDC) - LDC disk 
Single-phase – 

asymmetric 
0.030 2.6∙10-8 mol cm-2s-1 

20%H2-He-

3%H2O/Ar 
900 [44] 
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BaCe0.9Y0.1O3-δ - ZrO2 disk 
Dual phase -

asymmetric 
Dense 0.17 10%H2-N2/Ar 800 [51] 

Ferrite-based        

SrCe0.95Fe0.05O3-δ-SrFe0.95Ce0.05O3-δ (SCF-SFC) disk 
Dual phase -

symmetric 
0.7 0.38 40%H2-N2/wet Ar 940 [52] 

Ce0.90Gd0.10O2−δ - SrCe0.95Fe0.05O3−δ - 

SrFe0.95Ce0.05O3−δ 
disk 

Triple phase -

symmetric 
0.7 0.54 40%H2-N2/wet Ar 940 [53] 

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) disk 
single-phase 

symmetric 
0.65 1.02 10%H2-N2/Ar 950 [54] 

Tungstate-based        

La5.5(W0.6Mo0.4)0.95Pd0.05O11.25-δ disk 
single-phase 

symmetric 
0.25 0.4 50%H2-He/N2 800 [55] 

La28−xW4+xO54+δ (LaWO) – LaWO disk 
Single phase - 

asymmetric 
0.030  0.4 

50% H2 -He/Air- 

H2O 
825 [56] 
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 1 

Conclusions 2 

An innovative ceramic membrane architecture for hydrogen separation was manufactured and 3 

investigated for the first time. A hierarchically-structured BCZY-GDC membrane was successfully 4 

obtained in a two-step process, coupling freeze casting with screen printing for the manufacturing of 5 

the porous support and the dense active layer respectively. The production of the latter, in particular, 6 

required a carful optimization of the screen printing ink in terms of nature and amount of deflocculant 7 

and type of starting BCZY powders. It was found that BCZY-GDC powder is stabilized by GTO, for 8 

concentrations equal to 1x10-3 g/m2
powder

 of dispersant, through a steric mechanism. On the other hand, 9 

only the use of a coarse BCZY powder in the screen printing ink leaded to the production of a crack-10 

free, dense layer onto the freeze cast supports. The optimization of the whole ceramic process allowed 11 

to finally obtain hierarchically-structured BCZY-GDC membranes constituted by a porous support 12 

with 50% of aligned porosity and a 13 ± 3 μm thick dense layer with residual porosity of 1.5 ± 0.9 13 

%. The registered mechanical properties, i.e. microhardness (452 ± 95 HV) and compressive strength 14 

(20.6 ± 5.6 MPa), were considered acceptable for practical applications. Hydrogen permeation tests 15 

were conducted in the 350-750 °C temperatures range using three different feed compositions. 16 

Promising JH2 values of 0.36 and 0.42 mL min-1 cm-2 at 750°C, using a feed stream with 50 and 80% 17 

H2 in He (H2 %vol.) respectively, were obtained reducing the thickness of the porous support. It was 18 

demonstrated that this kind of architecture, differently from tape cast one, allows to select the desired 19 

thickness of the porous layer based on the required mechanical resistance without substantial losses 20 

in hydrogen permeation performances.  21 

In conclusion, this study highlights for the first time the potentialities of hierarchically-structured 22 

BCZY-GDC membranes for hydrogen separation. The development of this innovative architecture 23 

will allow to facilitate the infiltration process of the catalysts and/or wash-coating suspensions into 24 

the porous side to produce “reactive membranes”. Moreover, the use of water-based suspensions 25 

makes freeze casting more environmentally friendly and less time and energy consuming compared 26 
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to tape casting, which generally involves the use of organic suspensions and pore former agents that 1 

need ad-hoc and slow debinding thermal cycles.  2 

Further investigations are still required to assess the predominant key-parameters to improve H2 3 

permeation of ceramic-ceramic membranes. 4 
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