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ARTICLE INFO ABSTRACT
Keywords: This work investigates for the first time the effect of Pt catalyst amount and dispersion on hydrogen permeation
Hydrogen separation performances of BaCeg 65Zr0.20Y0.1503-6-Gdg 2Cep.g02-6 (BCZY-GDC) composite planar Cer-Cer membranes

Cer-cer membrane

Pt catalyst deposition
Asymmetric ceramic membranes
Water splitting

with asymmetrical architecture, aiming to maximize the ratio between the permeated hydrogen and the metal
content. To boost the hydrogen separation reactions, Pt must be deposited on both the dense and porous sides of
the membrane. Moreover, the complex architecture of the porous layer can be used to disperse Pt particles
providing a good interaction with the membrane. To fulfil this aim BCZY-GDC membranes composed of a 20 pm
thick active dense layer and a 600 pm thick, porous support were produced by tape casting and impregnated with
different amounts of platinum. Hydrogen permeation properties were thoroughly investigated examining the
composition of the feed and the sweep gasses, temperature, stream humidification, catalyst amount and nature of
the dispersion media. The effect of Pt-catalysed hydrogen permeation and water splitting reaction at the
permeate side was investigated and discussed. It was found that using an optimal amount of Pt solution to
activate the porous side of the membranes is paramount to increase hydrogen permeation in the whole operating
temperature range while keeping low the amount of noble metal catalyst. Moreover, the selection of a proper
solvent with good interaction with the membrane allows the obtainment of smaller Pt nanoparticles resulting in
higher permeation. The best performances in terms of hydrogen permeation (0.74 and 1.29 mL min~! cm 2 at
750 °C using a feed stream with respectively 50 % and 80 % of H; in He) were obtained using an acetone-based
solution for depositing 1.5 mg em ™2 of Pt at the porous side. This work suggests that the metal deposition plays a
non-trivial role in the hydrogen separation process and should be fully evaluated to increase the final perfor-
mance while cutting down the cost of the Pt catalyst and therefore, of the final device.
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(continued)
WSR Water Splitting Reaction
Ea Activation Energy
JH2 Hydrogen permeated flow per membrane surface unit
R molar gas constant
T Temperature
] Conductivity of j specie
p(H) Partial pressure of hydrogen
S Membrane active surface
V*Ha Volumetric flow rate of hydrogen in the feed stream

1. Introduction

In recent years, energy demand has been increasing across many
countries in the world [1]. To favour the creation of a sustainable
development of the human society it is necessary to overcome fossil fuel
dependency and global pollution. Our energetic needs result in ~65
trillion tons of carbon emissions (in the form of CO5), and considerable
quantities of other polluting gases such as SOx, NOyx, VOCs, and
sulphur-containing substances [2-4]. Thus, a transition to greener, more
sustainable, and more efficient energy sources is urgent and has been
proposed to be facilitated using hydrogen [5]. Hy has been recognised as
one of the most appealing energy vectors since it can be produced from
sustainable substrates such as biogas and biomass, or through water
electrolysis using clean energy sources [6]. Nevertheless, technological
challenges still hamper hydrogen production from sustainable sources,
such as insufficient maturity/reliability and high cost [6]. Therefore, the
production of hydrogen by reforming natural gas, biomethane, biogas,
or biomass gasification would help the transition and the development
of the hydrogen economy and infrastructures. In all cases, hydrogen
produced from both fossil fuels and biomasses must be purified, as it
comes with other compounds such as methane, carbon monoxide, and
carbon dioxide. The commercially available technologies for hydrogen
purification are pressure swing adsorption (PSA) and cryogenic distil-
lation [7-9]. Nevertheless, PSA is only practical for medium and large
industrial plants due to economy of scale [6], while cryogenic distilla-
tion comes with high capital cost [10]. Advanced membrane technology,
on the other hand, allows hydrogen recovery from low-purity or
low-pressure Hp-containing streams whose purification is uneconomical
via PSA or cryogenic technologies. To date, intensive research has been
conducted on Pd-based dense metallic membranes [11-14]. However,
they possess limited high-temperature stability (up to 500 °C) and low
chemical resistance toward HjS-containing atmosphere. To overcome
these limitations, mixed proton electron conducting ceramic (MPEC)
membranes have received considerable interest for their simplicity in
unit design, selectivity, high chemical stability [15-21], lower material
cost, and the intriguing possibility of working at higher temperatures
(>600 °C). Dual-phase membranes have been widely used to separate
hydrogen, where one ceramic phase presents high protonic conductiv-
ity, and the other, metal or ceramic, provides electronic conductivity.
These two types of systems are classified as Cer-Met and Cer-Cer,
respectively. Regarding the former, when a metal is employed, the
main drawback lies in the poor thermal compatibility between the
ceramic and the metal phases, and to avoid the oxidation of metal parts
the preparation requires the employment of reducing atmospheres [22].
A Cer-Cer composite would, on the opposite, increase the overall
membrane thermomechanical stability due to the more similar thermal
expansion coefficients, and require a non-reducing atmosphere during
sintering. An example of Cer-Cer membrane is the
BaCe0,65Zr0_20Y0.1503,6—Gd042Ce0_802,6 (BCZY—GDC) composite mem-
brane employed in this work. In recent years, energy demand has been
increasing across many countries in the world [1]. To favour the crea-
tion of a sustainable development of the human society it is necessary to
overcome fossil fuel dependency and global pollution. Our energetic
needs result in ~65 trillion tons of carbon emissions (in the form of
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CO»), and considerable quantities of other polluting gases such as SOy,
NOy, VOCs, and sulphur-containing substances [2-4]. Thus, a transition
to greener, more sustainable, and more efficient energy sources is urgent
and has been proposed to be facilitated using hydrogen [5]. Hy has been
recognised as one of the most appealing energy vectors since it can be
produced from sustainable substrates such as biogas and biomass, or
through water electrolysis using clean energy sources [6]. Nevertheless,
technological challenges still hamper hydrogen production from sus-
tainable sources, such as insufficient maturity/reliability and high cost
[6]. Therefore, the production of hydrogen by reforming natural gas,
biomethane, biogas, or biomass gasification would help the transition
and the development of the hydrogen economy and infrastructures. In
all cases, hydrogen produced from both fossil fuels and biomasses must
be purified, as it comes with other compounds such as methane, carbon
monoxide, and carbon dioxide. The commercially available technologies
for hydrogen purification are pressure swing adsorption (PSA) and
cryogenic distillation [7-9]. Nevertheless, PSA is only practical for
medium and large industrial plants due to economy of scale [6], while
cryogenic distillation comes with high capital cost [10]. Advanced
membrane technology, on the other hand, allows hydrogen recovery
from low-purity or low-pressure Hp-containing streams whose purifica-
tion is uneconomical via PSA or cryogenic technologies. To date,
intensive research has been conducted on Pd-based dense metallic
membranes [11-14]. However, they possess limited high-temperature
stability (up to 500 °C) and low chemical resistance toward H»S-con-
taining atmosphere. To overcome these limitations, mixed proton elec-
tron conducting ceramic (MPEC) membranes have received
considerable interest for their simplicity in unit design, selectivity, high
chemical stability [15-22], lower material cost, and the intriguing
possibility of working at higher temperatures (>600 °C). Dual-phase
membranes have been widely used to separate hydrogen, where one
ceramic phase presents high protonic conductivity, and the other, metal
or ceramic, provides electronic conductivity. These two types of systems
are classified as Cer-Met and Cer-Cer, respectively. Regarding the
former, when a metal is employed, the main drawback lies in the poor
thermal compatibility between the ceramic and the metal phases, and to
avoid the oxidation of metal parts the preparation requires the
employment of reducing atmospheres [23]. A Cer-Cer composite would,
on the opposite, increase the overall membrane thermomechanical sta-
bility due to the more similar thermal expansion coefficients, and
require a non-reducing atmosphere during sintering. An example of
Cer-Cer membrane is the BaCeggsZrg.20Y0.1503_6-Gdg.2Ceo 80268
(BCZY-GDC) composite membrane employed in this work.

Further optimization can be obtained by reducing the overall
thickness of the membrane [24]. Permeation rates are almost inversely
proportional to the thickness of the dense layer as stated by the Wagner
equation [25], due to the shortening of diffusion paths. For this reason,
the production of asymmetric structures formed by a dense and active
thin film, supported on a mechanically robust thicker, porous substrate
may help to achieve increased hydrogen permeability [26,27] and have
pushed the efforts of different research groups to develop innovative
shaping techniques [28-31]. Although Cer-Cer membranes possess an
intrinsic permeability toward hydrogen, another valuable and crucial
aspect lies in membrane surface modifications, which can serve as a
route to improve the hydrogen flux when the permeation is limited by
the rate of hydrogen exchanged on the surface [32]. A viable way to
enhance the adsorption kinetics is the use of metal catalysts such as
palladium [33], nickel [32], or platinum [26,34]. Regardless of the
membrane composition, hydrogen separation employing mixed
ionic-electronic conductor (MIEC) membranes occurs thanks to a con-
centration gradient, and the process involves three main steps: 1) Hy
adsorption and dissociation at the membrane surface, 2) proton and
electron diffusion across the membrane and 3) re-association at the
other side [35]. In the presence of metal particles such as Pt, Pd, or Ni,
the dissociation of the adsorbed hydrogen at the surface is catalysed
[36-38] and influenced by the dimension and dispersion of the metal
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[39,40].

In this work, steam was also fed at the permeate side during the
separation process, to favour the conditions for the water splitting re-
actions catalysed by metal particles which contribute to increasing the
concentration of hydrogen at the permeate side. The reaction takes place
at the sweep side of the membrane, and it is coupled with oxygen-ion
diffusion from higher Po, (sweep side) to lower Py, (feed side), as re-
ported in different perovskite and tungsten-based compounds [41-44].
The schematic representation of the permeation of hydrogen and water
splitting reaction is reported in Fig. 1. The two mechanisms occur
simultaneously over the membrane system, which allows the perme-
ation of proton, electrons, and oxygen ions.

Platinum group metals are generally used as active sites for hydrogen
dissociation [45], and their dispersion should be optimized. Moreover,
the wettability of the membrane surface must be considered to properly
activate the ceramic composite with the suitable catalyst’s precursor
solution. Little attention has been paid to all these critical issues in
previous literature works, where the aim of catalyst deposition focused
on uniform coverage of the membrane without studying the amount and
distribution of the catalyst, which strongly depends on the deposition
methodology and parameters adopted [46-48]. In addition, the amount
of noble metals employed must be minimal due to their high costs.
Notably, the information listed on Pt catalyst is generally devoid of the
amount of catalyst deposited. This work investigated for the first time
the effect of Pt amount and morphology on the permeation perfor-
mances of asymmetric Cer-Cer membranes with composition
BaCep 65Z10.20Y0.1503-5-Gdo.2Ce.802_5 (BCZY-GDC).

2. Experimental
2.1. Membranes production

Both symmetric and asymmetric BCZY-GDC composite membranes
were assessed in this work.

The symmetric BCZY-GDC membranes were obtained by dry pressing
and sintering [49]. BCZY (BaCeg ¢5Zr0.20Y0.1503-5, Specific Surface Area
=SSA=5.8 ng'l, Marion Technologies) and GDC (Cey gGdg.202-5, SSA
=6.8 ng'l, FuelCellMaterials) powders were ball milled in ethanol (99
%, Sigma Aldrich) for 2 h, in a ratio equal to 50/50 vol %, with 1 wt %
ZnO (Sigma Aldrich). After drying at 50 °C and sieving at 75 pm, the
resulting powder mixture was uniaxially pressed in a @ = 25 mm die at
300 kg cm 2 and isostatically pressed at 3000 bar. The green pellets
were finally sintered at 1550 °C for 4 h. The obtained membranes were
then polished to obtain a pellet thickness comparable to the one of the
asymmetric membranes (~700 pm). The sintered pellets reached rela-
tive density values of 98.4 + 0.8 %.

Asymmetric BCZY-GDC membranes were produced by tape casting.
For the porous support, a suitable slurry was prepared by dispersing in a
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solvent (azeotropic mixture of ethyl alcohol and methyl ethyl ketone,
EtOH-MEK, Sigma-Aldrich) the desired amount of ceramic powder
(BCZY + GDCQ), rice starch (Sigma Aldrich), deflocculant, binder, and
plasticizer. For the dense layer, a similar slurry was produced without
pore former (rice starch), using a finer BCZY powder (SSA = 12.2 m?g™,
supplied by Marion Technology, France) and ZnO (1 wt %) as a sintering
aid. A detailed description of the slurries’ composition, preparation, and
casting parameters is reported in Ref. [24].

The green tapes were punched in discs of 24 mm in diameter, stacked
and laminated using a uniaxial warm press (55 °C applying a pressure of
0.7 bar [50]) to obtain the porous/dense asymmetric structure. The
bilayers were finally thermally treated at 1550 °C for 4 h. A 50/50 vol %
mixture of BCZY-GDC was used as a barium source during sintering
following the experimental set-up optimized in Ref. [51]. The main
difference between the symmetric and asymmetric membranes lies in
the thickness of the dense active layer. In this elaborate, symmetric
membranes are also referred to as pellets. Here the term pellet stands for
a membrane with no porous layer, so a fully dense membrane. Geome-
try, chemical composition, and activation procedures are the same for
either symmetric or asymmetric membranes.

Both surfaces of the membrane were modified with Pt and the
different amounts of catalyst deposited on various membranes used in
this work are reported in Table 1.

The dense side of the membrane was covered with 0.267 mL of an
aqueous solution containing 4.23 x 10~ mol L™} of Tetraamminepla-
tinum(II) nitrate, (Premion®, 99.99 %) and then dried in the oven at
50 °C for 1 h to yield a Pt deposition of 0.15 mg cm™2. Then, impreg-
nation of the porous side was accomplished by the addition of 0.267 mL
of a Tetraammineplatinum(II) nitrate, (Premion®, 99.99 %) solution
with tailored concentrations (4.23 x 102 mol L’l, 423 x10 2mol L}
or1.27 x 10 ' mol L™)) to yield a Pt deposition of 0.15 mg cm_z, 1.50
mg cm ™2 and 4.50 mg cm 2 respectively; these samples are reported in
Table 1 as BCZY-GDC-A-1, BCZY-GDC-A-2 and BCZY-GDC-A-3 respec-
tively. The membrane BCZY-GDC-A-2-Ac was prepared by impregnation
with 0.267 mL of a solution containing 4.23 x 1072 mol L™ of Tet-
raammineplatinum(Il) nitrate, (Premion®, 99.99 %) dissolved in
acetone:water 1:1 vol % instead of sole distilled water, to obtain 1.50
mg cm ™2 of Pt on the membrane. The same procedure using acetone:
water 1:1 vol % was employed for the membrane BCZY-GDC-A-3-Ac,
dissolving 1.27 x 107! mol L™! of Pt precursor in 0.267 mL of solu-
tion. A symmetric dense membrane benchmark (BCZY-GDC-D) was
prepared as well by impregnating both sides with 0.267 mL of an
aqueous solution containing 4.23 x 1073 mol L™! of Tetraamminepla-
tinum(II) nitrate, (Premion®, 99.99 %) yielding a Pt deposition of 0.15
mg cm™2. The reduction of Pt precursor to metal Pt was carried out
directly in the reactor set-up. A schematic representation of the prepa-
ration and activation steps needed to obtain both symmetric and
asymmetric membranes is reported in Fig. S1.

Sweep Side Inert, H,0

Hydrogen permeation
H*+e D> H,

Feed Side H,, H,0

Water splitting reaction
H,O0- H, + 0%

catalyticlayer
membrane
catalyticlayer

H, + 0> - H,0

Fig. 1. Schematic representation of H; separation from permeation of H; (left) and water splitting reaction and oxygen ion transport (right)[adapt.] [44].
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Table 1
Characteristics of the membranes and of the catalyst deposition used in this
work.

Membrane Type Thickness, Additional Deposited Solvent
active layer Info Pt used for
(pm) deposition
BCZY- Symm. 670 Side A A 0,15 mg A water
GDC-D dense cm ™2
Side B B 0,15 mg B water
dense em~?
BCZY- asymm. 20 Side A A 0,15 mg A water
GDC-A-1 dense cm ™2
Side B B 0,15 mg B water
porous cm 2
BCZY- asymm. 20 Side A A 0,15 mg A water
GDC-A-2 dense cm ™2
Side B B 1,50 mg B water
porous cm ™2
BCZY- asymm. 20 Side A A 0,15 mg A water
GDG-A-3 dense cm 2
Side B B 4,50 mg B water
porous cm ™2
BCZY- Asymm 20 Side A A 0,15 mg A water
GDG-A- dense cm 2
2-Ac Side B B 1,50 mg B water:
porous cm 2 acetone 1:1
BCZY- Asymm 20 Side A A 0,15 mg A water
GDC-A- dense cm ™2
3-Ac Side B B 4,50 mg B water:
porous cm 2 acetone 1:1

2.2. Hydrogen permeation tests

Permeation measurements were carried out on disk-shaped samples
with a diameter of around 15 mm determining hydrogen permeation in
the temperature range from 400 to 750 °C. The set-up employed for the
tests was composed of a double-chamber quartz reactor, where the feed
and the sweep sections are separated. Sealing was achieved using silver
alloy rings. A mixture of Hy and He was employed as the feed gas, while
Ar was used as the sweep gas. All gaseous currents were controlled by
mass flow (MFC) and the flow rate was 80 mL min~! and 150 mL min~!
for feed and sweep gas, respectively. Both currents were humidified to
saturation at 28 °C. A basic scheme of the permeation systems is re-
ported in Fig. S2.

Permeated hydrogen concentration at the outlet of the reactor was
determined using an Agilent Technologies 490 Micro GC equipped with
a Molsieve5A capillary module. The quality of the sealing was deter-
mined by monitoring the He content at the permeate side, and results
were considered acceptable when the amount of He leaked was below 5
%. Hydrogen leakages were subtracted from permeation results. Data
reported in the present study were acquired at the steady state after 30
min of stabilization. Temperature was monitored by a thermocouple in
the near proximity of the membrane. The results were expressed as
permeated hydrogen (Jyz, mL min~! em™?) as a function of temperature
and hydrogen concentration. The effect of different temperature sweep
cycles on the measurement was assessed by repeating the measurement
with same feed composition but employing ascending and descending
temperature sweep cycle. Permeation curves have been replicated and
the results reported a standard deviation below 0.03 mL min‘em 2 (%)
per measurement point (Fig. S3).

The activation energy for Hy permeation was calculated by the
Arrhenius equation by plotting In(J) as a function of 1/T.

2.3. Morphological, wettability, and surface tension characterization

The morphology of BCZY-GDC laminated membrane together with
Pt particle features were characterized using Scanning Electron Micro-
scopy (SEM) using a Microscope 50 EP (LEO ZEISS) with Oxford In-
struments INCA ENERGY 350 microdetector (EDX) with INCASmartMap
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system.

The surface tension of BCZY-GDC Cer-Cer composite parts was
determined with a Drop Shape Analyser (DSA30 Tensiometer, Kriiss) in
pendant drop configuration system, by dropping water and n-hex-
adecane on planar and polished BCZY, GDC and BCZY-GDC dense pellets
(~1 pm roughness). Surface tension was calculated by using the OWRK
mathematical model. Moreover, contact angle measurements were
performed for the determination of the membrane’s wettability by using
different liquid media for the Pt precursor solution.

2.4. Equations and calculations

The following equations were used in the manuscript:

Eq. 1 - Wagner Equation g~ RT (on+ +002- ) (0 + 0n) ,  p(H, feed)
12 4R or p(H, sweep)
Eq. 2 - Hydrogen Recovery H, recovery [%] — J;:;(* S +100

Eq. 3 - Arrhenius Equation

—E,
Ju, =Jo exp(R,If>

The terms of the reported equation and calculation are described
hereafter:

R Universal Gas Constant or Total Conductivity

T Temperature p(H2) Hydrogen Partial Pressure

F Faraday’s Constant Juz Permeated Hydrogen

L Membrane Thickness V¥ua Volumetric Flow Rate of Hydrogen
o4 Proton Conductivity S Active Membrane Surface

002- Oxygen Conductivity E, Apparent Activation Energy

Ce Electron Conductivity Jo Pre-exponential Factor

3. Results and discussion
3.1. Effect of dense layer thickness

The effect of the BCZY-GDC membrane architecture on the hydrogen
permeation was first investigated, comparing the performances of a
symmetric dense pellet (BCZY-GDC-D) with an asymmetric dense-
porous membrane (BCZY-GDC-A-1). The two samples were activated
with 0.15 mg cm ™2 of Pt on both sides, and their hydrogen permeability
was evaluated at different hydrogen feed concentrations and tempera-
tures. Results are reported in Fig. 2.

In all cases, the hydrogen flux increases with increasing temperature
and hydrogen content in the feed current. Hydrogen flux through MPEC
membranes is described by the Wagner equation (Eq. 1) and is consid-
ered to be limited by bulk diffusion. The non-linearity of the curves
results from the presence of multiple contributions to the overall
apparent Hy permeated flux.

As stated in Eq. 1, shortening the diffusion path (L) increases the
hydrogen permeation (Jy3), and this effect is clearly visible in Fig. 2 for
each concentration of Hy in the feed current. Moreover, Jys was found to
be higher when the temperature or the H, concentration is increased, as
already reported in literature for this kind of membranes [26,27]. Pre-
vious studies [26,27], remarked the presence of two contributions to
hydrogen production on the sweep side: the hydrogen permeated
through the membrane and water splitting (WS) reactions catalysed by
the presence of Pt particles. These two contributions are known to be
temperature dependent [26,27,34] in particular, WS is more relevant at
temperatures above 600 °C while proton transport is predominant at
temperatures below 600 °C. A wider analysis of this phenomenon is
discussed later in the manuscript.

The asymmetric membrane is characterized by a thinner dense layer
with a shorter diffusion path, resulting in enhanced hydrogen perme-
ation. This is particularly noticeable at low temperatures (<650 °C),
where the water splitting reaction has a limited impact on hydrogen
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Fig. 2. Hj flux (mL min~! em~?) as a function of temperature and feed composition (80 % and 50 % of H, in He, %vol) for membranes BCZY-GDC-D dense membrane
and BCZY-GDC-A-1 asymmetric membrane. Both currents are humidified to saturation at 28 °C.

generation at the permeate. At higher temperatures, WS increases the
hydrogen flux at the permeate side, thanks to the steam consumption
and the backward permeation of oxygen from the permeate current to
the retentate one. Moreover, this reaction is particularly favoured by the
presence of Pt. Results are higher for the asymmetric membrane thanks
to two factors: the lower thickness of the dense layer that speeds up
oxygen back-permeation, and the better dispersion of Pt in the porous
layer which provides a higher area for the dispersion of Pt particles.

3.2. Effect of Pt catalyst amount

To further push membrane performances, the effect of Pt amount was
investigated by depositing different amounts of platinum (e.g., 0.15, 1.5,
and 4.5 mg cm™2) in the porous matrix (Table 1), which is placed at the
permeate side during the separation tests. The increase in Pt content,
which influences the water-splitting reaction, was studied at the sweep
side of the membrane, where this process occurs and contributes to in-
crease the amount of hydrogen at the permeate, especially at elevated
temperatures [26,27,49].

SEM was used to investigate the Pt distribution and morphology on
the membrane surfaces.

In Fig. 3 some exemplifying acquisitions are reported to clarify the
distribution of metal onto the surface (porous side) of the different
membranes. EDX mapping of mix and single elements for BCZY-GDC-A-
2 is reported in Fig. S4 as an example. The Ba mapping is related to the
BCZY phase, while Gd distribution is linked to the GDC phase. This
analysis further evidences the Pt distribution on the porous surface of
the membrane confirming the results obtained from SEM data. Punctual
EDX analyses conducted on BCZY-GDC-A-3 (Fig. 3g) allow to distinguish
the deposited Pt (light grey in the BSE-SEM images) from the membrane
surface (dark grey).

Pt particles are found on all membranes, though a different degree of
aggregation is clearly visible at the porous surface: BCZY-GDC-A-1
(Fig. 3 a., b.) presents Pt nanoparticles arranged in aggregates with
random morphology below 5-10 pm. BCZY-GDC-A-2 (Fig. 3 c., d.)
membrane shows the Pt nanoparticles tend to form aggregates up to 4
pm with almost-spheroidal morphology. Lastly, the BCZY-GDC-A-3
membrane (Fig. 3 e., f.) shows coral-like Pt large aggregates of tens of
micrometres. In addition, Fig. 3 f evidence a non ideal contact between
the catalyst and the ceramic material as a surface-detached Pt fragment
can be seen on top of BCZY-GDC-A-3 membrane. The average particle
size distribution was calculated from the SEM images and resulted to be
0.13, 0.10 and 0.14 for membranes BCZY-GDC-A-1, BCZY-GDC-A-2 and
BCZY-GDC-A-3 respectively. Thus, smaller particles were formed for the
intermediate Pt loading which can affect the hydrogen permeation
performances which were examined.

Fig. 4 shows the Hj flux through asymmetric membranes loaded with

s
racts)

Fig. 3. BSE-SEM pictures of the porous side of membranes BCZY-GDC-A-1 (a.,
b.), BCZY-GDC-A-2 (c., d.) and BCZY-GDC-A-3 (e., f.) after Pt deposition. On the
bottom (g.), representative BSE-SEM picture with supplementary EDX analysis
showing the composition of lighter (Pt) and darker (BCZY-GDC) phases.

different amounts of Pt on the porous side. Although these types of
membranes are usually activated with Pt, in literature there is a lack of
information regarding the effect of the Pt amount on hydrogen perme-
ation [26,46-48,52]. Each graph shows results obtained with a selected
composition of feed gas (80 %, 50 %, and 20 % of H» in He, vol. %) and
correlates permeation values with temperature. Jyo values were found
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Fig. 4. H, permeation (mL min~'em™?) flux as a function of temperature and feed composition under different feed conditions (20 %, 50 % and 80 % H, in He) for
membrane BCZY-GDC-A-1, BCZY-GDC-A-2 and BCZY-GDC-A-3. Both currents are humidified to saturation at 28 °C.

to increase with increasing temperature in good agreement with the
Wagner equation (Eq.1), for each gas composition. Moreover,
BCZY-GDC-A-2 membrane always gives the highest Jy,. The increase of
deposited Pt from 0.15 mg cm ™2 (BCZY-GDC-A-1) to 1.5 mg cm 2
(BCZY-GDC-A-2) can explain this trend, as the better performance of the
latter is due to the presence of a higher amount of metal, which not only
favours hydrogen dissociation but also increases the extent of the
water-splitting reaction. Thus, when the Pt load was increased to 4.5 mg
em 2 (BCZY-GDC-A-3) a further increase of Juz was expected. On the
opposite, results show a slight worsening in the hydrogen permeation if
compared with the sample charged with 0.15 mg cm™2. The reason
behind this behaviour can be linked to the Pt distribution, as evidenced
by SEM images (Fig. 3), as the Pt surface is the actor of water splitting
and hydrogen dissociation processes.

3.3. Effect of deposition method modification

Considering the information acquired by SEM analysis and hydrogen
permeation measurements, it is possible to hypothesize that increasing
Pt catalyst amount provides a well-integrated Pt-membrane system at
first, but that inefficient Pt distribution and non-optimal contact be-
tween Pt and the membrane surface negatively affect the permeation for
a loading of 4.5 mg cm™2. This might be related to a non-optimal
interaction between the ceramic membrane and the aqueous solution
used as a media for Pt deposition. Thus, to improve the activation of the
membrane surface with the Pt catalyst, the wettability of the mem-
brane’s surface towards different liquid media was investigated. First,
the surface tension of both the BCZY-GDC composite and the individual

BCZY and GDC phases was determined. The tests were conducted by
dropping pure water (polar) or n-hexadecane (nonpolar) onto dense
pellets obtained by dry pressing with mirror-like surface finish. The
results are shown in Table 2. All the materials tested present a pre-
dominant dispersive component, i.e. a greater affinity for nonpolar lig-
uids, which means a low wettability of the membranes towards water-
based suspensions (Fig. 5).

Different organic solvents were then considered for the production of
the catalytic Pt precursor solution to enhance the catalyst dispersion
and, therefore, the Hy separation performances. Ethanol (EtOH) or
acetone-based solutions were prepared and dropped onto the surface of
BCZY, GDC, and BCZY-GDC dense pellets for contact angle analysis. The
results are shown in Table 3 while an image of the resulting drops is
provided in Fig. 5. As expected, the materials considered are well wetted
by pure EtOH and acetone, especially by the latter, while the water

Table 2
Contact angle and calculated surface tension of BCZY, GDC, and BCZY-GDC
dense pellets.

Contact angle (°) Surface tension (mN/m)

Water n- Polar Dispersive Total
hexadecane
GDC 95.59 + 20.68 + 1.71 + 25.38 + 27.09 +
2.99 4.51 0.70 0.73 1.43
BCZY- 95.28 + 8.51 £1.74 1.55 + 2.8+ 0.12 28.35 +
GDC 3.76 0.83 0.95
BCZY 96.20 + 17.81 + 1.50 + 25.82 + 27.32 £
3.06 5.37 0.67 0.76 1.43
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Acetone

Acetone + H,0 1:1

Fig. 5. Images of the contact angles on BCZY, GDC and BCZY-GDC pellets using different solutions.

Table 3
Contact angles measured on BCZY, GDC and BCZY-GDC pellets with different
solutions.

EtOH (°) Acetone (°) Acetone/H50 1:1 vol % (°)
GDC 24.7 + 3.36 20.96 + 2.08 67.26 + 3.34
BCZY 30.2 + 3.6 30.1 +5.57 67.01 + 2.1
BCZY-GDC 25.8 + 4.26 21.88 + 2.41 66.79 + 2.68

mixture provides higher contact angles due to the low affinity of BCZY
and GDC with polar substances. Acetone/H,0 1:1 vol % was then
selected to disperse the Pt precursor (concentration equal to BCZY-GDC-
A-2, Table 1), and the solution was drop-casted onto asymmetric
membranes to produce BCZY-GDC-A-2-Ac. To understand the effect of
the different solution at higher Pt concentrations, also the BCZY-GDC-A-
3-Ac membrane was produced using the Acetone/H20 1:1 vol % and the
same Pt amount (4.5 mg cm’z) of BCZY-GDC-A-3 membrane (Table 1).
Pure acetone was not chosen due to its fast evaporation rate, which
limits the intrusion of the solvent inside the pores of the support.
Moreover, the Pt precursor is slightly soluble in pure acetone.

Fig. 6 shows the Pt dispersion onto the porous surface when the Pt-
acetone:water 1:1 vol % solution is used for 1.5 and 4.5 mg cm ~2 of

Pt load (membranes BCZY-GDC-A-2-Ac and BCZY-GDC-A-3-Ac), while
EDX elemental mappings are reported in Figs. S5 and S6. When water is
used (Fig. 3c-d, BCZY-GDC-A-2 membrane; Fig. 3d—e, BCZY-GDC-A-3
membrane), drops in contact with the membranes do not spread on
the surface and aggregates are formed during solvent evaporation, while
the use of a media with higher affinity (i.e., wettability) to the surface
like acetone allows the obtainment of well-dispersed nanoparticles on
the whole surface (BCZY-GDC-A-2-Ac and BCZY-GDC-A-3-Ac) as
depicted by SEM micrographs (Fig. 6) and EDX mappings (Figs. S5 and
$6). The average particle size was calculated and showed the positive
effect of the acetone:water solution providing values of 0.01 and 0.02
pm for BCZY-GDC-A-2-Ac and BCZY-GDC-A-3-Ac respectively. The
particles size distribution, reported in Fig. S7, shows a higher frequency
of smaller Pt particles for the BCZY-GDC-A-2-Ac entailing, even in this
case, a better dispersion for the sample with a loading of 1.5 mg cm 2,
showing a negative effect on Pt dispersion of high precursor concen-
tration in the solution used for the deposition.

The hydrogen permeation of the membranes obtained using the
acetone:water solution was further tested in the 400-750 °C tempera-
ture range using different feed compositions, and the results are shown
in Fig. 7.

Outstanding performances were observed when membranes were

Fig. 6. BSE-SEM micrographs at different magnitudes of the porous surface of BCZY-GDC-A-2-Ac (a, b) and BCZY-GDC-A-3-Ac (c, d) membranes coated with the Pt-

acetone solution.
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Fig. 7. H, permeation of membranes impregnated with different Pt solutions using 50 % (a) and 80 % (b) H, in He as the feed gas.

coated with the Pt-acetone solution at 1.5 mg cm ™2 Pt loading, showing
a relevant increase in the hydrogen permeability in the whole range of
temperatures tested, thanks to the higher reactivity towards Hy disso-
ciation and water splitting reactions provided by the smaller and better-
distributed metal particles. The Hy permeation flux observed at 750 °C is
among the highest reported in the literature for ceramic hydrogen sep-
aration membranes and was found to be 0.74 and 1.29 mL min~! cm™2
when 50 and 80 % of Hy in He was used as the feed gas, respectively.
Having observed an increase in permeated hydrogen using the
acetone:water mixture, the permeation curves were obtained also for a
membrane with higher Pt loading (4.5 mg cm ™2, membrane BCZY-GDC-
3-Ac, obtained using acetone:water solution). The results are shown in
Fig. 8. Compared to the membrane BCZY-GDC-3, the substitution of
water with the acetone:water solution allowed again to sharply raise the

performances due to the better Pt dispersion as shown by SEM analysis
(Fig. 6), which increased the hydrogen dissociation and water splitting
activity. However, the performances were lower than those obtained
with an intermediate Pt amount (1.5 mg cm ™2, Fig. 7), In general, these
results demonstrate that small Pt particles can be obtained by modifying
the deposition conditions, using a solvent with a better affinity toward
the membrane’s surface, though larger average particle sizes are ob-
tained again with high Pt loadings which reduces the performances of
the system.

To get a better understanding of membrane behaviour in different
feed stream compositions, hydrogen recovery was calculated following
Eq. 2. Results for membranes BCZY-GDC-A-1, BCZY-GDC-A-2, BCZY-
GDC-A-3, BCZY-GDC-A-2-Ac and BCZY-GDC-A-3-Ac are reported in
Fig. 9.
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20% H2 in He 50% Hy in He 80% Hy in He
061 06 0.6
e BCZY-GDC-A3Ac e BCZY-GDCA3Ac e BCZY-GDCA3Ac
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Fig. 8. H, permeation of membranes BCZY-GDC-A-3 and BCZY-GDC-A-3-Ac obtained with different Pt solutions (4.5 mg cm 2 of Pt) using 20 %, 50 % and 80 % (b)

H, in He as the feed gas.
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Fig. 9. Percent hydrogen recovery plots for membrane BCZY-GDC-A-1, BCZY-GDC-A-2, BCZY-GDC-A-3, BCZY-GDC-A-2-Ac and BCZY-GDC-A-3-Ac.

Hydrogen recovery plots are consistent with the increase of
hydrogen permeation at higher temperatures. At 750 °C with a feed
composition of 50 % Hjy in He (%vol) BCZY-GDC-A-1, BCZY-GDC-A-2,
BCZY-GDC-A-3, and BCZY-GDC-A-2-Ac membranes reveal a hydrogen
recovery value of 1.17, 1.84, 0.99 and 2.85 respectively, following the
trend that has been previously observed (Figs. 5 and 9). When different
feed stream compositions are compared, it is possible to observe a
decrease in the separation efficiency with an increase in Hy content. This
may be related to a saturation of the membrane surface at high hydrogen
content which can be avoided increasing the membrane performances.
Thus, this calls for further research and innovation in the field of
ceramic-based membranes to further increase the permeation of
hydrogen. Nevertheless, the hydrogen fluxes permeated through these
membranes are among the highest reported in the literature (Table 4)
and here we report the hydrogen recovery for these systems for the first
time, as, to the best of our knowledge, this parameter is seldom calcu-
lated for ceramic membranes, though it can help to evaluate the process
performances.

3.4. WSR, proton transport contribution, and calculation of the activation
energy

The activation energy (Ea) for water splitting and Hy transport were
calculated through the Arrhenius equation (Eq. 3) and the Arrhenius
plots for BCZY-GDC-A-1, BCZY-GDC-A-2, BCZY-GDC-A-3, BCZY-GDC-A-
2-Ac and BCZY-GDC-A-3-Acmembranes are reported in Fig. 10.

Activation energy values for temperatures exceeding 650 °C are
closely associated with the primary mechanism of oxide ion trans-
portation within a given system and as a result, are directly linked to the

simultaneous water splitting reaction that takes place. Conversely, when
considering lower temperatures, it is observed that the dominant
mechanism shifts towards proton transport. This particular phenomenon
has been extensively discussed and documented in previous scientific
literature, providing a solid foundation for the understanding of the
relationship between activation energies and the prevailing transport
mechanisms [26,27,34]. The outcomes of the experiments are presented
in Table 5.

For each membrane coated with the Pt-aqueous solution, a consistent
and overarching pattern can be observed, with a notable increase in the
activation energy (Ea) at temperatures above 650 °C. This behaviour can
be attributed to the contribution of water splitting and oxygen ion
transport within the membranes. At T > 650 °C membranes coated with
the optimal Pt amount show the lowest activation energies of 0.40 and
0.35 eV for BCZY-GDC-A-2 and BCZY-GDC-A-2-Ac respectively, which is
consistent with an increased activity of the well-dispersed Pt of these
systems.

A wider discussion on the contribution of water splitting will be
treated below. At lower temperatures (e.g., <650 °C) the activation
energies are found to be around 0.25-0.30 eV which is lower than what
it is reported in the literature for analogous systems [26,34] and close to
the electronic conductivity of similar membranes [62]. This suggests
that the presence of well-distributed Pt nanoparticles removes surface
kinetic limitations, providing an activation energy for the whole process
which is close to that of the proton and electron conduction through the
membrane. It is worth mentioning that both values are lower than those
reported in the literature for similar systems where a different Pt
deposition procedure is undertaken [27]. Pt is added to increase the
surface kinetics and the hydrogen dissociation, without limiting the
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Table 4
Composite membranes (Cer-Cer) and surface-modified ceramic membranes performance overview. (N/A = not applicable, N/V = not available).
Material Dense layer Catalyst amount Feed/sweep % Ha T Jio (mL min ! Ref.
thickness (pm) gas feed Q) cm™2)
Symmetric
SrCep.95Y0.0503_s—2n0O 1090 - Hy-He/Nj 21 750 0.0075 [53]
Las sWO11.25-5-Lag.g7S1r0.13CrO3.5 370 - H,-He/Ar 50 700 0.15 [54]
SrCeg.osFe.0503.5-STFeg.05Ce0.0503.5 700 - Hy-Ny/Ar 40 860 0.275 [55]
BaCe Y2035 — CepgY0.202 5 1440 - Hj-He-Ar/ 50 750 0.005 [56]
Ar
SrCe.9Y0.103-Cep.gSmg 202 1000 - H,-He/Ny 20 750 0.08 [57]
Asymmetric
BaCeg.65Z10.20Y0.1503_6-Gdg 2Cep 8026 20 Pt, impregnation 0.15 mg cm 2 (water) H,-He/Ar 50 750 0.74 This
on dense side work
1.5 mg cm ™2 (acetone:water) on porous
side
BaCey 65Z10.20Y0.1503-0-Gdo 2Cep 8028 20 Pt, impregnation 0.15 mg cm ™2 (water) ~ Hy-He/Ar 80 750 1.29 This
on dense side work
1.5mg cm 2 (acetone:water) on porous
side
BaCeg 65Zr0.20Y0.1503-5 700 Pt, 20 um porous layer of a Pt ink H,-He/Ar 50 750 0.125 [34]
Ceo.85Gdo.1502 5
Las sWq.45Nbg 15M0g 4011 255 500 Pt, 20 pm coating H,-He/Ar 50 800 0.125 [52]
BaCeq »Zro.7Y0103_5- 1000 Pd, 100 nm layer H,-He/Ar 9 800 0.0349 [58]
Sr0.95Tio.oNbo 1035
BaCep oMng 1035 1640 Pt, Not reported Hy-No/Ar N/V 800 0.0114 [59]
Lag g7Sr0.13CrO3_5 550 Pt, Not reported H,-He/Ar 10 1000 0.0001 [471
Sro.97Cep.0Ybo.103. 5 1160 Pt, 4 pm coating film Hy-Ny/Ar 10 804 0.044 [48]
BaCeg ¢5Z1¢.20Y0.1503_6-Gdg 2Ce g§02_5 20 Pt, 20 pum thick Pt layer, infiltration of H,-He/Ar 50 750 0.46 [46]
NPs
BaCeg 65Zr0.20Y0.1503.5-Ce0.8Gdo.202.5 20 Pt, 20 pm thick Pt layer, infiltration of H,-He/Ar 50 750 0.47 [26]
NPs
Lasg xW4.xOs4.45 30 Pt, 20 pum thick Pt layer, infiltration of H,-He/Ar 50 700 0.03 [60]
NPs
BaCeg g5Tbg 05C00.1003_5 132 Pd, 1.9 pm thick layer by electroless H,-He/Ar 50 700 0.04 [61]
plating
T[°C] Table 5
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. . . . . . To better understand the different contributions of the processes
00010 0.0011 O-O?JTZWK] 00013 00014 00015 related to Hy permeation, particularly the water splitting reaction, the

Fig. 10. Arrhenius plots of hydrogen fluxes feeding 50 % H; in He with both
humidified currents.

permeation process of proton, electron, and oxygen ions through the
dense layer. However, when the latter is thin as in the case of asym-
metric membranes used in this work, the Pt size and distribution play a
pivotal role in determining the resistance towards surface reactions.
The catalyst deposition method influences the calculated activation
energy, as shown by the lower E, obtained here, for both the high and
low experimental temperatures conditions, compared to other mem-
branes with similar composition and structure. This work demonstrated
that metallic catalysts are directly involved in the permeation perfor-
mances of membranes and the optimization of the particle size and
distribution on the membrane’s surfaces is a promising route to reach

10

effect of humidification degree of feed and sweep streams was investi-
gated, following the previous method established by D. Montaleone
et al. [25]. Three different conditions were employed: (A) only feed
stream humidified, (B) both feed and sweep streams humidified and (C)
only sweep stream humidified. The experiments were conducted at two
different temperatures, namely 750 °C and 500 °C, to ensure the distinct
contribution of pure proton transport and oxygen retro-diffusion due to
Water Splitting reaction influence. Results are reported in Fig. 11.

As described in the introduction and in Fig. 1, the hydrogen flux at
the permeate results from the contribution of two coexistent phenom-
ena. The first one involves the dissociation of the hydrogen molecule
into protons and electrons, catalysed by the presence of Pt, the perme-
ation of the electrons and protons through the MIEC membrane, and the
re-association of the hydrogen molecule at the permeate side. On the
other hand, water splitting involves the splitting of water at the
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Fig. 11. H, fluxes (mL min~' cm2) as a function of temperature and humid-
ification conditions: configuration (A) only feed side humidified, (B) both sides
humidified, and (C) only sweep side humidified, for membrane BCZY-GDC-A-1.
Measurements were performed by feeding the dense layer with 50 % H in He.
The insets show schematics of the membrane test configurations.

permeate side with the production of a hydrogen molecule and an 0%~
ion that back-permeates at the retentate, where it reacts with Hy to
produce water. Ion diffusion governs hydrogen permeation in the MEIC
system according to the Wagner equation (Eq. 1) and is directly corre-
lated with temperature. Although both mechanisms provide the for-
mation or permeation of Hy molecules at the permeate side, their
contribution depends on the operative conditions, mainly temperature
and water presence. The impact of the water splitting reaction contri-
bution on overall hydrogen flow at different temperatures can be
observed in Fig. 11, while the registered Jy2 values are reported in
Table 6. In general, an increase in the hydrogen flux is observed when
temperature is increased, as also shown before. At 500 °C similar results
are obtained when water is added, with a slight increase of the hydrogen
flux (from 0.071 to 0.084 and 0.081 mL min~ ' cm2). In fact, the water
splitting reaction occurs to a consistent extent above 600-650 °C.
Indeed, when water is added at 750 °C a sharper rise from 0.134 to 0.319
and 0.326 mL min~! ecm 2 is observed producing an increase of
hydrogen permeation up to 143 % compared to the dry test. This is
indicative of the contribution of water splitting and the used tests are a
simple method for the evaluation of its contribution. These results are in
good agreement with what was previously reported in the literature [25,
33]. As already mentioned, the obtained data correlate with the
different governing permeation mechanisms at different temperatures,
where protons and electrons permeation is the only mechanism at
temperatures lower than 650 °C, while water splitting is catalysed by Pt
at higher temperatures. The latter leads to the formation of the majority
of the permeated hydrogen in these cases, as shown by the results in
Fig. 11 and Table 6.

4. Conclusions

Hydrogen permeability of asymmetric BaCeg g5Z19.20Y0.1503—
6-Gdp.2Cep 8026 (BCZY-GDC) Cer-Cer composite planar membranes
was characterized as a function of temperature, feed side composition,
catalyst amount and distribution. Three feed compositions were inves-
tigated, 20 %, 50 %, and 80 % H, in He (vol. %), in the 400 °C-750 °C
temperature range. Membranes were charged with 0.15 mg cm™2 of Pt
on the dense side using a Pt-aqueous solution, while three different
amounts of Pt were investigated on the sweep side aiming to boost the
water splitting reaction, such as 0.15, 1.5, and 4.5 mg cm ™2, and best
performances were achieved when 1.5 mg cm ™2 of Pt was deposited on

11
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Table 6
H, fluxes obtained in different configurations and temperatures: (A) only feed
side humidified, (B) both sides humidified, and (C) only sweep side humidified.

Configuration  Jy, @ Increment by Ju2 @ Increment by
500 °C [mL water at 500 °C 750 °C [mL water at 750 °C
min~? [%] min~'em™2  [%]
cm 2]

A 0.071 / 0.134 /

B 0.084 18 0.319 138

C 0.081 12 0.326 143

the porous layer. Moreover, it was found that nonpolar liquids have a
better affinity toward BCZY and GDC phases compared to the polar ones
(i.e., water). Membranes coated with a Pt-acetone:water solution pre-
sent smaller Pt particles, without the presence of aggregates and an
almost constant 60 % increase in Hy permeation performances in the
whole temperature range tested compared to membranes coated with
Pt-water solution. At 750 °C, these membranes achieve permeation rates
of 0.74 and 1.29 mL min~! cm ™2 using feed streams with 50 and 80 % H,
in He, respectively. This work demonstrated that the morphological
properties of the metallic catalyst strongly affect the Hy permeation
ability and should be carefully tailored. In fact, the role of metallic
catalysts, typically relegated in the literature on avoiding surface kinetic
limitation, is directly involved in the permeation mechanism. Further
optimization can potentially enhance permeation results and is a
promising route to reach technological advancement.
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