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A B S T R A C T   

The process of rapid laser sintering of thin BaZrO3–BaCeO3-based proton-conducting electrolytes is being 
developed for easy fabrication of ceramic fuel cells and electrolyzers. However, cracks on the electrolytes caused 
by volume change due to chemical reactions between the basic ceramic constituents and the polar solvents 
during wet processing has been problematic. In order to address this issue, the use of chemically inert saturated- 
hydrocarbon-based slurries comprised of hexadecane, polybutene, and a long-chain saturated fatty acid were 
investigated in this work. By optimizing slurry composition and laser sintering conditions, a 20 mm long, 4 mm 
wide, 13.5-μm-thick and 97%-dense BaCe0.7Zr0.1Y0.07Sm0.13O3-d membrane showing proton conductivity on the 
order of 10− 4 S•cm− 1 at 600 ◦C was successfully prepared in just three seconds by laser sintering. The use of 
saturated-hydrocarbon-based slurries will facilitate wet processing and rapid laser sintering of proton-conducting 
ceramic electrolytes.   

1. Introduction 

Ceramic fuel cells and electrolyzer cells are key devices for a highly- 
efficient hydrogen economy with minimal environmental impact. 
Proton-conducting ceramics have attracted increased attention as solid 
electrolytes of these devices. The development of chemically stable 
proton-conducting ceramics showing higher proton conductivity and 
the development of processing technologies enabling easier fabrication 
of thin dense electrolyte membranes have been active areas of 
contemporary research. The material development has resulted in a 
number of promising systems such as BaZrO3–BaCeO3-based system: 
BaCe1-x-yZrxYyO3-δ (BCZY) [1], BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) [2], 
BaCe0.7Zr0.1Y0.07Sm0.13O3-δ (BCZYSm) [3], and 60 mol% Sc-doped 
BaZrO3 [4]. Even though the preparation of dense membranes of re
fractory BaZrO3–BaCeO3 based materials have become easier to some 
extent by discovery of solid state reactive sintering methods [5,6], the 
new processing technologies still need significant effort. 

Among several next-generation processing technologies aimed at 
facile sintering of refractory ceramics (e.g. spark plasma sintering, mi
crowave sintering, cold sintering), the authors have focused on laser 

sintering technique because of its compatibility with membrane prepa
ration and the ability for layer-by-layer fabrication of the single cells and 
cell stacks. [7–13] This technique uses an infrared laser to heat green 
ceramics sheets prepared via a wet process. Laser sintering has the 
advantage of increased speed: even refractory ceramics can be sintered 
in minutes or seconds. The authors have previously reported on laser 
sintering of ceramics membranes including BaZrO3–BaCeO3 
solid-solution-based materials, and demonstrated that highly densified 
and conductive membranes as thin as ten-plus micrometers can be 
effectively prepared. [11,12] 

One of the important keys to successful laser sintering is suppression 
of cracking. As the authors previously reported, ceramic membranes are 
frequently cracked by the laser sintering process. [12] The major reason 
is volume reduction during laser sintering as bulky hydroxides and/or 
carbonates (e.g. Ba(OH)2, BaCO3) turn to the oxides (e.g. BaZrO3). These 
polyanion chemicals are formed from the original oxide precursors in 
accordance with thermodynamics. Fig. 1(a) shows changes of standard 
Gibbs energy, ΔG◦, for decomposition of simple binary oxides to hy
droxides in water. It shows that Ba2+, which is the most commonly used 
cation in the proton-conducting ceramics, strongly prefers to bond with 
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OH− rather than O2− especially at slurry processing temperatures (≈
25 ◦C). In reality, the Ba(OH)2 formed by its aqueous has to be greatly 
hydrated by taking it into account that Ba(OH)2•8H2O is its most stable 
state in ambient air. Some portion of the resulting hydrated hydroxides 
of basic cations subsequently react to form carbonates readily by air 
exposure, which has been reported in many papers. [14–17] By the laser 
heating, dehydration and decarbonation reactions accompanied with 
harsh volume reduction are taken place, and thus, the membranes are 
cracked. Even using BaCO3 as the precursor, the cracking has been less 
but still frequently observed. This suggests that the cracking is induced 
namely by the dehydration process since Ba(OH)2•xH2O is bulkier than 
BaCO3, and BaCO3 that dissolved in water solidified partially as Ba 
(OH)2•xH2O. It should be noted that the similar reactions on 
Ba-containing oxides by water are expected also in the cold sintering 
process and may severely impact on material properties, such as ferro
electricity of BaTiO3. 

The thermodynamic analysis also revealed that compositional con
trol on the proton-conducting ceramics for increasing their conductivity 
also increases the instability of the Ba-O bonding. Fig. 1(b) shows ΔG◦

for decomposition of BaZrO3 and BaCeO3 to Ba(OH)2, and ZrO2 or CeO2 
in water. BaZrO3 shows positive ΔG◦ even at room temperature, mean
while, BaCeO3 shows negative ΔG◦. Since recent proton-conducting ce
ramics are modified to have a higher Ce:Zr ratio in order to achieve 
higher proton conductivity (cf. Ce:Zr in BCZYYb and BCZYSm are 7:1 by 
molar) because of the reported lower proton conductivity in BaZrO3 
than in BaCeO3, it is reasonable that they readily decompose in water at 
around room temperature. Fig. 1(c) shows standard enthalpy changes at 
room temperature, ΔH◦

298.15 K, for decomposition of undoped and 20 
mol%Y-doped BaZrO3 to Ba(OH)2, ZrO2, and Y2O3 in water. Even for 
BaZrO3 which exhibits well known chemical stability, ΔH◦

298.15 K turns 
negative from positive at 20 mol%Y doping. This points out that 
acceptor doping for achieving higher proton concentration ([Y′

Zr]=
[OH⋅

O]) reduces the stability against water. Thus, there is a trade-off 
relationship between proton conductivity and chemical stability; 
therefore, chemically inert solvent that can protect the proton- 
conducting ceramics from water has to be explored for wet processing 
followed by laser sintering. 

The reactions of ceramics with water have been a problem also in the 
field of alkali-ion batteries, and alternative compatible organic solvents 
have been explored. Alcohols [22,23], aromatic hydrocarbons [24–27], 
n-methyl-pyrrolidone (NMP) [28,29], and acetonitrile [30,31] are 
typical alternatives. However, alcohols become alkoxides while giving 
-OH to the basic ceramics, as suggested by Kun et al. [32] The aromatic 
hydrocarbons, such as xylene and toluene, are aprotic, however, con
trolling and maintaining a solid-liquid ratio of 
aromatic-hydrocarbon-based slurries is difficult because of their high 
vapor pressure. NMP and acetonitrile are aprotic solvents having 

relatively low vapor pressure, however, they are highly hydrophilic and 
absorb water during handling in air. Tan et al. have reported that such 
polar organic solvents absorb air moisture immediately after the air 
exposure. [33] Kun et al. have reported that acetonitrile leads negligible 
reactions with a basic ceramic of Al-doped Li7La3Zr2O12; however, it was 
handled in a glovebox and was dehydrated carefully by molecular sieves 
presumably due to the hygroscopicity of acetonitrile. [32] 

Taking prior work into account, slowly-evaporating, aprotic, and 
non-polar saturated higher n-hydrocarbons most likely be the best as 
solvents of slurries that minimize the propensity for cracking. The use of 
these types of solvent systems will also be beneficial from viewpoint of 
safety due to their relatively low toxicity in the human body and rela
tively high flash points (>100 ◦C). In spite of these benefits, 
hydrocarbon-based slurries have not been utilized to the best of the 
authors’ knowledge. This is presumably because there are no reports 
about binders and surfactants that can be used with the saturated hy
drocarbon systems. Popular binders and surfactants to date for the 
ceramic slurries are polar organics (e.g. PVB [22,24,25,27,34], PVP [35, 
36], PEO [30,31,37], cellulose derivatives [11,23] for binders; ethylene 
glycol [24,38], ammonium polyacrylates [11,39], octylphenol ethox
ylates [22,40,41] for surfactants); therefore, they cannot be dissolved 
into the saturated hydrocarbons having exactly zero polarity. 

In this paper, the compatibility of saturated higher n-hydrocarbon 
with the proton-conducting ceramics (BCZYSm: 
BaCe0.7Zr0.1Y0.07Sm0.13O3-δ) was studied, and the saturated- 
hydrocarbon-based BCZYSm slurry were developed by exploring 
binders and surfactants that can be dissolved into saturated higher hy
drocarbons. Using the optimized slurry, laser sintering of proton- 
conducting BCZYSm membranes was demonstrated. The phase forma
tion, microstructure and ion conductivity of the resulting materials are 
reported. 

2. Experimental 

Green and calcined BCZYSm slurries were prepared using a planetary 
ball mill at 400 rpm for 12 h using agate jars and balls for the compat
ibility test and for the laser sintering. The green BCZYSm powder is a 
stoichiometric mixture of BaCO3 (Alfa Aesar, 99.8%), CeO2 (Alfa Aesar, 
99.9%), ZrO2 (Alfa Aesar, 99.7%), Y2O3 (Alfa Aesar, 99.99%), Sm2O3 
(Alfa Aesar, 99.9%). The calcined BCZYSm was prepared by calcining 
the green BCZYSm powder at 1400 ◦C for 14 h. 

For the compatibility tests, deionized water, isopropanol (Alfa Aesar, 
99.5%), hexadecane (Acros Organics, 99%) based calcined BCZYSm 
slurries were prepared. The slurries were comprised of the calcined 
BCZYSm powder 10 g and the solvents 100 mL. The bottle of isopropanol 
was opened just before the test in order to minimize the contamination 
of water from air. The content of barium leaching from the calcined 

Fig. 1. Thermodynamic analysis about chemical reactivity of proton-conducting electrolytes calculated using references [18-21]: (a) change of standard Gibbs 
energy, ΔG◦, for turning simple binary oxides to hydroxides in water, (b) ΔG◦ for decomposition reaction of BaZrO3 and BaCeO3 forming Ba(OH)2, and (c) change of 
standard enthalpy, ΔН◦, for decomposition of undoped and 20 mol%Y-doped BaZrO3. 
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BCZYSm to the solvents was analyzed by an inductively coupled plasma 
mass spectrometry (ICP-MS). The slurries were centrifuged at 9500 rpm 
for 20 min and filtrated using polyethersulfone filters having 200 nm 
size pores beforehand. 

The slurry for the laser reactive sintering was prepared by ball 
milling following materials: 1 wt%NiO-added green BCZYSm powder, 
hexadecane (solvent), polybutene (binder; Indopol® H-18,000, average 
6000 g•mol− 1, INEOS origomers), stearic acid (surfactant; Alfa Aesar, 
98%). Their detailed weight ratio is described in Results and Discussion 
section. NiO was added as the sintering aid. [6] The polybutene was 
mixed as hexadecane–polybutene one-to-one (by volume) solution for 
handling easily. This solution was prepared by mixing them at 50 ◦C for 
3 h. The slurries were subjected to a vacuum treatment for 1 h for 
defoaming before casting. A doctor blade was used to cast green 
BCZYSm films (4 mm x 20 mm) on glass substrate (10 mm x 40 mm x 1 
mm). The green films were dried stepwisely at 200 ◦C for 20 min, 300 ◦C 
for 20 min, and 400 ◦C for 20 min using a hotplate. 

The laser sintering apparatus of the authors group has been reported 
elsewhere. [10,12] A 100-W-class CO2 laser (λ= 10.6 μm, Ti100W, 
Synrad) was used for the sintering. No focal lens was used for this study. 
The samples were mounted to have 3-mm gap to a sample stage to avoid 
heat dissipation. Phases of the sintered samples were analyzed by X-ray 
diffraction (XRD, MiniFlex600, Rigaku). XRD patterns were collected by 
θ − 2θ continuous scans using Cu-Kα radiation (λ= 1.5406 Å). Micro
structure of the samples were observed by field emission scanning 
electron microscope (FE-SEM) combined with energy dispersive spec
trometer (EDS) (S-4800, Hitachi). Pt was coated on the samples by DC 
sputtering (Hummer 6.2, Anatech Ltd.) for 2 min under 80 mTorr to 
prevent charging up during SEM observation. Surface composition of the 
samples was analyzed by X-ray photoelectron spectroscopy (XPS, PHI 
5000 VersaProbe III, ULVAC-PHI). XPS peak positions were corrected 
using a carbon as reference set at 284.80 eV. Temperature dependence 
of electric conductivity was measured using a potentio-galvanostat 
(SI1287, Solartron) and an impedance analyzer (SI1260, Solartron) 
under wet air humidified at 25 ◦C (≈3.1 vol%H2O). Ag paste (T-20GM, 
Heraeus) and Ag wire (ø0.1 mm, Alfa Aesar) were utilized as a current 
corrector and for connection between the samples and the 
potentio-galvanostat. The BCZYSm films were heated at 600 ◦C for 30 
min and then were cooled in a step-wise manner down to 300 ◦C by 
50 ◦C increments while measuring the conductivity at each temperature. 

3. Results and discussion 

Utilizing the aprotic and non-polar saturated hydrocarbon for the 
slurry solvent as an alternative to protic polar solvents is expected to 
lead to less formation of bulky polyanion chemicals from proton- 
conducting ceramics, resulting in less cracking with the laser sintering 
process. In order to clarify the role of saturated hydrocarbon, BCZYSm – 
n-hexadecane solution was prepared using a ball milling step, followed 
by chemical analysis of the barium content in the solvent. BCZYSm was 
chosen as one of the state-of-art proton-conducting ceramics, and n- 
hexadecane was chosen because it has the lowest vapor pressure and the 
highest flash point among all liquid hydrocarbons at room temperature. 
Solutions of BCZYSm – distilled water and isopropanol were also pre
pared for comparison. Fig. 2 shows the barium concentration in the 
three solvents. Hexadecane dissolves 1000 times less Ba2+ than water, 
demonstrating its inertness to the proton-conducting ceramics. It is 
noted that isopropanol also dissolved little barium. This implies that the 
formation of barium alkoxides is less likely to take place in the case of 
BCZYSm compared to solid state Li-conducting ceramic electrolytes such 
as the garnet system Al-doped Li7La3Zr2O12. [32] Nevertheless, the use 
of hydrophobic hexadecane will be better than that of the hydrophilic 
alcohols because the hydrophilic solvents absorb moisture rapidly once 
they are exposed to air. [33] 

In order to develop the hexadecane-based BCZYSm slurry, the 
appropriate binder and surfactant materials have to be found. 

Conventional binders and surfactants are rather hydrophilic therefore 
are insoluble in highly hydrophobic hexadecane. The authors found that 
polybutene and stearic acid, shown in Fig. 3(a), can be used as the binder 
and surfactant in the hexadecane-based slurry as follows. 

For binders, the authors tried to use various hydrophobic polymers: 
poly(methyl methacrylate), polystyrene, and special PVB (polyvinyl 
butyral) having little OH content (B HH series, kuraray). However, none 
of these could be dissolved into hot hexadecane heated up even to that 
its evaporation becomes apparent (≈150 ◦C). This indicates that 
matching of hydrophobicity, but also polarity is an important criteria for 
dissolution. Therefore, polybutene which is a semi-solid polymer 
comprised of saturated hydrocarbon similar to hexadecane was the focus 
of subsequent studies. The authors confirmed that various ratios of 
polybutene – hexadecane solution can be prepared even using poly
butene with large molecular weight (≈ 6000 g•mol− 1, Indopol® H- 
18,000, INEOS Oligomers). As shown in Fig. 3(b), at the volume ratio of 
polybutene: hexadecane around 3:4 to 1:1, the slurry shows appropriate 
characteristics for uniform casting, controlling green-film thickness, and 
prevention of cracking during the drying and sintering process. 

In regard to surfactant material candidates, long-chain saturated 
fatty acids works well for saturated-hydrocarbon-based BCZYSm slurry 
due to structure induced increase in hydrophobicity and decreased po
larity. Myristic (C13H27COOH), palmitic (C15H31COOH), and stearic 
(C17H35COOH) acids can be dissolved well in hexadecane. Since their 
hydroxyl branches are slightly polarized (Hδ+–Oδ− –) and they are very 
weak acids (pKa ≈ 6–7 [42]), their hydroxyl branches can adhere to the 
ceramics surface but not induce chemical reactions. The authors 
confirmed that grain agglomeration of the BCZYSm powder in hex
adecane was greatly reduced by the addition of stearic acid, as shown in 
Fig. 3(b). The amount of stearic acid should be kept small, e.g. 0.2 g 
respect to 15 mL of hexadecane, to inhibit foam production in the slurry. 

The following experiment was conducted using this newly developed 
saturated-hydrocarbon-based slurry comprised of BCZYSm green pow
der 50 g, n-hexadecane 15 mL, large-molecular-weight polybutene 15 
mL, and stearic acid 0.2 g. Even though more than 100 green films were 
cast using this slurry and were dried quickly, no samples exhibited 
cracking. The origin of the improved processing performance is believed 
to be negligible barium dissolution from BCZYSm to saturated- 
hydrocarbon-based organics and inhibition of the formation of poly
anion chemicals. 

Laser sintering was conducted for the green BCZYSm films casted in 
dimensions of 20 mm long, 4 mm width, 600 μm thick (which is reduced 
to approximately 200 μm after drying) on glass substrates. The scanning 

Fig. 2. Barium content in water (H2O), isopropanol (IPA), and n-hexadecane 
(C16H34) after ball milling with BCZYSm. 
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was conducted on the longitudinal direction of the samples. As shown in 
Fig. 4(a), various sets of laser power and scanning speed was examined 
since their control is important for uniform sintering as the authors re
ported previously. [12] Laser-sintering conditions can be divided into 
several regions from the viewpoint of sintering behavior. In region 1, the 
laser power was weak and the scanning speed was fast, which resulted in 
insufficient heating for the sintering reaction. Even after laser sintering 
in this region, the BCZYSm membranes maintained their original whit
ish color, were observed to be very fragile and developed cracks upon 
removal from the substrate, as shown in Fig. 4(b). In region 2, the 
thermal energy given by the laser was high enough to sinter the air side 
while insufficient to densify the substrate side. This led to severe curving 
up of the sample as shown in Fig. 4(b). Uniform sintering of the samples 
through the air side to the substrate side was achieved in region 3. The 
BCZYSm membranes sintered at this condition region turned black, 
indicating that perovskite-type BCZYSm doped with Ni (sintering aid) 
was formed (their XRD patterns are shown later in Fig. 5(b)). [11] Laser 
sintering conducted near the boundary to region 2 resulted in mem
branes displaying no apparent cracks. Samples were durable enough for 
handling, as shown in Fig. 4(b). This narrow processing window is most 

likely due to 1) an interdiffusion of BCZYSm with the underlying glass 
substrate and 2) laser ablation. A fusion of the BCZYSm membrane with 
the underlying glass was observed by a further increase in the laser 
power and/or a decrease scanning speed in region 4. This interdiffusion 
is likely taken place to a certain degree even in region 3 (its details are 
mentioned in next paragraph). The laser ablation phenomenon is clearly 
taken place at severely high power conditions (in the neighborhood of ≥
75%) and it results only in thin and cracked BCZYSm membranes. 

Further analysis was conducted to reveal the details about the 
interaction between the BCZYSm membranes and glass substrate during 
the laser sintering. Fig. 5(a) shows a cross-sectional SEM image of the 
BCZYSm membrane sintered under the laser conditions in region 3 (69% 
and 1 mm•sec− 1). Cleary, the sample substrate side is more porous than 
its air side. XPS analysis revealed that the substrate and air sides contain 
0.5 and 0.2 mol% silicon, respectively. This is consistent with a XRD 
patterns of them shown in Fig. 5(b). It indicates that more silicates were 
formed in the substrate side than in the air side. These results suggest 
that silicon is diffused from the glass to the BCZYSm substrate during 
laser sintering and prevented densification. 

The interaction with substrate is a problem frequently observed for 

Fig. 3. (a) Organic materials used for saturated-hydrocarbon-based BCZYSm slurry, and (b) character of slurry containing green BCZYSm powder 50 g as functions of 
their concentrations. 

Fig. 4. (a) Laser power–speed diagram for sintering of BCZYSm membranes derived from saturated-hydrocarbon-based slurry, and (b) appearance of samples 
prepared in each region. The solid and open circles in (a) correspond to sample preparation conditions. 
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laser sintering. The authors faced similar problems while laser sintering 
of Sr-doped LaCrO3 interconnect membranes resulting in careful selec
tion of appropriate substrate materials. [12] Likewise, the compatibility 
of the following substrate materials was examined for the laser sintering 
of BCZYSm membranes: aluminum foil, alumina plate, stainless steel 
plate, cupper plate, and nickel foil. Although a perfectly compatible 
substrate material could not be found because of the complex quinary 
composition of BCZYSm, the nickel foil showed a relatively small degree 
of the interaction. Fig. 5(c) shows XRD patterns of the substrate and air 
sides of the BCZYSm membrane sintered on the nickel foil. 
Perovskite-type BCZYSm was observed with an oxidized substrate, NiO. 
The small amount of CeO2 was also observed only for the substrate side, 

which is presumably due to formation of NiO–CeO2 solid solution [43] 
during laser heating followed by a phase separation as cooling down. 
Indeed, 3.9 and 4.7 wt%Ni were detected by XPS on the air and substrate 
sides of the BCZYSm membrane, which nickel contents are distinctly 
higher than the nominal content (1.0 wt%) added as sintering aid. Even 
though laser sintering on the nickel foil resulted in less formation of 
secondary phases as compared to glass, dense BCZYSm membranes 
could still not be prepared on the nickel foil owing to the nickel diffusion 
from it to the BCZYSm membrane which extracts cerium from the 
BCZYSm crystals. 

Following a hypothesis that the interaction between the BCZYSm and 
nickel foil could be suppressed by a reduction in the contact area, a foam 

Fig. 5. (a) Cross-sectional SEM image and (b) XRD patterns of BCZYSm membrane sintered on glass, and (c) XRD patterns of BCZYSm membrane sintered on nickel 
foil. They were sintered at laser conditions in region 3 shown in Fig. 4(a). 

Fig. 6. (a) Appearance, (b) XRD pattern, (c) cross-sectional and (d) surface SEM images of BCZYSm membrane sintered on nickel foam. They were sintered at laser 
conditions in region 3 shown in Fig. 4(a). 
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of nickel (10 mm x 40 mm x 1.6 mm, ≥ 95% porosity, MTI) was used as 
substrate. The foam was fine (hole diameters: 250 µm) enough to hold 
the slurry and green BCZYSm films could be cast in a similar manner as 
employed on nickel foil followed by laser sintering as shown in Fig. 6(a). 
An XRD pattern of the sample shows no secondary phases except for the 
partially oxidized substrate (Ni and NiO), as shown in Fig. 6(b). This is 
most likely because the interdiffusion between NiO and CeO2 was pro
hibited due to the limited interface area between NiO and the BCZYSm 
film. The sintered BCZYSm film was 13.5 mm thick as shown in Fig. 6(c), 
which is an ideal thickness for electrolytes. This BCZYSm film was well 
densified as shown in Fig. 6(d) with a relative density of 97% by image 
analysis using GIMP. [44] This highly densified microstructure supports 
the hypothesis that the interaction between the BCZYSm film and sub
strate during laser sintering was suppressed by utilizing the foam-type 
substrate. However, smaller heat capacity of the Ni foam substrate 
and smaller heat transfer between substrate and membrane compared to 
the case of using the Ni foil may also be keys for the densification and 
single-phase formation. 

For the laser-sintered BCZYSm film on nickel foam, electrochemical 
AC impedance measurement was carried out to clarify its quality as a 
proton-conducting electrolyte. The sample was reduced under 5%H2 at 
600 ◦C to minimize the influence from NiO of oxidized portion of sub
strate on the impedance spectra. The AC voltage was applied across the 
sample substrate side to air side. Fig. 7(a) shows the impedance spectra 
measured under humidified air. The spectrum at 600 ◦C is comprised of 
a slightly-visible arc which is corresponds to bulk and grain-boundary 
resistance (shown as Rbulk + RG.B. in Fig. 7(a)) at high frequency side 
and a distorted arc which corresponds to polarization resistance at low 
frequency side. The electrode of this sample is different for each side (Ni 
and Ag), that leads the shape distortion of the low-frequency-side arc. As 
decreasing temperature, the bulk and grain-boundary resistance and the 
polarization resistance were both increased as is well known. The shape 
of the arc attributed to the polarization resistance was also changed, 
which implies some reactions were taken place at the interface and/or 
electrodes but its detail is unclear at this moment. 

An Arrhenius-type plot for the ionic conductivity, σ, of the laser- 
sintered BCZYSm membrane is shown in Fig. 7(b). The log[σ] shows 
liner relationship with inverse temperature although it is slightly 

scattered presumably due to the influence of the electrode resistance. 
The activation energy of the conductivity, calculated by the Arrhenius- 
type plot for ln[σT/S•cm− 1•K], is 0.41±0.05 eV. As shown in Fig. 7(c), 
this activation energy is similar to the BCZYSm pellet, suggesting pro
tonic conduction of the laser-sintered BCZYSm membrane. The proton 
conductivity of the laser-sintered BCZYSm is on the order of 10− 4 

S•cm− 1 at 600 ◦C that is approximately 102 times lower than that of 
BCZYSm pellet sintered using a conventional furnace. [3] It is general 
that film materials show lower conductivity than bulk materials due to 
difficulty of sintering. [12,45,46] In the case of this study, taking the 
97% density into account, relatively low conductivity of the 
laser-sintered BCZYSm film is due not to insufficient densification but 
due most likely to its smaller grains (1–5 μm, Fig. 6(c)(d)) compared to 
the furnace-sintered BCZYSm pellet (20–50 μm). The authors have re
ported that the BCZYSm pellet shows approximately 50 times smaller 
conductivity when it is comprised of grains in 5–20 µm. [3] Preparation 
of the BCZYSm membranes comprised of well-grown grains may be 
possible by increasing thermal energy input from the laser. However, as 
shown in Fig. 4 and Fig. 5, this leads to chemical reactions with sub
strate. In addition, the laser heating may have technically been insuffi
cient or oversufficient for the phase formation of BCZYSm, which can be 
an another reason of the relatively low conductivity of the laser-sintered 
BCZYSm. It has been reported in the Y-doped BaZrO3 system that a 
sintering window (temperature and duration) is narrow in reality 
because of two-phase equilibrium state and barium sublimination even 
though they are hardly detected by XRD analysis, and its conductivity is 
decreased in 50 times by sintering under inappropriate temperature and 
duration combinations. [47,48] The authors group is trying to monitor 
the sample temperature during the laser sintering. Even with the diffi
culties encountered, it is worthwhile to continue development of the 
laser sintering process. The laser sintering of this BCZYSm membrane 
was completed in three seconds, which is more than million-fold shorter 
compared with the conventional sintering using furnace (typically takes 
ten-plus hours). 

This study developed the chemically inert hydrocarbon-based slurry 
for mitigation of the cracking problem on the laser sintering of the thin 
proton-conducting electrolytes. By utilizing this slurry, rapid laser sin
tering of 13.5-mm-thick BCZYSm membrane was achieved. The authors 

Fig. 7. (a) Nyquist plot, (b) ionic conductivity and (c) activation energy of laser-sintered BCZYSm membrane measured under humidified air. Conductivity and 
activation energy for furnace-sintered BCZYSm [3] are also shown for comparison. 
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believe that this slurry can be also used for wet processing of the basic 
ceramics membranes in the other fields such as lithium-ion batteries, 
sodium-ion batteries, and KNbO3-based ferroelectric materials [49]. 
Although this study used the purified n-hexadecane for solvent, mixture 
of the saturated higher hydrocarbons (so-called liquid paraffin or white 
mineral oil) can likely used as an economical and practical alternation 
because it has almost same properties. The saturated-hydrocarbon-based 
slurries will facilitate the wet processing and rapid laser sintering of not 
only the proton-conducting ceramic electrolytes but also various func
tional ceramic membranes. 

4. Conclusions 

Commercialization of the ceramic fuel cells and electrolyzers has 
been hindered by production difficulty arise from refractory nature of 
proton-conducting BaZrO3–BaCeO3-based electrolytes. The process of 
rapid laser sintering of the thin electrolytes has been therefore attrac
tive; however, cracking caused by chemical reactions between basic 
ceramic constituents and the polar solvents during wet processing has 
been a problematic. This study mitigated this issue by developing the 
chemically inert slurry comprised of highly hydrophobic hexadecane, 
polybutene, and stearic acid. The 97% dense BaCe0.7Zr0.1Y0.07Sm0.13O3-δ 
membrane in 20 mm long, 4 mm wide, and 13.5 μm thick and showing 
proton conductivity on the order of 10− 4 S•cm− 1 at 600 ◦C, was suc
cessfully prepared on nickel foam in just three seconds by the laser 
sintering with the optimized slurry compositions and laser operation 
conditions. This study points out that the impact of the chemical reac
tion between ceramic constituents and solvents on the wet processing 
has to be taken into consideration, and the use of the hydrophobic slurry 
will beneficial especially for handling the proton-conducting ceramic 
membranes. 
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