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A B S T R A C T

In recent years, ultra-fast high-temperature sintering (UHS) has gained increasing attention as a promising 
technique for the rapid synthesis and densification of a wide range of materials. UHS method allows to achieve 
high material density in a short time, while minimizing grain growth and volatilization of constituent elements. 
In this study, we present a simple method to sinter BaCe0.65Zr0.20Y0.15O3-δ (BCZY) electrolyte by UHS. The 
process enabled to obtain dense materials with relative densities above 95% within 20 s at a temperature up to 
1550 ◦C. The overall energy consumption is in the Wh range, or tens of kJ g− 1. Sintered samples show good 
mechanical stability and high purity phase. Physical and electrochemical analyses were performed. Conductivity 
of 10.2 mS cm− 1 at 700 ◦C is comparable with data from conventional sintering methods.

1. Introduction

To implement a hydrogen economy, a great effort is needed in the 
development of hydrogen production technologies, in particular water 
electrolysis combined with renewable sources. Among different elec
trolysis technologies, solid oxide electrolysis cell (SOEC) systems have 
excellent advantages such as high reaction rates and lower operating 
voltage compared to other technologies [1].

High protonic resistance of solid electrolyte at low temperature is the 
main issue to reduce operating temperatures of SOECs. Many ionic 
conductive materials have been explored so far, e.g., doped ZrO2, CeO2, 
(La,Sr)GaO3, Bi2O3 [2–6].

Proton conducting SOECs, where the electrolyte is a proton con
ducting ceramic, are a valid alternative to reduce working temperatures. 
Among electrolytes investigated so far, Barium doped ceria resulted the 
most promising, for its compatibility to sulphur, the low activation en
ergy and high proton conductivity in the temperature range 400–700 ◦C. 
In particular, the high conductivity of cerates and the chemical stability 
of zirconates can be combined in a solid solution between doped BaCeO3 
and BaZrO3 [7,8]. Various solid solutions and dopants have been tested 
so far and 20% Zr and Y as dopant have been proved to have a good 
conductivity and chemical stability [8,9].

To obtain dense barium cerates ceramics, with low bulk and grain- 
boundary resistivities, high sintering temperatures, from 1400 ◦C to 
1600 ◦C, for long time are required. However, it is known that prolonged 

exposition of the material to elevate temperatures causes BaO evapo
ration, which reduce concentration of oxygen vacancies and so con
ductivity [10]. Barison et al. proposed the 10mol% excess of Ba in 
Ba1+xCe0.65Zr0.20Y0.15O3-δ (BCZY) to overcome the barium deficiency 
[11]. Although Ba excess lead to higher sinterability and conductivity, in 
many cases unreacted BaO resulted in lower stability with respect to CO2 
[10,12]. More recently, Xu et al. proposed a microwave assisted sin
tering technique to lower the temperature to 1200 ◦C [13].

Moreover, conventional sintering, which normally requires tens of 
hour, is considerably energy demanding even at lower temperature. A 
recent sintering technique, Ultrafast High-Temperature Sintering (UHS) 
[14], can be the key for both energy saving and preventing loss of BaO. 
In fact, this technique consists in the rapid heating and cooling of the 
sample, within few tens of seconds, by means of Joule heating of 
graphite sheets. The sintering process features extremely fast heating 
rates and cooling (up to 103–105 ◦C min− 1) and high temperatures (up to 
3000 ◦C). The technique has already proven to lead to dense pellets in 
tens of seconds with many materials like ceramics [15–20], metals [21], 
silicon nitride [22] and magnesium silicide for thermoelectric applica
tions [23], to mention a few. Recently, Alemayehu et al. [24] used UHS 
technique to process gadolinia-ceria ceramic obtaining a density up to 
95%. Pan et al. proposed a composite proton conductor composed of 
BZCY and LLZTO sintered through ultrafast high-temperature sintering 
[25]. An issue of UHS sintering often mentioned is the limited di
mensions of sample which can be treated, however Zuo et al. [26] 
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proposed a new approach for the upscaling of UHS to consolidate 
large-sized ceramics. Finally, ultrafast high-temperature sintering could 
be applied to co-sinter multiple materials simultaneously, for fast ma
terial screening [14].

In this work, we take advantage of the UHS technique to sinter 
BaCe0.65Zr0.20Y0.15O3-δ prepared by sol-gel method without excess of Ba. 
We demonstrate that the developed process achieves full dense sample 
sintered in less than a minute, with very low energy consumption, and 
no appreciable Ba loss. A high conductivity in 200 ◦C–750 ◦C temper
ature range is reported, which is in good agreement with data of BCZY 
materials prepared by conventional sintering reported in literature.

2. Experimental

2.1. Powder synthesis

BaCe0.65Zr0.20Y0.15O3-δ powders were synthesized by using a sol-gel 
process based on a modified Pechini method [11]. The starting mate
rials were Ba(NO3)2 (Sigma–Aldrich, 99+%), Ce(NH4)2(NO3)6 (Alfa 
Aesar, 99.5%), ZrO(NO3)2*xH2O (Alfa Aesar, 99.9 %), Y(NO3)3*6H2O 
(Alfa Aesar, 99.9%) as metal precursors, ethylenediaminetetraacetic 
acid (EDTA, Sigma–Aldrich, 99+%) as complexing agent and ethylene 
glycol (EG, Aldrich, 99+%) as polymerising agent. The water content of 
zirconium salt was determined by thermogravimetric analysis (TA-In
struments SDT-Q600). Ammonium hydroxide (Sigma Aldrich, NH4OH 
sol. max 33%) was added to promote the dissolution of EDTA in 
deionised water (Millipore, Billerica MA, USA). A weighed amount of 
barium nitrate was firstly dissolved in deionised water at 80 ◦C, to obtain 
a total volume of about 80 ml. Hence, an aqueous solution of EDTA and 
ammonia (pH 9–10) was added dropwise to the barium solution (solu
tion A, approximatively 120 ml). In a separate beaker, stoichiometric 
amount of cerium, zirconium and yttrium nitrate salts were dissolved in 
50 ml of deionised water (solution B). The solution B was then added 
dropwise to the solution A to avoid irreversible precipitation.

The as obtained solution was then stirred overnight at 80 ◦C to 
ensure homogenization. After 20 h water was slowly evaporated 
resulting in a yellow–brown gel, also slowly dried at 140 ◦C. The dried 
gel was pyrolyzed in a two-step heat treatment at 300 ◦C and 550 ◦C in 
air, both for 3 h. The temperatures of the thermal treatments were 
chosen based upon thermogravimetric analyses as reported in our pre
vious work [27]. The as obtained precursor powders were calcined in air 
at 1150 ◦C for 6 h. Final powders were characterized and used to obtain 
green pellets.

2.2. Sintering

Custom-built setup for UHS process consists of two 200 μm thick 
graphite sheets (TGP-H-60, Toray) with a heating area of about 20 × 15 
mm2 (20 mm electrode distance, 15 × 0.2 mm2 cross-section) clamped 
between ceramic and copper plates. Copper plates are connected to a DC 
power source (1900B, BK precision). Two reflective metal shields, over 
and below graphite sheets, were used to uniform the temperature. The 
setup was inserted in a vacuum chamber. To perform a calibration, an S- 
type thermocouple is placed between the graphite foils in place of the 
sample. Metal shielded thermocouples have been shown to strongly 
disrupt the system, resulting in temperature underestimation [28]. An 
unshielded thermocouple insulated with a small alumina tube was 
employed to limit heat loss by conduction. Hence, the calibration was 
used instead of direct measurement to avoid thermal gradient in the 
sample and an inaccurate temperature assessment from an incorrect 
position. From repeated measurements, an uncertainty of several tens of 
degree should be taken into account. From the calibration curve an 
applied power range of 550–650 W was chosen to set the experiment 
temperatures near and above the conventional sintering temperature.

BCZY calcined powders were uniaxially pressed (400 MPa, 1 min) 
into pellets with size of 2 x 1 × 13 mm3, which are suitable for electrical 

measurements. Pellets were inserted between the graphite foils, then the 
chamber was evacuated and filled with Ar. Joule heating of the graphite 
foils was performed by applying a DC current in the 50–60 A range in 
different experiments. In preliminary tests, a single step current profile 
leaded to a non-precise temperature control, due to current spikes, and 
possible cracks in the sample, as also reported in Refs. [24,29]. Hence, a 
staircase current profile of 1 A s− 1 for 10 s was settled for heating and 
cooling, as shown in Fig. 1a. Consequently, a very fast initial heating rate 
was detected, >200 ◦C s− 1, and a subsequent slower increase up to the 
final temperature. Fig. 1b shows typical temperature profile and overall 
energy used. The staircase current profile resulted sufficiently optimized 
to be effective in densifying and avoiding current spikes and samples 
cracks. Overall sintering process requires 40 s.

Conventional sintering was also performed in a muffle furnace with 
the following setting: initial ramp from room temperature to 1450 ◦C 
(rate 2 ◦C/min), 10 h isotherm and passive cool down. So obtained 
sample was compared to UHS-processed ones.

2.3. Characterizations

The structural phase in powders and sintered pellets were evaluated 
by means of X-ray Diffraction (XRD) Analyses were carried out using a 
Panalytical Empyrean instrument, equipped with a Cu tube (Cu LFF HR – 
Kα1 = 1.540598 Å) operating at 40 kV and 40 mA. A rotating sample 
holder was used. Scans were performed in the range between 20 and 
100◦, at room temperature, with 0.05◦ per steps. Crystallite size and 
constituent phases were evaluated through Rietveld refinement and 
Maud software.

To evaluate structure and morphology, powders and sintered bodies 
were analyzed by Field Emission Scanning Electron Microscope and 
Energy Dispersive X-Ray Spectroscopy (SEM-EDS), with a Sigma Zeiss 
instrument (Carl Zeiss SMT Ltd., UK), and EDS Oxford Instrument.

Linear shrinkage and conventional sintering stages were evaluated 
by means of dilatometric measures (Netzsch DIL 402 PC), in the range 
30 ◦C–1520 ◦C using a 5 ◦C/min heating rate and followed by a 30 min 
isothermal stage. Results were evaluated by means of Netzsch Proteus 
software.

Evaluation of density of sintered pellets was carried out by means of 
Archimedes’ principle. Relative density was determined using a theo
retical density value of 6.19 g cm− 3 calculated from crystal lattice pa
rameters measurements by XRD.

For electrical measurements Pt electrodes were sputtered onto each 
side of the pellets. Electrochemical Impedance Spectroscopy (EIS) 
characterizations of Pt\BCZY\Pt samples were carried out with GAMRY 
600 Reference potentiostat in a two-electrode four-wire mode in the 
frequency range of 1 MHz–0.1 Hz, with an input signal of 50 mVrms. 
Measurements were recorded from 100 ◦C to 750 ◦C every 50 ◦C with a 
stabilization time of 20 min, in wet 5% H2/Ar atmosphere. EIS mea
surements in 100 ◦C–250 ◦C range were carried out to investigate bulk 
and grain-boundary contributions. Impedance spectra were fitted with a 
double constant phase element/resistance parallel equivalent circuit to 
model bulk and grain boundary contributions.

3. Results and discussion

3.1. Microstructure

To obtain good density and mechanical stability, various preliminary 
experiments were performed with increasing final applied current, and 
consequent temperature. Current staircase and heating rate were the 
same. With a temperature lower than 1400 ◦C, i.e. with a power less than 
600 W, non-considerable shrinkage was observed, and a very porous 
material was obtained with a density of about 79% (Fig. 2b). Conversely, 
with 20 s of holding time at a temperature of 1550 ◦C as per calibration a 
density of about 95% was reached. The temperature reached is slightly 
higher than that of conventional sintering. As suggested by Ref. [17], a 
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high heating rate requires a higher densification temperature. Similar 
findings are in Refs. [15,22,23]. SEM images, shown in Fig. 2c, confirm 
the densification of grains. Besides, SEM image over a large area of the 
sample shows that no cracks are evident, and sample is overall uniform 
(Fig. 2f), proving the reliability of the obtained temperature profile. As 
obtained UHS-processed sample was considered for conductivity 
measurements.

Noticeably, grain coarsening after UHS is limited if compared with 
starting powder (Fig. 2a), and the mean grain size of about 350 nm 
(Fig. 2c and e). For comparison, microstructure of conventionally sin
tered sample is reported in Fig. 2d, showing grains with a mean size of 

700 nm. Hence, analyses confirmed that Ultra High-temperature Sin
tering promoted densification over grain growth.

3.2. Composition

XRD analyses and Rietveld refinement confirmed the correct phase of 
UHS-processed material. In particular, no Ba deficiency was detected, 
confirming that UHS, exploiting high heating rate and short treatment 
time, is effective in avoiding element evaporation.

Results of Rietveld refinement of XRD spectra (Fig. 3) are summa
rized in Table 1 for starting powder, sample obtained with conventional 

Fig. 1. a) Typical staircase current profile applied to graphite foils and resulting power. b) Temperature profile and total energy used during sintering process.

Fig. 2. a) SEM images of BCZY powder. Images of b) low density UHS-processed sample (1400 ◦C, 20 s) and (c, e) full dense BCZY UHS-processed samples obtained at 
1550 ◦C for 20 s. d) Conventional sintered BCZY sample (1450 ◦C, 10 h). f) Overall appearance of the full dense UHS-processed sample (1550 ◦C, 20 s).

A. Turino et al.                                                                                                                                                                                                                                  Ceramics International xxx (xxxx) xxx 

3 



sintering and UHS. The as prepared powder shows the presence of a 
cubic BCZY with space group Pm-3m in accordance with [30,31]. A 
slight amount, less than 1 wt%, of barium carbonate was also detected. 
The microstructure is characterized by a crystal size around 50 nm and a 
moderate microstrain of 0.00562. The conventional sintered sample 
shows the same phases, with almost unchanged abundances. The cell 
parameter is 0.3% contracted with respect to the starting material, while 
the sintering process leads to a less defective microstructure with a 
substantial increase of crystal size up to almost 300 nm and a reduction 
of microstrain of 66%. Differently, sample obtained with UHS shows a 
lower increase of crystal size, which results about the half of conven
tional sintered sample (about 142 nm) whereas the main BCZY phase 
was confirmed. BCZY phase has relatively small microstrains, around 
0.002. The measured UHS-processed sample shows no amount of barium 
carbonate, as indicated from the absent of BaCO3 peaks in the inset of 
Fig. 3.

3.3. Impedance spectroscopy analysis

Electrochemical impedance spectroscopy was performed under wet 
H2/Ar atmosphere to measure protonic conductivity of full dense BCZY 
UHS-processed pellet. Typical Nyquist plot of proton conductivity EIS 
measurements comprises two semicircles related to grain boundary 
resistance at low frequency and to bulk resistance at low frequency; 
additionally, a further arc at lower frequencies is attributed to electrode 
response. Representative impedance spectra of BCZY electrolyte recor
ded at 350 ◦C, 500 ◦C and 700 ◦C are shown in Fig. 4 together with 
corresponding fit. From the fitting, the low frequency semicircles give a 
capacitance between 10− 5-10− 6 F, which can be ascribed to the elec
trode. On the other hand, the first semicircles show a capacitance in the 
10− 10 F range, responding for grain boundary contribution. Confirming 

this, at high temperature the grain boundary semicircle tends to disap
pear, and at operating temperature of fuel cell the main contribution to 
the conductivity is expected to be the bulk resistance [10], because the 
activation energy for transport through grain boundaries is higher than 
that for bulk. While increasing temperature, both semicircles shrink, 
meaning grain boundary resistance decreases. Even if it cannot be 
directly extrapolated at these temperatures, also the bulk resistance is 
shown to reduce. As expected, the overall conductivity, constituted of 
both bulk and grain boundary conductivities, increases of one order of 
magnitude from 350 ◦C to 500 ◦C, specifically from 2.8 10− 4 S cm− 1 to 
2.6 10− 3 S cm− 1. Then further increases to 1.02 10− 2 S cm− 1 at 700 ◦C.

Fig. 5 shows the 1000/T conductivity dependence of UHS-processed 
sample in wet H2/Ar. From the Arrhenius plot the activation energy is 
calculate using: 

σ =
A
T

e−
Ea
kT 

where σ is the total proton conductivity, A is a preexponential factor, T is 
the temperature, k denotes the Boltzmann constant, and Ea denotes the 
activation energy of the conduction mechanism. The first sequence of 
impedance measurements shows an overall conductivity which is one 
order of magnitude lower with respect to following measurements, until 
450 ◦C–500 ◦C. It is well reported that protonic conductivity in BCZY is 
promoted in moist atmosphere, hence the low overall conductivity and 
apparent higher activation energy can be addressed to an initial poor 
hydration of the sample at low moist atmosphere [7,9,32]. In fact, a 

Fig. 3. XRD pattern of BCZY UHS-processed sample compared to starting 
powder and conventional sintered (C.S.) sample.

Table 1 
Microstructure comparison of starting powders and samples obtained with conventional sintering (C.S.) and ultrafast high-temperature sintering (UHS).

Title Phase wt% a (A) Size (A) Microstrain Phase wt% Х2

Powders BCZY >98 4.367 560 0.0056 BaCO3 <2 1.8
Conventional sintering (C.S.) BCZY >98 4.352 2960 0.0019 BaCO3 <2 1.6
Ultrafast High-temperature Sintering (UHS) BCZY 100 4.361 1420 0.0028 – – 1.3

Fig. 4. Nyquist plots of impedance spectra of BCZY UHS-processed sample at 
three different temperatures measured in wet H2/Ar. Arrows point the char
acteristic frequency of each arc. Solid lines represent fit to data with equiva
lent circuit.
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large response in bulk conductivity to the change in atmosphere is 
reported.

Overall conductivity of UHS-processed sample stabilized with the 
third cycle of measurements, even if the second cycle curve is almost 
overlapping at high temperature and the activation energy results nearly 
the same.

A slope deviation at 550 ◦C was observed, which is also reported in 
Refs. [11,12] in wet H2/Ar. Haile et al. [10] reported that an increase in 
grain size leads to a lower grain boundary resistance, and thus a higher 
total conductivity, simply because fewer boundaries are encountered by 
the mobile charge carriers. Likewise, higher conductivity of conven
tional sintered sample, in the lower temperature region, can be ascribed 
to the bigger grain size as shown by SEM analyses (Fig. 2), and to the 
lowest grain boundary resistivity as indicated by impedance analyses. 
Conductivities become almost identical in the PCE operating tempera
ture range.

Impedance data between 150 ◦C and 250 ◦C, reveal that the con
ductivity of bulk is three orders of magnitude higher than the grain 
boundary conductivity. This is a hint that after Ultrafast High- 
temperature Sintering and before a heat treatment, the electrolyte 
conductivity is limited by the grain boundary contribution. Fig. 6 reports 
the grain boundary and bulk conductivities in the 100 ◦C–250 ◦C tem
perature range for both conventional sintering sample and UHS. The 
activation energy for transport through bulk is lower that for transport 
through grain boundaries. Moreover, while bulk transport properties are 
similar for the two sintering processes, grain boundaries activation en
ergy is slightly different. The value of activation energy for bulk trans
port for UHS is Ea,bulk = 0.60 ± 0.01 eV, which is consistent with C.S. 
and with values for analogous material reported in Ref. [11]. Activation 
energy for grain boundary transport is higher than that of the bulk. The 
value is Ea,g.b. = 0.81 ± 0.04 eV. Grain boundaries thickness calculated 
from impedance data with a brick-layer model [10], ranges from 12.4 
nm to 16.4 nm in the 150 ◦C and 250 ◦C, whereas for conventional 
sintering ranges from 2.9 nm to 3.6 nm (cfr [9]).

The material processed in this study exploits a total conductivity of 
1.5 mS cm− 1 at 500 ◦C and of 11 mS cm− 1 at 750 ◦C (Fig. 5). The 
magnitude of the bulk conductivities for proton transport agrees with 

materials obtained with conventional sintering as reported in Fig. 7 and 
summarized in Table 2, with an activation energy of 0.72 eV. These 
values show that a fine microstructure with a correct stoichiometry of 
BaCe0.65Zr0.20Y0.15O3-δ electrolyte can be achieved by means of the UHS 
process.

4. Conclusions

A novel approach for the densification of solid oxide electrolyte was 
successfully applied to BaCe0.65Zr0.20Y0.15O3-δ. UHS technique, imple
mented in this work, allowed the sintering to 95% dense BCZY sample in 
few seconds with an energy consumption of about 200 kJ g− 1. SEM and 

Fig. 5. Arrhenius plot of three consecutive measurement cycles of BCZY UHS- 
processed sample in wet H2/Ar and comparison with conventional sintered 
sample. Solid lines represent linear regression to calculate the activa
tion energy.

Fig. 6. Grain boundary and bulk conductivities of BCZY sample sintered with 
Ultrafast High-temperature sintering (UHS) and conventional sintering (C.S.). 
Solid lines represent linear regression of data. Activation energies for the 
transport of bulk and grain boundary are reported in the inset table.

Fig. 7. Comparison of Arrhenius plots from this study and conventional sin
tering processes.
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XRD analyses confirmed the densification and the crystalline phase. 
Moreover, no Ba deficiency was evident. A total conductivity of 11 mS 
cm− 1 was achieved at 750 ◦C, which is in accordance with conventional 
sintering techniques.

The short time and low energy used in this sintering method, 
together with the simple setup, open the possibility to easily study a 
variety of compositions.
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