Electronic conductivity in GDC under DC bias as a trigger for flash sintering
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Abstract

In this paper, we discuss the progression of flash sintering in 10 mol% gadolinium-doped ceria
specimens (GDC10). The flash transition is correlated with the generation of n-type electronic
conductivity in ambient air under DC bias. Its origin is attributed to a partial reduction of the
material which propagates from the cathodic to the anodic region, during the incubation period. The
phenomenon was observed, in-situ, by monitoring the development of electrochemical blackening
during the incubation period of the flash experiment. Anomalous features, including a shift in the
valence band edge, shrinkage of the band gap and a change in the oxidation state of Ce in flashed
samples was confirmed by XPS and diffuse reflectance measurements. The results prove that flash
sintering can alter the electronic structure of GDC10, such alterations being partially retained after
the flash.



Main body

Flash sintering (FS) is a novel field/current-assisted sintering techniques for rapidly densifying
ceramics at low furnace temperatures [1-5]. It is usually described by three stages. First, a constant
electric field is applied to the green body while it is heated inside a furnace (Stage /). Then, the flash
event is signaled by a non-linear rise in the sample conductivity at a critical furnace temperature
(Stage I1). Here, the electric power source switches from voltage to current control (because of the
huge increase in the electrical conductivity of the ceramic) and the sample densifies in a few seconds
while emitting a bright glow. The flash event takes place at specific power dissipation value
regardless the external furnace temperature in the 300-1300°C range [6]. Finally, a steady state
condition is reached in current control (Stage Ill). The features of FS can be summarized as: (i) non-
linear rise in conductivity [1], (ii) photoemission [7-8] and (iii) rapid densification [9-11]. Moreover,
the Debye temperature is currently emerging as a lower bound for the flash onset [12-14].
Nevertheless, the underlying mechanisms of flash sintering remain controversial [15-22].

Gadolinium-doped ceria (GDC) is a O% ion conductor with applications in energy conversion devices
such as Solid Oxide Fuel Cell (SOFC) and Solid Oxide Electrolyzer Cell (SOEC). FS of GDC has been
extensively studied [23-25] with a specific focus on the densification process. An important insight
was presented by Jha et al. [26], who measured abnormal lattice expansion by in-situ X-ray
diffraction during FS. Here, we address the influence of flash processing on the change in chemical
and physical properties such as electrical conductivity.

Recently, Zhang & Luo [27] showed that the onset flash temperature of ZnO is lowered in reducing
atmosphere (Ar/5%H,;) down to 120°C . Although this behavior was quite expected in n-type
electronic semiconductors (i.e., in Zn0O), it would be more unusual in an oxygen ion conductor where
the charge carrier concentration,V,’, is given by the substitution element (i.e., the gadolinium GDC).
However, recent works on yttria-stabilized zirconia (YSZ) suggested that the flash can introduces
additional charge transport mechanisms [28-29]; in particular, Jo and Raj proved the activation of
electronic conductivity in YSZ by in-situ electrochemical impedance spectroscopy [30]. Electronic
conductivity is expected to be strongly dependent on the oxygen partial pressure in the atmosphere;
thus, here we question whether electronic conductivity could be activated also in GDC and change
its flash onset temperature. In summary, we seek a deeper understanding of the origin of flash
transition for GDC10. This goal is achieved by exploring the electrochemical effects and the related
enhancement in electronic conductivity under DC field.

Commercial gadolinium-doped ceria (Gdo.10Ce0.9001.95: GDC10, Fuelcellmaterials, USA) powder was
used in this work. The average particle size, dsp = 0.13 pum, and the specific surface area, 10.5 m g?,
were measured with a particle size analyzer Horiba LA-950 V2 (Retsch Technology GmbH, Haan,
Germany) and Area Meter Il (Strohlein Instruments, Viersen, Germany), respectively.

Dog bone-like samples were prepared by uniaxial pressing at 100 MPa for constant heating rate flash
sintering experiments in air and Ar/5%H,. The samples had a gauge-length of 15 mm and cross-
section 3.3 x 1.9 mm?. The green bodies were too fragile and difficult to connect to the electrodes.
To overcome these challenges, the samples were pre-sintered at 1000°C for 30 minutes (heating and
cooling rate = 3 K min). The relative densities of the green body and of the pre-sintered samples,
were approximately 55% and 62% of the theoretical one.

To perform FS experiments the samples were connected to the power source by mean of platinum
wires, which served as electrodes. Platinum paste was spread at the metal/ceramic interface to
ensure good electrical contact. The experiments were carried out in a tubular furnace (experimental



set-up reported in [31]) at a constant rate of 10 K min. Two different atmospheres were used: lab
air and Ar/5% H,. The electric fields were applied by using a Sorensent DLM300-2 power source
(AMETEK Programmable Power, Inc., San Diego, CA); the current limit was set at 100 mA mm™. The
current flowing through the sample and the voltage were measured with a digital multimeter
(Keithley 2000, Keithley Instruments, Cleveland, USA). After the flash event, the specimens were
held at the current limit for 30 s.

Additional dog-bone samples were produced to check possible electrochemical effects upon FS.
Their gage length and cross section were 20 mm and 3.0 x 2.0 mm?, respectively. The samples were
sintered at 1250°C for 2 h (heating rate of 10 K min?) in static air (density ~90%). The flash
experiment was carried out in air on a hot plate at about 280°C (isothermal FS). Pt wires served as
electrodes and were connected to a DC power supply (Sorensen DLM 300-2). To improve the
ceramic-metal contact Pt paste was spread at the interface. An electric field of 175 V cm™ was used
to activate the flash and the current limit was fixed at 25 mA mm, Electric data were monitored
using a Keitheley 2100 multimeter (Keithley Instruments, Cleveland, USA) and a video of the
experiment was taken using a digital camera with the aim to check the presence of electrochemical
blackening. After the flash, the sample was characterized by XRD, XPS and diffuse reflectance
spectroscopy. XRD was carried out in an Italstructures IPD3000 diffractometer (Co Ka X-rays source)
equipped with an Inel CPS120 detector. XPS was performed with an Axis DLD Ultra spectrometer
(Kratos — Manchester UK) with an energy step of 0.05 eV. The spectra were aligned on the binding
energy scale taking the C 1s at 285 eV as a reference. The different components of the XPS spectra
were assigned according to the literature [32-33]. Diffuse reflectance spectra were collected by using
an Ocean Optics QE65000 spectrometer and a halogen lamp light source (Top sensor systems, DH-
2000-S). The calibration was carried out using a MgO standard (Sigma Aldrich). The bandgap energy
was estimated by drawing the tangent at the inflection point of the (Fi)E)? function vs. photon
energy (E) plot, Fr) being the Kubelka-Munk function [34]:
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Figure 1. (a) Onset temperature for FS in pre-sintered GDC10 specimen as a function
of the electric field in air and Ar/5%H, (heating rate = 10 K min'!); (b) Arrhenius plots



of power density for GDC10 pre-sintered specimen in air and Ar/5%H, showing the
transition to non-linear rise in conductivity. Experiments were carried out at a heating
rate 10°C/min and the maximum current density was set to 100 mA mm™=2. “T” in (b)
represents the furnace temperature.

The onset flash temperature for pre-sintered GDC10 samples (relative density = 61%) decreases in
reducing atmosphere, i.e. Ar/H, (Figure 1 (a)). The effect is pronounced at moderate values of the
electric field i.e. < 150 V/ cm. Even though the flash occurred over a wide range of temperature and
pO; the power density required for the flash transition lies within a narrow range (5- 25 mW mm3).
This was also verified in dense GDC10 samples in Ar atmosphere (“Supplementary material”, Figure
S1). The said relation between atmosphere and flash temperature can be understood considering
the higher electric conductivity of GDC10 in reducing environments. This can be easily observed in
Figure 1(b), which points out that the power dissipation (and so also the conductivity) in Ar/H,
surpasses the one in air during the FS incubation at given values of electric field and furnace
temperature.

Extensive studies on transport properties and defects chemistry of GDC10 as a function of oxygen
partial pressure are reported in the literature [35-36]. Here, the most important defects equilibria
can be written as (Kroger-Vink notation):

0§ © S0, + Vi +2¢' Eq. 2
and
0F +2h" & S0, + Vy. Eq. 3

When ceria is reduced, it generates oxygen vacancies and electrons to maintain the charge
neutrality. Part of these extra electrons are located on the cations

Cef, +e' & Cel, Eq. 4

which reduce their oxidation state form 4+ to 3+. Since V,," concentration is pinned by the loading of
the substitution element (Gd), a reduction in pO, mainly results in an increase of electrons
concentration and Ce®* species, enhancing the electronic n-type conductivity. The opposite behavior
is expected in the case of p-type semiconductors, where conductivity decreases in reducing
environments (Eq. 3) [37]. Therefore, the electrical conductivity enhancement at low pO; observed
during FS incubation (Figure 1(b) and Figure S1) appears consistent with the activation of electronic
n-type conductivity. We can also point out that the specimens flashed in Ar change their original pale
yellow color to dark blue (“Supplementary Material”, Figure S1 (d, e)). It is well-known that different
stoichiometries in ceria-based materials account for different coloration, where blackening is related
to a severe reduction of Ce ions from the 4+ to the 3+ state [38]. So, a partial reduction of the oxide
is the origin of the electronic contribution to the conduction mechanism.

The above results raise the following question: “Is the influence of the n-type conductivity on flash,
seen in the reducing atmosphere, also apply to flash experiments in air?” From the scientific
literature this should not be so since the electronic conductivity is negligible in ceria at pO, > 10°
atm [39]. However, in FS experiments the sample is subjected to a DC bias of several tens or
hundreds Volts, developing high local electric fields at the inter-particle contacts, that might affect
the defect chemistry and activate new conduction mechanisms [40]. To answer this open question
flash experiments were carried out on a hot plate in ambient air atmosphere to check the presence



of chromatic alterations associated to a partial reduction under the effect of electric loading (the so-
called electrochemical blackening) [41].
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Figure 2. Chromatic alteration in the dense polycrystal GDC samples during the FS
incubation in air (280°C, 150 V cm™, 25 mA mm™2). (a) current density as a function of
real time during the first flash experiment (b) current density as a function of real
time during the second (repeated on the same specimen by reversing the electrode
polarity) flash experiment (c) optical images of the samples during different stages of
second flash experiment on the same sample revealing generation and propagation of
the blackening from the negative to the positive electrode

During the incubation period of the flash experiment on the dense GDC polycrystal samples, a visible
chromatic alteration develops in the early stage of the FS incubation from the negative electrode
(cathode) and propagates towards the positive one (anode). Repeating the FS experiment on the
same sample but with a reversed polarity. We can clearly observe that the blackening always starts
at the cathode and propagates towards the anode. The chromatic alteration appears faint in the first
experiment (“Supplementary material” Video) and more visible in the second run on the same
sample (Figure 2 and “Supplementary material” Video S1). This is attributed to the fact that the



electric loading under DC bias forces an accumulation of oxygen vacancies in the cathodic region (-)
where their charge is balanced by electrons injected from the metal electrode [38]:

Vo +CeO,+26e" — CeO,_s+ 6 0% . Eqg.5

Therefore, the material starts to be partially reduced from the cathode. The partially reduced region
becomes electronically conductive; thus allowing the reduction reaction (taking place at the
interface where electronic current is converted to ionic) to propagate through the sample. More
interestingly, the incubation time for FS (i.e., the time needed to initiate the flash) in the repeated
experiment (2™ time) is lowered by about 50% when compared to the first experiment. This
suggests that, after the flash, the specimen retains a non-stoichiometric and free electrons-enriched
state. In other words, there is a sort of “memory” of the previous flash process. This might be useful
in the next future to tailor the electronic properties of both semiconducting and insulating oxides.

Electrochemical blackening suggests a change in the material stoichiometry due to the applied
electric field, thus leading to the formation of electronic defects beyond the simple effect of
temperature and molecular oxygen activity. The electronic conductivity is enhanced in the partially
reduced state (Eq. 2) and, therefore, the current flow rises abruptly when the blackened region
propagates to most of the gage length. The partial reduction of the oxide can be therefore
considered a co-triggering mechanisms for FS in GDC, along with Joule heating.

To prove that (i) blackening is related to a partial reduction and (ii) this can be partially retained after
the flash, XPS analysis were carried out on GDC10 before and after FS (here we are referring to the
flash experiment in Figure 2).

T T T T T T T

T T T T T T T
Before b

1mcCe" ocCe* 1 ]
S i 1 flash ]
] LE T = efe ] Fermi ]
- % me P I level
= 0 1 . -
< | ] 3 ]
z ] =3
2 & 2
[ i @
= = _
= | 8 |
= -1 E o
Before | E I
1 flash | ] o
i T T T T T T T T
T T T T T T T T T T
925 920 915 910 . 90‘5 900 895 890 8BS 880 875 P T I ] i :
Binding energy (eV) Binding energy (eV)
(a) (b)
T T T T T T T T T T T T T T T
e il 34| i § (111} -
Ce" " @Ce Physisorbed water, - ] 4 o @ GOC, fluoriic |
Oxygen vacancies _
1 Ce-0OH, Gd-0, (220)
3 . C-0,C=0 :)
: ] | =L
< 5 T
2 | After | T &
2 | Flash vV g
< :"""I-/ )
E ; E
] /,/“” b ] ]
Before il | Before ]
; 1 | flash )
flash CL AT i | P
T * T ' T T T T T g T T T T
536 535 534 633 532 S 530 529 528 627 20 20 40 50 80 70 50 )
Binding energy (eV) 20 (deg.)

(c) (d)



Figure 3. Comparison between GDC10 samples before and after flash in air: (a) Ce 3d; (b) valance
band edge; and (c) O 1s XPS spectra (note that the signal at 531-533 eV is mainly related to surface
impurities). The XRD patterns (d) are reported, as well.

Figure 3(a) shows the Ce 3d XPS spectrum before and after FS in air. The relative intensity of the
spectral line associated with Ce3* increases after FS. This might be not very evident due to the
presence of multiple peaks and the complex nature of the Ce XPS spectrum. However, if we focus
our attention on the Ce** lines at 884 and 903 eV, then we can conclude that their relative intensity
rises after FS. A deconvolution (Supplementary material”, Figure S2 and S3) of the spectra allows to
point out a modification of the ratio between the intensities of the Ce3* and Ce* components, the
Ce®*/(Ce™+Ce®) ratio passing from 0.26 (before flash) to 0.34 (after flash). This indicates that the
sample is indeed reduced during the flash process. The results are also confirmed by a shift in the
maximum XPS O 1s signal, which moves toward higher energies after FS (Figure 3 (c)). Such shift is
consistent with a partial reduction of the oxide [32-33].

The crystalline structure of the flashed specimen was also investigated by XRD to verify that the
reduction process did not cause the development of new phases [42]. The results point out that the
sample fully retained its initial cubic fluorite structure (Figure 3 (d)), the reduced cations being
therefore accommodated in solid solution in the parent fluorite phase. Thus, the crystallographic
and electronic defects formation upon FS is strong enough to change the electric properties but it is
not sufficient to induce any permanent structural alteration. In other words, when we focus our
attention on FS mechanisms it is not necessary to seek huge effects involving a structural
rearrangement of the material: in some cases faint effects of the field on the electronic structure are
sufficient to change the electrical properties and conductivity.

Figure 3 (b) shows the XPS spectra of the valance band edge region before and after FS. We can
observe that FS cause a small shift of the valance band edge at higher energy, thus resulting closer to
the Fermi level. This suggests that FS might be responsible for a reduction of the band gap and due
to the formation of donor levels connected to the oxygen vacancies created upon FS.

Finally, diffuse reflectance spectroscopy (DRS) measurements were carried out to verify the band
gap energy (Eg) change by FS [34]. Figure 4(a) shows that the reflectance after FS is drastically
reduced, pointing out the activation of new absorption mechanisms. This suggests an enhanced
absorption of the flashed sample at low energy, that may be due to donor defects in the band gap
region. Moreover, FS appears responsible for a decrease of the band gap, about 0.1 eV, as observed
by drawing the tangent to the inflection point of the Kubelka-Munk plot (Figure 4(b)). It is worth
mentioning that the results were obtained after the flash at room temperature. Schmerbauch et. al.
studied the evolution of defects during flash sintering of ZnO by macro photoluminescence, shown
that the defects are often modified during the flash state[43]. Therefore, a quantification of the Eg
change in the flash state remains an open question to be answered in the next future. However, our
results clearly reveal that: (i) the electronic properties of GDC10 are modified upon FS and (ii) these
alterations are partially retained after the flash. The introduction of defects by FS could be useful to
develop new out-of-equilibrium materials.
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Figure 4. (a) diffuse reflectance (R); and (b) (Fr)E)? vs. photon energy (E) plot for the
determination of optical band gap of GDC10 before and after flash sintering.

In summary, the application of a DC electric field changes the electronic properties of GDC10 by
moving the reduction front from cathode to anode electrode. The moving reduction front often
heterogeneous at the microscopic scale while optically homogeneous at the macroscopic scale [44In
particular, it activates n-type electronic conductivity which is associated to an electrochemical
reduction process. Which causes growth of a microscopic filament as in memristive switching [45].
Such phenomenon appears to play a key role in the activation of FS. Visible chromatic alterations are
observed during the process and are related to a change in the band gap of the specimen. The
alteration of electronic structure is partially retained after FS as confirmed by XPS and DRS.
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