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Abstract: Thin films of Ca-doped double perovskite, PrBag 7Cag3C0,05.5 (PBCC), were epitaxially
grown on (001) SrTiO3, and their redox reactions under a switching flow of H, and O, gases were
examined at various temperatures by measuring the resistance R(t) of the films as a function of the
gas flow time t. In the temperature range between 350 and 725 °C, these thin films are reduced and
oxidized in an ultrafast manner under the flow of H, and O, gases, respectively, suggesting that
PBCC thin films are promising candidates for developing ultra-sensitive oxygen sensors or SOFC
cathodes at intermediate or high temperatures. When the gas flow is switched to O,, the reduced
PBCC thin films exhibit a negative resistance at temperatures above 600 °C but a positive resistance
at temperatures below 600 °C. The probable cause for these anomalous transport properties is the
diffusion of the H atoms from the cathode to the anode in the PBCC film, which provides a current
opposite to that resulting from the external voltage.

Keywords: double-perovskite oxide; thin film; oxygen sensing; negative resistance

1. Introduction

In recent years, mixed ionic/electronic conducting materials have attracted much
attention because of their potential applications as electrodes in solid oxide fuel cells
(SOFCs), ion-transport membranes, and chemical sensors [1-3]. For the development
of highly efficient and effective technologies, ultra-sensitive gas sensors/actuators and
intermediate-temperature SOFCs are vital. One of the simplest and most easily fabricated
sensors is a chemical sensor based on resistance change. Various semiconducting metal
oxides such as Fe;O3/Mo0Os [4], ZnO [5], and TiO, [6] are used as gas sensors. These
materials usually require a catalyst such as Co to improve their sensor performance, and
their performance at high temperatures is uncertain. Hence, it is important to search for
new chemical sensor materials operating in a wide range of temperatures.

Perovskite oxides exhibit mixed ionic/electronic conducting behaviors and unique
magnetic, electrical transport, and optical properties. Thus, they are utilized in SOFCs
and batteries and for gas sensing and gas separation [7-10]. Moreover, perovskite oxides
can accommodate a wide variety of dopants, providing flexibility for controlling the
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transport properties. Double perovskites, AA'B,Os, 5, (A = lanthanide metal, A’ = alkaline
earth metal, B = transition metal) are very flexible in tailoring various properties [11-14].
The double perovskites LnBaCoy0s, 5 (LnBCO) (Ln = La, Pr, Nd) possess high catalytic,
fast oxygen diffusion, and unique electronic transport properties [15-18]. The physical
properties of LnBCO are strongly affected by the oxygen vacancy because it allows for
various oxidation states of cobalt (Co?* /Co* /Co**) and electronic spin states [19]. LnBCO
thin films exhibit superfast oxygen redox reactions and thermodynamic stability in a
wide range of temperatures. LaBaCo0,0s, 5 thin films show a superfast change in the
resistance (3 x 107 Q1 s~!) when the gas flow over the films is switched from H; to O,
in the temperature range between 260-700 °C [20,21]; as do PrBaCo0,0Os5 5, 5 thin films in
the temperature range between 200-800 °C [22]. The oxygen vacancy exchange diffusion
was found to take place layer-by-layer with a high diffusion rate in ErBaC0,055; 5 thin
films [23].

The transport/catalytic properties and the ionic/electronic conductivities of double
perovskites AA'B,Os,s are modified when the cation sites are doped with other ele-
ments [24-27]. Doping the Co site of PrBaCo,05, 5 with other transition metals decreases
the thermal expansion coefficient [28-31], affecting the electrocatalytic performance [32]
and the electrical conductivity [31]. Most studies on PrBaCo,0s, s are focused on doping
the Co sites, but only a few on the Pr and Ba sites. The electrical transport and mag-
netic properties of double perovskites PrBaCo,0s,5 are affected when the Ba sites are
doped with various divalent cations, most likely because they increase the oxygen vacancy
concentration. Highly epitaxial thin films of Pr(Bag 551 5)(Co1.5Fe5)Os55+5 exhibit a fast
change in resistance under the switching flow of O, and H, [33]. Both the electron affinity
and the redox stability of PrBaCo,0s, s are enhanced by the partial doping of the Ba site
with Ca [34]. The magnetic and electronic transport properties measured for thin films
of PrBa; _CaxC0y0s5,5 (x =0, 0.3, and 0.5) grown on (001) SrTiO3 depend on the doping
concentration x [35]. In the present work, we carried out a systematic study on the charge
transport and the redox dynamics of epitaxial thin films of PrBag7Cap3C0,05,5 (PBCC)
grown on (001) SrTiO3; under the switching flow of H, and O, gases in a wide region of
temperature. The PBCC thin films reduced under the gas flow of H, show the maximum
change of 1.87 x 10° Q) s~! in resistance when they are exposed to the flowing gas of O, at
450 °C, suggesting that these films are an excellent candidate for developing SOFC devices
and ultra-sensitive oxygen sensors. Furthermore, at temperatures above 600 °C, the PBCC
films reduced under Hj (hereafter the reduced PBCC films) exhibit a negative resistance
when the gas flow is switched to O,. We explore a probable cause for this apparently
unprecedented observation.

2. Results and Discussion

Structure. The XRD patterns of the pristine PBCC films and those annealed under O,
at 700 °C for 8 h are presented in (Figure 1). Only the (00I) peaks are present in the spectra,
indicating that both peaks are oriented along the ¢ direction. The peaks of the PBCC films
are all located to the right side of the corresponding peaks of the SrTiO3 substrate. No
additional peaks can be seen, suggesting that the films have no other phase or impurity. The
peaks located at 25.78° and 46.42° correspond to the (001) and (002) reflections of SrTiOs,
respectively [35,36]. The peaks of the pristine PBCC thin films are very close to those of
the SrTiO3 substrates (Figure 1a). After the annealing treatment under O,, the peaks of the
PBCC films become more evident than those of the pristine PBCC film (Figure 1b). The
peak positions for all of the (00/) peaks slightly shift after the annealing process under O,
at 700 °C. For example, the (002) diffraction peak of the PBCC films shifts from 47.20° to
47.55° after annealing, which indicates that the c-axis lattice constant slightly decreases.
Generally, the c-axis lattice constant of the LnBCO film is related to the oxygen vacancy
concentration in the thin film; with the decrease in the oxygen vacancy concentration, the
c-axis lattice constant also decreases. The results of the XRD 0-2¢ analysis indicate that
there is a certain amount of oxygen vacancies in the in situ grown PBCC films.
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Figure 1. XRD patterns of (a) the as-prepared PBCC film deposited on the (001) SrTiO3 substrate and
(b) the PBCC films after annealing under O, at 700 °C for 8 h. The insets are the corresponding RSMs
of the as-prepared PBCC film.

The cell parameters determined for the as-prepared PBCC thin films and the films
annealed under O, at 700 °C, summarized in Table 1, show that the c-axis of the annealed
films becomes slightly shortened when annealed, indicating that the as-prepared PBCC
thin films possess some oxygen vacancies.

Table 1. Lattice constants measured for the thin films of the as-prepared PBCC and the PBCC after
annealing under O; at 700 °C.

Sample a(A) b (A) c(A) V(A3)
As-prepared PBCC 3.927 3.927 7.660 118.1
Annealed PBCC 3.933 3.933 7.642 118.2

We carried out reciprocal space mapping (RSM) analyses for the PBCC thin films before
and after annealing around their symmetric (002) and asymmetric (101) (011) reflections
(insets of Figure 1) to obtain the lattice parameters and explore the interface strain of the
PBCC films on the SrTiOj3 substrates. The lattice mismatch of the SrTiO3 substrate and
PBCC film is small (~0.56%), indicating that the PBCC film grown on SrTiO3 has a good
crystallinity. The c-axis lattice constants of the PBCC films are slightly smaller than two
times their a-axis lattice constants. After annealing under O,, the c-axis lattice constant
decreases, in agreement with the XRD results and the PBCC film expands along the a-axis,
while maintaining unit cell volumes, which remain effectively unchanged.

Resistance of the as-prepared PBCC films. The temperature-dependent electrical
resistance of the as-grown PBCC thin films is shown in Figure 2. The resistance is reversible
during the cooling/heating processes. However, there is a hysteresis phenomenon, which
suggests that the redox reaction in the PBCC thin film is not an equilibrium process. The
resistance of the PBCC thin films increases with decrease in temperature from 750 to 100 °C
(Figure 2). In the higher temperature range of 350-750 °C, the In(p/T) vs. 1/T plot is
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practically linear (the inset of Figure 2) and is well described by Equation (1) based on the
small polaron hopping model [37]:

E
p = CTeXp(kBaT% )

where kg is Boltzmann constant, and E, the activation energy. From the linear plot in the
inset of Figure 2 and Equation (1), E, is 0.265 eV. The small polaron hopping mechanism is
attributed to the presence of mixed-valence states of Co>* and Co** in the PBCC thin films.
The latter has a good thermal stability and a simple activation behavior in the temperature
range of 350-750 °C without any clear lattice change, even at 750 °C [38].
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Figure 2. Temperature dependence of electrical resistivity of PBCC film in the oxygen atmosphere
from 100 °C to 750 °C (373-1023 K); The inset is the relation of In(p/T) vs. 1000/ T of PBCC film in
the oxygen atmosphere from 350 °C to 750 °C (623-1023 K).

Redox reactions of PBCC thin films at 450 °C. We first explore the oxygen/hydrogen
diffusion behavior of the PBCC films under the switching-flow reducing gas, H,, and
oxidizing gas, Oy, at 450 °C by measuring the resistance R(t) as a function of the gas flow
time t. As a representative case, we consider the results obtained at 450 °C. The resistance
R(t) vs. t and its associated dR(t)/dt vs. t curves under the switching gas for cycles are
shown in Figure 3a. The R(t) vs. t curve indicates the excellent stability of the PBCC films.
A zoomed-in view of the R(t) vs. t and the corresponding dR(t)/dt vs. t plots for a single
oxidation/reduction cycle is shown in Figure 3b. As the gas flow is switched from O; to
H,, the resistance gradually increases to the maximum and then decreases quickly until it
reaches the equilibrium value. When switching back to Oy, the resistance increases rapidly
to the maximum and subsequently decreases to the equilibrium value. This two-stage
change in the resistance occurs in both the reducing and oxidizing atmospheres.
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Figure 3. (a) R(t) vs. t and the corresponding dR(t)/dt vs. t curves of PBCC thin films under
oxidizing/reducing atmospheres at 450 °C; (b) A zoomed-in view of the R(t) vs. t curve for one

oxidation/reduction cycle, and the insets are the corresponding dR(t)/dt vs. t curves of PBCC thin
film under O, /H,.

Negative resistance of reduced PBCC thin films during oxidation. To study the
oxygen/hydrogen diffusion behavior of the PBCC films in more detail, the R(t) vs. t curves
of the PBCC thin films at various temperatures (725, 700, 650, 600, 550 and 350 °C) are
compared in Figure 4. The reduction and oxidation processes of the PBCC films are also
highly reversible under H; and O, gases at each temperature, confirming the superior
structural stability of PBCC films in the temperature range of 350-725 °C. The two-stage
change in the resistance occurs at all specific temperatures under both the reducing and
oxidizing atmosphere. When the gas flow is switched from Hj to O, the PBCC films show
a positive resistance at temperatures below 600 °C but a negative resistance at temperatures
above 600 °C. The latter observation is anomalous because electrons normally flow from
the cathode to the anode under the external voltage V, (>0) applied to the two electrodes
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(Figure 5a). The occurrence of a negative resistance means that electron flows from the
anode to the cathode rather than from the cathode to the anode. A key to understanding
this unprecedented observation is that the current flowing in the external circuit is governed
not only by the external voltage V, but also by the “internal voltage” between the cathode
and anode within the PBCC film. The latter is generated when the PBCC film around the
cathode becomes different in chemical composition from that around the anode. In what
follows, we explore a probable cause for this anomalous resistance of the reduced PBCC

thin films.
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Figure 4. R(t) vs. t curves of PBCC thin films grown on (001) STO, while switching the flow of H,
and O, gases at various temperatures (725, 700, 650, 600, 550, and 350 °C),which are corresponding

to the subfigure (a—f), respectively.
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Figure 5. (a) PBCC thin film under the reducing gas, Hy gas. (b) Reduced PBCC thin film under O,
gas at temperatures below 600 °C. (c) Reduced PBCC thin film under O, gas at temperatures above
600 °C.

Cause for the negative resistance. In the absence of either reducing or oxidizing
gas, the current I, flows from the cathode to the anode under the external voltage V, > 0.
Under the H; gas, the surface region of the PBCC thin film is reduced. The H, molecules
are dissociated into the H atoms (with the bond dissociation energy of 104 kcal/mol),
which are diffused into the perovskite lattice. It is most likely that the H atoms are ionized
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(i.e., H —=H* + e7) to become H* cations, which become attached to the O~ ions of the
perovskite framework, while the electrons released are accumulated in the vicinity of the
anode (Figure 5a). The dissociation of Hy molecules and the subsequent ionization of the
H atoms occur in all parts on the surface of the PBCC thin film. However, there will be
slightly fewer H" ions in the vicinity of the anode because more electrons are present, and
thus they disfavor the ionization of H. The diffusion of H* ions between the two electrode
leads to an internal current between them so that the effective current Io¢ flowing in the
external circuit becomes different from I,. The change from I, to I can be viewed as
resulting from the corresponding change in the external voltage from V, to Vg = Va4 + V,
where Vy is the internal voltage associated with the H* ion diffusion. At the end of the
flowing H, gas flow, there is practically no diffusion of H* ions between the electrodes, so
that Vg = 0. Then, Vg = Va + Vg = V, > 0, leading to a positive resistance.

Now we consider what happens when the reduced PBCC thin film under H, gas
is exposed to the O, gas flow. The two O atoms resulting from the dissociation of O,
(with the bond dissociation energy of 119 kcal/mol) can receive electrons from the PBCC
film to become two O?~ anions. It is in the vicinity of the anode where the ionization,
O +2e~— 0?7, is favored because electrons are more abundant there than in the vicinity
of the cathode. Suppose that the dissociation of O, and the subsequent ionization of the O
atoms take place primarily in the anode region (Figure 5b). Then, the O>~ anions combine
with the H* ions to form H,O and leave the PBCC surface from the vicinity of the anode.
This results in more H* ions in the cathode than in the anode region, which induces the
diffusion of the H* ions from the cathode to the anode with the associated current in the
same direction to that induced by V,. Hence, the resulting current I ¢ is larger than I; the
effective external voltage Vg = V, + Vy is larger than V, because of Vi > 0. The O>~ ions
generated in the vicinity of the anode leave the surface as H,O, and thus do not affect the
effective voltage V.g; the contribution of O?~ ions to the effective external voltage, Vo, is
negligibly small (Vo ~ 0). Aslong as Vi =V, + Vg + Vo > 0, the effective current I is
positive, as is the effective resistance.

In the above, we considered the dissociation of O, preferentially around the anode,
since the electrons needed for the ionization of O are more abundant there. In general, such
selectivity of the reaction is favorable at low temperatures. At high temperatures, the O,
dissociation becomes easier, and thus occurs almost equally around the two electrodes on
the PBCC film surface (Figure 5c). Since more electrons are present in the vicinity of the
anode, more O?~ ions are present there than in the cathode region. Since there are less
H* ions in the anode region, the formation of HyO depletes H* ions more quickly in the
anode region unless diffusions of H* and O?~ ions occur between the electrodes. This is
the case at high temperatures because the perovskite oxygen atoms vibrate strongly, acting
as scatterers for ionic species diffusing between the two electrodes. This could result in
more O?~ ions in the anode than in the cathode region. The latter might raise the energy
states of the PBCC around the anode region above those around the cathode region, thereby
reversing the sign of the effective voltage, i.e., Vg = Va + Vg + Vo <0, which is possible if
Vo is substantially negative. This leads to a negative resistance.

In short, the case of Figure 5b explains the observation of positive resistance below
600 °C, and that of Figure 5c the observation of negative resistance above 600 °C. If this
explanation is correct, a negative resistance will not occur if V, dominates over Vi and Vo,
provided that the applied voltage V, is large enough. In agreement with this prediction,
we note that the reduced PBCC exhibits a negative resistance to temperatures above 600 °C
when V, = 0.2 V. When V, is raised to 1.0 V, the PBCC thin film does not exhibit a negative
resistance (see Supplementary Materials Figure S1).

Different redox reactions at various temperatures. The detailed processes of the
redox reactions of PBCC thin films at 650, 600, 550, and 400 °C are shown in Supplementary
Materials Figure S2. The two-stage changes of the resistance can be seen under both the
reducing and oxidizing atmospheres due to the change in the valence of the Co ions. The
resistance R(t) vs. t and its associated dR(t)/dt vs. t curves under O, or H; for a single
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process at specific temperatures are shown in Figures S3 and 54, respectively. The rate of
the resistance change under O; is far greater than that under H,, suggesting the excellent
oxygen sensitivity of the reduced PBCC films. Upon switching to O,, the resistance of
the PBCC films shows a drastic change within 2 s, displaying a superior oxygen sensing
performance, compared to most oxides (Table 2) [39-45].

Table 2. Features of medium- and high-temperature oxygen sensors based on various semiconductor

oxides.
Oxide Response Time (s) Temperature (°C) Ref
(tope)
1.5 wt% Zn-doped SnO, 141 250 [39]
CdO-ZnO hexagonal particles 43 200 [40]
CdO:ZnO (3:1)nanostructure 18 32-200 [41]
CdO:ZnO (3:1) nanocomposite thin film 1020 25-200 [42]
TizO5 67 200 [43]
VO /TiO, 3-5 100 [44]
(LaBa)Co0,0s, 5 thin film ~2.2 580 [45]
o This
PrBag 7Cag 3C0,0s5, s thin film <2 350-725 work

3. Materials and Methods

PBCC thin films were epitaxially grown on (001) SrTiO3 by pulsed laser deposition
(PLD). Similar to the other LnBCO thin film preparations [35,46], a KrF excimer pulsed-
laser deposition system with a wavelength of 248 nm was employed to grow the PBCC
films on an (001) STO substrate. Similar to the other LnBCO epitaxial film growth, the
optimal growth conditions were determined to be at a deposition temperature of 850 °C
and an oxygen pressure of 100 mTorr with a laser energy density of 1.5~2.0 J/cm?. The
film thicknesses were about 60 nm measured by using a step gauge. Soon after deposition,
the PBCC films were in situ annealed at 850 °C for 15 min in a pure oxygen atmosphere
at 200 Torr and slowly cooled to room temperature with a rate of 5 °C/min. The X-ray
diffraction (XRD) was conducted using PANalytical X-ray Diffractometer with Cu K&
radiation (A = 0.15418 nm) to characterize the crystallinity of the PBCC films. To study
the electrical and oxidizing/reducing properties of the PBCC films, the AC conductivity
measurements were carried out using the Lake Shore 370 AC Bridge in the temperature
region between 350-725 °C, with an atmosphere of pure oxygen (O;) or a mixture of 4%
hydrogen and 96% nitrogen (referred to as Hj in this work) at 1 atm. As the electrodes
for the resistance measurements, we glued two platinum leads on the PBCC film surface
with silver paste, which were dried in air at room temperature and were then annealed at
700 °C under O;.

4. Conclusions

We prepared thin films of Ca-doped double perovskite, PrBag ;Cap 3C0,05,5 (PBCC),
on (001) SrTiO3 and investigated their redox behaviors under a switching flow of H, and O,
gases to find that these films were reduced and oxidized in an ultrafast manner under the
flowing gas of Hy and O,, respectively. When exposed to the gas flow of O,, the reduced
PBCC films showed a normal transport behavior at temperatures below 600 °C but an
apparently anomalous behavior at temperatures above 600 °C. That is, their resistance was
positive below 600 °C, but negative above 600 °C. This anomalous transport property is
explained by considering the effect of the H atom diffusion from the cathode to the anode,
which is caused by the reduction taking place around the anode. Our work suggests that
PBCC thin films are promising candidates for developing ultra-sensitive oxygen sensors or
SOFC cathodes at intermediate or high temperatures.



Catalysts 2021, 11, 1441 10 of 12

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11121441/s1. Figure S1. R(t) vs. t curves of PBCC thin films grown on (001) STO with
switching the flow of Hy and O, gases at 700 °C when applied potential is set as 1.0 V. Figure S2.
Single redox processes of PBCC thin films grown on STO with switching the flow of Hy and O, gases
at various temperatures (650, 600, 550, and 400 °C). Figure S3. R(t) vs. t and dR(t)/dt vs. t of the
epitaxial PBCC thin film under O, at various temperatures. Figure S4. R(t) vs. t and dR(t)/dt vs. t of
the epitaxial PBCC thin film under H; at various temperatures.
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