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Abstract: Considerable attention has been directed to understanding the influence of heterointer-
faces between Ruddlesden—-Popper (RP) phases and ABO3 perovskites on the kinetics of oxygen
electrocatalysis at elevated temperatures. Here, we report the effect of heterointerfaces on the oxy-
gen surface exchange kinetics by employing heteroepitaxial oxide thin films formed by decorating
LaNiO3 (LNO) on Laj g55rg 15CuO4 (LSCO) thin films. Regardless of LNO decoration, tensile in-
plane strain on LSCO films does not change. The oxygen surface exchange coefficients (kcpem,) of
LSCO films extracted from electrical conductivity relaxation curves significantly increase with partial
decorations of LNO, whereas full LNO coverage leads to the reduction in the ke, of LSCO films.
The activation energy for oxygen exchange in LSCO films significantly decreases with partial LNO
decorations in contrast with the full coverage of LNO. Optical spectroscopy reveals the increased
oxygen vacancies in the partially covered LSCO films relative to the undecorated LSCO film. We
attribute the enhanced oxygen surface exchange kinetics of LSCO to the increased oxygen vacancies
by creating the heterointerface between LSCO and LNO.

Keywords: solid oxide fuel cells; cathodes; oxygen reductions reaction; oxygen surface exchange
kinetics; electrical conductivity relaxation; oxide thin films; ABO3 oxides; Ruddlesden-Popper oxides;
surface modification; oxide heterostructures

1. Introduction

The kinetically sluggish oxygen reduction reaction (ORR) at the cathode primarily
limits the efficiency of intermediate temperature solid oxide fuel cells (SOFCs) [1-3], where
mixed ionic and electronic conductors (MIECs) such as Laj _xSrxCo;yFeO;_5 (LSCF) per-
ovskites are widely used as the cathode [4-6]. Among various approaches to achieve faster
ORR activity on the cathode surface, recent studies have focused on forming heterointer-
faces between two dissimilar MIECs [7-12]. In particular, oxide heterostructures formed
by decorating Ruddlesden-Popper (RP) oxides on ABO3 perovskites have enabled the
enhancement of the ORR kinetics on ABO3 oxides [13-17]. For example, highly enhanced
oxygen surface exchange kinetics of Lag gSrg2CoOs_5 were obtained by synthesizing (001)-
oriented multilayer thin films consisting of Lag gSrg 2CoO3_5 and LaSrCoOy. 5 [17]. Surface
decoration on LSCF also effectively increased the ORR kinetics of LSCF [14]. Most of such
efforts have been dedicated to improving the ORR kinetics on ABO3 by surface modifi-
cations with RP oxides. Whereas the mechanism of the enhanced ORR kinetics by the
formation of heterointerfaces is not fully understood, the increased interfacial oxygen
vacancies are thought to be responsible.

RP oxides are interesting alternative cathode materials to ABO3; perovskites due to
their controllable stoichiometry (from oxygen excess to oxygen deficiency) and highly
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anisotropic oxygen ion migration [6,18-21]. In addition, RP oxides show no discernible
cation segregation, which is the major degradation mechanism of ABO3 oxides [22,23].
Recently, La;_SrxCuOyy s has attracted attentions not only because of its comparable
oxygen surface exchange kinetics to that of LSCF at intermediate temperatures [24], but
also because of its multifunctionality including high T, superconductivity [25-27]. In the
case of Sr-doped La,CuQOy, oxygen vacancies are the majority oxygen defects controlling
the ORR kinetics; thus, the larger the oxygen vacancies, the faster the ORR kinetics. In
this regard, the heterointerface formed by Lay_4SrxCuOys decorated with ABO; lead
to the enhancement in the ORR kinetics of Lay_4SrxCuQOyy 5, as oxygen vacancies can
increase at the interface between RP phases and ABOj3 [28,29]. Therefore, in order to
increase oxygen vacancies at the heterointerface in this system, ABO; oxides are required
to readily form oxygen vacancies. LaNiO3; (LNO) can be a suitable candidate within
the ABOj perovskites since LNO possesses a relatively low formation energy for oxygen
vacancies [30]. In particular, the (001) surface of LNO is known to more easily form oxygen
vacancies compared with the LNO lattice [31]. Accordingly, LNO has been intensively
used in composite oxides for SOFC cathodes. For instance, the cathode performance
was significantly enhanced by mixing LNO with LayNiOy.5 (LNO214) as a composite
cathode [32]. Furthermore, time-resolved X-ray diffraction showed no substantial barrier
to ionic transport at the interface, which might contribute to the enhanced ORR activity
of LNO-LNO214 composites [33]. Even though oxygen interstitials are the major defects
in LNO214 [34], the contribution of LNO to the enhanced ORR kinetics in LNO-LNO214
composites is not very well understood.

Here, by growing heteroepitaxial oxide thin films formed by La; g5Srp.15CuO4 (LSCO)
decorated with LNO as a model system, we show that the oxygen surface exchange kinetics
of LSCO can be significantly influenced by LNO decorations that enable an increase in
the vacancy content in the LSCO films. We demonstrate that partial LNO decorations can
increase the oxygen surface exchange coefficients (kcpem) of the LSCO film, whereas full
LNO coverage reduces the kcpem values.

2. Materials and Methods
2.1. Thin Film Deposition

Epitaxial LSCO thin films of ~60 nm thickness with LNO surface decoration of different
thicknesses, from partial to full coverage (~1.5, ~3, and ~15 nm), were grown by pulsed
laser deposition (PLD) on single-crystal (001) yttria-stabilized zirconia (YSZ) substrates.
A Gd-doped ceria (GDC) buffer layer (~20 nm) was introduced between LSCO and YSZ
to prevent the formation of LayZr,O7 [35]. The YSZ substrate was attached to the PLD
substrate holder using a small amount of silver paint for thermal contact. PLD was
performed using a KrF excimer laser at A = 248 nm, 10 Hz pulse rate, and 40 m]J pulse
energy under an oxygen partial pressure, p(O,), of 1.3 x 10~% atm (100 mTorr) with GDC
at 550 °C, followed by LSCO and LNO at 700 °C. After completing the deposition, the
samples were cooled to room temperature in the PLD chamber for 1 h under a p(O;) of
1.3 x 10~# atm (100 mTorr).

2.2. Thin Film Characteristics

Oxide phase purity and crystallography of the films were investigated via high-
resolution X-ray diffraction (HRXRD) using a four-circle diffractometer. Measurements
were performed in the in-plane and out-of-plane configurations. The thickness of the films
was characterized by X-ray reflectivity (XRR) measurements.

2.3. Oxygen Surface Exchange Kinetics

Electrical conductivity relaxation (ECR) was performed with a source meter (Keithley
2450) via a van der Pauw configuration. Four silver electrodes were painted on the edge
of the sample with a separation of 5 mm. The measurements were carried out in the
temperature range from 350 to 650 °C. The relaxations were triggered by switching oxygen
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partial pressure from 0.5 to 0.01 with different N,-O, mixtures. The relaxations during
oxygen partial pressure changes were fitted to an exponential equation, from which the
time constant T was extracted to calculate the oxygen surface exchange coefficient.

2.4. Optical Conductivity

The ellipsometry technique was employed to obtain the optical constants of the films.
Two ellipsometric parameters, \ (tan corresponds to the amplitude ratio between p-
and s-polarization light) and A (phase difference between p- and s- polarization light),
for the films and the bare substrate were obtained at room temperature. The incident
angle of light was 70 degrees. The ellipsometric parameters of the bare substrate were
directly transformed to the real and imaginary parts of optical conductivity. Then, a two-
layer model composed of the substrate and the film was constructed to determine the
optical conductivity of the films. The thickness of the films was obtained from separate
XRR measurements and fixed during fitting. The only variables in this two-layer model
were therefore the real and imaginary parts of the optical constants of the film. The
Kramers—Kronig condition was forced during the procedure.

3. Results
3.1. Thin Film Characteristics

Figure 1a shows the XRD data of the reference LSCO film and LNO-decorated LSCO
films. The films clearly show the presence of the (00!)tr. peaks of LSCO and (00!).,p;. peaks
of GDC and YSZ, indicating that the LSCO films grew epitaxially. With the LNO coverage
of 3 nm thickness, the (00l),. peaks of LNO become visible. The subscripts tetra. and pc
denote the tetragonal [20,21] and pseudo-cubic [36] notation, respectively. The ¢ scans of
the LNO-decorated LSCO films showed that LNO (202),,, LSCO (103)tetra., GDC (202)c;ypic,
and YSZ (202).,4ic have strong peaks with four-fold cubic symmetry (Figure 1b), which
reveals the in-plane crystallographic relationships between GDC and YSZ (cube-on-cube
alignment), LSCO and GDC (in-plane 45° rotation), and LSCO and LNO (no rotation).
The measured in-plane lattice parameters of the LSCO films were found to be a = 3.801 A
for the undecorated LSCO film, a = 3.792 A for ~3 nm LNO-decorated LSCO film, and
a = 3.804 for ~15 nm LNO-decorated LSCO film, which are slightly larger compared with
the literature data (a = 3.777 A, ¢ =13.226 A for bulk LSCO [26]). Considering the lattice
mismatch between LSCO and GDC, the LSCO films were tensile-strained, which was
further confirmed by XRD reciprocal space maps (RSMs) shown in Figure 1c—e. Therefore,
the effect of strain on the oxygen surface exchange kinetics was ruled out in this study.

3.2. Oxygen Surface Exchange Kinetics

Figure 2 shows an ECR normalized curve corresponding to the 0.5 to 0.1 atm of the
reduction step measured with the LSCO film decorated with ~3 nm thick LNO at 450 °C.
ECR measures the electrical conductivity of the thin film as a function of time during a
change in the oxygen partial pressure, p(O,) [37,38]. The electrical conductivity is very
sensitive to the changes in oxygen chemical potential depending on the defect chemistry of
the thin film, which can enable the evaluation of oxygen transport properties [39,40]. The
raw data of the relaxations were fitted by a solution to Fick’s second law [41,42]. A simple
exponential function

g(t)=1-exp (1)

with
1

T =
kchem

where 7, [, and ke, are the time constant, film thickness, and oxygen surface exchange
coefficient, respectively, was used to fit the experimental results. As shown in Figure 2, the
fitted data with the simple model was found to well-match the experimental data, and thus
this simple model was used in this work.
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Figure 1. (a) XRD 6-26 patterns of the epitaxial reference LSCO and LNO-decorated LSCO films; (b) XRD ¢ scans of the 202
reflection of a YSZ substrate, a GDC buffer layer (~20 nm), and a LNO film (~15 nm), and of the 103 reflection of a LSCO
film (~60 nm). GDC and YSZ substrate peaks are indicated with # and *, respectively. RSMs around the 2 2-4 Bragg peak
from YSZ of (c) reference LSCO, (d) ~3nm LNO-decorated LSCO, and (e) ~15 nm LNO-decorated LSCO film.
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Figure 2. Experimental and fitted ECR data obtained from the ~3 nm LNO-decorated LSCO film
under a gas switch from 0.5 to 0.1 atm at 450 °C.

Figure 3 shows the k.o, values of the undecorated LSCO and LNO-decorated LSCO
films collected from ECR measurements. Considering the film thicknesses were much
smaller than the critical thickness (estimated to be 3 um for bulk La,CuOj [43]), the p(O5)-
dependent ke, values (Figure 3b) suggest that the oxygen surface exchange kinetics
govern the ORR activity on the film surface. As shown in Figure 3, the formation of
heterointerfaces has a strong influence on the oxygen surface exchange kinetics of the LSCO
film. Interestingly, the kchem values of the LSCO films were enhanced with LNO coverage
less than or equal to ~3 nm in thickness, whereas those were reduced with ~15 nm LNO
coverage (Figure 3a). Figure 3b shows the p(O,)-dependent k.o, Values of the undecorated
LSCO and LNO-decorated LSCO films at 350 °C. At a p(O,) of 10~2 atm, the LSCO films
with partial LNO coverages showed increased kgper, Values by up to approximately one
order of magnitude compared with the undecorated LSCO film. The p(O,) dependency of
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kchem (k o< P3) can be indicative of the rate-limiting step of oxygen surface exchange [44,45].
The undecorated LSCO film exhibited an m value close to 0.5, which indicates that the
dissociation of molecular oxygen to atomic oxygen is likely to be the rate-limiting step
(O3, ads <> 20,4s). With partial LNO coverages (~1.5 and ~3 nm), however, the dependence
of kchem On p(O2) exhibited noticeable changes. The m values for the LSCO films with
partial LNO coverages were found to be close to 0.25, which implies that the charge transfer
process (Oy,4s +4e~ +2Vp" <+ 200*) can be the rate-limiting step. The difference in the
rate-limiting step resulting from decorating LNO on LSCO suggests the different amounts
of oxygen vacancies in LSCO, since the creation of more oxygen vacancies can provide
more active sites for the dissociative adsorption of oxygen. It is therefore hypothesized that
the partial LNO surface modifications can increase the concentration of oxygen vacancies
on the surface of LSCO film, which may be responsible for the increased oxygen surface
exchange rate [46—48]. It is worth noting that the surface oxygen exchange steps proposed
in this study may include several elemental steps that might interfere with determining
the exact rate-limiting step. However, the different m values suggest that LNO surface
modifications strongly influence the mechanism and kinetics of ORR on the LSCO film.
Furthermore, the activation energies for oxygen exchange in the LSCO films with partial
LNO decorations were found to be much lower (0.26~0.31 V) than those in the undecorated
LSCO (0.39 eV) and LSCO film with full LNO coverage (0.51 eV). This result clearly shows
that the energy barrier for the surface exchange processes of the LSCO film decreased with
partial LNO coverages.

Temperature (°C)
(a) 10_5700 600 500 400 300 (b)

. ; . 10°® . ; ; .
m LSCo (E,=0.39eV) 350 °C °
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Figure 3. (a) Temperature and (b) p(O;)-dependent ke values for undecorated LSCO and LNO-
decorated LSCO films.

3.3. Optical Conductivity

Since the change in oxygen vacancies can be sensitively examined by optical spec-
troscopy [49,50], the optical conductivities of the undecorated LSCO and LNO-decorated
LSCO films were evaluated by spectroscopic ellipsometry. As shown in Figure 4, a single
peak was observed at 1.5 eV for the undecorated LSCO film. The peak position shifted
toward lower photon energy with decorating LNO on LSCO. Previous studies also demon-
strated a similar trend in the peak shift toward lower photon energy with increasing
vacancy contents in Lay_,SrxCuOy [51,52]. Therefore, our optical conductivity results
verify the aforementioned hypothesis of the increased oxygen vacancies by forming the
heterointerface between LSCO and LNO. The increase in the concentration of oxygen
vacancies by decorating LNO on LSCO can also be supported by the theoretical formation
energies (Eyac) for oxygen vacancies. The formation energy (Eyac) for oxygen vacancies in
LNO (1.23 eV) is known to be much lower than that in LSCO (2 eV) [24,31]. Accordingly, the
LNO-decorated LSCO films have a higher concentration of oxygen vacancies on the surface
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compared with the undecorated LSCO film. Given the experimental and theoretical results,
the increased oxygen vacancies obtained by constructing the heterointerface between LSCO
and LNO facilitate oxygen dissociation and incorporation at the LSCO surface, resulting in
the enhancement in ORR activity for the LSCO film.

1 v ’ 1
< v
£
O
c
o
Z v
-
——LNO ~15nm
——LNO ~3 nm
——LSCO
10 ' 15 ' 2.0
Photon energy (eV)

Figure 4. Optical conductivity (o) of the undecorated LSCO and LNO-decorated LSCO films.

4. Discussion

Whereas the LNO surface modification led to an increase in oxygen vacancies in
the LSCO films, a fully dense surface layer of LNO was not beneficial for enhancing the
oxygen surface exchange kinetics of the LSCO film. As shown in Figure 3, the surface
decoration of full LNO coverage was found to be detrimental to the ke, Values of the
LSCO film, which cannot be explained by the results from optical spectroscopy. It was
reported that the oxygen surface exchange kinetics of oxide thin film heterostructures
becomes mainly dependent on decorated materials with increasing thickness of decorated
materials [12,13]. Therefore, the decorated LNO becomes more dominant in determining
the oxygen surface exchange kinetics of LNO-decorated LSCO films with increasing the
LNO thickness. Furthermore, LNO has poor ORR activity at high temperatures due to
the decomposition of LNO to Lan;1NinOsn41 and NiO [53] and/or the distorted structure
of LNO due to the presence of oxygen vacancies [54,55]. Hence, interfacial LNO/LSCO
regions or LNO thin layers of a few nanometers in thickness on LSCO are responsible for
the observed ORR kinetics, which is further supported by the m value of full LNO coverage
(~15 nm) being larger than that of the partially covered LSCO films and comparable to a
single-layer LNO film (mm = 0.36, not shown in this paper). Consequently, the LSCO films
with partial LNO coverages have the charge transfer as the rate-limiting step, whereas
the rate-limiting step in the LSCO with full LNO decoration is the same as that in the
undecorated LSCO film. Moreover, the activation energy for oxygen exchange in the LSCO
with full LNO coverage (0.51 eV) was larger than that in the undecorated LSCO film, which
suggests that the thick LNO decoration increased the activation energy barrier for the
oxygen exchange of the LSCO film. Therefore, only partial LNO decorations enable the
enhancement in the surface exchange kinetics on the LSCO film (Figure 5).
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Figure 5. Schematic of the surface exchange kinetics of LSCO films with (a) partial LNO coverage and
(b) full LNO coverage. The active oxygen vacancies in LSCO with partial LNO coverage lead to fast
oxygen incorporation into the LSCO film while full LNO coverage hinders the oxygen incorporation
into LSCO.

5. Conclusions

In summary, we successfully demonstrated that LNO surface modification can sig-
nificantly influence the ORR activity of epitaxial LSCO thin films. We showed that the
partial LNO decoration (~3 nm) led to enhancement of the ke, values of the LSCO films
compared with the undecorated LSCO and LSCO with the LNO decoration of full coverage
(~15 nm). We also found a change in the rate-limiting step to charge transfer from dissocia-
tive adsorption with partial LNO decorations on LSCO. In addition, the activation energies
for oxygen exchange in the LSCO films with partial LNO coverages were smaller than
those of the undecorated LSCO and LSCO with full LNO coverage. These changes resulted
from the increased oxygen vacancies by decorating LNO on LSCO, as confirmed by the
optical spectroscopy results. Therefore, the increased oxygen vacancies in the LSCO film
promoted the oxygen absorption at the surface, greatly improving the ORR activity. Our
results demonstrate the key role of heterointerfaces on the oxygen surface exchange process
in RP phases, and a new strategy to design highly active RP oxides for SOFC cathodes.
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