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ABSTRACT: The interface between two functional oxide
materials governs the physical, chemical, and electronic
interactions between the two phases. We investigate the
charge transfer across the interface between two structurally
related material classes, namely, perovskite and Ruddlesden−
Popper-type oxides, choosing La0.8Sr0.2CoO3−δ (LSC) and
Nd2NiO4+δ (NNO) as our model systems for the two classes,
respectively. The interface of Nd2NiO4+δ and La0.8Sr0.2CoO3−δ
is investigated using in situ photoemission spectroscopy
techniques on epitaxial thin ﬁlms. A detailed analysis of the
electronic structure with X-ray photoelectron spectroscopy and X-ray absorption spectroscopy under an oxygen atmosphere and
at elevated temperature reveals charge transfer from La0.8Sr0.2CoO3−δ into Nd2NiO4+δ. Through the use of electrical conductivity
relaxation, it is demonstrated that such charge transfer from LSC into NNO is accompanied by a reduction in the kinetics of
oxygen exchange on Nd2NiO4+δ, contrary to expectation. Fermi level pinning at the surface of Nd2NiO4+δ is discussed as a
possible cause for this phenomenon. These insights add to the understanding of material interaction necessary for the design of
next-generation high-performance electrochemical components.

■

INTRODUCTION
The interface between two oxide phases has become a focal
point of oxide material engineering because the interaction
between the two materials allows us to tailor material properties
through strain,1 charge transfer,2 or even emergent phenomena.3 Recent ﬁndings include improvements in key properties
such as ionic conductivity,4 surface kinetics for oxygen
reduction,5 and the two-dimensional electron gas at the
LaAlO3/SrTiO3 (STO) interface and related phenomena.3 In
particular, solid oxide electrochemical devices such as fuel cells,
electrolyzers, or batteries stand to gain from improved reaction
kinetics at the electrodes.5,6
A number of recent investigations describe improvements of
the oxygen reduction reaction (ORR) kinetics, as expressed in
the surface oxygen exchange coeﬃcient, kq, through the
combination of the high-performance perovskite cathode
material La1−xSrxCoO3−δ (LSC113) and its Ruddlesden−
Popper (RP) phase (n = 1) (La,Sr)2CoO4+σ (LSC214).5,7,8
On the basis of investigations with scanning tunneling
microscopy (STM) at elevated temperatures and in an oxygen
atmosphere, our group recently suggested a model explaining
the enhanced ORR activity of the heterointerface of LSC113/
LSC214 centered around the exchange of electronic charge
carriers and oxygen defects9 and demonstrated the improved
performance of vertically aligned nanostructured composite
cathodes with respect to oxygen reduction.10 Although the
© 2018 American Chemical Society

STM investigations clearly demonstrate temperature-reversible
changes in the band gap of LSC214, the mechanism of charge
transfer remains under discussion. Furthermore, interdiﬀusion
of the A-site cations has also been suggested as a possible
mechanism of the ORR enhancement.11
This paper presents evidence of reduced oxygen exchange
kinetics on the surface of a heterostructure consisting of
Nd2NiO4+δ (NNO) and La0.8Sr0.2CoO3−δ (LSC) compared to
that on a single epitaxial layer. As such, the paper aims to
further the understanding of charge transfer across perovskite/
RP interfaces and the consequences for the kinetics of oxygen
reduction. To extend our understanding beyond that of similar
investigations,12 we investigate the perovskite/RP interface
using in situ X-ray absorption spectroscopy (XAS) and X-ray
photoelectron (PE) spectroscopy (XPS) at resonant excitation
of the B-site transition metal L2,3 edge (resonant photoelectron
spectroscopy (RESPES)) of LSC/NNO so that the spectral
contributions of both layers can be clearly separated, in contrast
to that in the LSC113/LSC214 system. Although NNO is itself
an interesting material for the oxygen electrode of electrochemical energy conversion devices,13,14 one central aspect to
the topic at hand is whether the increased ORR activity can be
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best spectral reproduction for the Ni L edge was obtained using
a crystal ﬁeld splitting parameter 10Dq = 1.5 eV in Oh
symmetry and an exchange splitting parameter of Δ = 1 eV
for both Ni2+ and Ni3+ ions. The calculated Co spectra were
broadened using a Gaussian with full width at half-maximum of
0.4 eV to account for the experimental broadening at the Co L
edge.
Unless speciﬁed otherwise, the intensity of all of the
photoemission spectra and X-ray absorption spectra were
normalized to [0, 1], with the lowest intensity being set to 0
and the highest intensity set to 1. The resonant photoemission
spectra were normalized to the intensity of the O 2p emission
line.
Conductivity relaxation (CR) measurements were performed
in a glass recipient inside a tube furnace in a 2-probe geometry
at a temperature of 340 °C. The oxygen partial pressure was
controlled via gas mixtures of pure oxygen (pO2 = 1 bar) and
pure nitrogen (pO2 ≈ 10−5 bar). CR experiments were
performed on the same samples used for the in situ XPS
investigations, prior to the spectroscopy experiments. The
atmosphere in the furnace can be changed in a few seconds by
using several mass ﬂow controllers in parallel, such that the
observed relaxation of the current is determined by the oxygen
exchange kinetics of the sample and the corresponding change
in conductivity upon reduction or oxidation.

observed at an NNO/perovskite interface in analogy to the
LSC113/LSC214 system. After providing evidence of reduced
ORR kinetics at the surface of NNO/LSC heterostructures, we
speciﬁcally address the electronic structure of LSC/NNO and
NNO/LSC bilayers on single-crystalline, insulating substrates
under an oxygen atmosphere and at elevated temperatures, to
examine the charge transfer taking place across the interface
between the two oxides.

■

EXPERIMENTAL SECTION
Epitaxial thin ﬁlms of LSC and NNO were grown on singlecrystalline, (001)-oriented SrTiO3 (STO) single crystals (MTI,
CA) by pulsed laser deposition using a KrF excimer laser to
ablate the oxide targets. Deposition conditions were chosen as a
temperature of 700 °C (heater setpoint), pO2 of 10 mTorr, a
laser pulse energy of 400 mJ, and a repetition rate of 5 Hz for
LSC and 3 Hz for NNO. The thickness of the bilayer samples
was chosen as 5 nm for the top layer and 20 nm for the bottom
layer, such that the top layer is thick enough to block
photoelectrons from the bottom layer, yet thin enough to allow
secondary electron (SE) emission from the bottom layer for
XAS. Figure 1 shows a schematic overview of the sample setup,

■

RESULTS
Surface Oxygen Exchange Kinetics Deduced from
Electrical Conductivity Relaxation (ECR). Electrical conductivity relaxation (ECR) is a useful technique to investigate
the kinetics of oxygen surface exchange, kq, and chemical
diﬀusion coeﬃcient, Dchem, for oxide materials that are
predominantly electronic conductors16 and has been successfully used on mixed electronic−ionic conductors like BSCF.17
Because the conductivity of oxide materials is very sensitive to
the amount of oxygen vacancies or interstitials in the lattice, the
relaxation of electrical conductivity upon a change in the
oxygen partial pressure, pO2, can be used to monitor the
oxidation/reduction kinetics. However, ECR is not well suited
to the investigation of very thin ﬁlms because robust results can
best be obtained for samples that show a conductivity relaxation
that is determined in similar amounts by oxygen surface
exchange and diﬀusion. Because of the very small thickness of
the ﬁlms investigated in this study (5−25 nm), the ECR is
dominated by the surface exchange coeﬃcient kq.18
We will therefore use ECR only qualitatively in this study to
compare the relaxation kinetics of two samples, a 5 nm NNO
ﬁlm grown on STO (denoted NNO throughout this article)
and a 5 nm NNO ﬁlm grown on a 20 nm LSC ﬁlm (denoted
NNO/LSC in this article). We note that under the same
experimental conditions the change in conductivity is much
larger in NNO than in LSC and further that the diﬀerence in
thickness is negligible with regard to the importance of
diﬀusion in this experiment. Using an insulating substrate such
as STO at moderate temperatures, the measured conductivity is
equal to that of the thin ﬁlm alone.
Overstoichiometric NNO accommodates excess oxygen in
interstitial sites located between the NdO rocksalt layers. The
positive charge necessary to balance the negative charge of
these interstitials is located on the Ni ions and can migrate to
conduct electric current

Figure 1. (a) Schematic view of the sample setup for photoemission
experiments. The 5 nm thin top layer is thick enough to block
photoelectrons (PEs) from the underlying layer, yet thin enough to
allow the detection of secondary electron (SE) emission for XAS from
the bottom layer.

and Figure S1a,b (see Supporting Information) shows
exemplary X-ray diﬀraction and X-ray reﬂectivitiy patterns.
Figure S2a,b (see Supporting Information) demonstrates that
although no Ti 2p photoelectrons can be detected through 5
nm LSC ﬁlms, it is possible to record XAS spectra at the Ti L2,3
edge.
In situ XAS and XPS experiments were conducted at
beamline 11.0.2 of the Advanced Light Source (Berkeley, CA)
at the ambient pressure photoemission spectroscopy endstation
and using monochromatic X-rays with an energy (hν) between
735 and 985 eV. XAS spectra were collected using secondary
electrons with a kinetic energy of Ekin = 78 eV as the signal,
with the analyzer set to a pass energy of 100 eV. The angle of
incidence is about 15° with respect to the surface normal of the
sample, and the detection angle is about 40° with respect to the
surface normal. No dedicated equilibration time was allowed
after a change of pO2, but due to the necessary calibration and
alignment for each step, the samples typically had 20−30 min
to equilibrate before the measurements.
Modeling of the Co and Ni L edges was performed using the
charge transfer multiplet (CTM) for X-ray absorption spectroscopy (CTM4XAS) software package.15 Spectra of the Co3+
and Co2+ edges were modeled with octahedral symmetry (Oh)
and with a crystal ﬁeld strength of 10Dq = 1.5 eV, and exchange
splitting parameter Δ = 3 eV was chosen for the Co ions. The
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Nd 32 +Ni 2 +O24 − + δO2 − + 2δ h• = Nd 2Ni12−+2δNi 32δ+O4 + δ
(1)

The conductivity of overstoichiometric NNO increases with
increasing δ and therefore with increasing pO2. Figure 2 shows

Figure 3. Ni L2,3 edge experimental spectrum (black circles) of
Nd2NiO4+δ recorded at T = 300 °C and pO2 = 10−2 Torr. A linear
combination of the Ni2+ (blue line) and Ni3+ (green line) spectra
calculated using CTM4XAS can be used to reproduce the spectral
envelope (red line).

Figure 2. Conductivity relaxation upon the transition from 1% O2 in
N2 to 10% in N2 for NNO (red line) and NNO grown on LSC (black
line).

According to eq 1, the amount of interstitial oxygen is half
that of the Ni3+ concentration. For the spectrum shown in
Figure 3, the oxygen overstoichiometry is therefore δ = 0.205,
in good agreement with former investigations of NNO.19 We
point out that this number is not the result of a least-squares ﬁt
but rather the result of a spectral reconstruction based on
calculated model spectra using the CTM4XAS software
package. The agreement between our estimation and known
values for the overstoichiometry is nevertheless encouraging.
To determine the inﬂuence of the B-site Ni ions on the
valence band structure of NNO, resonant photoemission
experiments were performed at the Ni L2,3 absorption edge,
shown in Figure 4 for the same sample. Because the resonant
excitation of the 2p → 3d transition increases the density of
states related to the respective 3d orbitals, the valence band
spectra are expected to show increased intensity of the features

conductivity relaxation experiments at 340 °C on a 5 nm thin
NNO ﬁlm (red line) and a 5 nm thin NNO ﬁlm grown on a 20
nm ﬁlm of LSC (black line). To better compare the relaxation
kinetics, the current has been normalized to account for the
diﬀerent conductivities of the two samples according to the
usual procedure.16 Upon switching the atmosphere from 1% O2
in N2 (pO2 ≈ 10−2 bar) to 10% O2 in N2 (pO2 ≈ 10−1 bar), the
conductivity of both samples increases in accordance with the
oxidation of the samples and an increase in δ. However, the
kinetics of this oxidation is very diﬀerent for the two samples:
the conductivity response of the NNO layer on LSC is much
slower than that of the reference NNO layer. The same
behavior is seen for reduction (data not shown). This suggests
that the oxygen exchange kinetics of the NNO/LSC
heterostructure is much slower than that of NNO. This eﬀect
will be investigated by in situ spectroscopy in the following
sections.
Electronic Structure of Nd2NiO4+δ. As a ﬁrst step, the
electronic structures of NNO and LSC are examined via XAS
and RESPES experiments. Consecutively, the same experiments
are utilized to examine the electronic structure of the NNO/
LSC heterostructure to determine whether a physical reason for
the slower ORR kinetics can be identiﬁed.
According to eq 1, the valence state of the Ni ions can be
conveniently used to determine the oxygen stoichiometry of
the material. In Figure 3, the Ni L2,3 edge spectrum of a NNO
ﬁlm grown on a STO single crystal is shown (black, open
circles), recorded at a temperature of 300 °C and an oxygen
pressure of pO2 = 10−2 Torr, along with the calculated Ni2+
(blue line) and Ni3+ (green line) spectra. A linear combination
of 59 ± 2% Ni2+ and 41 ± 2% Ni3+ (red line) produces a good
quantitative reconstruction of the experimental spectrum. We
stress that we do not attempt to investigate the electronic
conﬁguration of the Ni ions in detail but are instead interested
in a reconstruction of the spectrum to quantify the oxygen
stoichiometry.

Figure 4. Resonant photoemission spectra of the valence band of
NNO, using three excitation energies: oﬀ-resonance (black), Ni2+
(red) and Ni3+ (blue) resonance. The diﬀerence spectra between the
normalized oﬀ- and on-resonance spectra are shown in dashed lines for
Ni2+ (red) and Ni3+ (blue).
4843

DOI: 10.1021/acs.jpcc.7b10284
J. Phys. Chem. C 2018, 122, 4841−4848

Article

The Journal of Physical Chemistry C
related to the 3d orbitals. The RESPES spectra correspond to
the excitation energies (hν) of 845 eV (oﬀ-resonance, black),
853 eV (Ni2+ resonance, red), and 854.5 eV (Ni3+ resonance,
blue). The spectra have been scaled such that the intensity
coincides at the O 2s core level around 20 eV. Note that this
scaling qualitatively preserves the intensity increase observed
for the raw spectra, i.e., the Ni2+ resonance produces the highest
overall intensity in the valence band.
A closer examination of the diﬀerence spectra between onresonance and oﬀ-resonance (dotted red and blue lines for Ni2+
and Ni3+, respectively) reveals two distinct shoulders close to
the Fermi level (marked by the gray arrows), which are more
distinct in the Ni2+ resonance. We can therefore ascribe these
two features to the Ni 3d−O 2p hybridized contributions to the
valence band,20 in agreement with previous studies.21 The
resonant feature closest to the Fermi level is located at Ebind ≈
1.4 eV. The strong intensity enhancement below the valence
band (marked with black arrows) is a contribution from the Ni
L3VV Auger relaxation process with a kinetic energy of Ekin =
844.8 eV, which involves an L3 core hole and relaxation of
electrons from the valence band.
Electronic Structure of La0.8Sr0.2CoO3−δ. To get a
reference point for the anionic defect chemistry of the LSC
surface under the investigated conditions, we examined a 5 nm
LSC layer grown epitaxially on a STO single crystal. Figure 5

RESPES at the Co L2,3 edge performed on the same sample
yielded a resonant photoemission spectrum of the valence band
shown in Figure 6. Similar to that in the Ni L edge resonance

Figure 6. Resonant photoemission spectra of the valence band of LSC
grown on a STO3(001)-oriented single crystal, using two excitation
energies: oﬀ-resonance (black) and Co3+ resonance (red). The
diﬀerence spectrum between the oﬀ- and on-resonance spectra is
shown by a dashed blue line.

on NNO, there is a broad contribution from the Co L3VV
Auger process around Ebind = 8 eV, indicated by the black
arrow. In addition, a strong enhancement of the leading edge of
the valence band is visible in the resonant spectrum recorded at
an excitation energy (hν) of 779.9 eV (red line), corresponding
to the contribution of the hybridized Co 3d−O 2p orbitals to
the valence band. When a diﬀerence spectrum (dashed blue
line) is calculated by subtracting a reference spectrum
(recorded oﬀ-resonance at hν = 775 eV (black line)) from
the resonant spectrum, it is clearly visible that the maximum of
the intensity enhancement is located at approximately Ebind ≈
1.25 eV (indicated by the gray arrow).
Charge Transfer in NNO/LSC Heterostructures. In situ
X-ray absorption spectroscopy (XAS) and photoemission
spectroscopy (XPS) experiments at elevated temperatures and
oxygen partial pressures in the range from 10−6 to 1 Torr were
performed on epitaxial heterostructures to investigate the
interaction between the perovskite and RP layers. In particular,
resonant photoemission spectroscopy (RESPES) at the Co L
edge was used to demonstrate the charge transfer from the
perovskite into the RP layer.
Figure 7a shows the Co L edge spectra collected through the
5 nm thin NNO layer. Valence band spectra were recorded at
excitation energies (hν) of 775 eV (oﬀ-resonance, marked with
a dashed black line) and 780.2 eV (Co L3 resonance, dashed
red line). The resulting valence band spectra are shown in
Figure 7b. The spectrum at Co L3 resonance (red line) shows a
clear shoulder at the Fermi level, as well as an overall increase in
intensity over the oﬀ-resonance spectrum (black line). The
diﬀerence spectrum (dotted red line) shows a pronounced peak
in the NNO valence band situated just below the Fermi level
that is related to the Co excitation, as well as a broad spectral
feature that can be attributed to the Co L3VV Auger process.
The two sharp lines located at 784 and 800 eV excitation
energies in Figure 7a can be identiﬁed as the Ba M4,5 edge and

Figure 5. Experimental Co L2,3 edge spectrum recorded at 300 °C and
pO2 = 10−2 Torr (open circles), along with the spectra calculated by
CTM4XAS to represent the Co2+ (black line) and Co3+ (blue line)
contributions and a linear combination of the two calculations (red
line).

shows the Co L2,3 edge spectrum recorded under experimental
conditions (300 °C, 10−2 Torr O2) as black circles and the two
calculated spectra representing the contribution from Co2+
(black line) and Co3+ (blue line) ions. The spectral
reconstruction suggests that a signiﬁcant amount of Co present
in the surface region accessible by XAS is reduced to the
divalent state (Co2+). The surface of perovskite oxide thin ﬁlms
is often strongly oxygen deﬁcient,22−25 which is also evidenced
in this study through the strong contribution of Co2+ ions in
the surface.
After normalization and subtraction of a linear background,
integration of the L3 and L2 lines of the Co L2,3 edge spectrum
shown in Figure 5 yields the branching ratio = IL3/(IL3 + IL2) =
0.74, indicating a high-spin conﬁguration of the Co ions.26
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Figure 7. a) Co L edge spectra recorded on the NNO/LSC heterostructure at 300 °C and pO2 = 10−2 mTorr. The black and red dashed lines mark
the oﬀ- and on-resonance energies, respectively. (b) Valence band spectra of NNO/LSC, with oﬀ- and on-resonance (black and red lines,
respectively) excitation energies at the Co L3 edge. The dotted red line shows the diﬀerence spectrum.

are the result of a small Ba contamination most likely of the
NNO. Going by a simple intensity comparison between the Nd
4d and Ba 4d emission lines, the amount of Ba is less than 2%
with respect to the A-site cations. Furthermore, RESPES
experiments at the Ba M5 edge show no change in the valence
band other than the Co L3VV Auger peak, indicating that this
minor Ba contamination is not involved in the chemical or
electronic structure of NNO and LSC through the interface.
The RESPES experiments reveal a clear increase in the
intensity of the NNO valence band just below EF at Co L3 edge
excitation. Even at a photoelectron kinetic energy of nearly 780
eV, the observed increase is too large to be derived from the
LSC layer underneath. The inelastic mean free path of a
photoelectron with that kinetic energy can be estimated to 17
Å; thus, the NNO layer absorbs ≈95% of the photoelectron
intensity of the LSC layer.27
The top of the valence band in transition metal oxides is
composed of the hybridized metal 3d bands.20 For Co2+ and
Ni2+ ions, the electronic conﬁgurations are 3d7 and 3d8,
respectively, where the unﬁlled eg↑ bands form the top of the
valence band. Comparing the energy positions of the 3d eg↑
bands in the resonantly excited valence band spectra (Figures 4
and 6), we ﬁnd that the center of the Ni 3d eg↑ band is located
at ≈1.4 eV below EF, whereas the center of the Co 3d eg↑ band
is located ≈1.25 eV below EF. The result is a charge transfer
from Co 3d eg↑ states into Ni 3d eg↑ states across the interface,
which explains the enhancement of the NNO valence band at
resonant Co L3 excitation. This eﬀect is similar to what has
been found for La1−xSrxMnO3/La1−xSrxFeO3 interfaces.2 In situ
experiments provide the distinct advantage that the oxidation
state of the sample can be investigated in a controlled manner.
We have therefore performed XAS experiments at diﬀerent
temperatures (300 and 415 °C) and values of pO2 (pO2 = 10−2,
10−4, and 10−6 Torr), to vary the chemical potential of the gasphase oxygen, μO2, and therefore the oxidation state of the
sample in thermodynamic equilibrium with the gas phase.
Because the oxygen nonstoichiometry is accommodated by
charge carriers localized at the transition metal ions in both
LSC and NNO, it is possible to track the oxygen content
indirectly by the valence state of the Co and Ni ions,
respectively.
Figure 8 shows Ni L edge spectra recorded at selected (T,
pO2) combinations on both NNO/LSC heterostructures and
the NNO reference. For clarity, not all collected spectra are
shown. The calculated contributions of the Ni2+ and Ni3+ ions

Figure 8. Ni L2,3 edge spectra of NNO and NNO/LSC (spectra are
oﬀset for clarity) at three diﬀerent oxygen chemical potentials in the
gas phase, deﬁned by (T, pO2) combinations. NNO/LSC spectra show
a contribution from the La M4 edge of the underlying LSC layer.
Calculated spectra for Ni2+ and Ni3+ are shown as the blue and green
lines, respectively, to illustrate the changes between the spectra.

are shown for reference by the blue and green lines,
respectively. The NNO reference exhibits changes between
the spectra for all diﬀerent temperatures and pO2 values
investigated, revealing a decreasing Ni3+ concentration with
decreasing pO2 and increasing temperature, indicating that the
sample is in equilibrium with the gas phase. In contrast, the
NNO/LSC heterostructure shows no change in the XAS
spectrum with decreasing pO2 or increasing T, until signiﬁcant
changes are observed when reducing from pO2 = 10−4 to 10−6
Torr at T = 415 °C. For the sake of completeness, the
corresponding XPS spectra can be seen in Figure S3 in the
Supporting Information. It is clear, however, that XAS is more
sensitive to changes in the oxidation state of Ni than XPS.
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Finally, it is instructive to examine the behavior of the oxygen
1s emission line and the valence band under the same set of
thermodynamic conditions. The O 1s and valence band XPS
spectra for both NNO and NNO/LSC recorded at an
excitation energy (hν) of 735 eV are shown in Figure 10.

A quantitative analysis of the NNO/LSC heterostructure is
complicated because of the presence of the La M4 edge, but
despite the large absorption cross section of the rare-earth ions,
the sharp line allows for a simple correction using a reference
spectrum recorded on an LSC sample under the same
conditions. The corrected spectrum can be reconstructed
using a linear combination of the calculated Ni2+ and Ni3+
spectra (see Figure S4 in the Supporting Information). The
analysis for T = 300 °C and pO2 = 10−2 Torr yields a Ni2+/Ni3+
ratio of 0.48/0.52, which corresponds to an oxygen nonstoichiometry of δ = 0.26, according to eq 1. It is clear that
compared with the value of δ = 0.205 established for the NNO
reference sample under the same thermodynamic conditions
(see Figure 3) the overstoichiometry is increased in the NNO
lattice of the bilayer structure.
To examine whether the origin of the diﬀerence in oxygen
stoichiometry in NNO and NNO/LSC can be traced to LSC,
we also investigated the valence states of Co in a 5 nm LSC
layer grown on STO and a 5 nm LSC layer on 20 nm NNO. A
comparison of the Co L2,3 edge spectra recorded on LSC/STO
and LSC/NNO under the same conditions (T = 300 °C and
pO2 = 10−2 Torr) yields an almost negligible diﬀerence in the
spectral weight of the Co2+ and Co3+ components, as shown in
Figure 9. LSC shows the same oxygen stoichiometry under
these conditions whether present in the single layer or the
bilayer structure, in contrast to the behavior exhibited by NNO.
This implies that the additional oxygen interstitials in the
NNO/LSC bilayer are primarily integrated into the crystal
lattice from gas-phase oxygen.

Figure 10. XPS spectra of the O 1s emission line and the valence band
for NNO/STO (top) and NNO/LSC (bottom) for various
thermodynamic conditions (spectra are oﬀset for clarity). The O 1s
emission line shows components corresponding to the lattice oxygen
of NNO (marked L) and adsorbed surface species (marked S).

Analogous to the XAS spectra, the XPS spectra of NNO show
distinct changes between the diﬀerent (T, pO2) conditions. In
particular, a downward shift of the valence band edge for
decreasing pO2 and a corresponding shift of the binding energy
of the lattice oxygen emission line (marked L) can be observed.
The O 1s surface component (marked S) shifts in energy as
well and decreases in intensity with decreasing pO2, implying
that this line corresponds to oxygen adsorbed on the surface of
NNO. The downward shift in binding energy can be explained
by a shift of the Fermi energy, EF, of the system in response to
the changing charge carrier concentration, conﬁrming that the
NNO sample is indeed in thermodynamic equilibrium.
The NNO/LSC heterostructure behaves somewhat diﬀerently, in agreement with the XAS results. Until the most
reducing experimental conditions were reached at a temperature of T = 415 °C and pO2 = 10−6 Torr, there was no
observable change in the valence band or a shift in the binding
energy of the lattice component of the O 1s emission line. The
binding energy of the adsorbed oxygen species, however, does
change in accordance with the pO2, clearly showing the change
of the oxygen chemical potential in the gas phase. At T = 415
°C and pO2 = 10−6 Torr, NNO/LSC shows the same
downward shift of EF as NNO/STO. This is in agreement
with the Ni L edge XAS spectra recorded under the same
conditions, clearly showing a loss of oxygen.

Figure 9. Co L edge XAS spectra recorded at 300 °C and pO2 = 10−2
Torr values on both LSC on STO (red lines) and LSC on NNO
(black lines). CTM calculations of Co2+ and Co3+ ions are shown in
blue and green, respectively, to illustrate the spectral weight of the
components.
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■

DISCUSSION
Coupling the perovskite La0.8Sr0.2CoO3−δ and the Ruddlesden−
Popper phase Nd2NiO4+δ via an epitaxial interface has a
negative impact on the oxygen exchange kinetics of the surface
of NNO, as shown via conductivity relaxation. The resonant
photoemission experiments performed under in situ conditions
show a Co 2p resonance in the valence band of NNO, a clear
indication of a charge carrier transfer across the interface.
During in situ investigations of the reducibility, a striking
contrast between NNO and NNO/LSC emerges: whereas
NNO shows clear evidence of equilibrating with the sample
environment, the NNO/LSC heterostructure does not. The
binding energy shift of the adsorbed oxygen on the NNO
surface provides further evidence because the amount of
adsorbed oxygen and the energy position of the emission line
clearly correspond to the changing oxygen chemical potential in
the gas phase, whereas this is not the case for the NNO/LSC
sample. These ﬁndings conﬁrm the conclusion of the
conductivity relaxation experiments that the oxygen exchange
kinetics is far slower or hindered in the NNO/LSC
heterostructure, as compared to that in the NNO/STO
reference.
Concerning the reducibility of the heterostructure, we ﬁnd
that NNO/LSC does not show signiﬁcant signs of reduction
under the investigated conditions, whereas the oxidation state
of Ni in the NNO reference ﬁlm follows the oxygen chemical
potential in the gas phase quite nicely. This is in contrast to
previous ﬁndings on perovskite/RP systems, where heterostructures based on La 1−x Sr x CoO 3− δ /(La,Sr) 2 CoO 4+σ
(LSC113/214) were more easily reducible than the singlephase ﬁlms.12 However, a key diﬀerence between LSC214 and
NNO is that under the investigated conditions, oxygen
vacancies are expected to be the dominant defect in
La0.5Sr0.5CoO4, whereas oxygen interstitials are expected for
NNO, which is in agreement with our ﬁndings. Notably, the
oxygen reduction kinetics of LSC113/214 heterostructures is
accelerated in comparison to that of LSC113 or LSC214,
whereas LSC/NNO shows a slower exchange kinetics than that
of either NNO or LSC.
Earlier investigations regarding the interaction of perovskite
and RP phases across an epitaxial interface concentrate on an
enhancement of physical properties.8,9,28 To fully understand
the phenomenon, however, it is necessary to also examine the
cases where the opposite eﬀect is observed. Although we do not
possess suﬃcient information about this phenomenon to
support an explaining hypothesis, some observations should
be pointed out. A key ﬁnding of our investigation is that the
Fermi level EF of NNO/LSC does not shift with the oxygen
chemical potential, μO2, in the continuous way observed for the
NNO reference. Because the energy levels of the absorbed
oxygen do shift with μO2, we can expect that the kinetics of the
charge transfer reaction between the solid and the adsorbed
oxygen molecule is negatively impacted in the heterostructure.29
Because the chemical state of the Co ions in LSC is much
less aﬀected by the reducing conditions in our investigation
than that of the Ni ions in NNO, it seems reasonable to assume
that the improved stability against reduction of the NNO/LSC
heterostructure is related to the LSC layer. One possible
mechanism causing this eﬀect can be identiﬁed as a pinning of
the Fermi level of NNO/LSC, which is in turn a likely

consequence of the transfer of electronic charge carriers across
the interface from the LSC into the NNO layer.

■

SUMMARY
Heteroepitaxial interfaces between perovskite La0.8Sr0.2CoO3−δ
and Ruddlesden−Popper phase (La,Sr)2CoO4+δ (LSC214)
have been shown to have improved oxygen reduction kinetics
compared to that of either LSC or LSC214.5,7,8 The origin of
this phenomenon has been suggested to be related to the
exchange of charge carriers and oxygen defects across the
interface9 or interdiﬀusion of Sr across the interface.11 To shed
further light on this phenomenon, we investigated the
heterointerface between La0.8Sr0.2CoO3−δ and Nd2NiO4+δ
using electrical conductivity relaxation, in situ X-ray absorption
spectroscopy, and photoemission spectroscopy. The reduction
kinetics of NNO/LSC heterostructures is negatively impacted
compared to that of a NNO reference, as demonstrated by
electrical conductivity relaxation experiments. Using in situ
photoelectron spectroscopy and X-ray absorption spectroscopy,
we ﬁnd diﬀerences between the two systems that are in line
with the reduced reduction kinetics. We ﬁnd clear evidence for
electronic charge transfer from LSC into NNO through
resonant X-ray photoelectron spectroscopy investigations.
The NNO layer in the NNO/LSC ﬁlm shows a larger oxygen
nonstoichiometry compared to that of the single-phase NNO
layer, which is likely related to the electronic interaction with
the LSC layer. Our results suggest that the charge transfer from
LSC to NNO causes a Fermi level pinning in the NNO layer,
which results in the decreased oxygen exchange kinetics.
Although our ﬁndings do not clarify the origin of the
enhancement of oxygen exchange kinetics at perovskite/RP
interfaces, they demonstrate that the oxygen exchange kinetics
of heterointerfaces is sensitive to the chemical composition of
the interfacing oxides.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b10284.
Additional information on the sample structure (Figure
S1), XPS and XAS analysis depth (Figure S2), Ni 2p XPS
spectra (Figure S3), and subtraction of the La M4 edge
from a Ni L edge spectrum (Figure S4) (PDF)

■

AUTHOR INFORMATION

Corresponding Authors

*E-mail: c.lenser@fz-juelich.de (C.L.).
*E-mail: byildiz@mit.edu (B.Y.).
ORCID

Christian Lenser: 0000-0001-5636-2201
Qiyang Lu: 0000-0002-9155-3684
Ethan Crumlin: 0000-0003-3132-190X
Hendrik Bluhm: 0000-0001-9381-3155
Present Address
⊥

Institute of Energy and Climate Research (IEK-1), Forschungszentrum Jülich GmbH, 52425 Jülich, Germany (C.L.).
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