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To understand ultréast oxygen reduction @ction kinetics near
Lag gSrp 2C00s/(Lag sSh 5)2Co0,  (LSCii3p14)  interface, a
combination of imsitu scanning tunneling spectroscopy and
focused ion beam milling was used to study the local electronic
structure near LSfgsp14interfaceat elevatedemperature and in
oxygen. The electronic activation of L§&by the coupling with
LSCi13 concurrent with the fast oxygen incorporation on kC
was identified to be a keyeason These results put forward the
electronically coupled oxide structures mevel cathodes. We
generalize andurther test this idea on laap gSrp 2C00s/LayNiO4
system, which shows similar electronic activation of LAIO, at
elevated temperatures

Introduction

Solid Oxide Fuel Cells (SOFCs) are particularly attractive for a sustainable energy
infrastructure because of their fuel flexibility and high conversion efficiagyThe

high working temperature of SOFCs (800-1000°C), on one hand, makes this kind of fuel
cell very efficient because of faster transport and electrochemical reaction kinetics. On
the other hand, such high temperatures create problems because of the aging and
durability of issues oimaterials.In order to decrease the cost for the SOFCs, it is
desirable to decrease the working temperature of SOFCs to intermediate rangd0(500
°C). At such low temperatures, the oxygen reduction reac{iORR) at cathodes are
reported to be the main barrier for SOFCs to achieve high performance. Therefore, it is
needed to synthesize cathode materials with high oxygen reduction activity at reduced
temperatures (<700C). Traditional approaches to enhancing cathode performance
include the tailoring of crystal structure, chemical composition, and microstructure, such
as the use of porous nanostructured composizesRecent reports of oxide hetero
structures exhibiting exceptionally high ORR activity and ionic conductivity give a
promising alternative approach to achieve hgiformance cathodeAn example is the
(LaSr)CoQ/(LaSrpCoO, (LSCy13p14) heterestructure SpatiallyresolvedSecondary lon

Mass Spectrometry (SIMS)3,4) and electrochemical measuremen(s,6) have
demonstrated oxygen exchange kinetics several orders of magnitude faster near the
interfaces betweehSCii3and LSGi4 thin layersat about 500 °C compared to either
material individually It is evident that the interfacial regions of these bk:94ishetere
structures are responsible for such impressively accelerated ORR ki(¥e8gsThis
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paper summarizes our recent findings from experimésand computation (7) to
uncover the physical origin of these empirically observed results.

The objective of this work is to obtain a fundamental and micro scale understanding of
the role of interfaces in determining the ORR activity of LSgishetero oxide We
particularly focus ontsdyingthe correlation betweethe local electronic struatel near
the LSC,14/113interface and the charge transfer process during ORR. Consequently, based
on such understanding, weraio design novel oxide hetestructure as highly active
cathode materials for the development of more efficient and durable SOFCs.

The key step of this research is itentify the local electronic structure near the
LSCii3pz14interface at conditions close to that of the functional environment of SOFCs.
Such information has been reported in previous studies to be a key fgataraing the
ORRactivity (9-12). However, probing thelectronic structure near an interface confined
at thre nanometer scale is a withown challengein the study of heteraiterfaces To
perform such experiments in sii high temperature and in an oxygen environment has
beenbeyond the traditionategime of materials characterization techniques. Scanning
probe techniques are ideal in revealing local electronic, magnetic or electrochemical
properties on the surfagé3-15) However, it is very challenging to apply them to probe
interfaces buried beneath the surfand under the harsh working conditions of SOFCs
cathodes (high temperatures and in oxygen environments). Previous successful attempts
at exposing the local interface properties of oxides to scanning probe characterization
have not provided a generalized capability to expose buried interfaces in a controllable
fashion and have been limited to room temperature measurements.(14,15)

In this work, we combinen situ scanning tunneling microscopy and spectroscopy
(STM/STS) with grazing incidence faused ion beam (FIB), for the first time, to
overcome the challenges in accessing the local electronic structure of multilayer (ML)
interfaces with high spatial resolution at elevated temperatures in oxygen gas
environment (9,16)We fundthat @ 200-300°C, the LSGy4 layers are electronically
activated through interface coupling witlsC;;3 Such electronic activation is expected
to facilitate charge transfer to oxygeand concurrent with anisotropically fast oxygen
incorporation on LSgi4 explainsthe vastly accelerated ORR kinetics nearli€;13/214
interface. Similar electronic activation behavior of ,MED, was also foundin
Lag sSrp.2Co0s/LapNiO,4 system with implications for enhanced ORR kinetics.

Experiment

The approach we used to probe the electronic structure near theitteréace at
high temperature and in oxygen gas environmestiematically shown in Fig. 1 (16)
Firstly, we fabricated anultilayer (ML) by pulsed laser deposition (PL) srve as a
model system. The grazing incidence focused ion beam (FIB) milling was then used to
expose buried interfaces to the surface, as shown in Fig. 1 (b). After FIB niikey,
Ar* sputteringfollowing by annealing in oxygen was used remove any residuabiGa
the surface duringrlB milling processFig. 1 (©) and (c)shows theside view andop
view of the FIB cut region. We can see from Fig. 1 that heteterface region was
expanded from nm to pum, which greatly facilitatedthe characterization of electronic
structure near the interfaby STM at elevated temperatuiy applying either a positive
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or a negative bias voltage to the STM tip, the filled and empty electronic states are
detected. Consequently, wean identify theelectronic density of states across the
interface that has been exposed by FIB milling. This information correlates to the ease of
electron transfer between surface and oxygen in ORR. Unique tstuy is that we
performed the STMS measurements using @stomized surface science system at
elevated temperature and in an oxygen environment, which is relevant to the SOFC
working conditions.

Pulsed laser deposition

Ga* /<~-- Oxide A Oxide A
% Oxide B
/ﬁ--- Oxide B Oxide A
hy
(a) sina
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Tip
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Figure 1. a) Schematic description of the FIB milling process with a shallow incidence
angle,a, which was usedotexpose and visualize the inner layers and the interfaces. b)
The side view of the multilayer specimen after FIB milling c) The top view of the
multilayer after the FIB millingThe areaof each layer, hand h,, is magnified by a
factor of 1/sim after FIB milling. Figure adaptifrom ref. (16)

ThePLD was performed using a KrF excimer laser with wavelength of 248 nm. The
films were deposited at 708 under 10 mTorr oxygen pressure. After t@wth
process, the films were cooled down to room temperature in 2 Torr oxygen pressure to
oxidize the films. The~IB milling was carried out using the Helios Nanolab 600 dual
beam FIB milling system. The Gheam current and acceleration were 100 pA 3td
kV, respectively. The angle between the beam and surface were carefully aligned to be
less than 4 A Physical Electronics Model 700 scanning nano-probe Auger Electron
Spectrometer (AES) was used to spatially quantify the cation chemistry and the Ga
content on the FIBwilled ML crosssection. The energy and current of incident electrons
were 10 keV and 10 nA, respectively. No residual Ga was found in theuglggion
after Ar sputtering.

For identifying the crystal structure, th@ -2 scans weremeasured by a high
resolution four circle Bruker D8 Discover diffractometer, equipped with a Gobel mirror,
4-bounce Ge (022) channel-cut monochromator, Eulerian cradle, and a scintillation
counter, using Cu Koy radiation

A modified variabldempeature scanning tunneling microscope (8TM) (Omicron
GmbH, Germany) was used to probe the surface morphology and to obtain surface
electronic structure information with high spatial resolution at elevated temperatures
(room temperature to 30C) and in oxygen environment (3Gnbar). A retractable
oxygen doser placed near the STM stage in the chamber was used to directly expose the
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sample to oxygen during the STM/STS measurements. For surface cleaningsiumd in-
measurements, samples were heated using a pyrolytic boron nitride (PBN) heater. To
obtain high quality images and tunneling spectra, the sample was cleaned prior to the
STM/STS experiments by first sputtering the surface by low eneryois keV) for 5
minutes, followed by heating in high puribxygen at 456C and 10° mbar pressure for

1 hour. This served to remove the water and carblated adsorbates from the surface
due to air-exposure after film growth.

An Omicron EA 125 hemispherical analyzer and Omicron DAR 400 Mg/Al dual
anode non-monochromated r&y source were used for theray photoelectron
spectroscopy (XPS) measurements probing the surface chemistry. An M@yKsKurce
(1253.6 eV), operated at 300 W, was used for all the XPS data shown in this paper. Peak-
fitting and diemical quantification were performed using the CasaXPS 2.3.15 software.

Results and Discussion

Structure and Composition bSC;13214Multilayer Model §stem

10 nmLag 5SIp.gC0o0; (LSCi13) and 10 nm (L&sSro.5)2C00, (LSCo14) multilayer (ML)
with 10 modulationsvere grown on SrTigXSTO) (001) by PLDThe LSGi3and LSGi4
single phase were also grown on STO (001) substrate at the same condition to serve as
referencesamplesas shown in Fig. 2a). Both the LSGy4 and LSG;3 layers in the ML
structureand in single phase were highly textured in the [001] out of plane direction. The
26-m scan ofLSCy13214multilayer isshown in Fig3.

Multilayer Single phase
SrTiO; (001) SrTiO; (001)
(a)
. i 214
L 3 i § 1.2]15C,,, LSCy4s LSCyuy LSCyps
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Figure 2. (a) Structure of LS@3214 multilayer and single phase reference samfgs
Scanning Electron Microscopy (SEM) image of the L3&ismultilayer crosssection
after FIB milling. €) Sr intensity as function of position (tracing white line in (b))
measured by Auger electron spectroscopy (AES) line scan. The Sr intensity&ined

to that on the LS&4phase in the multilayer structur@gure aapted from re(9).
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The buried LS 3214interfaces in ML structure are exposedtte surface by grazing
incidence FIB milling to facilitate STM/STS characterizait8), as shown in Fig. £a)
and (b). Consistendlifferences in cation composition between the k%@nd LSGi3
layers are observed in the AES line scan across the interface (Fig.2 (c)). The surface
cation composition of the LSgon the top surface layer and that on the exposed cross-
section of the MLregion are found to be the samathin the quantification error limits
of the highspatiatresolutionAES. This indicates that the FIB milling process did not
induce anydetectable composition change within the layers
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Figure 3. X-ray diffraction pattern of the LS&14 (Lap.sSthCoOs/(LagsSrh.5)CoOy)
multilayer sample between 10 and 80°, showing ther@&@ctions of the LSg&4 and
LSCiizlayers in the multilayer structure and of the STO substidte X-ray source is

Cu Kol radiation Figure adapted from re).

Electronic Structure near LS$S{G14 interface from Room Temperature to Elevated
Temperatures

Hg. 4 (a) shows the topography measuredsid (top row) and the tunneling current
map (bottom row) near an interface region of thHeSCii3214 ML System atroom
temperatureand at 300°C. At room temperature, we can seeotdistinct electronic
regionsfrom the tunneling current map between the LS@nd LSGi4(Fig. 4(a), RT).
Suchcontrast in the tunneling current maps correlates well with the spatial transitions in
the STM topographymages This resultindicates that there iglarge difference in the
electronic structure between L§gand LSGi4phase at room temperature. 2@0 °C,
the electronic structure contrast between the two phases was found to disappear, as shown
in the (Fig. 4(a)). Such change electronic structure can be seen more clearly from the
band gap value measured from tunneling current spectra, as shown in(B)gThe
energy gap values are found to be 1.4 +el/2on the LSG3layers and 2.6 0.3eV on
the LSGi4 layersat room temperature. The energy gap of L3 this ML structure is
consistent with the energy gap value we previousported as 1.5 £ 0.8V at room
temperature on the surface of Lig£single phase epitaxial thin films grown on STO
(001) (17) As the temperature increaséise energy gaps of both LgGand LSGi4
phasesn ML structure decrease with increasing temperatumce disappear at about 250
°C. When the sampdeare cooled down, the energy gap of both phases return to their
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initial values (Fig. 4(b)). Because of the reversibility of these transitions, this behavior
can only be captured with in sitteasurements.
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Figure4. (a) Topography (top row) and tunneling current map (bottom row)at 2 V
from room temperature (RT) to 36G under oxygen pressure of 1énbar. (b) Energy
gap values obtained on LG and LSGi4when they are within the ML structure versus
values obtained for the single phase thin film structures. Figure adapted from ref. (9).

Fig. 4 (b) shows the comparison of band gap valueld8€,;;3and LSCy14in ML
structure and in single phase. We can see that the; 4 S@face electronic structure in
the ML structure behaves vergimilarly to its singlephase counterpart at high
temperature$l7), while the electronic structure of L$G in the ML differs significantly
by showing a reversible disappearance of the energy gap at and abo¥@ @g. 4
(b)).! The energy gap of the LSGphasest 200°C in the ML structure decreases to 1.6
+ 0.2 eV, close to the energy gap tbe LSGi4 Sngle phase thin film at the same
temperatureFurther increasof temperature to 25C leads to the disappearancs the
energy gamf the LSGy4in the ML structure. In contrast, the single phase 4.5Min
film still exhibits an apparent energy gap of 1.0 +é/2at 250°C and 0.8 + 0.2V at
300 °C. This indicates that the presence of L§0dnfluencesthe LSGayy electronic
structure and activates it electronicaltlyougha coupling at their interface.

Mechanism of Electronic Activation in LSG/>145ystem

The disappeanceof band gap on LSfzzsingle phaseat high temperature has been
previously reported by our group be related to the reductiomduced oxygen vacancy
defect states on LSG surface (17) Similar phenomenon was also reportéolr
Lag 7SrpsMnO3 (18) and Sr(Ti,Fe)@ (19) thin films in our recent workBecause the
LSCy13 surface energy gaphanges in a similar way with temperatumethe ML and

1 As mentioned above, the Lggsingle phase thin film was too insulating for STM/STS measurements at
room temperature, thus, an eneg@p value it is not reported specifically at RT before and after the high
temperature experiments.
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single phase thin filmsts decrease and disappearance in the ML islisly due to the
creation of oxygen vacancies in its near surface region

LSCi4accommodates interstitial oxygen defects rather than oxyaesncies for Sr
content < 50 % on the A-site (7,20) The reduction enthalpy in theSC;14 is considered
to be higher than that ibSC;;3(7). To confirm this, we compared the valence staftles
the Co cation which are directtprrelated with the oxygen vacancy contenthese two
phasesA significant reduction of Co on the L% film surface is evident from the
appearance of the &osatellite peak at about 36G (Fig. 5).0On the contrary, the Co 2p
spectrum on the LSGy(Fig. 5) does not change between 200 to 3D0These results
demonstrate that the formation of oxygen vacancies and the reduction of Co in the LSC
phase are merdifficult than that in the LS(Gs phase, consistent with the theoretical
results of our group (7)Thereforethe disappearance of the energy gap on the,{,SC
layers in the ML structure cannot occur duatsignificant reductionf Co on LSGy4 at

200-300°C.
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Figure5l Comparison of the Co 2p photoelectrspectra on the LSGs single phase thin
film (17) and on the LS&, single phase thin film on STO substrates as a function of
temperature at ultraigh vacuum (~18 mbayj). Figure adapted from ref. (9).

In light of the observations aboveie proposed that the electronic activation of
LSC,14 in the ML structure is caused by injection of electrons from L6 LSGq4
across their interface. It has been reportiedt the excess electrons in the lattice
accompany the creation of oxygen vacadeyects on transition metal oxiddecrease
the electronegativity of the surfa¢21,22) Since it iseasierfor oxygen vacancy to form
in LSCy13 the reduction in electronegativity (and thieing of the Fermi Level) is
expected to be larger for L$fzascompared to that for LS&, at high temperatures.
Such difference in the relative change in electronegativity would result in a band
alignmentthat facilitates the lectron injection from LSg3to LSGis This could be
accompanied by the Fermi level rising into the conduction band of;L3€ading to the
apparent disappearance of the surface energy gap.

Impact on Oxygen Reduction Actiyi

LSCi13is a widelystudiedmixed electronic and ionic conductor, which can be easily
reducedand form electronic defect states that facilitate electron transfer to adsorbing
oxygen species on iwurface(17). The oxygen reduction on LSGis primarily limited
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by the availability and mobility of surface oxygen vacand23). On the other hed,
LSC,14 is expected to exhibit verpigh oxygen incorporation and oxygen diffusion
kinetics on the (100) planedue to itscapability toaccommodate oxygen interstitials
within the rocksalt layers. At intermediate temperature (5600 °C), the ORR process
on LSGi4phase(24)similarly to other RP phase cathodes materials sublua¢iO,(25)
and (La,SnMn0O, (26)wasshown to bemainly limited by the electron transfer process.
This behavior is related to the low electronic conductivigrge energy gap, and
deficiency of electronic carriers in the conduction band on the surface of these materials.
The strongly anisotropic oxygen incorporation kinetics on 135@00) was predietd to
beto 1 timesfasterin ORR kineticscompared to the (001) surface, by the theoretical
work from our group (7)The (100) surface was exposed to ambient al 8@&;14/113
interface in the previous SIMS and electrochemical experiménmtghis work we
observed the electronic activatieffect in LSGi4phase at high temperature througa th
contact with LS@3phase.

Based on the facts abovee Waypothesize that electronic activation of L§Cin
concert with its anisotropically fast oxygen incorporation kineticslikily the key
mechanism governing the fast oxygen reduction kinetics observed LiS€ak3/214
interfaces Firstly, excess electrons ageneratedaccompanying theracancy creation
on/near the surface of L2g at high temperatures, as shown in Fig. BoSe electram
were theninjectedfrom LSG3 into LSGa4 (likely along with an exchange of oxygen
vacancies and interstitials across the interfagbich lead to the electronic activation of
the LSC;14 phaseThe electronic activation and reduced electronegatofitthe LSG14
phase (with an increased Fermi lgvehn facilitate charge transfer from Lg&to the
adsorbed oxygen.

Electrolyte |

Figure 6. Mechanism that governs the enhancement of ORR activity at the interface of
LSCiizand LSGi4layers.At high temperature, excess electrons from the reduced surface
of LSCyizare injected across the interface into L§Cfacilitating the charge transfer
process at the LS4, (100) surfaceFigure adapted from ref9).

Ourresult points out that a wideand-gapoxide can be electroratly activated by
charge injection due tine defect statesf a neighboring reduciblexide phase. This new
knowledgeput forward anew concept of “electronically coupled composite cathodes” to
further accelerate the fast oxygen incorporation path on the RP phase maiféeals
further test the validity of this model on the L§@LaNiO4 (LSC;19dLNO214) hetere
system in which LagNiO4 is another oxide with highly anisotropic oxygen interstitial
incorporation kinetics, andarries similar electronic characteristiggide band gap) as
LSCa14
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We fabricated LSG4/LNO2;14 multilayer, LSGi3and LNGQ14single phase fiimdby
PLD. With the same approach we defined aboveprmbedthe electronic structure of
LSCii3 and LNGi4 phase in both theML structure and in single phase at high
temperature. Fig7 shows the comparison of band gap value for 1:8&8hd LNGQ4in
ML structure and in single phase. We can see that the;bS@face electronic structure
in the ML structureagainbehavesvery similarly to its singlephase counterpart at high
temperatureq17). Remarkably, the electronic structure I0NO,14 in the ML differs
significantly from its single phase by showing a reversible disappearaf the energy
gap at and above 25Q. At 300°C, while LNOQy14in ML has no band gap, LN@; single
phase film surface still presergbout 1.3 eV band gap. This result indicates tisatndar
electronic activation effect exists for th8C;;4LNO,14System. In our ongoing workye
are quantifyingthe ORR activity for LNO,14 single phasel.SC,;3 single phase and
LNO214 decorated LSG3 films with LSCi19LNO214 interfaces on their surface®ur
preliminary results indicate that LNO,;4 decorated LSGs films could havebetter
performance than theSC;;3andthe LNO,j4alone Given the electronic activation of the
LSC11dLNO,14 system,we believe that théelectronically coupled composite cathodes
concept carbe expanded to other heteoxide systers, keyond thelLSCii3214 This
opens a new way to syntheshigh performance cathodesctures

”
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Figure 7. Energy gap values obtained on LS&ndLNO;14,when they are within the
ML structure versus values obtained for the single phase thin film streicTure data on
the single phase LS films come from our previous report.(17)

Conclusion

In this study, we use a novel combination of-sitn scanning tunneling
microscopy/spectrospy and focused ion beam milling to probe the local electronic
structure of LSG3214model multilayer super latticat high temperature and oxygen
environment Our results show that while the L§€in the ML structure behaves similar
to its singlephase counterpart at high temperatures (200-3D) the LSCyy4 is
electronically activated through an interface coupling Wii€;13 This is evidenced from
the electronicstructure of LS@i4 that differs significantly from its single phase
counterpart by exhibiting a large density of states near the Fermi level similar to that on
LSCi13 Such electronic activation, concurrent with the anisotropic oxygen incorporation
kinetics on the LS&4 is expected tdacilitate charge transfer to oxygen near the
LSCi13214 interface, explaining the vastly accelerated ORR kineti€ur results put
forward a new understanding of oxide hetero-interfaces at high temperatures and points
towards electronically coupled oxid&uctures as novel cathodes. We furtipemeralized
and testedthe validity of this model on the LSG/La;NiO4 heteresystem, in which
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La;NiO4 remarkablyshowsthe same electronic activation effect. Our results point out a
novel route to obtain higperformance cathodstructuresfor intermediate temperature
SOFG.
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