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ABSTRACT: In situexsolution of metal nanoparticles (NPs) is
emerging as an alternative technique to deliver thermally stable
and evenly dispersed metal NPs, which exhibit excellent adhesion
with conducting perovskite oxide supports. Here we provide the
� rst demonstration that Ni metal NPs with high areal density
(� 175� mŠ2) and � ne size (� 38.65 nm) are exsolved from an A-
site-de� cient perovskite stannate support (La0.2Ba0.7Sn0.9Ni0.1O3Š�
(LBSNO)). The NPs are strongly anchored and impart coking
resistance, and the Ni-exsolved stannates show exceptionally high
electrical conductivity (� 700 S·cmŠ1). The excellent conductivity
is attributed to conduction between delocalized Sn 5s orbitals
along with structural improvement toward ABO3 stoichiometry in the stannate support. We also reveal that experimental conditions
with strong interaction must be optimized to obtain Ni exsolution without degrading the perovskite stannate framework. Our� nding
suggests a unique process to induce the formation of metal NPs embedded in stannate with excellent electrical properties.
KEYWORDS:perovskite stannate, exsolution, high electrical conductivity, delocalized orbitals, Ellingham diagram

Signi� cant e� ort has been devoted to the design of
heterogeneous catalysts, i.e., oxide supports that bear

catalytically active metal nanoparticles (NPs) on the surface, to
simultaneously achieve catalytic activity and high stability.1Š6

The enhanced performance of the heterogeneous catalysts
enables important functions in energy conversion and energy
storage, including electrodes for electrocatalysis (i.e., water
splitting, solid oxide fuel cells (SOFCs),4,7,8 solid oxide
electrolyzer cells (SOEC)9) and photocatalysis.10 Along with
the catalytically active metal NPs, the oxide support also
in� uences the activity and selectivity of a catalyst by interacting
with it at the metalŠsupport interface to a� ect its electro-
chemical properties, so the oxide in the heterogeneous catalyst
must be selected carefully.3Š6

For the integration of metal particles on perovskite oxide
(ABO3) supports,in situexsolution of B-site ions from the
ABO3 lattice in a reducing environment can deliver thermally
stable and evenly dispersed metal NPs that adhere strongly to
the perovskite oxide support.3,7,11Š16 For example,in situ
growth of Ni nanoparticles on a perovskite titanate backbone
(LaxSr1ŠxTiO3 (LSTO)) was demonstrated to enhance the
electrode properties in solid oxide cells.7,11Š13 However,
exsolution has been investigated on perovskite oxides that
use d-band conduction in transition metal B-site cati-
ons;11,12,14Š16 if a perovskite support can be found that has
better electrical and ionic conductivity than these perovskite
oxides, electrode performance may be increased further.

Perovskite stannates (e.g., BaSnO3) exhibit potential as a
replacement for existing perovskite oxide supports. BaSnO3
with the cubic perovskite structure intrinsically is an insulator
with a large band gap (� 3.2 eV) but can become a mixed ionŠ
electron conductor at high temperature (� 650°C) because La
donors in the Ba sites create free electrons,17Š21 similar to La
doping in the Sr sites in SrTiO3.

22 Unlike SrTiO3, whose
conduction band for electrons is caused by the localized 3d
orbitals, the conduction band of BaSnO3 is widely dispersed
because it is mainly composed of delocalized Sn 5s orbitals
(Figure 1a); La-doped BaSnO3 (LBSO) has a higher electrical
conductivity (� 104 S·cmŠ1 in single crystals) than any other
perovskite oxide conductor and shows excellent room-
temperature electron mobility (� e � 320 cm2·VŠ1·sŠ1).17,19,23

Moreover, BaSnO3 exhibits excellent ionic conductivity while
maintaining chemical and thermal stability and structural
integrity even at high temperatures under reducing con-
ditions,18,24 so it has been evaluated for energy conversion and
storage applications (e.g., batteries,25 fuel cells,26 and photo-
catalysts27Š30). E� cient electrode materials require high
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electronic conductivity to transfer electrons smoothly, so
stannate-supported electrodes with catalytic NPs would show
higher reaction rates and electron/ion transfer than other oxide
materials. However, no study has demonstrated a heteroge-
neous catalyst on a perovskite stannate support, which could
signi� cantly increase the electrode performance.

Here we demonstrate exsolution of Ni metal NPs on a
perovskite stannate epitaxial support with exceptionally high
electrical conductivity and stability for the� rst time. After a
reducing process at high temperature, a large number (� 175
particles� mŠ2) of uniformly dispersed Ni particles with an
average size of� 38.65 nm were strongly anchored to the
surface of the perovskite stannate support. In addition to the
structural stability of the exsolved Ni/stannate heterostruc-
tures, the stannate support has a high electrical conductivity
(� 700 S·cmŠ1), which is more than 10 times higher than that
from any titanate support yet reported;31,32 As a result of the
distinct conduction between delocalized Sn 5s orbitals of the
stannate support, the electrical transport was signi� cantly
improved by replacing the supporting oxide in the hetero-
structures.

Prior to the exsolution process, perovskite stannate
(BaSnO3) epitaxial � lms containing 10% Ni dopant were
grown on a (001)-oriented SrTiO3 substrate by pulsed laser
deposition (PLD). Since the sizes of Ni2+ (0.70 Å) and Sn4+

(0.69 Å) are similar, Ni dopants are expected to be located at
Sn sites in the BaSnO3 perovskite framework, and the negative
charge of the NiSn� is compensated by formation of oxygen
vacancies (VO

€€).33 A-site-de� cient perovskites are more prone
to exsolve Ni dopants in the B sites than stoichiometric
perovskites, so a 10% Ba-de� cient target was intentionally
chosen to promote Ni exsolution from Ba0.9Sn0.9Ni0.1O3Š�
(BSNO) epitaxial� lms during the reducing process. Moreover,
to increase the electrical conductivity of these perovskite
stannate� lms by La doping in Ba sites, a target containing 20%

La dopant was also ablated to grow La0.2Ba0.7Sn0.9Ni0.1O3Š�
(LBSNO) � lms.17,19

Then the pristine BSNO and LBSNO epitaxial� lms with
atomically� at surfaces were annealed at 800°C for 5 h under a
0.5% H2/Ar gas mixture (p(O2) � 10Š17 atm). After the
annealing process, scanning electron microscopy (SEM)
(Figure 1b for BSNO� lms andFigure S1for LBSNO� lms)
and atomic force microscopy (AFM) (Figure 1c for BSNO
� lms) showed that the surface was densely (� 175 particles
� mŠ2) and uniformly populated with exsolved NPs, which
increased the root-mean-square roughness (rRMS) from 0.533
to 2.77 nm (Figure 1c for BSNO� lms). The estimated average
size of the exsolved NPs was 38.65 nm (Figures 1b andS2).
The areal density and size are comparable to those
obtained by Ni exsolution of titanate perovskites (e.g.,
(La,Sr)0.9(Ti,Ni) 1O3Š� for solid oxide fuel electrodes).12,13

The reducing conditions detach oxygen ions from the
perovskite stannate lattices to a� ord electron car-
riers:12,13,20,34,35

� + +€€ ŠO V 2e
1
2

Ox
O O 2

The electrons released by this process nucleate the Ni metal by
reduction of the Ni valence state.12,13,35 As the reduction
proceeds, the Ni nuclei grow by a defect chemical reaction
(Figure 1d):36,37

+ � + ��� ŠNi 2e Ni(metal) VSn Sn

The exsolution phenomenon on the stannate� lms was
locally visualized by cross-sectional scanning transmission
electron microscopy (STEM) analysis with elemental mapping
of BSNO� lms after the annealing process (Figures 2a andS3).
The exsolved NPs showed only the EDS signal of Ni (Figures
2b,c andS3); this result means that Ni metallic clusters
occurred on the surface, as well as in the oxide support; Ni

Figure 1.Exsolution of Ni NPs from a perovskite stannate framework (BaSnO3). (a) Schematic representation of the BaSnO3 and SrTiO3 crystal
structure and B-site orbitals (Sn 5sand Ti 3d orbitals), which mostly determine electron transport in the conduction bands. (b) SEM micrographs
of A-site-de� cient Ba0.9Sn0.9Ni0.1O3Š� (BSNO) epitaxial� lms before and after exsolution. Scale bars = 500 nm. (c) AFM 3D top-view images of the
pristine and exsolved BSNO epitaxial� lms. AFM image area = 1.5� m × 1.5� m. (d) Schematic representation of the Ni exsolution process in a
reducing atmosphere. Blue circles, Sn ions; green circles, Ba ions; red circles, O ions; gray circles, Ni ions.
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nuclei from Sn site formed preferentially and selectively in a
reducing atmosphere. Interestingly, a STEM image of a
socketed Ni NP (� 4 nm height) shows a� 40% submergence
into the stannate surfaces (Figure 2b); this pinned feature
implies a strong interaction between the Ni NPs and the
stannate support.12,13

The strong interaction of the exsolved Ni NPs with the
stannate support was con� rmed by the use of SEM to observe
the surface topography of the exsolved� lms after the selective
etching of Ni NPs. After Ni NPs with a height of� 4 nm
(Figure 2d) were selectively etched out using HNO3, 3 nm-
deep surface pits were formed by removal of the submerged Ni
particles with a similar size distribution. Furthermore, we also
examined the stability of the exsolved NPs in a hydrocarbon
fuel environment (pure CH4, 800°C, 5 h). The interaction
between the exsolved Ni NPs and perovskite stannate was
strong enough to maintain thermal stability; carbon� bers
grows from Ni NPs by base growth instead of by particle lifting
induced by tip growth (Figure 2e).12,35 This lateral growth of
the carbon� bers indicates that the exsolved Ni NPs have a
strong coking resistance, which is the main advantage of
exsolved particles for use in electrodes at high temperature in
fuel cells.12,35

Exsolved LBSNO� lms also showed excellent electrical
conductivity after annealing in a reducing atmosphere (Figure
3a). While both pristine and exsolved BSNO� lms do not show
any conductivity because of the wide band gap of BaSnO3
(� 3.6 eV), LBSNO� lms were metallic (i.e., the conductivity
decreased with temperature) because the La dopants in Ba

sites act as carrier-generating degenerate dopants in the
BaSnO3 perovskite framework.17,20,21,23 Moreover, after the
Ni exsolution process, the room-temperature conductivity
(� RT) was further increased from 54 to� 700 S·cmŠ1. This
conductivity of the stannate support with exsolved Ni particles
is at least an order of magnitude higher than that of any
titanate support (e.g.,� 1.8 S·cmŠ1 for SrTi0.75Nb0.25O3 ceramic
oxide32 and � 61 S·cmŠ1 for exsolved La0.2Sr0.7Ti0.9Ni0.1O3Š�
(LSTNO) � lms with same thickness (Figure S4)). Althoughin
situconductivity measurement at high temperature is required
for application as SOFC electrodes in future studies, the
perovskite stannate support can be widely utilized for more
general electrocatalysis because of exceptional electron trans-
port at room temperature. The signi� cant improvement in
electrical transport in this perovskite oxide with Ni NPs occurs
as a result of the fundamental di� erence in the conduction
mechanism, as electron conduction mainly occurs between
delocalized Sn 5s orbitals in the stannate support rather than
between localized Ti 3d orbitals in the titanate support (Figure
1a).18,19

To further explore the e� ect of Ni exsolution on the
increased conductivity of the stannate support, various X-ray
di� raction (XRD) techniques, e.g., symmetrical 2� Š� XRD
scan (Figure 3b), rocking curves (Figure S5), and reciprocal
space mapping (RSM) (Figure 3c), were used to monitor
structural changes by crystal defects in the stannate perovskite
framework after the exsolution process. Although secondary
phases were still absent after the exsolution, the di� raction
peak of the (002) BaSnO3-related re� ection increased, and the

Figure 2.STEM and SEM analysis of an exsolved BSNO� lm with Ni NPs. (a) Cross-sectional HAADF-STEM image of the exsolved BSNO� lm.
Scale bar = 50 nm. (b) Magni� ed HAADF- STEM image of the BSNO� lm near an exsolved NP. Scale bar = 10 nm. (c) Ni element line pro� le
extracted from the arrow in (b) and obtained from STEM-EDS. (d) SEM micrographs of exsolved Ni NPs before and after Ni etching with HNO3.
The insets show the corresponding line pro� les of the Ni particle and etched socket. Scale bars = 200 nm. (e) SEM micrograph after the coking
test, showing that carbon� bers (yellow arrows) grow from Ni particles (red arrows) by base growth instead of tip growth. Scale bar = 100 nm.
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Laue thickness fringe cleared with a slight peak shift to the left
in the exsolved BSNO and LBSNO� lms (Figure 3b).
Moreover, the full width at half-maximum (FWHM) of the
rocking curve was slightly narrower (0.058� 0.052 ÅŠ1)
(Figure S5); this result indicates that Ni dopants are highly
soluble in Sn sites of pristine BSNO� lms without the
formation of secondary phases,33 so that the structural quality
of the stannate perovskite was maintained (or even improved)
in exsolved BSNO� lms without degradation of the crystal
framework after surface segregation of Ni metal from the
perovskite lattice.

To elucidate the e� ect of the exsolution process on the
crystallinity of the stannate support, we conducted RSM
around the (103) Bragg re� ections from pristine and exsolved
BSNO� lms (Figure 3c). At � rst glance, the (103) re� ection of
the exsolved BSNO� lms had a higher peak intensity and
narrower peak width than those of pristine� lms, consistent
with the results from the symmetrical scan and rocking curves.
Quantitative investigation of RSM revealed that the lattice
volume was slightly increased from 69.697 to 69.833 Å3 after
the reducing process, which indicates that some oxygen atoms
in the BSNO� lms are released from the stannate lattice by
forming additional oxygen vacancies after exsolution.20 At the
same time, the FWHM of the in-plane direction was decreased
from 0.0705 to 0.0482 ÅŠ1; a signi� cant decrease in the
number of extended defects (e.g., of crystal mosaicity related to
dislocations and of low-angle grain boundaries) occurs at the
expense of anion vacancy generation in the stannate support.20

With regard to control of the cation stoichiometry, A-site
(Ba-site) de� ciency was initially used to design systems that
exsolve the B sites in the perovskite stannate, so exsolution of
Ni from the B site acts to locally revert the perovskite to a
“defect-free” ABO3 stoichiometry.11 Therefore, high-temper-
ature exsolution leads to a decrease in the number of extended
defects in the (L)BSNO support as well as spontaneous
adjustment of the cation stoichiometry; these changes
contribute to the increase in conductivity after exsolution.

To directly monitor the nucleation and growth of Ni metal
at the stannate surface in real time,in situambient-pressure X-
ray photoemission spectroscopy (APXPS) was performed
during the exsolution process of BSNO epitaxial� lms. First, to
remove possible surface contaminants before the exsolution,
the samples were carefully cleaned by heating at 250°C in 100
mTorr O2; the contaminant-related C 1s peak completely
disappeared after surface cleaning (Figure S6). Then, to
characterize the dynamic modulation of surface states in
contaminant-free BSNO epitaxial� lms under a H2 pressure of
20 mTorr during the exsolution, the Ni 3p and Sn 3d spectra
were acquired using APXPS at a photon energy of 670 eV with
inelastic mean free paths in the range of� 1.0 nm.38 Before
exsolution, the Ni 3p had binding energy (Eb) of � 68.4 eV and
Sn 3d had anEb of � 486.8 eV. After H2 gas had been
introduced at 400°C, both Eb values gradually decreased
(� 68.4 to� 66.9 eV for Ni 3p and� 486.8 to� 486.6 eV for Sn
3d) as exsolution proceeded (Figures 3d andS7).

For quantitative analysis, each spectrum was deconvoluted
using LorentzianŠGaussian curves after background subtrac-

Figure 3.Electrical and structural modulation of (L)BSNO� lms by Ni exsolution. (a) Temperature-dependent electrical conductivities of pristine
(black circles) and exsolved (red squares) LBSNO� lms. (b) Symmetrical� Š2� XRD scan of pristine BSNO and exsolved BSNO and LBSNO
� lms on a SrTiO3(001) substrate. (c) Reciprocal space mapping (RSM) of (103) re� ections from the (top) pristine and (bottom) exsolved BSNO
� lms. (d) Ni 3p spectra of BSNO� lms (top) before and (bottom) after exsolution obtained using APXPS at a photon energy of 670 eV.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c00488
Nano Lett.2020, 20, 3538Š3544

3541

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00488/suppl_file/nl0c00488_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00488/suppl_file/nl0c00488_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00488/suppl_file/nl0c00488_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00488?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00488?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00488?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00488?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00488?ref=pdf


tion (Figure 3d). Before the exsolution process, most Ni 3p
spectra could be assigned to the Ni2+ 3p3/2 peak (Eb � 68.3
eV) or the Ni2+ 3p1/2 peak (Eb � 69.8 eV);35 this result means
that the Ni ions were in the perovskite lattice. As the
exsolution proceeded, the intensities of the deconvoluted Ni0

3p3/2 (Eb � 66.7 eV) and Ni0 3p1/2 (Eb � 68.2 eV) peaks35

gradually increased at the expense of the Ni2+ 3p3/2 and Ni2+

3p1/2 peaks, which directly shows the emergence of metallic Ni
NPs on the surface from the reduction of Ni2+ in the stannate
lattice. The fraction of the metallic Ni0 3p peak increased from
0.01% to 88.77% as the exsolution time increased (Figures S7
and S8). This observation con� rms that catalytically active Ni
ions, which are substituted in the host stannate lattice to form
a solid solution, are released (exsolved) onto the surface as Ni
metal particles once the oxide lattice has been su� ciently
reduced.

A question that remains to be addressed is how the
thermodynamic parameters (i.e., the annealing temperatureT
and oxygen partial pressurep(O2)) a� ect the evolution of Ni
NPs on the stannate support during the exsolution process.
The exsolution process is thermodynamically driven by a
reduction of the total free energy of the system, then
reorganized by kinetic migration toward the surface; the
prerequisite for the exsolution process is thermodynamic
stability of the formation of Ni NPs on the perovskite oxide, as
long as su� cient kinetics is allowed.

For thermodynamic analysis, the annealing conditions for
exsolved BSNO� lms are marked by the red circles inFigure 4a
on the magni� ed part of the Ellingham curves of binary oxides
(2Ni + O2 � 2NiO, Sn + O2 � SnO2, 2Ba + O2 � 2BaO) as
functions ofT and p(O2), which can be determined by the
dotted lines.39,40 Since the Ellingham curves indicate the
equilibrium between metal and binary oxides,p(O2) regions
higher than the Ellingham curves of metals represent
thermodynamic stability of the metal oxides.39,40 In principle,
to form metallic Ni without degrading the perovskite oxide

framework, the thermodynamic variables (T and p(O2))
should be favorable for the formation of metallic Ni (i.e.,
below the Ni Ellingham curve) and unfavorable for the
decomposition of other chemical elements in BSNO� lms (i.e.,
above the Sn (or Ba) Ellingham diagram). Thus, the optimal
thermodynamic condition for metallic Ni exsolution in the
BSNO perovskite framework (Figure 4a, red ellipse) is
� G°(Sn + O2 � SnO2) < � G°(T,p(O2)) < � G°(2Ni + O2
� 2NiO). Indeed, uniform exsolution of Ni NPs was achieved
without degradation of the BSNO support in this theoretically
predicted thermodynamic region (p(O2) � 10Š17 or 10Š16 atm
at 800°C for 5 h) as observed with SEM (Figure 4b,c). Thus,
the above thermodynamic conditions determine the exper-
imental window that allows uniform Ni exsolution on a stable
stannate support. We also carried out the exsolution process
within the“exsolution” window (pO2 � 10Š17 atm at 800°C)
in the Ellingham diagram using Ba0.9Sn0.9Ni0.1O3Š� (BSNO)
ceramic powder. Ni nanoparticles with similar diameter are
exsolved on the surface of BSNO ceramic powder after the
reducing annealing (Figure S9); the thermodynamic condition
for Ni exsolution on perovskite stannate is generally applicable
to any sample geometry.

Whenp(O2) was further lowered below the Ellingham curve
for Sn (i.e.,p(O2) � 10Š19 atm at 800°C for 5 h), microsized
BaO precipitates formed on the BSNO� lm surface along with
exsolution of Ni NPs (Figure 4d). The thermodynamic
conditions are below the Ellingham curve for Sn, so the
BaSnO3 perovskite framework is likely to decompose under
excessive reducing conditions, and as a result, highly volatile Sn
metal or SnO may evaporate; this process leads to the
formation of residual BaO precipitates.41Š43 Then, when the
reduction temperature was increased (T = 900°C) with p(O2)
� 10Š17 atm, the stannate support was signi� cantly degraded
by formation of microsized cracks and BaO precipitates
(Figure 4e); these thermodynamic and kinetic conditions
accelerate the loss of Sn-related phases under this high-

Figure 4.E� ect of annealing temperature and oxygen partial pressure on Ni NP exsolution on the stannate support. (a) Annealing condition for the
BSNO� lm (red circles) together withp(O2) plots of binary oxides and metals. The green, red, and blue lines mark Ni, Sn, and Ba Ellingham curves
of binary oxides, respectively. (bŠe) Plane-view SEM images that correspond to each point with di� erent thermodynamic variables (scale bars = 1
� m). Ni exsolution occurred under conditions within the red ellipse.
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temperature reducing process, which gives rise to an unstable
crystal framework of the stannate support with the perovskite
structure.

In summary,in situgrowth of uniformly dispersed Ni NPs
on a perovskite stannate ((L)BSNO) backbone was� rst
achieved by controlling the thermodynamic driving force that
rearranges the atoms at and near the surface. By precise control
of the thermodynamic variables (p(O2) � 10Š17 or 10Š16 atm
at 800°C for 5 h) for the uniform exsolution of Ni NPs
without the degradation of BSNO support, Ni metal cations
dissolved in a Sn site exsolved from the stannate lattice under
reducing conditions and then spontaneously condensed into
� ne and uniformly dispersed Ni metal NPs with strong
interaction and stability embedded in the oxide surface. In
particular, excellent electrical conductivity (� 700 S·cmŠ1) was
achieved as a result of electron conduction between delocalized
s orbitals in the stannate support with Ni NPs. Ourin situ
exsolution process by thermodynamic driving force o� ers an
opportunity to design new heterostructures that bear metal
NPs and perovskite oxide to obtain excellent electrical
transport and also to e� ciently manufacture uniform and
numerous metal NPs on highly conductive perovskite
stannates.
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