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ABSTRACT:In situexsolution of metal nanoparticles (NPS)gi =~ Exsolved
—e— Pristine

Ni exsolution

emerging as an alternative technique to deliver thermally
and evenly dispersed metal NPs, which exhibit excellent a
with conducting perovskite oxide supports. Here we provi
rst demonstration that Ni metal NPs with high areal de
( 175 m™?) and ne size (38.65 nm) are exsolved from an
site-decient perovskite stannate supporg & Sy JNig Oas BaSnO,
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(LBSNO)). The NPs are strongly anchored and impart cokig ;0 L3S e
resistance, and the Ni-exsolved stannates show exceptionally high | jofes :50 N §
electrical conductivity 700 Scnl). The excellent conductivity © ¢ o1 Temperature (°C) ARER Temperature (K)

is attributed to conduction between delocalized Sn 5s orbitals
along with structural improvement toward A&@chiometry 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 framdimgrk. Our

suggests a unigue 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

gni cant eort has been devoted to the design of Perovskite stannates (e.g., BaSeghibit potential as a
eterogeneous catalysts, i.e., oxide supports that beeplacement for existing perovskite oxide supports.;BasSnO
catalytically active metal nanoparticles (NPs) on the surface with the cubic perovskite structure intrinsically is an insulator
simultaneously achieve catalytic activity and high stébility. with a large band gap3.2 eV) but can become a mixedion
The enhanced performance of the heterogeneous catalygigctron conductor at high temperatui@5Q°C) because La
enables important functions in energy conversion and enei@gnors in the Ba sites create free electrotisimilar to La
storage, including electrodes for electrocatalysis (i.e., wa@@ping in the Sr sites in SrEi® Unlike SrTiQ, whose
splitting, solid oxide fuel cells (SOFE$),solid oxide  conduction band for electrons is caused by the localized 3
electrolyzer cells (SOEgaNd photocatalysisAlong with  orbitals, the conduction band of BagisQuidely dispersed
the catalytically active metal NPs, the oxide support alfgcause it is mainly composed of delocalized @hitals
in uences the activity and selectivity of a catalyst by interactifiggure a); La-doped B?SB@-BSO) has a higher electrical
with it at the met&lsupport interface to ect its electro-  conductivity (10* ScnP! in single crystals) than any other

chemical properties, so the oxide in the heterogeneous cataR@fovskite oxide conductor and showsslexlc%g(fgztg room-
must be selected careftify. temperature electron mobility,( 320 crd\V°Ls®h), tH

For the integration of metal particles on perovskite oxig¥oreover, BaSn@xhibits excellent ionic conductivity while
(ABO,) supportsjn situexsolution of B-site ions from the Maintaining chemical and thermal stability and structural
ABO; lattice in a reducing environment can deliver thermallifitegrity even at high temperatures under reducing con-
stable and evenly dispersed metal NPs that adhere stronghf/fiens: SO it has been evaluaét$d for entézgy conversion and
the perovskite oxide support’>'® For examplein situ storagegaégpllcatlon_s (e.g., batt€tiagl cells, and photo-
growth of Ni nanoparticles on a perovskite titanate bac:kbor‘f(,?t‘"‘"yS ). E cient electrode materials require high
(La,Sks,TiO5 (LSTO)) was demonstrated_to enhance the
electrode properties in solid oxide &l However,  Received: February 5, 2020
exsolution has been investigated on perovskite oxides tivised: March 18, 2020
use d-band conduction in transition metal B-site cati-Published:April 9, 2020
ons 2118 if 5 perovskite support can be found that has
better electrical and ionic conductivity than these perovskite
oxides, electrode performance may be increased further.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.nanolett.0c00488
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Figure 1.Exsolution of Ni NPs from a perovskite stannate framework {Bg&nSchematic representation of the Ba&n@ SrTiQ crystal

structure and B-site orbitals (Sauad Ti 3 orbitals), which mostly determine electron transport in the conduction bands. (b) SEM micrographs
of A-site-decient BasSm Nip Oz (BSNO) epitaxiallms before and after exsolution. Scale bars = 500 nm. (c) AFM 3D top-view images of the
pristine and exsolved BSNO epitakias. AFM image area = 15 x 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.

electronic conductivity to transfer electrons smoothly, sba dopant was also ablated to groyBaSn Nig 0ss
stannate-supported electrodes with catalytic NPs would sh@uBSNO) Ims!**®
higher reaction rates and electron/ion transfer than other oxideThen the pristine BSNO and LBSNO epitaxias with
materials. However, no study has demonstrated a heterogesmically at surfaces were annealed af80d0r 5 h under a
neous catalyst on a perovskite stannate support, which coQl8% H/Ar gas mixture fO,) 10°Y7 atm). After the
signi cantly increase the electrode performance. annealing process, scagnilectron microscopy (SEM)

Here we demonstrate exsolution of Ni metal NPs on &Figure b for BSNO Ims andrFigure S¥or LBSNO Ims)
perovskite stannate epitaxial support with exceptionally highd atomic force microscopy (AFMpigure & for BSNO
electrical conductivity and stability for thst time. After a Ims) showed that the surface was densély5( particles
reducing process at high temperature, a large nunifiér ( m°?) and uniformly populated with exsolved NPs, which
particles m°?) of uniformly dispersed Ni particles with an increased the root-mean-square roughrggs ffom 0.533
average size 0f38.65 nm were strongly anchored to theto 2.77 nmFigure &t for BSNO Ims). The estimated average
surface of the perovskite stannate support. In addition to tiséze of the exsolved NPs was 38.65Fguies b andS2).
structural stability of the exsolved Ni/stannate heterostrud-he areal density and size are comparable to those
tures, the stannate support has a high electrical conductivithtained by Ni exsolution of titanate perovskites (e.qg.,
(700 ScntY), which is more than 10 times higher than that(La,Sry dTi,Ni);035 for solid oxide fuel electrod&s):
from any titanate support yet reportet;As a result of the  The reducing conditionsetach oxygen ions from the
distinct conduction between delocalizedsmbials of the perol\ggzlégmgtannate lattices tooral electron car-
stannate support, the electrical transport wascaigfiy rners. o
improved by replacing the supporting oxide in the hetero- s 1
structures. o5 Vg 2¢ 502

Prior to the exsolution process, perovskite stannate
(BaSnQ) epitaxial Ims containing 10% Ni dopant were The electrons released by this process nucleate the Ni metal by
grown on a (001)-oriented SriGubstrate by pulsed laser reduction of the Ni valence stté®*> As the reduction
deposition (PLD). Since the sizes df K0.70 A) and Sh proceeds, gh%Ni nuclei grow by a defect chemical reaction
(0.69 A) are similar, Ni dopants are expected to be located &tigure #):*®
Sn sites in the BaSgperovskite framework, and the negative : S -
charge of the £§u is compensated by formation of oxygen Nisn * 2¢ Ni(metat)  Vsp
vacancies §&).° A-site-decient perovskites are more prone  The exsolution phenomenon on the stannis was
to exsolve Ni dopants in the B sites than stoichiometrifbcally visualized by cross-sectional scanning transmission
perovskites, so a 10% Bacmt target was intentionally electron microscopy (STEM) analysis with elemental mapping
chosen to promote Ni exsolution from, Ba Nig O of BSNO Ims after the annealing procéssgi(res & ands3.
(BSNO) epitaxiallms during the reducing process. Moreover,The exsolved NPs showed only the EDS signal BigNrés
to increase the electrical conductivity of these perovskifih,c andS3; this result means that Ni metallic clusters
stannatelms by La doping in Ba sites, a target containing 20%ccurred on the surface, as well as in the oxide support; Ni
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Figure 2.STEM and SEM analysis of an exsolved B8h@ith Ni NPs. (a) Cross-sectional HAADF-STEM image of the exsolvedIBSNO

Scale bar = 50 nm. (b) Mageid HAADF- STEM image of the BSN@ near an exsolved NP. Scale bar = 10 nm. (c) Ni element liee pro
extracted from the arrow in (b) and obtained from STEM-EDS. (d) SEM micrographs of exsolved Ni NPs before and after Ni etching with HNO
The insets show the corresponding linelgsaf the Ni particle and etched socket. Scale bars = 200 nm. (e) SEM micrograph after the coking
test, showing that carbobers (yellow arrows) grow from Ni particles (red arrows) by base growth instead of tip growth. Scale bar = 100 nm.

nuclei from Sn site formed preferentially and selectively insites act as carrier-generating degenerate dopants in the
reducing atmosphere. Interestingly, a STEM image of BaSnQ perovskite framewdri®“*** Moreover, after the
socketed Ni NP (4 nm height) shows a40% submergence Ni exsolution process, the room-temperature conductivity
into the stannate surfacédg(re B); this pinned feature ( gry) was further increased from 54 t800 Scnl. This
implies a strong interaction between the Ni NPs and theonductivity of the stannate support with exsolved Ni particles
stannate suppdrt’™> is at least an order of magnitude higher than that of any
The strong interaction of the exsolved Ni NPs with theitanate support (e.g.1.8 Scn! for SrTj ;b .3 ceramic
stannate support was caned by the use of SEM to observe oxidé” and 61 Scn* for exsolved kaSk Tip Nig Oz
the surface topography of the exsolves after the selective (LSTNO) Ims with same thickne$sdure Sy). Althoughin
etching of Ni NPs. After Ni NPs with a height d4f nm situconductivity measurement at high temperature is required
(Figure &) were selectively etched out using ENOnm- for application as SOFC electrodes in future studies, the
deep surface pits were formed by removal of the submergedgerovskite stannate support can be widely utilized for more
particles with a similar size distribution. Furthermore, we algneral electrocatalysis because of exceptional electron trans-
examined the stability of the exsolved NPs in a hydrocarb@ort at room temperature. The sigant improvement in
fuel environment (pure GH800°C, 5 h). The interaction electrical transport in this perovskite oxide with Ni NPs occurs
between the exsolved Ni NPs and perovskite stannate wass a result of the fundamentaledince in the conduction
strong enough to maintain thermal stability; carbens mechanism, as electron conduction mainly occurs between
grows from Ni NPs by base growth instead of by particle liftindelocalized Sre®brbitals in the stannate support rather than
induced by tip growth~{gure 2).}%*° This lateral growth of  between localized Tdl 8rbitals in the titanate suppdfiure
the carbon bers indicates that the exsolved Ni NPs have 4a)%'°
strong coking resistance, which is the main advantage offo further explore the ect of Ni exsolution on the
exsolved particles for use in electrodes at high temperaturannoreased conductivity of the stannate support, various X-ray
fuel cell$>* di raction (XRD) techniques, e.g., symmetrical 2XRD
Exsolved LBSNOIms also showed excellent electricalscan Figure B), rocking curves={gure S and reciprocal
conductivity after annealing in a reducing atmosphgueg(  space mapping (RSMJi¢ure 8), were used to monitor
3a). While both pristine and exsolved BSN@ do not show  structural changes by crystal defects in the stannate perovskite
any conductivity because of the wide band gap of BaSn®amework after the exsolution process. Although secondary
( 3.6 eV), LBSNOIms were metallic (i.e., the conductivity phases were still absent after the exsolution, thetidn
decreased with temperature) because the La dopants in Beak of the (002) BaSg@lated reection increased, and the
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Figure 3.Electrical and structural modulation of (L)BSMfs by Ni exsolution. (a) Temperature-dependent electrical conductivities of pristine

(black circles) and exsolved (red squares) LBEN® (b) SymmetricalS2 XRD scan of pristine BSNO and exsolved BSNO and LBSNO
Ims on a SrTigi001) substrate. (c) Reciprocal space mapping (RSM) of (168lioas from the (top) pristine and (bottom) exsolved BSNO
Ims. (d) Ni 3 spectra of BSNOms (top) before and (bottom) after exsolution obtained using APXPS at a photon energy of 670 eV.

Laue thickness fringe cleared with a slight peak shift to the lef\With regard to control of the cation stoichiometry, A-site

in the exsolved BSNO and LBSN®ns (Figure B). (Ba-site) deciency was initially used to design systems that
Moreover, the full width at half-maximum (FWHM) of the exsolve the B sites in the perovskite stannate, so exsolution of
rocking curve was slightly narrower (0.058.052 A) Ni from the B site acts to locally revert the perovskite to a

(Figure SP this result indicates that Ni dopants are highly“defect-fréeABO; stoichiometry: Therefore, high-temper-
soluble in Sn sites of pristine BSNihs without the  ature exsolution leads to a decrease in the number of extended
formation of secondary phaSes that the structural quality defects in the (L)BSNO support as well as spontaneous
of the stannate perovskite was maintained (or even improvedgliustment of the cation ®teiometry; these changes

in exsolved BSNOIms without degradation of the crystal contribute to the increase in conductivity after exsolution.

framework after surface segregation of Ni metal from the 1© directly monitor the nucleation and growth of Ni metal
perovskite lattice. at the stannate surface in real timsituambient-pressure X-

To elucidate the ect of the exsolution process on the '&Y Photoemission spectroscopy (APXPS) was performed

crystallinity of the stannate support, we conducted RSIQIuring the exsolution process of B.SNO epitéxiz| First, to .
around the (103) Bragg eetions from pristine and exsolved remove possible surface contaminants before the exsolution,
BSNO Ims (Eigure 8). At rst glance, the (103) rection of the samples were carefully cleaned by heating &t 25000

X . : mTorr O, the contaminant-related G fieak completely
the exsolved BSNOms had a h|gher_peak mtensﬁy and disappeared after surface cleanifigule Sp Then, to
narrower peak width than those of pristings, consistent

; . ; characterize the dynamic modulation of surface states in
with the results from the symmetrical scan and rocking CUNVe§nhtaminant-free BSNO epitaxials under a kipressure of

Quantitative investigation of RSM revealed that the latticgy 1 1orr during the exsolution, the Nishd Sn & spectra
volume was slightly increased from 69.697 to 65.83®A  \yere acquired using APXPS at a photon energy of 670 eV with
the reducing process, which indicates that some oxygen atqfi§astic mean free paths in the rangeld nnt° Before

in the BSNO Ims are released from the stannate lattice byysolution, the Nigghad binding energf( of 68.4 eV and
forming additional oxygen vacancies after exsolusiothe Sn 3 had anE, of 486.8 eV. After Hgas had been
same time, the FWHM of the in-plane direction was decreasgflroduced at 400C, both E, values gradually decreased
from 0.0705 to 0.0482°A a signicant decrease in the ( 68.4to 66.9 eV for Nifand 486.8to 486.6 eV for Sn
number of extended defects (e.qg., of crystal mosaicity relatedtf) as exsolution proceedddgures @ andS?).

dislocations and of low-angle grain boundaries) occurs at theFor quantitative analysis, each spectrum was deconvoluted
expense of anion vacancy generation in the stannate’8upporising Lorentzi&Gaussian curves after background subtrac-
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Figure 4E ect of annealing temperature and oxygen partial pressure on Ni NP exsolution on the stannate support. (a) Annealing condition for the
BSNO Im (red circles) together witiO,) plots of binary oxides and metals. The green, red, and blue lines mark Ni, Sn, and Ba Ellingham curves
of binary oxides, respectiveligbPlane-view SEM images that correspond to each point evi¢gntihermodynamic variables (scale bars = 1

m). Ni exsolution occurred under conditions within the red ellipse.

tion (Figure #). Before the exsolution process, mostpNi 3 framework, the thermodynamic variablesarid p(O,))
spectra could be assigned to tié 8fi;, peak E, 68.3 should be favorable for the formation of metallic Ni (i.e.,
eV) or the N§* 3p,, peak E, 69.8 eV):"this result means below the Ni Ellingham curve) and unfavorable for the
that the Ni ions were in the perovskite lattice. As thelecomposition of other chemical elements in B&h«Xi.e.,
exsolution proceeded, the intensities of the deconvoltited Nibove the Sn (or Ba) Ellingham diagram). Thus, the optimal
3py, (B, 66.7 eV) and Ni3py, (E, 68.2 eV) peaks thermodynamic condition for metallic Ni exsolution in the

gradually increased at the expense of &g, and Nf* BSNO perovskite frameworkigqure 4, red ellipse) is
3p,» peaks, which directly shows the emergence of metallic NG°(Sn + O,  SnQ) < G°*(T,p(0,) < G°(2Ni + O,
NPs on the surface from the reduction 6&f iNithe stannate 2NiO). Indeed, uniform exsolution of Ni NPs was achieved

lattice. The fraction of the metalli€ 8p peak increased from without degradation of the BSNO support in this theoretically
0.01% to 88.77% as the exsolution time incrédgadeé S7  predicted thermodynamic regipd,) 10°1" or 1P atm

and SR This observation corms that catalytically active Ni at 800°C for 5 h) as observed with SEMdure #,c). Thus,

ions, which are substituted in the host stannate lattice to forthe above thermodynamic conditions determine the exper-
a solid solution, are released (exsolved) onto the surface asifdental window that allows uniform Ni exsolution on a stable
metal particles once the oxide lattice has beesiently stannate support. We also carried out the exsolution process
reduced. within the“exsolutiohwindow O, 10°'7 atm at 800C)

A question that remains to be addressed is how thm the Ellingham diagram using 8a NijOss (BSNO)
thermodynamic parameters (i.e., the annealing tempé&ratureceramic powder. Ni nanoparticles with similar diameter are
and oxygen partial presspi®,)) a ect the evolution of Ni  exsolved on the surface of BSNO ceramic powder after the
NPs on the stannate support during the exsolution processducing annealingigure Sp the thermodynamic condition
The exsolution process is thermodynamically driven by far Ni exsolution on perovskite stannate is generally applicable
reduction of the total free energy of the system, theto any sample geometry.
reorganized by kinetic migration toward the surface; the Whenp(O,) was further lowered below the Ellingham curve
prerequisite for the exsolution process is thermodynamior Sn (i.e.p(O,) 10°'°atm at 800C for 5 h), microsized
stability of the formation of Ni NPs on the perovskite oxide, aBaO precipitates formed on the BSN® surface along with
long as sucient kinetics is allowed. exsolution of Ni NPsFgure 4). The thermodynamic

For thermodynamic analysis, the annealing conditions foonditions are below the Ellingham curve for Sn, so the
exsolved BSNOms are marked by the red circlésgnire 4 BaSnQ perovskite framework is likely to decompose under
on the magned part of the Ellingham curves of binary oxidesxcessive reducing conditions, and as a result, highly volatile Sn
(2Ni+ 0O, 2NiO,Sn+Q@ SnQ,2Ba+Q@ 2BaO)as metal or SnO may evaporate; this process leads to the
functions ofT andp(O,), which can be determined by the formation of residual BaO precipitaté§’ Then, when the
dotted line$**° Since the Ellingham curves indicate thereduction temperature was increa®edq00°C) with p(O,)
equilibrium between metal and binary ox€s) regions 10°17 atm, the stannate support was signtly degraded
higher than the Ellinghanurges of metals represent by formation of microsized cracks and BaO precipitates
thermodynamic stability of the metal oxid&sn principle, (Figure #); these thermodynamic and kinetic conditions
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