Simultaneous Ni Doping at Atom Scale in Ceria and Assembling inteDéfatied
Lotuslike Structure for Enhanced Catalytic PerformaQiegqging LY, Zhen Huan@
L2 Yimin Chad, Wei Shefr2 3, Hualong Xu*!'23 & Renchao Chel.

! Laboratory of Advanced Materials, Fudan Univers8jianghai 20043&. R.
China

2 Department ofChemistry Shanghai Key Laboratory of Molecular Catalysis and
Innovative MaterialsiFudan UniversityShangha00433 P. R.China.

3 Collaborative Innovation Center of Chemistry for Energy Materials, Fudan
University, Shanghai 200433, P. R. China

4School of ChemistryJniversity ofEast Anglia UK



Crystalline CeQ catalyst with an optimized ion dopant is highly in demand for the
enhancement of oxygen storage capacity and the associated catalytic performance. Here,
adopingstrategywith low Ni atomconcentratior{~1.8%) atceria latticesiteshasbeen
develped andcatalyzel oxidationof CO has beewbservedt 320 C, which is100

C lower thanthat with pure CeQ. The outstanding catalytiperformancecan be
attributed to the formation @fsingle Ni atoms dopefotuslikeo ceriasolid solution
with lattice distortion, crystal defectsand elastic strain, resultingn improved
concentrationof oxygen vacancyand enhanced lattice oxygen diffusioSub
Angstromresolution, Cscorrector scanning transmission electron micrpgcand
electron energy loss spectroscopgve beeremployed toelucidatethe successful
realization of single Ni atons homogeneoug doped into ceria matrix. A solid
relationshipbetween microstructure atloe propertiesf ceriabasedcatalysthas been

established



Oxygenvacancy plays an important role in tuning propertiésnany metalic
oxide nanomaterials, such as electronianagnetié, luminescert and catalytit
propertiesEnhancinghe concentration of oxygen vacangiuced byattice distortion
is an effective strategy, whictletermines thexygen ionconduction Doping can
directly facilitate the formation and migration of oxygen vacand. It has been
demonstrated by numerous researchegdibyaing impurity atoms into crystal lattice of
host materials can cause significant changes to crystal structure such as electron density,
covalence imbalance, drdistortion, whichcould enhance theirperformancs in
applications"8,

Among these metal oxides, ceriaoxide(ceria,CeQ) and cerisbased materials
have beenbeconing a ubiquitous constitute in catalytic systems for a variety of
applications, such abe auteexhausted gases treatmematergas shift reaction, fuel
cells, hydrogen production and oxygen sensdiscause of the facile redox
functionality of cerium cations and the oxygen storage capacity (35Qhe redox
cambility and OSC depenthrgely on the concentrationof oxygen vacancy and
efficiency of oxygen migration in latticeThe density and the nature of oxygen
vacancies are cruciab determire the reactivity of ceridbased catalystswhose
formation of each vacandg accompanied bthe localization of electrons lefiehind
in Ce 4f states aralreductiorof C&"*Y Ce*, leading tcan extraordinary efficiency for
reversible oxygen migration from surface to latti¢é Hence,it is urgentlyexpected
to optimize the parametergelated to oxygen vacancy and oxygen migratiOne

effectiveroute is to introduce dopants into ceria latticdhe substitution of Ce in ceria



lattice by aliovalent or rarearth elementgan provide an enhanced diffusivity of
oxygen ions through the introduction of elastic strain in ldfii®eMeanwhile, cystal
defectscan beinduced bylocal distortion, lattice expansion or contraction of ceria
matrix, which are important forits propertes!®. Energy of the activated oxygen
migration and vacancy formation ctnusbe loweredFor example,lte oxygen storage
capacity of CesPros02 1 s much higher thathat of pureCeQ ;i becausehe dopart

with different radii, concentration and valence statas distort the local atomic
structure to have an optimized coordination environment. Misnohtble sizebetween
dopantsand Ce cationsthe tond length between each species with oxygen could
effectivelyimprove the oxygen mobility and oxygen storage capdityCei-«ZrxOz

solid solution,a substantially declined formation energy of oxygen vacamlaich is

0.98 eV has been revealadter dopingof 50% Zr while that of the pure Ce® 3.2

eV?%, Both experiments and densifynctional theory (DFT) studiesaveshown the

easy formation of oxygen vacancy might enable a much more reducible surface and an
effective transformation between oxygenates and reactive oxygen species in the
catalytic cycle$-2,

The incorporation of 5% [F4into CeQ lattice has ledto the formation of solid
solutions which make sp of soot conversion is abouBQ C lower than thatof
physically mixed catalysiheeasily generatedctive oxygerirom thedefornedCeQ
structurecanincrease th@xygen mobility on the latticélhe facilitatedCe** z  C'e
cycle of dopedceriacould converss 98% of pulsed*®0, to CQ; at 400 C while the

conversionis only37% of thepureCeQ?. Introducing either transition metallic ions



to build solid solutions or foreign elements to form composite oxides can significantly
improve the cataljc activitiesof cerid*?¢28, Zhang and cavorkers adopted a highly
thermal stable ionic liquid for synthesizing the precursors, through hwhic
homogeneous solid solutiotMnosCesO; with ultra-high manganese doping
concentration wasbtainedin orderto lower oxygen vacancy formation energy and
improve the migration of oxygen vacancies from bulk to surfagenodisperse
transitionmetatsubstituted ceria nanoparticleprepared by the pyrolysis of
homologous heterobimetallic precursass of superig catalytic activity in CO
oxidatior?®>. Recently, atomic-level design based on interatomic potential and
architecturetuned reactivity of ceriaanostructurebas becoméhe focusin this field.

For examplethe diffusion of nonmetallic Au/Pt ions into subsurface layers and the
sufficient oxygen vacancies close to the surface dramatically increased the activity
the watergas shift readdbn with La-doped ceri#.

However,it is still difficult to synthesizampurity-free atomiclevel doped ceria
nanocrystaldy a simple methodGiven that thesolid solution phase of a NiDCeQ
catalyst is responsible for the lee@mperature redox activity, a Ni doped ceria with
only a tiny amount of Ni atoms homodispdysgopedinto ceriamatrix may be an ideal
candidate for catalytiproceses Such Nidopedsystencanleadto enhanced OSC and
more oxygen vacancies because of reduced oxygen formation n&tprefore a
relativdy simple method of preparing cefiimsed solid solution doped by single atoms
would bemuch more preferred, whilhe thorough understanding of the effect of

substitutes on the mobility of oxygen ions as well as the redox property of ceria remains



a challenge to address.

Here, a homogeneous nickel doped cergerial(namely N+Ce() with a unique
lotuslike morphology assembled by nanoparticles (~10 hag beersynthesized
through a facile solvothermal treatment strategy using metallic formates as the
precursorsThe formatiorevolutionhasbeenillustrated byin-situobserving the growth
of Ni-CeQ (Fig. 1j). In order to further demonstrate that tNe dopant isactually
atomically well-dispersed inside ceria latticthe microstructure ofNi-CeQ solid
solution has been studied bg combired analysis with Cs-corrector scanning
transmission electron microscopy (STEMJectron energy loss spectroscqiELS)
at highenergy resolutiof0.35 eV)and atomic spatial resolutig0 pm) Solid solution
composed of Ni doped cemath elastic strainlattice distortionandcrystal defect has
remarkablyincreaseadoncentration of oxygen vacanagdstronglyenhanced mobility
of oxygen ions The synthesizedi-CeQ with only 1.8% dopant, as CO oxidation
catalysthas showra greaperformancesven at low @CO ratio conditionin contrast

to the catalystpreparedy traditional doping methods.

Results

Synthesis andstructure of lotus-like Ni-CeOz. Lotuslike Ni-CeQ has been
synthesizedvia a onepot solvothermalmethod (Fig. 1a). Cerium(lll) chloride
heptahydratend Nickel chloride hexahydrate were used as the metal presarsbr
mixed with polyvinylpyrrolidone (PVP, MW = 30,000) and formic acid in dimethyl
sulphoxide (DMSOQO) at a molar ratio of 9: 1: 0.0125: 21. The mixture was added with

ammonium hydroxide ankept stirring for 30 minwith ultrasonic assistanaender



room temperature. Theib was transferred into an autoclave with Teflon lining for
solvothermal treatment at 150C for 6 h Initially, the intermediates including
Ce(HCOO)} and [Ce(HO)n]*" were supposed to be generated (Fig. 1a). With the
hydrothermal reaction temperature increasing, assistec?bipNs, these intermediates
gradually changed into Ce(OH)GOr CeQ in the procesf nucleation and growth
3233 At the same timeéemplate by FP surfactantthese nanoparticles assembled and
evolved into a unique loteike morphology. Ce®@lattice with the incorporatedNiZ*
ions was obtained after caleshat 550 C. The uniform lotudike Ni-CeQ has an
average sizedf0e m whi ¢ h aanamundbant of ghrtidbey with 8.0 nm size
(Fig. 1b, d). BotHotus andpetal unitare homogeneously composed of Ce, O, and Ni
elements EDX mappings irFig. 1f-i), suggesting a successil dopinginto theCeQ
lattice. In comparison with NCeQ, the counterpart pure ceria (CeQwvas prepared
using the same method. However, pure €exhibitsa typicalnanorod morphology
(Fig. 1b, ¢) with an average diameter of 60 nm and length of 300 nm, even though
assembled by similar nanoparticleish around 15 m size, indicating a key role played
by thel.8% Ni dopantin order to clearly observe the formation process e€ChiD,
thein-situ synthesis wamonitored step by ste@ith the reaction time prolonging from
20 to 30and40 mins, the wire thickness of the product becomes thicker. At 40 min,
pentagram shape was formed. Finally, based on a preferential orientation growth and
an Ostwdd ripening, the NCeQ with lotuslike morphology was fabricated (Fidy,).
Characterization of Ni-CeOz catalyst The XRD patterns (Fig2a) suggest a

well-definedFm3mface centereecubic ceria structure (JCPDS No0-8394)and there



are nodistinct structure changes after the doping of Ni. The absencanypiNi-
containing crystal phasesnfirms the high dispersion of Ni specatdattice position
instead of impuritphasdormation The (111) plane diffraction of NCeQ hasshifted
slightly to lower Bragg angle compared to that of gesfrongly revealing an increase
of theinter-planarspacing whichis indicatingthe successful doping of Ni ions into the
ceria latticesites

Thesurface atomic concentrations and valence stdt€g, Ni and An Ni-CeQ
and CeQ@ have beenquantitatively characterized by XPS (Figc, d). The Ni
concentrations about1.1%, in agreement with ICP examinatiogsultapproximately
(Supplementaryig. xx). Generallythe C&d spectrum of stoichiometric Ce@an be
deconvoluted into ten contributions labelled as u and v, which are related to the
hybridization of @p valence band with the @kelevel and the different spiorbit
doublets assigned to 3gland 3dof ceriumt®>3.  The si x peaks, | abel |l e
u, ubod uodo66 char d'donse whilestte iotbea four peaks labealleddas f or C.
Vo, Ww,0,ud s pepesent CEian$®I(Fig. 2¢). The ceexistence of these two
types of cerium ions at the surface or suisface for NiCeQ and CeQ can be
identified from the fingerprint peaksof€at 881 .9 eV (v) *atl16. 1 eV
883.8 eV (vo6) 90 F£5Fyg.2e.Woreoued, dhe fractienofeiant i vel y
in the surface region can be quantitativedjculated through the peak area ratio of'Ce
and Cé&"ions, which is 0.26 (C&/ C&"") from Ni-CeQ and0.21on pureCeQ (Table
1). The increased Gecontent in NiCeQ indicates that the doping of Ni atom into

ceria lattice influences thehemical environment of Ce ions, leading to an easy



reducibility of Cé*. Furthermore, the presence offCiens modifies the electrostatic
equilibrium between Ce and O ions and thus creates oxygen vacancies and unsaturated
chemical bonds, especially at tgeain boundary of cer#a®. Therefore a superior
oxygen mobility from the bulk to surface can be achieved in the case of a higher
concentration of C& in Ni-CeQ than that ofundopedCeQ. The deconvolutiomf

XPS spectra of ©s fom Ni-CeQG and CeQ are presented in Figc, d. The primary

band at binding energy region of 528.829.2 eV can be assigned to lattice oxygen.
The asymmetrical shoulder peak lamhat 531.01 531.5 eV reflects the adsorbed
surface oxygen speciese( 1 OH), while a peak at 53313533.6 eV isrelated to the
adsorbed water on surf&€. A slight shift of the primary band to the higher binding
energy can be observed from-8eQ, indicating the formation of CeQ species on

the surface or suburfacé’.

In orderto clarify the effect of Ni dopardn thebulk/surfacedefect formation of
Ce(Q, Raman spectra analysiasbeencarried out seeFig. 2b. A mainRamanactive
mode at 462 crhtogether with two weak modes at 582 and 1180 cam be identified
in Fig. 2b, whichcan be assigndd the firstorder kg peakrelatedto the fluorite cubic
structure ofCeQ, the defecinduced D bondand the secondrder longitudinal mode
(2LO), respectivel§+*2. With doping,themainpeak position at 46cm* hasshiftedto
454 cm! and its shape becomes sharpedicating that the dopant Ni breakthe
symmetryof the CeO bondbut maintains the basic structure of céfi.In addition
the peak of D bond in NCeQ gets broader and centers at a higher posttid@27 cm

! compared with thaof CeQ. The relative intensity ratio of these two peaks (denoted



asAp/ Arzg) can be used to indicate the degree of crystal defects in Te®©value of
Ap / Ar2g0f Ni-CeQ (0.0465) is much higher than that of G€@0119), which means
asignificantly increase of the amount of defects, such as oxygen vacancie€@ONi
matrix. Hencepwingto the Ni incorporation into the ceria lattjé®th oxygen vacancy
and Cé" ion contenthave beelncreasedTable.).

Microstructure analysis of catalyst The higheiCe** fraction (C&*/ C&") in the
stoichiometric C8- could generate high density of oxygen vacaaogenhanceéOSC
to maintain theelectroneutralityvia charge transfeand coordination effect Sub
Angstromresolution Cs-correctorscanning transmission electron microscopy (STEM)
and EELS with 035 eV energy resolutiomave been employet characterize the
coordinationand dispersiorconfiguration of Ni in ceria lattice(Fig. 3f). The cell
parameter of NlCeQ becomes larger thathat of CeQ (Fig. 3a 3h), which is in
consistent with XRD results arid an indicator ofa typical substitution occupation
(Ni?* - Ce**". Prior to thedoping, the arrangements of J€e** ions arein perfect
square arrays (Fi@c). Post the doping df.8 at.% of Ninto the original Ce@matrix,
remarkable lattice distortigrpoint defect and catiorearrangement can be observed
(Supplementaryig. xxx, and Fig. 3d. The cationrearrangements deviate from the
original lattice pattern leading to the broken of the originalmBm symmetry.
Meanwhile, based othne statistical HRTEM analysis for many difent regions, it can
be concluded that ionic vacancy or displacement, twinning, and modulated structure
exist inside th&€€e latticeevenwith Ni dopantas low a<l.8 at%.

Based orEELS spectrum imagingnalysis (FEI Titan G360-300 Cubedl single



Ni atom can be discernday scanning the electron beam prolbbe subangstrom
resolution HAADF imagedHig. 3f) showclearly thatheindividual Ni atoms randomly
are occupyng the original Ce sites, confirmed by EEL8qaired from single atom
column Fig. 3g, f). Fig. 2e shows the typical oxygen-Kdge of ceria samples with and
without 1.8% Nidopant. On each spectrufine structureconsistedof three evident
peaks (ec) can beclearly identified. Pealka corresponds to the transition froml©
states to @p states hybridized witEe** 4f electrons. Both peak b and ¢ at higher
energy regions can be ascribed to the transitions frastates to the joint vacant
states composed of2p and 5eky and 5dt.g states of C& and Cé&*, which depenan
the lattice configuration of CeCrrystal. The NiCeQ reactivity is determined by
oxygen vacancy, which can be reflected byfthe structure (edge shape and intensity)
of oxygenK-edge inEELS. The oxygen Kedge is dominated by three edges and the
fine structure can be interpreted in terms of the transitions framstates towards
Ni3d-O2p joint vacant hybridized states. It is noted that edgentribution becomes
wealer after Ni atoms were introduced into the original Géitice, revealing that Ni
dopant Ashareo partial oxygen and substit
original chemical environmentConsidering thedetail analysis of EELS data and
crystal struture, the number of C& fraction in NiCeOzis higher than that in CeQ
which is in agreementith XPS (Fig.3d andFig. 1¢).

Fig. 2f shows the EELS co#ess edges of Ce. White lines can be observed,
defined as Ce Wk edgesThe relative intensity ratio between them sensitively reflects

the valence state fluctuation. To quantitatively study the influence of Ni dopant on the



oxygenvacancyand Ce valence state,sMl4 intensity ratios of both samples were
calculated using the pitise part of the second derivative of the two experimental
spectra after subtracting the backgrowwth the chemical shift dfl4 sand the integral
intensity ratio of white lineMs/M4 accurately reveals thexidation state of C& and
Ce*"ions (a) alsorption edgeshift to higher energy with increased oxidation state; (b)
Ms/Ms ratiodecreases with increased oxidation stafer doping Ni,M4/Ms increases
from 0.98 to 1.12,ridicating that more Géion was generated by the introduction of
NidopantForone singl e Ni -HdopeotfatabmreBwhreecl ec
the Lo zedgedfig. 3e). According to the electredipole selection rule, the Niz zedges
corresponds to the transitions from the,2(870 eV) and 2. (855 eV) states tthe
empty 3d orbitals localized at the Ni dopant atom. The integral area ratio of the covered
Ls and L. edges reflects the’@lectron configurations occupied at the Ni 3d orbitals.
This value is computed to be approximately 4.1, irtdigathe Ni valence state is about
+2% The ion radius of Ni is smaller than that of Riand Nit* which results in larger
mismatch to ceria and the stger distortion of the structure.

H2-TPR of catalysts Temperature programmed reduction with (H>-TPR) of
ceria samples were performed to investigater¢decibility as well as the mobility of
lattice oxygen. Ceria prepared with chemical precipitation method (denoted as CeO
CP) was used as a reference sample. The reduction peaks can be grouped in two parts
labelled as arehandll (Fig. 49). The peak in arel with high temperature is due to
the reduction of bulk cert& It remains almost unchanged for all samples which

indicatesthat the reduction of bulk ceria undergoes the same process and consumes



almost the same lattice oxygen. On the other hand, in aifeapeak can be ascribed

to the reduction of adsorbed oxygen species, surface ceria and the bulk ceria as the
temperature increas&d®. By comparing the profile of CeQvith that of Ce@-CP,the

peak at 500 C can be discerned with one becoming sharper in shape mghtensity

and shift to the lower temperature from ~ 541) which shows a betteeducibility of

CeQ surface.This can be contributed to thheduction of thehighly active oxygen
species intexcted with cerium ions at the surface as well as the high surface area of
CeQ, leading to a Hlconsumption of 0.441 mmol tgcompared with that of 0.115
mmol / gat for CeQ-CP. Moreover, the related low reduction temperature should be
owed tothe effect of theincreasedoncentratiorof oxygenvacancieshatcan facilitate

the activation and migration of these oxygen iaetermine the formation of oxygen
vacancies and the simultaneous replenishmpestes$>°. The reduction peakf Ni-

CeQ in areal can be foundlownward shifto about 460 C from 540 C, and it is
worth noting that a new pea#tisedatabout340 C. Incorporatingmetal ions int@eria

to form solid solution will enable it with enhanced redox ability due to the generated
oxygen vacancies and the improved mobility of lattice ox§tfér’. Consequently, the
bulk oxygen ions in NCeQ can easily transfer to the surface and be reduced at a lower
temperatureThe high consumption of Hwhich is 0.658 mmol /g for peaks in area

I, can be largelgscribedo the reduction of highly active oxygen species as well as the
bulk oxygen ions migrated to the surfacensidering the doping amount of Ni was
only 1.8%thathighly dispersed in ceria crystallinaking thesdeaturesnto account,

a ceria material win high OSC and fast lattice oxygen diffusion can be achieved by this



Ni-CeQ solid solution.

CO oxidation by catalyst Fig. 4b illustrates therofiles of CO conversioffior the
CO oxidation as a function of temperatufbe CeQ@sample exhibits a lowers§ (365
C) than the Ce®@CP sample, as expected for the catalyst prepared by this method. And
the Ni-Ce(Q catalyst shows asp (268 C) shifted to a temperature lower than that of
Ce(Q (365 C). This fact reveals that the activity of-8eQ is significantly improved
compared with other catalys&ss suggested, the CO oxidation over ceria is activated
by the surface oxygen vacancies from which active sites are generated, and CO is
mainly oxidized by the lattice oxygeh Therefore, the superior catalytic performance
of Ni-CeQ and CeQ@ can be contributed to the higlensityof oxygen vacancies, and
the activity of NiCeQ is further improved due to the doping oftNatwell dispersed
as single atoms in ceria lattice as well as the elevated migration ability of oxygen ions

in this Ni doped solid solution.

Discussion
In conclusion we havesuccessfully fabricated and characterizedOdi> solid
solution synthesizedby a simple ongot solvothermal strategyith ultrasonic
assistanceExamined bythein-situ reactionobsenation (Fig. 2f), theaddition of PVP
templatewas foundtplay an | mport ant -lriokleedo imo rfpohronhionggy
dynamicsprocess of selassembling, Ostwald ripening and orienggdwth. Ni ions,
which are essential for the formation of solid solution phase, mgfdarmly occupied
at theinterstitial ste of ceria latticeor replacel the original Ce site confirmed by our

careful TEM examinatioifFig. 3g). A significant contractiopphenomenormf the cell



dimensionsvas found, which wasompensated by the expansion produced by oxygen
vacancies in thelopedsystem Due to the significant size differenbetweenNi and

Ce ions, evident lattiogistortionand atomic position rearrangement couldibinitely
generated(Supplementary Fig. xx Either interstitial or substitution sites could
generate lattie distortion Supplementary Fig. Xxresuling to an enhanced oxygen
ion diffusionfrom bulk to surface andlarger amount obxygen vacanciethan CeQ
without any dopantTo maintain a charge balanaxygenvacancycouldlead to the
surplus electronsyhich could hybridize with the neighbor @& empty band. The
degree of localizationdelocalization transition difficulty determines the redox
capability.

The strong coupling effecbetween Ni* 3d and Cé*/Cée** 4f hopping electrons
effectively promote the oxygen storage/release capability dtinegatalysisof CO
oxidation Moreover, from the viewpoint of thermodynamics, the energy threshold
requested by the ¢@ Ce** reduction could beemarkablydepressedvieanwhile, he
particle size became smaller after the Ni doptugh type of mesoporous XleQ has
a larger accessible surface area (1272F)mhanpureCeQ (104.4 ni/g) and Ce@

CP @43.4 nt/g) (Table 1) Ni-CeQ showed highecatalysisactivity for CO oxidation
Eventhe Ni dopant is only 1.8%Tlso of Ni-CeQ is about 100 C lower than the
reference catalysts:Ce@nd Ce@-CP (Fig. 4b). This outcome could expand research
to other metal atorapeciego make maximum utilizatioof them A robustassociation
betweemmicrostructure and catalysis activitias established, evidendegthe amount

of oxygen vacancy, rapid of oxygen migration and solid solution forthaitgccounted



for excellent activity of NiCeQ. Our unique microstructure information was
confirmedonthe basis of analyzingpme combined microharacterization techniques,
such as XRD, Raman, XPS, TEM, STEM, EELS andTRR. The most convinced
evidence to illustrat®&Ni-CeQ solid solutionwas the dopant ofingle Ni atomthat
uniformly dispersed in cerikttice, without changing the badften3mfacecentered
cubic structureby employing subAngstromresolution, Cscorrector STEMEELS
analysis This workhighlightsthat doping and dispersion wiinor content of Nplays

an important role iroptimizing Ce**/Cé*" ratio of ceriaand the amount of crystal
defects. Thus, the density of oxygen vacancy could be well adjustatieanapid of
oxygen migratiorwas enhancedhe results in this study for designing single atoms
highly dispersed in oxide matrix to shessize solid solution provide valuable insights
for the catalysis of the single transition métedtal atom speciesdispersed in oxide

lattice.
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Experimental section

Characterization

The morphology of the samples and the energy dispersikaey Xpectroscopy
(EDS) werestudiedby a field emission scanning electron microscope (FESEM,
HITACHI, S-4800). A FEI Titan3G2 transmission electron microscope (TEM)
equipped with duaCs-corrector, a postolumn Gatan imaging filter (G{B66) and a
monochromatorwas used for HigiiResolution TEM, STEMHAADF and EELS
analyses. Acceleration voltage is 300 kV and point resolution can reach 0.06 nm in
TEM and 0.07 nm in STEM. The energy resolution w35 eV at 300 KV, as
determined by the fullvidth at halfmaximum(FWHM) of the zereloss peak, so that
fine structure and sight chemical shift of white lines can be reflected. EELS data were
recorded with a twalimensional backluminated chargeoupled device camera
(4000 x 2700 pixels) with a low reamit noise an@ negligible dark count noise. To
avoid electron channeling effects, the selected grain was tilted slightly off the zone axis
by 2-4°. The convergence angle was about 0.7 mr&dq@4 A') and the collection
angle was-3 mrad (¢® 0.17 A1). EELS data we acquired with a dispersion of 0.01
eV per channel for monitoring the fine structure change of white lines. The digital
micrograph software (Gatan) was used for image recording/processitiy.high
spatiatresolution and higlenergyresolution can be atized by Titan3G2 TEM. The
intensity ratio of white lined(L3)/I(L2), are characteristic of the valence state of nickel
ions. The raw EELS data was deconvoluted using a Fourier ratio technique to remove

multiple-scattering effect. The backgrounds wetibtracted using the standard AE



powerlaw model.

In order to provide further insight into the nanostructure of the-ldtaNi-CeQ,
the powder samples were embedded in resin anlyautramicrotomemachineto be
thin sections with a thickness below 20 nm.

The powder Xray diffraction (XRD) measurements were acquired using a Bruker
D8 X-ray diffractometer with Nfiltered Cu KUradiation (40 kV, 40 mA) with a 2 theta
range of 10 9C°.

The X-ray Photoelectron Sgtroscopy (XPS) measurements were recorded on
KRATOS Axis Ultra DId equipped with a monochromatiera§ source (Al KJ, hv =
1486.6 eV). Before the spectra acquisition the samples were pelletized and outgassed
for 1 h at 50" C, and the pressure for the &ysis chamber is 1®mbar.

Raman spectra were recorded at room temperature in ambient conditions on a
Renishow Invia spectrometer equipped with a Leica DMLM confocal microscope and
a CCD detector with a 514 nm laser excitation.

Elemental analysis was fermed on a Thermo Elemental IRIS Intrepid ICP
atomic emission spectrometer. Before the analysis, each sample was dissolved in a
solution of hydrogen peroxide and nitric acid and heated atGfor 2 h.

The temperature programmed reduction with(H2-TPR) was performed on a
Micromeritics ChemiSorb 2720 analyzer equipped with a Thermal Conductivity
Detector (TCD). Helium and 5%#HArgon and were used for purge and reduction,
respectively. The temperature was set to 9GQwith an elevating rate of 10C / min

and a gas flow rate of 30 ml / min.



Synthesis

All chemicals wergurchased from Sigmaldrich Co. LLC. andused as received
without further purification in the synthesis proce$he deionized water used for
experiments wasbtained through an wé-pure water system (Millipord,8.2 Mq Em
at 298 K). h a typicalsynthesigrocess involving solvothermatrategy0.486 mmol
CeCk:7H20 with 0.054 mmol NiGl6H.0 for Ni-CeQ or 0.54 mmolCeCk:7H.0 for
CeQ and 1.0 g of polyvinylpyrrolidone (PVP, MV = 30000) was addedin 34 ml
dimethyl sulfoxide (DMSO, AR)and dissolved byltrasonic After a clean solution
obtained, 2 ml of 1.0 M ammonia solution was added together with 0.8 ml formic acid
(98 %) and the solution was kept stirring for Ol&effore it was transferred into a Teflon
lined autoclave of 50 ml capacity for the solvothermal treatnidre. autoclave was
placed into an ovenf 150 C for 6 hand then cooled to the room temperatditee
product was collected by centrifugation and walskngth ethanol for three times,
followed bydryingat 70 C for 6 h. Finally, the product was calcined at 53Dfor 4
h with a heating rate of 2C / min. Then pickling the obtained products in diluted
HNO3 (25%wt) for 30 minutesThe retrence catalys€CeQ-CP was prepared by
chemical precipitation method, which 0.5 mmolCeCk-7H.0 was dissolved in water
and the pH value was adjusted to 9 ~ 10 with ammonia solicuspensiomwas

obtained and treated the same way withOdi» and CeQ.

Catalytic performance on CO oxidation



Catalytic reactions were performed in a continuous flow, fized stainless steel
reactor furnished with a quartz liningef®re each test, the catalyst was put into an oven
of 100 Cfor at least 2 h, and then 100 mg of catalyst was used a#tepted under
550 C for 1 h with an air flow rate of 20 ml / min. After the reactor cooling to the
room temperature, the feedstock 1% CO with 1%rCHelium was sent in and the
temperature weamanuallyset to each reaction temperature point with a heating rate of
5 C/ min. The products at differemémperaturevere analyzed by an online GC
(Thermal Trace GC), which equipped with a TIDX packed column (802100 mesh,

2 m x 3 mm) and a thernhaconductivity detector (TCD, 150C, 80 mA). The
conversion of CO was calculated using the equation below:

0¢¢ —5—— pmmhb
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Figure 1 | Morphology and synthesis proogure of CeQ, and Ni-CeO,. (a) Schematic

strategyfor the preparation of lotulike Ni-CeQ materialvia a onepot solvothermal treatmer{b)

SEM and ¢) TEM images of Ceg) scale bar: 500 nm and 20 nfa) SEM and €) TEM images of
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10 nm.(f-i) EDX of Ni-CeQ, scale bar: & m(j) Schematievolutionof in-situ growth of lotus
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Figure 2 | Structure characterization of catalysts(a) XRD pattern of Ce@and NiCeQp.
(b) Raman spectra of Ce@nd NiCeQ. (c) XPS spectra of Ce 3d ard) O1sspectra of Cegand

Ni-CeQ. (e, f) EELS results obxygen kedge peaks and CesMpeaks of Ce@and NiCeQ.



Table 1 Texture properties of CeQ and Ni-CeO..

Catalyst Lattice Particle  Surface Pore Dopant Ce?t/Cetld]
Parameter  Sizd?d Area SizdPl Content
a(nm) (nm) (m?/g) (nm) ( mol%o)c]
Ni-CeQ 0.5407 9.3 127.5 6.74 1.8 0.26
CeOQ 0.5404 13.9 104.4 4.77 - 0.21
CeO-CP 0.5409 14.3 43.4 1.08 - 0.15

2 the particle size was calculated 8gherrerequation from XRD dat&.the pore size o
catalyst was calculateloly using the Barretioynef Halenda(BJH) adsorption branch of th
nitrogen isotherm’ the content of doping metal wasalysedby ICP.¢ the ratio of C&/Ce**
was calculated from the deconvoluted&EXPS spectim using sum of peak areas ofCand

Cé* contributions, repectively.




Figure 3 | Studies of the catalysts by electron microscopya, b) HRTEM images of Ce®
and NiCeQ, scale bar5 nm and 5 nm(c) (d, € Lattice distortion of Ce@andNi-Ce(Q, scale bar:
1 nm 1 nm 1 nm (f) STEM spectrunimage acquisitioschematic diagramg) atomic resolution
HAADF-STEM image of NiCeQ (left), singleatom EELS results taken from the selected region

(right), scale bar: 1 nm.



