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Crystalline CeO> catalyst with an optimized ion dopant is highly in demand for the
enhancement of oxygen storage capacity and the associated catalytic performance. Here,
a doping strategy with low Ni atom concentration (~1.8%) at ceria lattice sites has been
developed, and catalyzed oxidation of CO has been observed at 320 °C, whichis 100 °
C lower than that with pure CeO.. The outstanding catalytic performance can be
attributed to the formation of a single Ni atoms doped “lotus-like” ceria solid solution
with lattice distortion, crystal defects, and elastic strain, resulting in improved
concentration of oxygen vacancy and enhanced lattice oxygen diffusion. Sub-
Angstrém-resolution, Cs-corrector scanning transmission electron microscopy and
electron energy loss spectroscopy have been employed to elucidate the successful
realization of single Ni atoms homogeneously doped into ceria matrix. A solid
relationship between microstructure and the properties of ceria-based catalyst has been

established.



Oxygen vacancy plays an important role in tuning properties of many metallic
oxide nanomaterials, such as electronic!, magnetic?, luminescent®, and catalytic*
properties. Enhancing the concentration of oxygen vacancy induced by lattice distortion
is an effective strategy, which determines the oxygen ion conduction. Doping can
directly facilitate the formation and migration of oxygen vacancy®®. It has been
demonstrated by numerous researches that doping impurity atoms into crystal lattice of
host materials can cause significant changes to crystal structure such as electron density,
covalence imbalance, and distortion, which could enhance their performances in
applications®"?,

Among these metal oxides, cerium dioxide (ceria, CeO.) and ceria-based materials
have been becoming a ubiquitous constitute in catalytic systems for a variety of
applications, such as the auto-exhausted gases treatment, water-gas shift reaction, fuel
cells, hydrogen production and oxygen sensors, because of the facile redox
functionality of cerium cations and the oxygen storage capacity (OSC)®*°. The redox
capability and OSC depend largely on the concentration of oxygen vacancy and
efficiency of oxygen migration in lattice. The density and the nature of oxygen
vacancies are crucial to determine the reactivity of ceria-based catalysts, whose
formation of each vacancy is accompanied by the localization of electrons left behind
in Ce 4f states and a reduction of Ce**—Ce®", leading to an extraordinary efficiency for
reversible oxygen migration from surface to lattice!>*3. Hence, it is urgently expected
to optimize the parameters related to oxygen vacancy and oxygen migration. One

effective route is to introduce dopants into ceria lattice. The substitution of Ce in ceria



lattice by aliovalent or rare-earth elements can provide an enhanced diffusivity of
oxygen ions through the introduction of elastic strain in lattice!®'8, Meanwhile, crystal
defects can be induced by local distortion, lattice expansion or contraction of ceria
matrix, which are important for its properties®®. Energy of the activated oxygen
migration and vacancy formation can thus be lowered. For example, the oxygen storage
capacity of CeosPros02-5 is much higher than that of pure CeO,-5 because the dopant
with different radii, concentration and valence states can distort the local atomic
structure to have an optimized coordination environment. Mismatch of the size between
dopants and Ce cations, the bond length between each species with oxygen could
effectively improve the oxygen mobility and oxygen storage capacity®. In Ce1.xZrxO
solid solution, a substantially declined formation energy of oxygen vacancy, which is
0.98 eV, has been revealed after doping of 50% Zr while that of the pure CeO is 3.2
eV, Both experiments and density-functional theory (DFT) studies have shown 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 cycles?-24,

The incorporation of 5% La3* into CeO; lattice has led to the formation of solid
solutions which make Tso of soot conversion is about 130 °C lower than that of
physically mixed catalyst. The easily generated active oxygen from the deformed CeO>
structure can increase the oxygen mobility on the lattice. The facilitated Ce** < Ce®*
cycle of doped ceria could converses 98% of pulsed 20, to CO; at 400 °C while the

conversion is only 37% of the pure CeO,?. Introducing either transition metallic ions



to build solid solutions or foreign elements to form composite oxides can significantly
improve the catalytic activities of ceria*?528, Zhang and co-workers adopted a highly
thermal stable ionic liquid for synthesizing the precursors, through which a
homogeneous solid solution MnosCeos02 with ultra-high manganese doping
concentration was obtained in order to lower oxygen vacancy formation energy and
improve the migration of oxygen vacancies from bulk to surface®. Monodispersed
transition-metal-substituted ceria nanoparticles prepared by the pyrolysis of
homologous heterobimetallic precursors is of superior catalytic activity in CO
oxidation?®. Recently, atomic-level design based on interatomic potential and
architecture-tuned reactivity of ceria nanostructures has become the focus in this field.
For example, the diffusion of nonmetallic Au/Pt ions into subsurface layers and the
sufficient oxygen vacancies close to the surface dramatically increased the activity in
the water-gas shift reaction with La-doped ceria®.

However, it is still difficult to synthesize impurity-free atomic-level doped ceria
nanocrystals by a simple method. Given that the solid solution phase of a NiOx—CeO>
catalyst is responsible for the low-temperature redox activity, a Ni doped ceria with
only a tiny amount of Ni atoms homodispersely doped into ceria matrix may be an ideal
candidate for catalytic processes. Such Ni-doped system can lead to enhanced OSC and
more oxygen vacancies because of reduced oxygen formation energy®!. Therefore, a
relatively simple method of preparing ceria-based solid solution doped by single atoms
would be much more preferred, while the 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 ceria material (namely Ni-CeQO2) with a unique
lotus-like morphology assembled by nanoparticles (~10 nm) has been synthesized
through a facile solvothermal treatment strategy using metallic formates as the
precursors. The formation evolution has been illustrated by in-situ observing the growth
of Ni-CeO: (Fig. 1j). In order to further demonstrate that the Ni dopant is actually
atomically well-dispersed inside ceria lattice, the microstructure of Ni-CeO- solid
solution has been studied by a combined analysis with Cs-corrector scanning
transmission electron microscopy (STEM), electron energy loss spectroscopy (EELS)
at high energy resolution (0.35 eV) and atomic spatial resolution (70 pm). Solid solution
composed of Ni doped ceria with elastic strain, lattice distortion, and crystal defect has
remarkably increased concentration of oxygen vacancy and strongly enhanced mobility
of oxygen ions. The synthesized Ni-CeO. with only 1.8% dopant, as CO oxidation
catalyst, has shown a great performance even at low O,/CO ratio condition, in contrast

to the catalysts prepared by traditional doping methods.

Results

Synthesis and structure of lotus-like Ni-CeOs2. Lotus-like Ni-CeO2 has been
synthesized via a one-pot solvothermal method (Fig. 1a). Cerium(lll) chloride
heptahydrate and Nickel chloride hexahydrate were used as the metal precursors and
mixed with polyvinylpyrrolidone (PVP, MW = 30,000) and formic acid in dimethyl
sulphoxide (DMSO) at a molar ratio of 9: 1: 0.0125: 21. The mixture was added with

ammonium hydroxide and kept stirring for 30 min with ultrasonic assistance under



room temperature. Then it was transferred into an autoclave with Teflon lining for
solvothermal treatment at 150 °C for 6 h. Initially, the intermediates including
Ce(HCOO); and [Ce(H20)n]*" were supposed to be generated (Fig. 1a). With the
hydrothermal reaction temperature increasing, assisted by Ni?* ions, these intermediates
gradually changed into Ce(OH)CO3 or CeO- in the process of nucleation and growth
3233 At the same time, template by PVP surfactant, these nanoparticles assembled and
evolved into a unique lotus-like morphology. CeO; lattice with the incorporated Ni%*
ions was obtained after calcined at 550 °C. The uniform lotus-like Ni-CeO> has an
average size of 10 um which assembled by an abundant of particles with 8 — 10 nm size
(Fig. 1b, d). Both lotus and petal unit are homogeneously composed of Ce, O, and Ni
elements (EDX mappings in Fig. 1f-i), suggesting a successful Ni doping into the CeO-
lattice. In comparison with Ni-CeO-, the counterpart pure ceria (CeOz) was prepared
using the same method. However, pure CeO> exhibits a typical nanorod morphology
(Fig. 1b, c) with an average diameter of 60 nm and length of 300 nm, even though
assembled by similar nanoparticles with around 15 nm size, indicating a key role played
by the1.8% Ni dopant. In order to clearly observe the formation process of Ni-CeOa,
the in-situ synthesis was monitored step by step. With the reaction time prolonging from
20 to 30 and 40 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 Ostwald ripening, the Ni-CeO> with lotus-like morphology was fabricated (Fig. 1j).

Characterization of Ni-CeO:2 catalyst. The XRD patterns (Fig. 2a) suggest a

well-defined Fm3m face-centered-cubic ceria structure (JCPDS No. 34-0394) and there



are no distinct structure changes after the doping of Ni. The absence of any Ni-
containing crystal phases confirms the high dispersion of Ni species at lattice position,
instead of impurity phase formation. The (111) plane diffraction of Ni-CeO> has shifted
slightly to lower Bragg angle compared to that of CeO., strongly revealing an increase
of the inter-planar spacing, which is indicating the successful doping of Ni ions into the
ceria lattice sites.

The surface atomic concentrations and valence states of Ce, Ni and O in Ni-CeO:
and CeO have been quantitatively characterized by XPS (Fig. 2c, d). The Ni
concentration is about 1.1%, in agreement with ICP examination result approximately
(Supplementary Fig. xx). Generally, the Ce3d spectrum of stoichiometric CeO> can be
deconvoluted into ten contributions labelled as u and v, which are related to the
hybridization of O2p valence band with the Ce4f level and the different spin-orbit
doublets assigned to 3ds2 and 3ds/2 of cerium?®>**. The six peaks labelled as v, v*, v*”,
u, u” u’” characteristically stand for Ce** ions, while the other four peaks labelled as
Vo, V', U0, u’ specifically represent Ce3* ions® (Fig. 2¢). The co-existence of these two
types of cerium ions at the surface or sub-surface for Ni-CeO, and CeO, can be
identified from the fingerprint peaks of Ce* at 881.9 ¢V (v) 916.1 eV (u””) and Ce®* at
883.8 eV (v’) 901.6 eV (u’), respectively>® (Fig. 2¢). Moreover, the fraction of Ce®* ion
in the surface region can be quantitatively calculated through the peak area ratio of Ce®*
and Ce* ions, which is 0.26 (Ce®* / Ce*") from Ni-CeO2 and 0.21 on pure CeO; (Table
1). The increased Ce®" content in Ni-CeO; indicates that the doping of Ni atom into

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



reducibility of Ce**. Furthermore, the presence of Ce®* ions modifies the electrostatic
equilibrium between Ce and O ions and thus creates oxygen vacancies and unsaturated
chemical bonds, especially at the grain boundary of ceria®’¢. Therefore, a superior
oxygen mobility from the bulk to surface can be achieved in the case of a higher
concentration of Ce®" in Ni-CeO, than that of undoped CeO,. The deconvolution of
XPS spectra of O1s from Ni-CeO2 and CeO; are presented in Fig. 2c, d. The primary
band at binding energy region of 528.8 — 529.2 eV can be assigned to lattice oxygen.
The asymmetrical shoulder peak located at 531.0 — 531.5 eV reflects the adsorbed
surface oxygen species (i.e. -OH), while a peak at 533.3 — 533.6 eV is related to the
adsorbed water on surface®=°. A slight shift of the primary band to the higher binding
energy can be observed from Ni-CeO, indicating the formation of CeO2.x species on
the surface or sub-surface®.

In order to clarify the effect of Ni dopant on the bulk/surface defect formation of
CeO2, Raman spectra analysis has been carried out, see Fig. 2b. A main Raman-active
mode at 462 cm™ together with two weak modes at 582 and 1180 cm™ can be identified
in Fig. 2b, which can be assigned to the first-order Fog peak related to the fluorite cubic
structure of CeO», the defect-induced D bond, and the second-order longitudinal mode
(2L0), respectively**2, With doping, the main peak position at 462 cm™ has shifted to
454 cm™ and its shape becomes sharper, indicating that the dopant Ni breaks the
symmetry of the Ce-O bond but maintains the basic structure of ceria.*>** In addition,
the peak of D bond in Ni-CeO: gets broader and centers at a higher position of 627 cm"

! compared with that of CeO,. The relative intensity ratio of these two peaks (denoted



as Ap/ Aryg) can be used to indicate the degree of crystal defects in CeO». The value of
Ab/ Arzg Of Ni-CeO> (0.0465) is much higher than that of CeO> (0.0119), which means
a significantly increase of the amount of defects, such as oxygen vacancies in Ni-CeO-
matrix. Hence, owing to the Ni incorporation into the ceria lattice, both oxygen vacancy
and Ce** ion content have been increased.(Table.1).

Microstructure analysis of catalyst. The higher Ce3* fraction (Ce** / Ce*") in the
stoichiometric CeO- could generate high density of oxygen vacancy and enhance OSC
to maintain the electroneutrality via charge transfer and coordination effect. Sub-
Angstrém-resolution, Cs-corrector scanning transmission electron microscopy (STEM)
and EELS with 0.35 eV energy resolution have been employed to characterize the
coordination and dispersion configuration of Ni in ceria lattice (Fig. 3f). The cell
parameter of Ni-CeO. becomes larger than that of CeO; (Fig. 3a, 3b), which is in
consistent with XRD results and is an indicator of a typical substitution occupation
(Ni?* — Ce3*""). Prior to the doping, the arrangements of Ce**/Ce** ions are in perfect
square arrays (Fig. 3c). Post the doping of 1.8 at.% of Ni into the original CeO matrix,
remarkable lattice distortion, point defect and cation rearrangement can be observed
(Supplementary Fig. xxx, and Fig. 3d). The cation rearrangements deviate from the
original lattice pattern, leading to the broken of the original Fm3m symmetry.
Meanwhile, based on the statistical HRTEM analysis for many different regions, it can
be concluded that ionic vacancy or displacement, twinning, and modulated structure
exist inside the CeO- lattice even with Ni dopant as low as 1.8 at% .

Based on EELS spectrum imaging analysis (FEI Titan G3 60-300 Cubed), single



Ni atom can be discerned by scanning the electron beam probe. The sub-angstrom-
resolution HAADF images (Fig. 3f) show clearly that the individual Ni atoms randomly
are occupying the original Ce sites, confirmed by EELS acquired from single atom
column (Fig. 3e, f). Fig. 2e shows the typical oxygen K-edge of ceria samples with and
without 1.8% Ni-dopant. On each spectrum, fine structure consisted of three evident
peaks (a-c) can be clearly identified. Peak a corresponds to the transition from O1s
states to O2p states hybridized with Ce** 4f electrons. Both peak b and c at higher
energy regions can be ascribed to the transitions from O1s states to the joint vacant
states composed of O2p and 5d-eq and 5d-tog states of Ce®" and Ce**, which depend on
the lattice configuration of CeO: crystal. The Ni-CeO- reactivity is determined by
oxygen vacancy, which can be reflected by the fine structure (edge shape and intensity)
of oxygen K-edge in EELS. The oxygen K-edge is dominated by three edges and the
fine structure can be interpreted in terms of the transitions from O1s states towards
Ni3d-O2p joint vacant hybridized states. It is noted that edge ¢ contribution becomes
weaker after Ni atoms were introduced into the original CeO: lattice, revealing that Ni
dopant “share” partial oxygen and substitute the Ce position, thus modifying the
original chemical environment. Considering the detail analysis of EELS data and
crystal structure, the number of Ce3* fraction in Ni-CeOz is higher than that in CeO»,
which is in agreement with XPS (Fig. 3d and Fig. 1c).

Fig. 2f shows the EELS core-loss edges of Ce. White lines can be observed,
defined as Ce Ma s edges. The relative intensity ratio between them sensitively reflects

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



oxygen vacancy and Ce valence state, Ms/My intensity ratios of both samples were
calculated using the positive part of the second derivative of the two experimental
spectra after subtracting the background. Both the chemical shift of M4 and the integral
intensity ratio of white line Ms/My accurately reveals the oxidation state of Ce** and
Ce®" ions: (a) absorption edges shift to higher energy with increased oxidation state; (b)
Ms/Ma ratio decreases with increased oxidation state. After doping Ni, M4/Ms increases
from 0.98 to 1.12, indicating that more Ce®* ion was generated by the introduction of
Ni dopant. For one single Ni dopant atom, “white-line” features are clearly visible from
the Loz edges (fig. 3e). According to the electron-dipole selection rule, the Ni-L2 3 edges
corresponds to the transitions from the 2ps2 (870 eV) and 2pss2 (855 eV) states to the
empty 3d orbitals localized at the Ni dopant atom. The integral area ratio of the covered
Ls and L edges reflects the d® electron configurations occupied at the Ni 3d orbitals.
This value is computed to be approximately 4.1, indicating the Ni valence state is about
+2%, The ion radius of Ni?* is smaller than that of Ni° and Ni'* which results in larger
mismatch to ceria and the stronger distortion of the structure.

H2-TPR of catalysts. Temperature programmed reduction with Hz (H>-TPR) of
ceria samples were performed to investigate the reducibility 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 area | and 1l (Fig. 4a). The peak in area Il with high temperature is due to
the reduction of bulk ceria®. It remains almost unchanged for all samples which

indicates that the reduction of bulk ceria undergoes the same process and consumes



almost the same lattice oxygen. On the other hand, in area I, the peaks can be ascribed
to the reduction of adsorbed oxygen species, surface ceria and the bulk ceria as the
temperature increased*®-*8, By comparing the profile of CeO2 with that of CeO,-CP, the
peak at 500 °C can be discerned with one becoming sharper in shape higher in intensity
and shift to the lower temperature from ~ 540 °C, which shows a better reducibility of
CeO> surface. This can be contributed to the reduction of the highly active oxygen
species interacted with cerium ions at the surface as well as the high surface area of
CeOg, leading to a Hz consumption of 0.441 mmol / gcat compared with that of 0.115
mmol / gcat for CeO,-CP. Moreover, the related low reduction temperature should be
owed to the effect of the increased concentration of oxygen vacancies that can facilitate
the activation and migration of these oxygen ions, determine the formation of oxygen
vacancies and the simultaneous replenishment process**°°. The reduction peak of Ni-
CeO: in area | can be found downward shift to about 460 °C from 540 °C, and it is
worth noting that a new peak raised at about 340 °C. Incorporating metal ions into ceria
to form solid solution will enable it with enhanced redox ability due to the generated
oxygen vacancies and the improved mobility of lattice oxygen?3°1:°2, Consequently, the
bulk oxygen ions in Ni-CeO: can easily transfer to the surface and be reduced at a lower
temperature. The high consumption of Hz, which is 0.658 mmol / geat for peaks in area
I, can be largely ascribed to the reduction of highly active oxygen species as well as the
bulk oxygen ions migrated to the surface, considering the doping amount of Ni was
only 1.8% that highly dispersed in ceria crystalline. Taking these features into account,

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



Ni-CeO: solid solution.

CO oxidation by catalyst. Fig. 4b illustrates the profiles of CO conversion for the
CO oxidation as a function of temperature. The CeO2 sample exhibits a lower Tso (365°
C) than the CeO»-CP sample, as expected for the catalyst prepared by this method. And
the Ni-CeO> catalyst shows a Tso (268°C) shifted to a temperature lower than that of
CeO; (365°C). This fact reveals that the activity of Ni-CeO is significantly improved
compared with other catalysts. As 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 oxygen®:. Therefore, the superior catalytic performance
of Ni-CeO2 and CeO: can be contributed to the high density of oxygen vacancies, and
the activity of Ni-CeO: is further improved due to the doping of Ni that well 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 have successfully fabricated and characterized Ni-CeO solid
solution synthesized by a simple one-pot solvothermal strategy with ultrasonic
assistance. Examined by the in-situ reaction observation (Fig. 2f), the addition of PVP
template was found to play an important role in forming “lotus-like” morphology in the
dynamics process of self-assembling, Ostwald ripening and oriented growth. Ni ions,
which are essential for the formation of solid solution phase, might uniformly occupied
at the interstitial site of ceria lattice or replaced the original Ce site confirmed by our

careful TEM examination (Fig. 3g). A significant contraction phenomenon of the cell



dimensions was found, which was compensated by the expansion produced by oxygen
vacancies in the doped system. Due to the significant size difference between Ni and
Ce ions, evident lattice distortion and atomic position rearrangement could be definitely
generated (Supplementary Fig. xx). Either interstitial or substitution sites could
generate lattice distortion (Supplementary Fig. xx), resulting to an enhanced oxygen
ion diffusion from bulk to surface and a larger amount of oxygen vacancies than CeO>
without any dopant. To maintain a charge balance, oxygen vacancy could lead to the
surplus electrons, which could hybridize with the neighbor Ce 4f empty band. The
degree of localization-delocalization transition difficulty determines the redox
capability.

The strong coupling effect between Ni?* 3d and Ce**/Ce** 4f hopping electrons
effectively promote the oxygen storage/release capability during the catalysis of CO
oxidation. Moreover, from the viewpoint of thermodynamics, the energy threshold
requested by the Ce**«<>Ce®" reduction could be remarkably depressed. Meanwhile, the
particle size became smaller after the Ni doping. Such type of mesoporous Ni-CeO- has
a larger accessible surface area (127.5 m?/g) than pure CeO2 (104.4 m?/g) and CeO--
CP (43.4 m?/g) (Table 1). Ni-CeO2 showed higher catalysis activity for CO oxidation.
Even the Ni dopant is only 1.8%, Tso of Ni-CeO> is about 100 °C lower than the
reference catalysts:CeO. and CeO»-CP (Fig. 4b). This outcome could expand research
to other metal atom species to make maximum utilization of them. A robust association
between microstructure and catalysis activity was established, evidenced by the amount

of oxygen vacancy, rapid of oxygen migration and solid solution forming that accounted



for excellent activity of Ni-CeO,. Our unique microstructure information was
confirmed on the basis of analyzing some combined micro-characterization techniques,
such as XRD, Raman, XPS, TEM, STEM, EELS and H>-TPR. The most convinced
evidence to illustrate Ni-CeO; solid solution was the dopant of single Ni atom that
uniformly dispersed in ceria lattice, without changing the basic Fm3m face-centered-
cubic structure by employing sub-Angstrém-resolution, Cs-corrector STEM-EELS
analysis. This work highlights that doping and dispersion of minor content of Ni plays
an important role in optimizing Ce3*/Ce** ratio of ceria and the amount of crystal
defects. Thus, the density of oxygen vacancy could be well adjusted and the rapid of
oxygen migration was enhanced. The results in this study for designing single atoms
highly dispersed in oxide matrix to synthesize solid solution provide valuable insights
for the catalysis of the single transition metal/metal atom species dispersed in oxide

lattice.
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Experimental section

Characterization

The morphology of the samples and the energy dispersive X-ray spectroscopy
(EDS) were studied by a field emission scanning electron microscope (FESEM,
HITACHI, S-4800). A FEI Titan3-G2 transmission electron microscope (TEM)
equipped with dual-Cs-corrector, a post-column Gatan imaging filter (GIF-966) and a
monochromator was used for High-Resolution TEM, STEM-HAADF 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 was ~0.35 eV at 300 KV, as
determined by the full-width at half-maximum (FWHM) of the zero-loss peak, so that
fine structure and sight chemical shift of white lines can be reflected. EELS data were
recorded with a two-dimensional back-illuminated charge-coupled device camera
(4000 x 2700 pixels) with a low read-out noise and a 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 mrad (q ~ 0.04 A1) and the collection
angle was ~3 mrad (q ~ 0.17 A™). EELS data were 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/processing. Both high-
spatial-resolution and high-energy-resolution can be realized by Titan3-G2 TEM. The
intensity ratio of white lines, 1(Ls)/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 were subtracted using the standard AE™



power-law model.

In order to provide further insight into the nanostructure of the lotus-like Ni-CeOa,
the powder samples were embedded in resin and cut by ultramicrotome machine to be
thin sections with a thickness below 20 nm.

The powder X-ray diffraction (XRD) measurements were acquired using a Bruker
D8 X-ray diffractometer with Ni-filtered Cu Ko radiation (40 kV, 40 mA) with a 2 theta
range of 10 — 90°.

The X-ray Photoelectron Spectroscopy (XPS) measurements were recorded on
KRATOS Axis Ultra DId equipped with a monochromatic X-ray source (Al Ka, hv =
1486.6 eV). Before the spectra acquisition the samples were pelletized and outgassed
for 1 hat 50 °C, and the pressure for the analysis chamber is 10 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 performed 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 at 80 °C for 2 h.

The temperature programmed reduction with H> (H2-TPR) was performed on a
Micromeritics ChemiSorb 2720 analyzer equipped with a Thermal Conductivity
Detector (TCD). Helium and 5%H»-Argon and were used for purge and reduction,
respectively. The temperature was set to 900 °C with an elevating rate of 10 °C / min

and a gas flow rate of 30 ml / min.



Synthesis

All chemicals were purchased from Sigma-Aldrich Co. LLC. and used as received
without further purification in the synthesis process. The deionized water used for
experiments was obtained through an ultra-pure water system (Millipore, 18.2 MQ-cm
at 298 K). In a typical synthesis process involving solvothermal strategy, 0.486 mmol
CeCl3-7H20 with 0.054 mmol NiCl2-6H20 for Ni-CeO> or 0.54 mmol CeClsz-7H20 for
CeO2 and 1.0 g of polyvinylpyrrolidone (PVP, MV = 30000) was added in 34 ml
dimethyl sulfoxide (DMSO, AR) and dissolved by ultrasonic. 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 0.5 h before it was transferred into a Teflon-
lined autoclave of 50 ml capacity for the solvothermal treatment. The autoclave was
placed into an oven of 150 °C for 6 h and then cooled to the room temperature. The
product was collected by centrifugation and washed with ethanol for three times,
followed by drying at 70 °C for 6 h. Finally, the product was calcined at 550 °C for 4
h with a heating rate of 2 °C / min. Then pickling the obtained products in diluted
HNO3 (25%wt) for 30 minutes. The reference catalyst CeO,-CP was prepared by
chemical precipitation method, in which 0.5 mmol CeClsz-7H20 was dissolved in water
and the pH value was adjusted to 9 ~ 10 with ammonia solution. A suspension was

obtained and treated the same way with Ni-CeO; and CeO..

Catalytic performance on CO oxidation



Catalytic reactions were performed in a continuous flow, fixed-bed stainless steel
reactor furnished with a quartz lining. Before each test, the catalyst was put into an oven
of 100 °C for at least 2 h, and then 100 mg of catalyst was used and pre-heated 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% O in Helium was sent in and the
temperature was manually set to each reaction temperature point with a heating rate of
5 °C / min. The products at different temperature were analyzed by an online GC
(Thermal Trace GC), which equipped with a TDX-01 packed column (80 — 100 mesh,
2 m x 3 mm) and a thermal conductivity detector (TCD, 150 °C, 80 mA). The
conversion of CO was calculated using the equation below:

COin — COoyt

Congy = —"-5——"% x 100%
mn
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Figure 1 | Morphology and synthesis procedure of CeO; and Ni-CeO,. (a) Schematic
strategy for the preparation of lotus-like Ni-CeO, material via a one-pot solvothermal treatment. (b)
SEM and (c) TEM images of CeOy, scale bar: 500 nm and 20 nm. (d) SEM and (e) TEM images of
Ni-CeOs,, the inset in (e) presents a detailed structure of selected area, scale bar: 10 pm, 2 um, and
10 nm. (f-i) EDX of Ni-CeOg, scale bar: 5 um. (j) Schematic evolution of in-situ growth of lotus-

like Ni-CeO> material, scale bar: 3 pm, 2 pym, 5 um, 5 um, and 10 um, respectively.
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Figure 2 | Structure characterization of catalysts. (a) XRD pattern of CeO, and Ni-CeO..
(b) Raman spectra of CeO, and Ni-CeO.. (c) XPS spectra of Ce 3d and (d) O1s spectra of CeO; and

Ni-CeO:.. (e, f) EELS results of oxygen K-edge peaks and Ce My s peaks of CeO; and Ni-CeOo.



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

Catalyst Lattice Particle  Surface Pore Dopant Ce®/Ce**ld]
Parameter  Sizeld Area Sizel®! Content
a (nm) (nm) (m?/g) (nm) (' mol%)(cl
Ni-CeO, 0.5407 9.3 1275 6.74 1.8 0.26
CeO; 0.5404 13.9 104.4 4.77 - 0.21
Ce0O,-CP 0.5409 14.3 43.4 1.08 - 0.15

2 the particle size was calculated by Scherrer equation from XRD data. ° the pore size of
catalyst was calculated by using the Barrett-Joyner—Halenda (BJH) adsorption branch of the
nitrogen isotherm. ¢ the content of doping metal was analysed by ICP. ¢ the ratio of Ce3*/Ce**

was calculated from the deconvoluted Ce-3d XPS spectrum using sum of peak areas of Ce®* and

Ce** contributions, respectively.
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Figure 3 | Studies of the catalysts by electron microscopy. (a, b) HRTEM images of CeO;
and Ni-CeOg, scale bar: 5 nmand 5 nm. (¢) (d, e) Lattice distortion of CeOzand Ni-CeO;, scale bar:
1 nm, 1 nm, 1 nm. (f) STEM spectrum image acquisition schematic diagram. (g) atomic resolution
HAADF-STEM image of Ni-CeO; (left), single-atom EELS results taken from the selected region

(right), scale bar: 1 nm.
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Figure 4 | Redox property of catalysts. (a) TPR profiles of the Ni-CeO,, CeO,, and CeO,-CP

samples; (b)Catalytic performance on CO oxidation of Ni-CeO2, CeO,, and CeO,-CP. Reaction

conditions: 100 mg catalyst, 1% CO and 1% O, with balanced He as feedstock, GHSV = 15000 h-

L, reaction temperature from 40 to 400 °C.



