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Synthesis and characterization of nickel-doped
ceria nanoparticles with improved surface
reducibilityt
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Corinne Petit,? Gwenaél Corbel @9 and Spyridon Zafeiratos ®~

Nickel-doped ceria nanoparticles (Nig1CegoO,_x NPs) were fabricated from Schiff-base complexes and
characterized by various microscopic and spectroscopic methods. Clear evidence is provided for
incorporation of nickel ions in the ceria lattice in the form of Ni** species which is considered as the
hole trapped state of Ni?*. The Nig1Ceo 905, NPs exhibit enhanced reducibility in H, as compared to
conventional ceria-supported Ni particles, while in O, the dopant nickel cations are oxidized at higher

rsc.li/rsc-advances valence than the supported ones.

Introduction

Cerium(wv) oxide, also known as ceria (CeO,), is largely
exploited in catalysis and electrocatalysis," such as for
example, as a constituent of three-way automotive catalysts.>
The unique catalytic properties of ceria have been connected
to the facile and reversible exchange between Ce*" and Ce*
oxidation states which allows fast uptake and release of oxygen
under oxidizing and reducing conditions, respectively.
Although oxidation of Ce*" ions is kinetically fast, the reduc-
tion of Ce*" is generally sluggish, therefore great effort has
been devoted to promote ceria reducibility® either by modi-
fying the size and the morphology of the crystals or by partial
substitution of cerium by metal ions.** The latter has been
also exploited as a strategy to produce catalysts containing
metal ions atomically dispersed on the oxide support, usually
referred to as single-atom catalysts.*” A prerequisite for the
synthesis of metal-substituted ceria particles is the formation
of a homogenous solid solution between the metal and ceria.
Conventional catalyst synthesis methods, e.g. co-precipitation,
are not capable of that and typically lead to the formation of
segregated metal/ceria agglomerates.® Therefore, realizing the
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homogeneous dispersion of metal into the ceria lattice is
a critical challenge in the effort to synthesize novel single-
atom catalysts and there are only few available methods for
that. Recently W. L. Wang et al.,” proposed a synthesis route
that involves a solution of the two metal salts which react in
a continuous reactor in the presence of supercritical water
(374 °C and 23 MPa). Alternatively, S. McIntosh and co-
workers, demonstrated that Cu-doped ceria nanoparticles
can be synthesized at room temperature in aqueous solution
using a modified base precipitation method.' These methods
do not involve organic compounds and so, does not require
a cleaning step after preparation. On the downside, the
absence of an organic protective layer constitutes the particles
potentially vulnerable to aggregation and agglomeration. In an
alternative synthesis method put forward by Elias et al.™
a solution-based pyrolysis route is followed to produce phase
pure, monodisperse M, ;Cey 0, , (M: Ni, Co, Au) nano-
particles. To ensure close association of cerium and transition
metal ions during their nucleation and growth hetero-
bimetallic Schiff base complexes were used as inorganic
precursors. By this method the nanoparticles are surrounded
by an oleylamine protective layer, which allows obtaining
narrow size distributions of relatively small particles (ca. 3
nm). However, the synthesis is relatively complex since it
requires 3 consecutive steps.

In this work we modulate/simplified the previously proposed
method" to prepare nickel-doped ceria NPs from Schiff base
metal complexes obtained in one step, without pre-synthesis of
the salpn (N,N'-bis(salicylidene)-1,3-diaminopropane) ligand
molecule. The structure and composition of the produced NPs
were verified by various methods, including XPS, HR-TEM,
Raman and XRD, while their surface reducibility is compared
to conventional supported Ni/CeO, using in situ structural and
surface sensitive techniques.

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic illustration of the preparation of the Nig1Ceq 9O, _, nanoparticles.

Materials and methods
Synthesis of Ni, ;Cey0,_, nanoparticles

The Ni, ;Ce(.00,_, nanoparticles (hereafter abbreviated as NiCe
NPs) were synthesized by mixing the heterobimetallic Schiff
base complexes precursors in oleylamine and reflux the mixture
at 180 °C under Ar (see Scheme 1). The Schiff base complexes
were prepared directly, without using a Schiff base ligand as in
ref. 11. For characterization, the NiCe NPs were dispersed in
hexane solution and dropped casted on various inert supports
(polycrystalline gold foil, silicon wafer and fused quartz glass)
and the solvent was allowed to evaporate at room temperature,
leaving a layer of nanoparticles grafted on the support. A
reference 10%Ni/CeO, sample (hereafter Ni/CeO,) was prepared
by the co-precipitation synthesis route. Detailed description of
the synthesis and the characterization methods is included in
ESI 1.t

Characterization methods

The X-ray photoelectron spectroscopy (XPS) analysis chamber is
equipped with VSW Class WA hemispherical electron analyzer
(150 mm radius) and a monochromatic Al Ko X-ray source
(1486.6 eV). Oxidation/reduction treatments were carried out in
a flow-through variable-pressure reactor attached to the UHV
setup (0.6 L volume). Each oxidation/reduction step lasted
30 min at constant temperature and gas pressure. The pressure
of the gas (H, or O,) treatment was 7 mbar. Subsequently to the
gas treatment, the sample was cooled to room temperature in
gas and the reactor was evacuated to 5 x 10~ % mbar. Then the
sample was transferred in vacuum into the analysis chamber for
XPS characterization.

The XRD spectra were recorded at 25 °C intervals between 25
and 400 °C (heating rate of 10 °C min~"', temperature stabili-
zation for 20 min, cooling rate of 60 °C min ') by using a XRK
900 Anton Paar reactor chamber attached to a PANalytical 6/6
Bragg-Brentano Empyrean diffractometer (CuKo,., radiations)
equipped with the PIXcel'” detector. The sample was deposited
on the sieve (pore size & 0.2 mm) of the open sample holder
cup, both made of glass ceramic Macor, thus allowing gas to
flow through and eventually reacting with the sample. For CeO,/
NiO (10 mol%) powder sample, the diffractogram was collected
at each temperature in the [20-130°] scattering angle range with

This journal is © The Royal Society of Chemistry 2018

a 0.0131° step for a total acquisition time of 220 min. For
Nig.1Ce 90, drop casted sample, the diffractogram was
collected at each temperature in the [20-65°] scattering angle
range with a 0.0131° step for a total acquisition time of 155 min.
The program FullProf**> was used for Le Bail refinements. The
size of the coherent diffusion domains, which are frequently
assigned to the average particle size, was estimated by
measuring the full-width at the half maximum (FWHM) of the
Bragg peaks, taking into account the instrumental contribution.
Typically the error in such estimation is considered around
10%.

Raman spectra were acquired using a micro-Raman spec-
trometer (Horiba LabRam), with excitation wavelength of
532 nm. A 100x objective was used to focus the excitation laser
to an approximately 1 pm spot with a laser power of less than 1
mW to avoid heating and damage of the sample.

The surface morphology was inspected by SEM using a Zeiss
GeminiSEM 500 microscope. Energy-dispersive X-ray spectros-
copy (EDXS) mapping was combined with the SEM images to
resolve the different elements on the surface of the electrodes.
The TEM analysis of Ni, ;Ceq 90, _, was carried out in scanning
mode (STEM) using bright field and annular dark field detectors
on a JEOL 2100F working at 200 kV, equipped with a probe
aberration corrector. The sample powder was dispersed in
a beaker containing ethanol solution and sonicated for 5
minutes inside an ultrasound bath. Then, a dropper (Pasteur
pipette) was used to deposit one drop of the as prepared solu-
tion on a commercial copper grid covered with a holey carbon
membrane destined to the TEM observation.

Results and discussion

Characterization of Ni, ;Ceq 9O, _, nanoparticles and films

The X-ray diffraction (XRD) patterns of NiCe NPs before and
after calcination are shown in Fig. 1a. Both patterns are char-
acteristic of fluorite-type CeO, phase without extra peaks orig-
inating from Ni-containing phase. The absence of Ni diffraction
peaks indicates the successful introduction of the entire
amount of Ni ions in the ceria lattice and the absence of
segregated nickel.” The cubic unit cell parameter is slightly
increasing after calcination from 5.421(1) A to 5.424(1) A in
good agreement with the parameter determined by Elias et al.
for ceria NPs (aceria = 5.42 A).“ The unit cell parameter for the

RSC Adv., 2018, 8, 40712-40719 | 40713
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Fig. 1 (a) XRD patterns (b) Raman spectra and (c) XPS spectra (d) Auger spectrum of Nig1CeqO,_4 particles as synthesized (red) and after

calcination at 400 °C in O, (black).

NiCe NPs is larger than the one typically reported for undoped
bulk CeO, grains (5.411 A)." At first sight this may appear to
oppose the fact that nickel ion is smaller in size than Ce**,**
however the lattice expansion can be explained by the creation
of extrinsic oxygen vacancies through the aliovalent substitu-
tion of Ce** with Ni"™".

Raman spectroscopy is sensitive to the modification of the
local structure of the ceria crystal and particularly to lattice
defects.' Fig. 1b shows the baseline corrected Raman spectra of
fresh and calcined NiCe NPs. The main Raman band at
458 cm ' corresponds to the triply degenerate F,, mode of
fluorite-type ceria structure and it can be considered as the
symmetric stretching mode of oxygen atoms around cerium
ions.” Two addition features are observed at about 545 and
620 cm ™' which according to previous studies are induced by
defects in the ceria structure.®*® The lower-wavenumber band
at 545 cm™ ' is attributed to defect sites that include an O*~
vacancy (extrinsic vacancy), while the higher-wavenumber band
at 620 cm ' is induced by the presence of Ce*" or Ni**
ions.’*182° The peak at 225 cm ™" is the transverse optical (TO)
phonon mode, which, it becomes Raman active due to the
disorder induced by doping in CeO,.** Comparison of the
Raman spectra before and after calcination in Fig. 1b shows
that fresh NiCe particles contain a great number of defect sites
which, to a large extent, remain also after calcination at 400 °C.
Since the amount of extrinsic oxygen vacancies is directly

40714 | RSC Adv., 2018, 8, 40712-40719

related to the oxidation state of nickel ions, this indicates the
stability of nickel oxidation state during calcination.

XPS can be used to confirm the oxidation state of Ce and Ni
ions as well as to their surface arrangement.”® In Fig. 1c are
presented the Ce 3d and Ni 2p spectra before and after calci-
nation of NiCe NPs. The Ce 3d photoelectron peak contains
several multiple splitting features including the intense peak at
916.8 eV which is characteristic for Ce*" ions.”* The Ni 2p;, line
is composed by a main peak at 855.3 4 0.1 eV and a satellite
feature at higher binding energies with relative intensity about
25 £ 5% of the main Ni 2p;,, peak. The binding energy (BE)
position and the peak shape do not correspond to nickel oxides
or hydroxides reported in relevant literature.””>* Similarly, the
Ni LMM Auger peak shape and the so called modified Auger
parameter (¢) at 1698.9 eV shown in Fig. 1d, differ from
previously published results of oxidized nickel compounds.>*

These findings suggest that the chemical environment
around Ni cations varies from the known bulk nickel oxides (e.g.
NiO). On the other hand, previous studies of Ni*" species
formed after potassium interaction with NiO***” exhibit similar
Ni 2p;/, peak characteristics with the one found here, which is
strong evidence that in the case of NiCe NPs, nickel is mainly in
the Ni** state. More conclusive results about the oxidation state
of nickel will be provided after comparison with supported
nickel oxide particles in the next section. The Ni: Ce atomic
stoichiometry calculated by XPS is found 12 : 88 + 2%, close to

This journal is © The Royal Society of Chemistry 2018
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the expected stoichiometry of Ni, ;Ce 00, particles (10 : 90).
This stoichiometry remains constant after calcination which
indicates the stability of the NPs during this process and
excludes surface segregation phenomena. Overall XRD, Raman
and XPS analysis of the NiCe NPs provides solid evidence for the
formation of Ni doped-ceria particles with the expected stoi-
chiometry and high stability to the calcination procedure.

The SEM micrograph of the NiCe NPs applied by drop
casting on a SiO,/Si substrate is shown in Fig. 2a. The texture of
the fresh film is not homogenous and consists of flat areas
interrupted by parts where the texture is porous. After calcina-
tion at 400 °C and removal of the capping oleylamine layer, the
NPs have the tendency to agglomerate and form a flat and
homogenous film on both SiO,/Si and Au foil substrates as

Fig.2 SEMimages of a Nig 1Ceq.9O0,_, layer (a) fresh after drop casting
the solution on a SiO,/Si wafer (b) after calcination at 400 °C on a SiO,/
Si wafer and (c) after calcination at 400 °C on a Au polycrystalline foil.

This journal is © The Royal Society of Chemistry 2018
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shown in Fig. 2b and c. Apparently, the flat nature of the NiCe
NPs film demonstrates the tendency of the solution to wet the
support and form layers instead of agglomerated particles.
Based on the quantitative analysis of the SEM images using EDX
the Ni atomic ratio was found 11.0 = 1.5%, which is in good
agreement with both XPS findings and the nominal Ni loading.

The HR-TEM images (Fig. 3a and S2 (ESI)t) after calcination
shows aggregated NiCe NPs with a mean diameter of about
4 nm, similar to previous work.™ Typical high resolution STEM
images (Fig. 3b and c) show the high crystallinity of the calcined
NiCe NPs and reveal that the crystallites are formed in truncated
octahedral crystal habits. The corresponding Fast Fourier
Transform (FFT) patterns (Fig. 3d) suggest that the {111} and
{100} are the mainly exposed facets of the NPs.

Investigation of the redox properties of Nij ;Cep 90,y
nanoparticles

The redox stability of NiCe NPs is investigated next, in
comparison with supported Ni/CeO, of the same nominal
composition. Generally in catalytic studies temperature pro-
grammed methods (TP) are employed to examine the redox
properties. However such methods are not suitable for NiCe NPs
since require a relatively high solid sample loading, which
bypass the capacity of the synthesis method and needs scale up.
Furthermore, TP methods present some drawbacks mostly
related to the overlapping of the peak profiles and the difficulty
to identify with certainty surface and bulk processes. Alterna-
tively, analytical methods can be used to provide direct infor-
mation about the oxidation state during, or after, redox
treatments.”®* Although this is a more elaborate approach, is
preferential for the purpose of this study since it can be specific
on the surface redox properties providing that surface sensitive
methods are used.

In ESI 3t in situ temperature controlled XRD experiments
obtained during consecutive reduction and oxidation (redox)
cycles of pre-calcined NiCe NPs and Ni/CeO, are compared in
Fig. S3.1 The diffraction patterns of the NiCe are similar to that of
pure CeO, cubic structure and remain almost identical in both
H, and O, atmospheres for all annealing temperatures (Fig. S37).
Notably, there is no appearance of diffraction peaks related to Ni
or NiO. The calculated cubic unit cell parameter of NiCe NPs
remains practically constant in both atmospheres (Table 1).
Therefore, within the XRD detection limits, the NiCe NPs are
stable during the redox treatment in terms of dispersion and
nature of the presented phases in good agreement with previous
ex situ XRD reports.>® The average apparent size of the NiCe
crystallites determined at room temperature (by refinement after
removing the instrumental line broadening) was 20(2) A, and
37(4) A after calcination at 400 °C in O, and H,, respectively,
which is in good agreement with the HR-TEM results. The results
show that the NPs can be reduced inducing a large amount of
oxygen vacancies while keeping their structure practically stable.
In contrast to NiCe NPs, in the XRD pattern of Ni/CeO, in addi-
tion to the CeO, diffraction, Ni-related peaks are detected
(Fig. S3t). In particular, the calcined Ni/CeO, contains a large
(200) Bragg peak at around 43.3° in 26 assigned to NiO. When

RSC Adlv., 2018, 8, 40712-40719 | 40715
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Fig. 3 High resolution bright field STEM image and the corresponding FFT diffraction pattern of Nig1Ceq9O,_ formed after calcination at

400 °C.

annealed in H,, a complete reduction of NiO into Ni occurs at
300 °C (appearance of the (111) peak at around 44.5° in 26
assigned to Ni in Fig. S31). In a consecutive reoxidation cycle,
a large amount of metallic Ni remains present even after
annealing in O, at 400 °C the reoxidation is therefore partial
(Fig. S371). The diffraction peaks related to CeO, and accordingly
the cubic unit cell parameters of Ni/CeO, sample remain practi-
cally stable during both redox treatments (Table 1).

The XPS analysis performed under gas and temperature
conditions similar to XRD is informative of the stability in the
near surface region. The Ce 3d and Ni 2p spectra of the NiCe
NPs and Ni/CeO, after H, and O, treatments at two character-
istic temperatures are shown in Fig. 4. Comparison of the
relative Ni 2p to Ce 3d peak intensities between the two samples
shows that in case of Ni/CeO, the intensity of Ni 2p peak is
enhanced as compared to the NiCe NPs. In particular, the

atomic ratio of Ni from about 12 + 2 at Ni, ;Ce, ¢O,_, increases
to 35 £ 2 in case Ni/CeO,, which seems surprising since both
samples have the same nominal Ni loading. This is rationalized
by taking into account the differences in the morphology of the
two samples. The co-precipitation forms Ni particles dispersed
on the ceria surface,® while Ni in the case of NiCe NPs is
inserted into ceria lattice. Given that XPS is surface sensitive, Ni
particles dispersed over ceria support (Ni/CeO,) is expected to
have an enhanced Ni atomic ratio in XPS, as compared to Ni
atoms inserted into the fluorite lattice of ceria (NiCe NPs).
Apart of the differences in the peak area ratio, the two
samples exhibit clear differences also in the peak shape (Fig. 5).
As discussed above, in O, and low temperature H, the Ni 2p;,
peak of NiCe NPs is likely due to Ni** species. In case of Ni/CeO,
the main Ni 2p;,, peak at 854.1 eV is accompanied by a prom-
inent shoulder around 855.3 eV and an intense satellite feature

Table 1 Cell parameters of the Nig1Ce 902 _x NPs and 10%Ni/CeO, as defined by in situ XRD, after O, and H, annealing at 400 °C

AGeria (A) AGeria (A)

at 25 °C, after annealing at 400 °C, under 96% at 25 °C, after annealing at 400 °C, under 96%
Sample N,-4%0, N,-4%H,
Ce0,/NiO (10 mol%) 5.4103(1) 5.4109(1)
Nip1Ce0.005_» 5.421(1) 5.424(1)

40716 | RSC Adv., 2018, 8, 40712-40719
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Fig. 4 Ni 2p and Ce 3d XPS spectra of Nig1Ceq90,_x NPs (a) and 10%Ni/CeO, (b) upon treatment up to 400 °C in O, and H, atmospheres.

(50 = 5% of the main Ni 2p;/, peak height) shifted 6.9 eV of the
main peak (Fig. 5a), typical characteristics of the Ni 2p spectrum
for bulk NiO.**** These differences confirms that in the case of
NiCe NPs nickel is mainly in the Ni** state, while for Ni/CeO, is
oxidized to NiO (Ni*" valence) and reveals a fundamental
chemical modification of nickel impended in the ceria lattice as

Intensity /a.u.

Fig. 5

&

0, @ 400°C &

Nig,Cey 40, NPs

10% Ni/CeO,

T T T T T T T T T T
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Binding Energy / eV

b) Ce 3d
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compared to supported nickel particles. The oxidation state of
nickel remains unchanged up to 200 °C in H,, while at 400 °C in
H, Ni 2p;), shifts at 852.7 eV and the satellite peak intensity
drops considerably. This is a clear indication of reduction of
nickel to the metallic state for both samples and completes the
XRD observations shown above.

(a) Comparison of the Ni 2ps,, spectra between 10% Ni/CeO, and NiCe NPs samples recorded after calcination at 400 °C (b) decon-

volution procedure of two characteristic Ce 3d XPS spectra using Ce** and Ce** line shapes derived from reference samples recorded under
identical reduction conditions (400 °C in H,).

This journal is © The Royal Society of Chemistry 2018
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Table 2 The % concentration of Ce®* species at different gas treat-
ments as derived by the analysis of the Ce 3d XPS spectra

% Ce**
Conditions Nig.1Ce.005_x 10%Ni/CeO,
Calcined 0 0
200 °C in H, 27 5
400 °C in H, 74 10
200 °C in O, 31 10
400°Cin O, 0 0

The Ce 3d spectra of the two samples differ considerably
after H, and O, treatments. The % Ce>" species obtained after
deconvolution of Ce 3d peak in Ce*" and Ce' components
(Fig. 5b) are given in Table 2. From this table it is clear that
under identical H, treatment conditions the amount of Ce**
species for NiCe NPs is up to 7 times higher as compared to Ni/
CeO,. The ceria stoichiometry in case of NiCe NPs, as calculated
by the % Ce*" at 400 °C in H,, is CeOy 63. Such a composition
adopts a Bixbyite type C-Ce,0s3.4 structure,* which has a cubic
superstructure (@ = 11.11 A), originating from the ordering of
oxygen vacancies along the [111] direction of the fluorite type
structure. The calculated XRD pattern of C-Ce,03.5 contains
several superstructure peaks of low intensity at 26 19.5°, 34.2°,
37.9° and 41.4°, in addition to intense peaks at 26 27.8°, 32.2°,
46.2° similar to those observed for CeO,. However the detection
of the small superstructure peaks characteristic of the C-
Ce,03.5 phase in the XRD pattern of NiCe NPs (Fig. S37), is
impossible due to a broadening of all Bragg peaks induced by
the small size of coherent diffraction domains (37(4) A).

Doped-ceria nanoparticles have been studied for a number
of applications including catalytic CO oxidation'*'* and elec-
trocatalytic CO, reduction,® showing an excellent performance
as compared to standard supported catalysts. The reducibility
of ceria, i.e. the facile transformation of Ce cations from Ce** to
Ce®, is a crucial property for the catalytic applications since it is
related to the ability of the material to release and uptake O
atoms during reactions.** The present findings show that the
reducibility of ceria is enhanced when Ni is doped into the
lattice, as compared to Ni deposited over ceria supports. The
enhanced reducibility of NiCe NPs can be used to design
improved catalysts when enhanced ceria reducibility is
required. For example, facile ceria reduction is known to
promote heterogeneous catalytic reactions following the Mars—
van-Krevelen reaction mechanism.*>*®

Apart of the apparent influence on the ceria reducibility, the
synthetic strategy reported here has an additional advantage
which is related to the fact that the NiCe NPs are solved in
hexane solution. This solvent has a high viscosity (0.30 mPa
s@25 °C) which allows facile access of the solution containing
NiCe NPs via capillary forces into the channels of porous
supports as compared to NPs in aqueous media. High viscosity
can find direct application for the use of this material in the
preparation of solid oxide cell electrodes (SOCE). In recent years
there is an increase interest to fabricate SOCE by direct infil-
tration of the electrode material on a porous electrolyte

40718 | RSC Adv., 2018, 8, 40712-40719
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scaffold.>”*° Typically, ceria is deposited from nitrate solutions
which have much lower viscosity than hexane, often resulting in
a non-uniform in depth distribution of ceria into the pores of
the scaffold. The application of doped ceria nanoparticles
prepared by the method described in this work for the devel-
opment of highly efficient SOCE, will be explored in future
studies. We expect that the enhanced reducibility of ceria which
was evident in this study, in combination with the facile
application of the nanoparticles into the channels of the scaf-
fold, based on the high viscosity of hexane solutions, is
a promising combination which can contribute to the devel-
opment of more robust and active solid oxide electrodes for fuel
cell and electrolysis applications.

Conclusions

In summary, Ni, ;Ceq 9O, _, nanoparticles with mean diameter
of about 4 nm, were synthesized from heterobimetallic Schiff
base complexes precursors using a two-step process. The as
prepared particles are dispersed in hexane solution and later
dropped casted onto planar supports for characterization. A
variety of analytical methods including, XPS, XRD, Raman,
STEM, and SEM were applied to ascertain the structure,
morphology and chemical state of the nanoparticles before and
after calcination at 400 °C. Among other things, the results
illustrated the presence of trivalent Ni*" ions and a considerably
high amount of defect sites into the ceria particles. The
reduction/oxidation of the Ni, ;Ce( 00,_, nanoparticles in H,/
O, ambients respectively, was studied by XPS and in situ XRD.
For comparison ceria-supported nickel particles prepared by
standard co-precipitation method, were examined under the
same conditions. Notably, the surface reducibility of ceria is
enhanced when Ni is doped into the ceria lattice, as compared
to ceria acting just as the Ni support. Considering that the
reducibility of ceria determines to a large extent the facility of
this material to store and release oxygen, the Niy;Cep 00,
nanoparticles prepared by this method can be potentially
exploited in a variety of technological fields such as heteroge-
neous catalysis and solid oxide electrochemical cells.
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