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Introduction

LnNiO; compounds (Ln - lanthanide cation) have already literature,

Resolving a structural issue in cerium-nickel-based
oxide: a single compound or a two-phase
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CeNiOs has been reported in the literature in the last few years as a novel LnNiO3z compound with promis-
ing applications in different catalytic fields, but its structure has not been correctly reported so far. In this
research, CeNiOz (RB1), CeO, and NiO have been synthesized in a hanocrystalline form using a modified
citrate aqueous sol-gel route. A direct comparison between the equimolar physical mixture
(n(CeOy) : n(NIO) = 1:1) and compound RB1 was made. Their structural differences were investigated by
laboratory powder X-ray diffraction (PXRD), selected area electron diffraction (SAED), transmission elec-
tron microscopy (TEM) with an energy-dispersive X-ray spectroscopy (EDS) detector, and Raman spec-
troscopy. The surface of the compounds was analyzed by X-ray photoelectron spectroscopy (XPS), while
the thermal behaviour was explored by thermogravimetric analysis (TGA). Their magnetic properties were
also investigated with the aim of exploring the differences between these two compounds. There were
clear differences between the physical mixture of CeO, + NiO and RB1 presented by all of these
employed methods. Synchrotron methods, such as atomic pair distribution function analysis (PDF), X-ray
absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS), were used
to explore the structure of RB1 in more detail. Three different models for the structural solution of RB1
were proposed. One structural solution proposes that RB1 is a single-phase pyrochlore compound
(Ce,NiO5) while the other two solutions suggest that RB1 is a two-phase system of either CeO, + NiO or
Ce1_xNi O, and NiO.

intelligence,® gas sensing,” etc. Their metal-to-insulator tran-
sition has also been widely inspected.”"” In the previous
21819 it has been reported that LnNiO; compounds

been investigated for different purposes, including electrocata- are distorted perovskites with defined crystallographic para-
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“5 artificial meters. However, there are a lot of discrepancies in the litera-

ture concerning Ce-based compounds. Most of the recently
published articles claim that they obtained phase pure CeNiO;
compound which crystallizes as a perovskite-type oxide.>*™’
Nonetheless, the studies suffer from a lack of thorough

bDepartment of Applied and Environmental Chemistry, University of Szeged, 6720 physicochemical characterization, typically only showing

Szeged, Hungary

powder X-ray analysis without providing any crystallographic

3 7" 1 7 1 7 1 . . . . . .
University of Nova Gorica, Vipavska 13, 5000 Nova Gorica, Slovenia information. Some authors tried to index the X-ray diffraction

Institute Jozef Stefan, Jamova 39, 1000 Ljubljana, Slovenia
“Institute of Mathematics, Physics, and Mechanics, University of Ljubljana, Jamova 2,

1000 Ljubljana, Slovenia

(XRD) pattern to the orthorhombic crystal system, space group
Pnma with no detailed structural characterization.?%*">¢>”
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no isostructurality.
In one study, it was claimed that CeNiO; was obtained
using a citrate-nitrate combustion technique and provided
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Rietveld refinement data clearly showing a mixture of CeO,
and NiO.*" Detailed literature studies were conducted to find a
crystallographic information file (.cif) to directly compare our
experimentally obtained XRD pattern and to obtain crystallo-
graphic information but without success. Therefore, there is
still no crystallographic proof of the existence of CeNiO; crys-
tallizing in the perovskite structure.

Importantly, we noticed that what the literature claims to
be the XRD pattern of the “CeNiO; perovskite” suspiciously
has the same Bragg positions as the mixture of constituent
oxides, fluorite CeO,, and cubic NiO. There could be two expla-
nations: either this is just a coincidence or CeNiOj; is a mixture
of CeO, and NiO at the nanoscale level.

Another possibility is that this “CeNiO;” perovskite is a two-
phase system containing solid solution Ce;_,Ni, O, and NiO.
Various authors have investigated the Ni** doping effect of the
CeO, structure.’** These studies were mostly used for hydro-
gen production via water splitting®® and as catalysts for the
reduction of NO*® or unsaturated organic compounds.*****! A
similar application has also been reported for the “CeNiO;”
perovskite,>%?*7242¢

Therefore, it is important to elucidate the actual structure
of what the literature claims to be CeNiO; so that the struc-
ture-property relationship is established. If this is resolved, its
properties could be improved by further research and conse-
quently, its application. In this research, a compound that
corresponds to CeNiO3 (RB1) and the substituent oxides, CeO,
and NiO, were synthesized in a nanocrystalline form by means
of the previously developed modified aqueous sol-gel
method.***® Ceria and nickel oxide were mixed in an equi-
molar molar ratio (n(CeO,):n(NiO) = 1:1) after synthesis to
obtain the same amounts of constituent oxides as there are in
RB1, so the direct comparison between the physical mixture
(CeO, + NiO) and a “compound” (RB1) can be made. Their
structural features were thoroughly investigated using labora-
tory X-ray and electron diffraction, synchrotron, microscopic
and spectroscopic methods, with the aim of solving the actual
structure of RB1 (CeNiO;). Their magnetic properties have also
been explored to point out the differences in the synthesized
compounds.

Experimental
Materials and methods

For the synthesis of materials, the following chemicals were
used as presented in Table 1.

Table 1 List of chemicals used for the synthesis of Ce-Ni-based
compounds

Chemical name Manufacturer

Cerium(m) nitrate hexahydrate, 99.5%

Nickel nitrate hexahydrate, p.a.

Citric acid monohydrate, Ph Eur

Concentrated ammonia solution (w = 25%), p.a.

Acros Organics, USA
T.T.T., Croatia
T.T.T., Croatia
Gram-Mol, Croatia

This journal is © The Royal Society of Chemistry 2024
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Chemicals were used as purchased, without further purifi-
cation. MilliQ ultrapure water was obtained using a PURELAB
Flex device for ultrapure water preparation. For pH value
adjustment, a pH-meter HANNA pH 211 was used. The reac-
tion solution was heated on a magnetic hotplate stirrer DLAB
MS-H-S and dried in a drying oven Instrumentaria ST-01/02
afterwards. Calcination was performed in a muffle furnace
Nabertherm LT5/11/B410.

Synthesis procedure

Stoichiometric amounts of metal cation precursors (see
Table S1t) were dissolved in a 10% solution of citric acid in
MilliQ water. Then, the pH value was adjusted to 5 using a con-
centrated ammonia solution. The as-prepared reaction solu-
tion was heated on a hotplate with constant stirring until a
black resin was formed. The black resin was further dried at
120 °C overnight until it was completely solid. Finally, it was
ground in a mortar and calcined in a furnace at 600 °C,
heating rate 2 °C min™", and held at this temperature for
8 hours (stabilization time).

Characterization techniques

Powder X-ray diffraction. Powder XRD patterns in the range
of 20 = 10°-100° were obtained using a PANalytical Aeris
Research Diffractometer with CuKa radiation, step size 0.002°,
20.4 s per step. A divergence slit of 1° and a fixed mask of
13 mm were used in hardware settings.

Raman spectroscopy. Raman spectra were collected using a
confocal microscope Sentera II, Bruker, 532 nm wavelength
source, laser power 2.50 mW, spectral resolution 4 cm™,
optical objective 50%, aperture 50 X 1000 pm, and 3 coaddi-
tions of 10 000 ms each measurement.

Transmission electron microscopy. For the observation, the
sample was dispersed in absolute ethanol and dropcast on a
carbon-coated copper grid. Transmission electron microscopy
was performed using a JEOL JEM2100F equipped with a STEM
unit and an EDS detector (Oxford Instruments). The accelera-
tion voltage was 200 kV and the spot size in the STEM mode
was 1 nm.

X-ray photoelectron spectroscopy. XPS spectra were collected
using an integrated XPS system DAISY-BAT (Darmstadt’s
Integrated SYstem for BATtery Research). X-ray photoelectron
spectroscopy (XPS) experiments were accomplished in a
vacuum-cluster tool on a ULVAC-PHI VersaProbe II (part of
DAISY-BAT) instrument with the base pressure in the analysis
chamber below 5 x 10™° mbar. Monochromatized Al Ka radi-
ation (1486.6 eV) was utilized as the excitation source. Detailed
spectra were recorded by applying a pass energy of 23.5 eV and
a step size of 0.1 eV per step. Backgrounds of the acquired
spectra were subtracted by using the Shirley method in
CasaXPs, version 2.3.25.*° Fitting of oxygen 1s components
was performed by fitting with a GL(30) lineshape for all com-
ponents and a fixed FWHM (full width at half maximum) for
all components except the metal oxide.

Thermogravimetric analysis. TGA curves were recorded
using a Mettler Toledo System 1 device. Alumina pans of 70 pL
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were used. Prior to measurements of the sample, a blank curve
was recorded with empty alumina pans. The method for
sample measurement was adjusted to subtract the blank
curve, a heating rate of 10 °C min~", gas flow (oxygen) of
200 mL min~".

X-ray absorption spectroscopy. The experiments were per-
formed at the XAFS beamline of the ELETTRA synchrotron
radiation facility in Trieste, Italy. A Si (111) double crystal
monochromator was used with an energy resolution of about
0.7 eV at 7 keV. Higher harmonics were eliminated by detuning
of the second monochromator crystal to 60% of the maximum
in the rocking curve, and the size of the beam on the sample
was set to about 1 mm x 5 mm. The intensity of the monochro-
matic X-ray beam was measured using three consecutive 30 cm
long ionization detectors filled with optimal nitrogen, argon
and helium gas mixtures for a given energy range, to obtain
15% absorption in the first cell, 70% in the second cell, and
90% in the second and third cells.

The samples were prepared in the form of homogeneous
pellets, pressed from micronized powder mixed with micro-
nized BN, with a total absorption thickness of about 1.5 above
the Ni K-edge or Ce Lz-edge, and inserted in the monochro-
matic beam between the first two ionization detectors. The
absorption spectra were measured in the energy region from
—150 eV to +1000 eV relative to the Ni K-edge (8333 eV), while
for the Ce Lj-edge (5724 eV) EXAFS scans were stopped at the
Ce L,-edge (6165 eV). Equidistant energy steps of 0.3 eV were
used in the XANES region, while for the EXAFS region, equidi-
stant k steps of 0.03 A™' were adopted, with an integration
time of 2 s per step. The exact energy calibration was estab-
lished with simultaneous absorption measurement on 5 pm
thick Ni metal foil for the Ni K-edge, or the CeO, reference
sample (calibrated with vanadium metal foil) for the Ce L;-
edge, placed between the second and third ionization
chambers. The energy reproducibility of the measured spectra
was +0.03 eV. The quantitative analysis of XANES and EXAFS
spectra was performed using the Demeter (IFEFFIT) program
package,*® in combination with the FEFF6 program code for
ab initio calculations of photoelectron scattering paths in
quantitative EXAFS analysis.>!

Atomic pair distribution function (PDF). The PDF profile of
RB1 was recorded at the 28ID-2 beamline of the National
Synchrotron Light Source (NSLS-II) of Brookhaven National
Laboratory. Experimental conditions were an X-ray energy of
68.36 keV (4 = 0.1814 A) and 0.5 mm x 0.5 mm beam size; the
temperature on the sample was set to 80 K to enhance diffrac-
tion by reducing atomic thermal motion. A PerkinElmer XRD
1621 digital imaging detector having 2048 x 2048 pixels with
200 x 200 um size was mounted orthogonal to the beam path
at 206 mm downstream of the sample. Cerium oxide was
measured as a standard material to calibrate the wavelength
and detector position. An empty capillary was measured for
background estimation, by using a statistic double that of the
sample measurements. Diffraction images were azimuthally
integrated and converted into intensity profiles vs. momentum
transfer Q = 4rnsin 9/4 by using the DIOPTAS program.’> PDF
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profiles were calculated from the background-subtracted Q
profiles by using the PDFGetX3 program.’® The parameters for
PDF calculations (background subtraction, scale factor,
minimum and maximum values of Q, degree of data-correc-
tion polynomial) were chosen to avoid large termination
effects and preserve the signal-to-noise ratio. The Q. value
was 28.5 A™'. The PDF profile has been fitted with structural
models by using the PDFGUI program.>*

Magnetic property measurement. The magnetic properties
of RB1 and input compounds CeO, and NiO were studied
using a Quantum Design MPMS-XL-5 SQUID magnetometer.
The static susceptibility of the sample was measured between
2 K to 300 K under a magnetic field of 1 kOe after zero-field
cooling (ZFC) and field-cooling (FC) protocols. Isothermal
magnetization curves M(H) were recorded at a temperature of
2 K between —50 kOe and 50 kOe.

Results and discussion

Structural and microstructural analysis

The studied literature**>*?%2” shows powder X-ray patterns

that are similar to experimental XRD patterns shown in Fig. 1.
However, a combination of XRD patterns of CeO, and NiO also
gives the same XRD pattern that the literature®*>*?%*” claims
to be the CeNiO; perovskite. For this purpose, CeO, and NiO
were synthesized separately by the same synthesis procedure
as that used for RB1 (CeNiO;) and were mixed in a mortar in
an equimolar ratio (n(CeO,): n(NiO) = 1:1). The results of the
Rietveld refinement of RB1 and the CeO, + NiO mixture are
given in Table 2.

Based on the literature, the actual structure of RB1
(CeNiO;) is unknown, so we proposed three different
possibilities:

(1) RB1 is an equimolar mixture of both cubic Fm3m CeO,
and NiO.

(2) RB1 is a mixture of tetragonal P4,/nmc Ni-doped CeO,
and cubic Fm3m NiO.

(3) RB1 is a novel cubic Fd3m compound with a pyrochlore
structure and the chemical formula Ce,Ni,O,.

The main challenge in a direct comparison of RB1 and pre-
viously reported CeNiO; is the lack of crystallographic data
obtained by the Rietveld refinement in those research studies.
The results presented in this study unequivocally indicate that
our RB1 sample corresponds to the previously reported
CeNiO;. However, variations in synthesis procedures undoubt-
edly generate visible differences in structural features such as
the degree of crystallinity. For instance, Harikrishnan et al.**
employed a co-precipitation method using metal nitrates,
NaOH, and potassium carbonate. After prolonged stirring of
the solution followed by calcination at 650 °C, the targeted
CeNiO; has been obtained. In another research conducted by
the same author,®” CeNiO; synthesis involved Ni-foam for
active material growth, followed by autoclaving at 180 °C for
12 hours and then calcination at 600 °C under an inert (argon)
atmosphere. These differences in synthesis approaches

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Rietveld plots of (a) a structural solution of RB1 as a two-phase system: tetragonal solid solution Ce;_,Ni,O, + cubic NiO; (b) a refinement of
the physical mixture of CeO, + NiO (n:n = 1:1) (c) a structural solution of RB1 as a single-phase pyrochlore Ce,Ni,O; (d) a structural solution of
RB1 as a two-phase system: cubic CeO, + NiO. Red curves represent experimental patterns versus calculated patterns as black curves.

Table 2 Crystallographic information obtained from the Rietveld refinement of RB1 and a physical mixture of CeO, + NiO

CeO, + NiO

RB1 (CeNiO;) (n:n=1:1)
Compound 1 2 3
Chemical formula CeO, NiO Ceg.97Nig 930, NiO Ce,Ni, O, CeO, NiO
Crystal system Cubic Tetragonal Cubic Cubic Cubic
Space group Fm3m P4,/nmc Fm3m Fd3m Fm3m
Z 8 2 8 8 8
Calculated density (g cm™) 7.20 6.76 7.07 6.74 7.83 7.19 6.80
Unit cell parameters (A) 5.4165(2) 4.1785(2) a=3.8208(3); c=5.4492(2) 4.1903(2) 10.8406(9) 5.4162(2) 4.1861(2)
Unit cell volume (A%) 158.88(6) 73.36(1)  79.55(1) 73.57(1)  1273.98(8) 158.91(6) 72.96(1)
Phase content (wt%) 71.0(2) 29.0(3) 71.34(1) 28.66(4)  100(4) 66.73(2)  33.27(2)
Average crystallite size (nm) 5.1 4.6 5.2 4.7 5.4 9.6 9.8
Average apparent microstrain (x10™")  0.95 0.95 4.47 0.95
Ry 0.91 1.02 0.88 0.75 4.40 1.45 0.68
Rpy Ry Re 10.9, 9.19, 8.08 11.0,9.21, 8.13 19.9,17.9, 8.59  9.87, 8.44, 6.56
X 1.29 1.28 4.32 1.66

affected only the degree of crystallinity, whilst the positions of
Bragg reflections of the claimed CeNiO; and their relative intensi-
ties are almost intact. Our initial goal was to directly compare the
equimolar physical mixture of CeO, + NiO (n(CeO,):n(NiO) =
1:1) and RB1 prepared under the same synthesis conditions to
identify potential differences in the crystallographic structure.
Here, we assumed that RB1 consists of both cubic CeO, and NiO,
so the physical mixture of these two constituent oxides should
not differ much from RB1. As for the unit cell parameters and
crystal structure, these two samples appear to be the same.
However, the phase content slightly differs since there is around

This journal is © The Royal Society of Chemistry 2024

4 wt% more of CeO, in RB1. Also, there is a large difference in
average crystallite size values. The refinement of the physical
mixture of CeO, + NiO reveals crystallite sizes of constituent
oxides that are two times larger than those found in RB1. This
can be directly seen from the broadened Bragg peaks of RB1 com-
pared to the physical mixture.

Another possibility was that cerium and nickel form a
unique single-phase compound. For the proposal of an actual
crystal structure of RB1, we have tried to solve it ab initio from
the powder XRD pattern. However, this is a complex task since
there are only a few broad peaks present, so our attempt was

Dalton Trans., 2024, 53, 2082-2097 | 2085
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unsuccessful. Therefore, we have tried to find XRD patterns of
different compounds in the literature that are similar to the
experimental XRD pattern of RB1. The most suitable XRD
pattern that was found was that of pyrochlore Ce,Zr,0,°>
which was used as a starting point. However, the content of
the unit cell was changed to refine it with the obtained XRD
pattern of RB1. Although this refinement appears to be
correct, the plot given in Fig. 1c demonstrates that there are
slight differences in the peak positions between the calculated
and experimental patterns.

Mahammadunnisa et a investigated the impact of
doping CeO, with 5-30 wt% of Ni**. In their synthesis pro-
cedure, specific amounts of metal nitrates and citric acid were
dissolved in distilled water, sonicated, and placed in a pre-
heated furnace at around 450 °C, causing a spark, leading to
the formation of a solid product. The samples further under-
went calcination at 600 °C for 4 hours to eliminate the carbon
content. They have noticed that there is a slight decrease in
unit cell parameters due to doping CeO, with a smaller cation
Ni** (C.N. = 6, 7 = 0.69 A (ref. 56)) in NiO, compared to Ce*" (C.
N. = 8, 7 = 0.97 A (ref. 56)) in CeO,, which is also visible in RB1
compared to the physical mixture of constituent oxides (CeO,
+ NiO). Two additional peaks in the XRD pattern of Ce-Ni-O
systems®> at 20 = 37° and 20 = 43° correspond to the NiO
phase and only appear when doping of CeO, is beyond
15 wt%. Zhou et al.”” used three types of synthesis procedures,
all including metal nitrates as the starting material: (i) the
citrate acid method by adding citric acid into the nitrate
aqueous solution, heating until gel was formed and then calci-
nation at 450 °C; (ii) the coprecipitation method with addition
of potassium carbonate, followed by the adjustment of the pH
value and then calcination at 450 °C, and (iii) the ammonia
evaporation method, which included addition of NH; to
aqueous solution of metal nitrates until a specific pH value,
followed by calcination at 450 °C. They have shown that Ni-
loading in ceria must be beyond 20 mol% for these additional
peaks to appear. Therefore, the NiO phase detected by XRD in
RB1 might be the NiO that is dispersed on the surface of ceria,
while the rest of it could be dissolved in the cerium-nickel-
based tetragonal solid solution Ce;_,Ni,O,_s."” Another differ-
ence between the physical mixture of CeO, + NiO and RB1 is
in average crystallite size values which can also be estimated
from the Bragg peak widths on X-ray diffraction patterns
(Fig. 1a compared to Fig. 1b). In the physical mixture CeO, +
NiO, the average crystallite sizes of the constituent oxides are
twice as large as those in RB1 (Table 2). Mahammadunisa
et al.®® also reported this behaviour as an effect of doping
CeO, with NiO. They attributed it to the incorporation of
nickel cations in the initial structure of ceria.’® Even though
these authors did not refine the XRD patterns they obtained, it
was probably assumed that both Ce;_,Ni, O, s and NiO are
cubic, at least according to the given results. Small dopant con-
centrations can still preserve the cubic crystal structure of
ceria.”® However, doping ceria with other elements can also
result in symmetry breaking from the cubic to the tetragonal
crystal structure, which cannot be detected by XRD.>°%%!

L32
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Another method that is sensitive to phase formation and
therefore useful for distinction between cubic and tetragonal
crystal structures is Raman spectroscopy. Therefore, the
Raman spectra of RB1 and a physical mixture of CeO, + NiO
were recorded in the range from 1200 cm™ to 80 cm™* at an
excitation wavelength of 532 nm and are shown in Fig. 2.
According to Kroumova et al.,** CeO, with a fluorite structure
should possess only one Raman active mode, T,g, also known
in the available literature as the Fy, vibration.** However, cubic
NiO has no Raman active modes.®* Therefore, the Raman spec-
trum of the physical mixture of CeO, and NiO should contain
only one Raman active mode corresponding to fluorite ceria,
as shown in Fig. 2 (red). Sole NiO would not be visible in the
Raman spectrum. A strong F,, vibration of CeO, in the Raman
spectrum of the physical mixture CeO, + NiO is found at
450 cm™". The Raman spectrum of RB1 shows a strong peak
slightly shifted to higher wavenumbers, at 455 cm™". Also, an
additional defect peak at 576 cm™ coincides with the
vibrations that are often assigned to oxygen vacancies in CeO,-
based compounds.*®>9%37¢7

Cop et al.>® have shown that doping ceria with different
cations results in the appearance of additional defect bands
that are a result of increased concentration of oxygen
vacancies. Various other authors have shown that these bands
are expected when CeO, is doped with other cations,?*°%¢®
especially when these cations are aliovalent,”® such as Ni*".
Also, a peak at 220 cm ™" is not active in the fluorite-structured
ceria. This phonon mode is often activated in doped ceria,
especially if there is a mismatch in ionic radii and ionic
charge of dopants.®™®® Therefore, a tetragonal solid solution
would explain the symmetry breaking observed in the Raman
spectrum of RB1. Popovié¢ et al®® have investigated charge
delocalization in ceria upon doping with Fe?"**, They observed
that the doping of ceria with smaller cations has an impact on
the position of F,, mode because of the shrinkage of the unit
cell. Also, charge mismatch and the small crystallite size
impact oxygen vacancy concentration and the intensity of the
vacancy mode.*® Atzori et al.’® have also investigated CeO,-

—RB1
—— Ce02+NiO (phys. mix.)

Intensity (a.u.)

450 600 750 900

Raman shift (cm™)

150 300 1050 1200

Fig. 2 Raman spectra of the RB1 sample and physical mixture of
cerium(v) and nickel(i) oxide (1: 1).
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NiO systems synthesized using the surface-templated method
with direct synthesis of metal oxides from nitrates, dissolved
in water with the template and NaOH, then filtered and cal-
cined to obtain the targeted compound. Another used route
was the synthesis of CeO, while Ni was deposited through inci-
pient wetness impregnation technique. They have shown that
this large defect band increases with increased Ni loading.
Several other authors have studied Ce;_,Ni,O,_s for various
catalytic applications.*®*"”"7? Barrio et al.** even reported that
the limit of the solubility of Ni in ceria ranges from 10 to
12 mol%, even though they did not give information on the
Ce,_,Ni,O,_s unit cell content. These values were calculated
from the difference in the NiO content; they assumed that the
remaining Ni was dissolved in CeO,. The total Ni-content in
RB1 is 30 wt%, which is 50 mol%, but there is only 3 mol% of
total Ni-content dissolved in the tetragonal solid solution in
our case according to the Rietveld refinement results. It seems
that in our case, there is much less Ni that is dissolved in
CeO,, but none of the mentioned research papers calculated
the actual amount of Ni dissolved in the solid solution directly
from the unit cell content. Therefore, we must consider their
results carefully.

Additionally, it was necessary to record Raman spectra of
CeO, and NiO separately, to further inspect their structure.
Fig. 3a and b shows individual Raman spectra of CeO, and
NiO. The Raman spectrum of pure CeO, shows typical strong
F,, vibration at 462 cm™' and a wide defect peak from
550-650 cm ' that occurs due to the presence of oxygen
vacancies.”> Now, it can be observed that F,, vibration is red-
shifted in both RB1 and the CeO, + NiO mixture. Also, the NiO
spectrum reveals a low-intensity wide peak at 506 cm™" that
cannot be classified as Raman-active mode since its intensity
is 150 times lower than the intensity of F,, vibration in CeO,.
Also, there are two additional broad peaks at around 190 cm™
and 1075 cm™", with even lower intensity. The inset in Fig. 3b
shows the Raman spectrum of NiO on the same scale as the
CeO, spectrum in Fig. 3a to visualize the difference in intensi-
ties and thus to explain the absence of these peaks in the
Raman spectrum of the CeO, + NiO mixture. According to
George et al.”* these peaks appear due to the first- and second-
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Fig. 3 Raman spectrum of (a) CeO, and (b) NiO.
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order Raman scattering in NiO-nanostructures because of the
structural defects. To conclude, there is a clear difference
between RB1 and the CeO, + NiO mixture in terms of Raman
spectroscopy.

Nevertheless, additional analyses are necessary to resolve
this structural issue. One of them is transmission electron
microscopy. Fig. 4 and 5 show STEM, TEM, and SAED images
of RB1. STEM-EDS mapping in Fig. 4 shows a uniform distri-
bution of involved cations in RB1. The physical mixture of
CeO, + NiO does not have a uniform distribution of cerium
and nickel, as shown in Fig. S1 and S2 in the ESL{ This is a
difference that can have an impact on the difference in cata-
lytic activity or some other physical properties.

TEM, HRTEM and SAED images confirm the nanocrystal-
line nature of synthesized RB1. The crystallite size values
nearly correspond to the ones calculated by the Rietveld refine-
ment of the XRD pattern of RB1. Measured interplanar dis-
tances (d values) were compared to values obtained from the
Rietveld refinement results of RB1 for three different cases. A
comparison is given in Table 3.

As seen in Table 3, the cubic Fm3m crystal structure can be
ruled out due to the missing interplanar distance. Therefore,
the actual compound present in RB1 could be in the form of a
solid solution Ce;_,Ni,O,, or it could crystalize as a pyrochlore
Ce,Ni, 0.

Normalized Ni K-edge XANES spectra recorded for nano-
crystalline NiO and RB1 are shown in Fig. 6, together with the
spectra of the corresponding crystalline NiO reference com-
pound. The energy position of the Ni K-edge and the edge
profile in NiO and RB1 coincide with the energy position and
edge profile of crystalline NiO with Ni in the 2+ state. This
shows that the valence state and local symmetry of Ni cations
is the same as in the crystalline NiO. Ni K-edge EXAFS analysis
is used to detect the average local environment of Ni cations in
the nanocrystalline NiO and RB1 samples. In the Fourier trans-
form (FT), the magnitude of the k>-weighted EXAFS spectra are
plotted in Fig. 7. The contributions of photoelectron scattering
on the nearest shells of neighbours around the Ni atoms are
observed in the R range of up to about 6 A. Already by qualitat-
ive comparison of the FT EXAFS spectra, it is evident that both
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Fig. 5 (a) TEM image of RB1 (CeNiO3) nanoparticle agglomerate and (b) a corresponding SAED with assigned d-values in A. (c) HRTEM of RB1

(CeNiOs3) nanoparticles, d-values in A.

Table 3 Comparison of calculated interplanar distances (d) of RB1
obtained from SAED pattern with the Rietveld refinement results for
three different crystal structures (cubic, tetragonal, pyrochlore) with
assigned Miller indices (hkl) for each crystal structure

Rietveld refinement

Cubic
Tetragonal pyrochlore

Cubic Fm3m P4,/nmc Fd3m
SAED pattern d (&) hkl d(A hil d(A) hkl
3.17 3.13 111 3.13 101 3.13 222
2.79 2.71 200 2.72 002 2.71 400
2.48 2.41 111 2.42 111 2.49 331
2.13 2.09 200 2.10 200 2.09 511
1.96 1.92 220 1.92 112 1.92 440
1.67 — — 1.64 103 1.65 533
1.61 1.63 311 1.63 211 1.63 622
1.52 1.56 222 1.56 202 1.52 551
1.39 1.35 400 1.36 004 1.36 800

samples exhibit the same Ni local structure characteristic of
crystalline NiO with an FCC crystal structure, as in the crystal-
line NiO reference.”> Quantitative EXAFS analysis is used to
determine the structural parameters of the average local Ni
neighbourhood (the type and average number of neighbours;
the radii and Debye-Waller factor of neighbouring shells) in

2088 | Dalton Trans., 2024, 53, 2082-2097
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Fig. 6 Ni K-edge XANES spectrum of nanocrystalline NiO and RB1
samples with the crystalline NiO reference compound. Spectra are
shifted vertically for clarity.

the samples. The structural parameters are quantitatively
resolved from the EXAFS spectra by comparing the measured
EXAFS signal with the model signal. The FEFF model for the
crystalline NiO nanoparticles is based on the cubic crystal
structure of NiO with the space group Fm3m with the lattice

This journal is © The Royal Society of Chemistry 2024
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55 Ni K-edge EXAFS
NiO

RB1

Fig. 7 Fourier transform magnitude of the k*-weighted Ni K-edge
EXAFS spectra of the nanocrystalline NiO and RB1 samples, calculated in
the k range of 3-12 A. Experiment — (solid line); the best fit EXAFS
model calculated in the R-range of 1.2 to 3.3 A - (red dashed line).
Graph curves are shifted vertically for clarity.

constant a = 4.177 A,”® where Ni is coordinated with 6 oxygen
atoms at a distance of 2.09 A, 12 Ni atoms at 2.95 A and 8
oxygen atoms at 3.62 A

The FEFF model comprised three single scattering and two
significant multiple scattering paths up to 3.6 A, with 8 vari-
able parameters: coordination shell distance (R) and Debye-
Waller factors (¢”) of all single scattering paths, and the ampli-
tude reduction factor (S,*) and shift of the energy origin of the
photoelectron (AE,), common to all scattering paths, are intro-
duced. The structural parameters of multiple scattering paths
are constrained to those of the corresponding single scattering
paths. The model was tested on the EXAFS spectrum measured
for the crystalline NiO.”” The same FEFF model is used in the
fit of the EXAFS spectra of the nanocrystalline NiO and RB1
samples, but here, the amplitude reduction factor (S,>) was
fixed to a value of 0.90 obtained for the crystalline NiO, and
the shell coordination numbers were used as variable para-
meters. A very good EXAFS fit (Fig. 7) is obtained in the k
range of 3-12 A and the R-range of 1.2-3.3 A. The best-fit struc-
tural parameters are given in Table 4. The results show that
the local structure around Ni cations in the nanocrystalline
RB1 sample is the same as that in the nanocrystalline NiO
compound. The structural parameters of the RB1 sample are
the same as those of the nanocrystalline NiO sample, except
that the Debye-Waller factors are slightly larger in RB1, indi-
cating a larger structural disorder in the crystalline structure.

To test for the eventual presence of the RB1 nanocrystalline
structure one single scattering path from Ce neighbours is
added to the FEFF model at the distance characteristic for Ni-
Ce in the RB1 crystal structure. The presence of Ce neighbour
in the local neighbourhood around Ni cations is excluded by
the fit, showing there is no presence of Ce in Ni neighbour-
hood or it is below the detection limit.

Normalized Ce Ljz-edge XANES spectra measured on
CeO, and RB1 are shown in Fig. 8, together with the spectra of
the corresponding Ce®" reference compounds (crystalline
Cevo,).””

This journal is © The Royal Society of Chemistry 2024
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Table 4 Parameters of the nearest coordination shells around Ni
cations in the NiO and RB1 samples: coordination number (N), distance
(R), and Debye—Waller factor (¢%). Uncertainty of the last digit is given in
parentheses. The best fit is obtained with the amplitude reduction factor
So% = 0.9 and the shift of the energy origin AE, = —2.7(4) eV

Neighbour N R(A) o (A% R-factor
NiO

0 6.0(5) 2.079(4) 0.0052(7) 0.00086
Ni 12.0(5) 2.953(2) 0.0058(2)

o 8.0(5) 3.46(3) 0.010(7)

RB1

0 6.1(5) 2.074(4) 0.0061(8) 0.0019
Ni 11.0(7) 2.957(3) 0.0067(3)

o 7.3(4) 3.46(2) 0.010(3)

o

e L;-edge XANES

N
1

Normalized absorption (arbitrary units)
N

o
|

T T
5740 5760

Energy (eV)

T
5720

Fig. 8 Ce Ls-edge XANES spectra of CeO, and RB1 samples, and
CeVO, as a reference for Ce>*.

The energy position of the Ce L;-edge and the edge profile
in RB1 completely coincide with the energy position and edge
profile of CeO,, indicating that all Ce cations in the sample are
in the Ce" valence state. If the sample contains a mixture of
two or more compounds of the same cation with different
local structures and valence states, the measured XANES spec-
trum is a linear combination of individual XANES spectra of
different cation sites. In such cases, the relative amounts of
the cation at each site and the average valence state of the
cation in the sample can be determined by the linear combi-
nation fit (LCF) with XANES spectra. LCF analysis of the
XANES spectra on RB1 with the XANES spectra of the reference
compounds (CeO, as reference for Ce**, and CeVO, as refer-
ence for Ce**) shows that there is no significant presence of
Ce®* species. Quantitative EXAFS analysis to determine the
structural parameters of the average local Ce neighbourhood
was carried out for CeO, and RB1 samples (see ESI, Fig. S3
and Table S27). The structural parameters for RB1 are quanti-
tatively and equally well resolved from the EXAFS spectra using
the FEFF models for CeO, with a cubic (Fm3m) and tetragonal
(P4y/nmc) structure. This shows that EXAFS cannot resolve
between cubic and tetragonal structures for the RB1 sample.
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Fig. 9 Fit of the PDF profile of RB1 (experimental data = blue circles, fit
curves = red line, residuals = green line) by using a structural model
obtained by combining (a) cubic Fm3m CeO, and NiO, (b) tetragonal
P4,/nmc Ni-doped CeO, and cubic Fm3m NiO and (c) a hypothetical
cubic Fd3m compound with a pyrochlore structure and the chemical
formula Ce,Ni>O5.
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The obtained structural parameters for RB1 are in agreement
with those obtained for pure CeO, (Table S27).

The atomic pair distribution function (PDF) profile of
RB1 has been fitted to test the three modelling hypotheses.
The crystal cell parameters and atomic displacement para-
meters and positions not constrained by symmetry have been
refined for all the crystal phases. Results are shown in Fig. 9,
while the main fitting parameters are reported in Table 5. It
can be noted that the hypothesized pyrochlore structure is
ruled out by the poorer PDF fitting, as the corresponding cal-
culated profile shows significant differences compared to the
observed one even at small interatomic distances (Fig. 9c). For
the remaining structural hypotheses (1) and (2) there is an
overall agreement with reciprocal space determinations
(Rietveld analysis) for crystal cell and weight fraction para-
meters, and the average crystallite size is in good agreement
with the particle diameter estimated by PDF (SPgiameter)-
However, PDF data definitively resolves the question of which
structural description is the best among the two linear combi-
nations of crystal phases. A better fit is achieved when the
cubic NiO crystal phase is coupled with the tetragonal Ni-
doped CeO, rather than the cubic CeO, one. In the latter case,
a weight agreement factor R, = 0.163 is obtained and the
observed-calculated difference profile in Fig. 9b only contains
only high-frequency noise throughout the profile.

Additionally, X-ray photoelectron spectroscopy (XPS) was
conducted to investigate the surface of the materials. XPS
spectra were recorded for NiO and CeO, separately and for all
synthesized compounds. Fig. 10 shows high-resolution Ce 3d
spectra for CeO, and RB1, respectively. The Ce 3d spectrum of
CeO, shows the typical 3ds/, at 883.1 eV and the 3d;,, at 901.7
eV with a spin-orbit splitting of 18.6 eV. The spectra exhibit
strong charge-transfer satellites’®”® and additional overlap-
ping peaks from multiplet effects.®* The position and intensity
ratio between those peaks depends on the oxidation state, the
ligand type, and the next-nearest neighbour.*® This makes ana-
lysing core spectra of mixed transition metal and lanthanide
oxides difficult. It was pointed out®! that satellites 3 and 4 can
be directly related to cerium 4+ (CeO,), which shows that both

Table 5 Parameters determined by fitting the PDF profile of RB1 with a structural model composed of a combination of cubic Fm3m CeO, and NiO
(1), tetragonal P4,/nmc Ni-doped CeO, and cubic Fm3m NiO (2) and a hypothetical cubic Fd3m compound with a pyrochlore structure and chemi-
cal formula Ce,Ni>O5 (3). R, is the weighted agreement factor between observed and calculated PDF, Qy,0aq describes the peak broadening from
increased intensity noise at high Q, scale is an overall scale factor, §; is the coefficient for 1/r contribution to the peak sharpening, SPgiameter iS the

particle diameter for the PDF shape damping function

1 2 3
Chemical formula CeO, NiO Ceg.97Nig 030, NiO Ce,Ni, O,
Crystal system Cubic Tetragonal Cubic Cubic
Space group Fm3m P4,/nmc Fm3m Fd3m
Fit range 1.4-40.0 A 1.4-40.0 A 1.4-40.0 A
Ry, 0.193 0.163 0.261
Qbroad 0.040 0.028 0.040
Scale 0.136 0.141 0.08
Phase content (wt%) 76.9 23.1 77.0 23.0 100
01 2.07 1.50 2.10 1.54 2.44
Unit cell parameters (A) 5.402 4.175 a=3.812;c¢=5.417 4.175 10.804
SPgiameter (NM) 5.5 5.2 5.4 5.0 5.7
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Fig. 10 High-resolution Ce 3d spectra of CeO, and RB1.

materials in Fig. 10 mainly consist of cerium 4+. However, the
CeO, deviates from PLD-deposited films shown in ref. 81 indi-
cating that cerium 3+ is present on the surface, which could be
due to the formation of cerium hydroxide, clearly seen in the
O 1s spectra (Fig. S4bt).

In the Ce 3d spectra of RB1, the left shoulder of the 3ds,
main peak broadens while the 3d;, main peak increases in
intensity, which indicates the higher cerium 3+ content in RB1
compared to the CeO, sample. This could hint at a mixed oxi-
dation state of cerium and nickel or an oxygen-deficient struc-
ture. However, in the O 1s spectra of RB1 (Fig. S4ct), the
cerium hydroxide content on the surface is high, which would
result in cerium in the 3+ state. Reference spectra without the
influence of hydroxide could be used in the fitting procedure
to analyze the content of different cerium components. Peak
position analysis is summarized in Table S3.}

Similar analysis was performed for the high-resolution Ni
2p spectra, in order to investigate the stoichiometry of the
compounds and the oxidation state of nickel cations in both
samples. The Ni 2p spectra are shown in Fig. 11 for NiO and
RB1 and the peak position analysis is summarized in
Table S4.1

The Ni 2p spectrum of NiO shows 2ps/, (853.0 €V) and 2p;,
(871.5 eV) doublets with a spin-orbit splitting of 17.5 eV.?* The
core level peaks at 856.1 and 873.2 eV are a sign of the pres-
ence of non-stoichiometry in NiO and the existence of Ni*",

8283 It has been previously reported that satellite
3+ 83,84

respectively.
peaks 2 and 3 also point out towards the existence of Ni
Nickel oxide prepared at lower temperatures (>700 °C) has a
higher concentration of Ni** than Ni*".***° Interestingly, a
fully stoichiometric NiO compound is formed after calcination
at 1100 °C.

The explanation of the nonstoichiometry in nanocrystalline
nickel oxide lies in the formation of Ni** vacancies®>*°
because of excess oxygen. Positively charged nickel-vacant
holes (h™) are typically neutralized by receiving two electrons
from the neighbouring Ni** species, causing them to increase

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 High-resolution Ni 2p XPS spectra of NiO and RB1.

their oxidation state to Ni**. In addition, there is another poss-
ible way of neutralizing the charge mismatch by neighbouring

0" species, thus creating reactive electrophilic O~ species.®>*”
These reactions are summarized in eqn (1) and (2):
2Ni*" + htt — 2N+ (1)
20°" +h™t = 20". (2)

The electrophilic oxygen species are ideal candidates for
nucleophilic attack by hydroxide or water thus making them
highly active in the formation of O-O bonds.*” Therefore, they
are very important for the oxygen evolution reaction
(OER).**°° However, electrophilic oxygen can also be used for
the reduction of unsaturated organic compounds.***%*!

When comparing the Ni 2p spectrum of NiO and RB1, one
can see that the RB1 spectrum is very noisy and cannot be
interpreted easily. This is probably due to the interference of
the charge-transfer satellite peaks in the Ni 2p region with the
Ce 3d region in RB1.”" However, there is a sign of core level
peaks at 854 and 856 eV, where the peak at 856 is higher in
intensity and broadened compared to the peak at 854 which
could indicate a higher content of Ni** in RB1 than in pure
NiO. This could be due to the higher hydroxide content on the
surface of RB1 and the formation of NiOOH, as seen in the
high-resolution O 1s spectra shown in Fig. S4.F

All O 1 s spectra in Fig. S41 show a lattice oxygen (Oy) peak
at 530 eV. While the NiO and CeO, spectra show two
additional peaks at 531 eV and 533 eV. The peak at 531 eV can
be related to loosely bound/adsorbed surface oxygen species
(Oaas), while the peak at around 533 eV is ascribed to adsorbed
OH-groups or water molecules (Oog), in good agreement with
the literature.’>®®°> The deconvolution parameters of O 1s
spectra are summarized in Table S5 (ESI).} NiO and CeO, have
a similar concentration of adsorbed oxygen species (around
30%), while RB1 contains almost 67% of adsorbed hydroxide
groups. This could be attributed to the almost two times
smaller crystallite size of RB1, providing substantially more
surface area for oxygen species to adsorb at.
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The results of thermogravimetric analysis (Fig. S51) can
also confirm the presence of higher content of Ni** and Ce**
in RB1 than in a physical mixture of constituent oxides since
there is a higher oxygen uptake in RB1. During heating in an
oxidative atmosphere, Ce*" is oxidized to Ce"*, while the
surface hydroxides are removed. However, heating non-stoi-
chiometric Ni-based oxides increases stoichiometry and thus
decreases the concentration of nickel vacancies.®*

To further corroborate our structural findings, aiming to
clarify the earlier assumption that RB1 is CeNiO; or not, we
have synthesized an additional compound Cey ¢;Nig 30, and
conducted several additional measurements (PXRD and
Raman spectroscopy). These additional measurements prove
that, indeed, the equimolar introduction of Ni into the CeO,
lattice does not yield the single CeNiO; compound. Instead, it
likely forms a mixture with two distinct phases: Ce;_,Ni, O,
and NiO. The synthesis of 3% Ni-doped CeO, yielded phase-
pure, tetragonal Ceg 9;Nig ¢30,, which agrees well with crystal-
lographic data reported for RB1. Rietveld refinement results
presented in Fig. 12a and Table S61 confirmed almost identi-
cal values for this compound compared to the phases reported
for RB1 in Table 2.

In addition to that, Raman spectroscopy measurements
were employed to provide a further proof (Fig. 12b). The defect
peak at 576 cm™" decreased proportionally with the reduction
in Ni-dopant concentration, aligning with the 50% dopant
level in RB1 and the 3% Ni-doped sample. Moreover, a consist-
ent increase in the CeO, Raman active mode intensity (Fzg at
450 cm™") occurred with decreasing dopant content.
Additionally, the intensity evident at 220 cm™' suggests Ni
integration into CeO, as in the RB1 compound.

Magnetic properties

Since nickel is one of the elements of the iron triad group,
nickel-based compounds are known as magnetically active
compounds. Therefore, magnetic measurements of RB1
(CeNiO;) and a physical mixture of CeO, + NiO should also
give an insight into a possible difference between the pro-
perties of these compounds. Fig. 13a shows a temperature-
dependent susceptibility of two input compounds and RB1.
The measured negative susceptibility of CeO, above 50 K
means that the compound is a diamagnet at room tempera-
ture. The result is consistent with the expected nonmagnetic
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——RB1
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Fig. 12 Rietveld plot (a) and Raman spectroscopy (b) for 3% Ni-doped
CeOz.
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Ce*" ion in CeO,. Only below 50 K a week paramagnetic signal
appears (1/T dependence of the susceptibility), which can be
attributed to lattice defects or oxygen vacancies.”>®* The iso-
thermal magnetization at 2 K (Fig. 13b) can be described as a
sum of paramagnetic and diamagnetic contributions. The
maximal value at 50 kOe is as small as 0.033 emu g~'. We can
conclude that the magnetic signal of CeO, is much smaller
than the magnetic signals of NiO and RB1. Bulk NiO is an anti-
ferromagnet with the Néel temperature of 523 K.>® The almost
temperature-constant susceptibility and linear magnetization
curve at 2 K of NiO nanoparticles that were used as the input
material in the synthesis, are consistent with the antiferro-
magnetic order of NiO. Weak splitting of zero-field cooled
(ZFC) and field cooled (FC) susceptibilities and tiny hysteresis
in M(H) are due to uncompensated magnetic moments on the
surface of the nanoparticles.’®

The magnetic behaviour of the newly synthesised com-
pounds RB1 and CeO, (3% doped Ni) differ significantly from
the magnetic properties of CeO, and NiO nanoparticles. A
much larger splitting between ZFC and FC susceptibility and
hysteresis with a coercive magnetic field of 600 Oe and a rema-
nent magnetization of 0.02 emu g~ ', are clear evidence of a
ferromagnetic order in CeNiO; (RB1). The local maximum of
ZFC susceptibility at about 100 K and the temperature at
which the ZFC and FC curves diverge (about 220 K) are quite
different, indicating a rather broad size distribution of RB1
nanoparticles. The temperature where ZFC and FC curves
diverge shifts to lower temperatures in CeO, (3% doped Ni)
while the isothermal magnetization at 2 K of only 3% doped
CeO, is already quite similar to the M(H) curve of RB1. These
results support the finding that RB1 is the mixture of
Cey.97Nip 030, and NiO. Several publications have reported on
the ferromagnetism of Ce;_,Ni,O, nanoparticles.”” *°" In our
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Fig. 13 Temperature dependent susceptibility (a) and isothermal mag-
netization (b) of CeO,, NiO, RB1 and 3% Ni doped CeOs,.
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final product (RB1) there is a lot of NiO and only a small
portion of Ce;_,Ni,O,, which makes the ferromagnet even
more interesting as this small portion of Ce;_,Ni,O, makes a
huge difference in the magnetic properties of the system.

Conclusions

The compound that corresponds to CeNiO; (RB1) was syn-
thesized in a nanocrystalline form along with constituent
oxides CeO, and NiO in order to resolve the structural issue
regarding this compound. The recent literature claims that
CeNiO; is a perovskite-type compound. However, XRD patterns
from the CeNiO; perovskite suspiciously resemble the phase
mixture of CeO, and NiO in a 1:1 molar ratio. Thus, we have
tried to investigate this issue by proposing three different
structural solutions. The first structural solution is that
CeNiO; (RB1) is a two-phase system containing both cubic
CeO, and NiO, the second one is that this two-phase system
contains tetragonal solid solution Ce;_,Ni,O, and cubic NiO,
while the final proposed solution is that CeNiO; (RB1) is actu-
ally a single-phase compound with a pyrochlore structure
Ce,Ni,O5, rather than a perovskite. According to the detailed
structural and microstructural analysis, the most probable
solution is that RB1 is a two-phase system comprising
Ce,_,Ni, O, and NiO. The average crystallite size of RB1 is twice
as small (around 5 nm) compared to the physical mixture of
the constituent oxides (around 10 nm) in a molar ratio of 1: 1.
The involved elements in RB1 are homogeneously distributed
along the surface. Raman spectroscopy reveals defects in RB1
that are probably related to symmetry breaking from the cubic
to the tetragonal phase, which is the case when cubic CeO, is
doped with Ni**. The magnetic properties also differ signifi-
cantly: CeO, is diamagnetic, NiO is antiferromagnetic, and
RB1 shows ferromagnetic behaviour.
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