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A B S T R A C T   

In the present work, the structural, morphological and electrical properties of CeO2 nanoparticles with spherical 
and rod-like morphologies and rods decorated with Ni2O3 were investigated. Morphological, structural and 
electronic analyses showed a relationship between the shape/size of particles and the respective surface types, 
number of carriers, density of vacancies and local structural atomic order, in addition to an influence on the 
electrical properties of the materials. Electrical analyses revealed that the rod-like morphology has a better CO 
sensor response than the spherical one. In order to complement and rationalize the experimental findings, 
simulations at the density functional theory (DFT) were carried out to investigate the two possible mechanisms 
(Langmuir− Hinshelwood and Mars-Van Krevelen) acting on the CO adsorption process and elucidate the 
behavior of the sensor in heterojunction-type samples.   

1. Introduction 

Cerium oxide (ceria, CeO2) is a well-known oxide due to its inter-
esting characteristics, such as electronic mobility and intrinsic non- 
stoichiometry [1,2]. With a band gap of ~3.2 eV (O2p ‒ Ce4f transi-
tions), CeO2 is an n-type semiconductor with a face-centered cubic 
fluorite structure characterized by three low index surfaces (i.e., (100), 
(110) and (111)), which can be applied, for example, as solid oxide fuel 
cells [3], photocatalysts [4,5], optical materials [6], UV light blockers 
[7], and gas sensors [8,9]. However, it is important to recognize that the 
ideal CeO2 is not found; in reality, the material has a high oxygen storage 
capacity since it can easily shift between Ce(IV) and Ce(III), forming 
bulk and surface oxygen vacancies with consequent high reducibility 
[10], resulting in the formula CeO2-x [11]. 

The gas sensor properties of CeO2 towards CO have been widely 
explored [9,12–15]. Izu et al. [13] demonstrated that CeO2 has a faster 
sensor response to CO gas than SnO2. Recently, our research group has 

been engaged in efforts to obtain and characterize CeO2 materials 
applied as CO gas sensor [8,14,16,17]. Such studies resulted in the 
development of faster synthesis routes to obtain adequate structural 
crystallinity for CeO2 [14], in the analysis of the electrical conduction 
mechanism with dual response – optical and electrical – of the oxide 
exposed to CO gas [16], and in the improvement of the sensor response 
when CeO2 is doped with rare earths [8,17]. 

Theoretical studies [18–20] have shown that CeO2 surfaces have 
different adsorption capacities of the CO gas, from physisorption to 
surfaces capable to oxidize CO (chemisorption). In addition, the 
adsorption process can occur in two ways: via Langmuir− Hinshelwood 
(LH) or Mars-Van Krevelen (MvK) mechanism. In the first model, two 
molecules participate in the surface adsorption step before reacting, 
while the product obtained is composed of both molecules previously 
adsorbed [21]. In contrast, in the MvK mechanism at least one constit-
uent element of the solid lattice participates in the process to form the 
final product. In other words, some products of the reaction leave the 
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solid surface on which they adsorb with one or more constituents from 
the adsorbate crystalline lattice [22]. It must be mentioned that the most 
common adsorption processes found for CeO2 take place through the 
MvK model [19,23]. Nolan et al. [19] reported that the interaction be-
tween CO and CeO2 (111) surfaces is weak, while on the (110) and (100) 
surfaces the CO molecule adsorbs strongly. However, according to Oli-
veira et al. [24] for gas sensor materials the surface with the best 
adsorptive capacity does not necessarily represent the best sensor 
response. They showed that surfaces with intermediate adsorptive ca-
pacity of the gas of interest allow the reversibility of the sensor response 
and prevent the poisoning of active sites. Likewise, Lanna et al. [25] 
demonstrated that the geometry of the CeO2 surface has a key role in the 
pathway selectivity for the molecules. 

Previous studies on the gas sensor response of CeO2 nanoparticles 
towards CO showed correlation among defects, oxygen vacancies and 
Fermi level alignment [8,17,26]. This behavior can be associated with 
the easy release of oxygen from the cubic fluorite-type structure, which 
is well known for its oxygen ion migration properties accompanied by 
the reversible reduction of Ce(IV) to Ce(III). It was shown that the 
electrical resistance decreases in response to the presence of CO gas 
when the material presents an increase in the number of oxygen va-
cancies, with a subsequent reduction process to yield Ce(III) [26]. 

Heterojunction engineering allows the creation and control of the 
presence of defects in the materials. The coupling of two distinct semi-
conductors to obtain heterojunctions of different types (types I, II and 
III) and conductivities (p-n, p-p, n-n) leads to changes in the magnetic, 
electrical, optical and sensor behavior of the materials [27]. Thus, the 
control of the material surface combined with the formation of hetero-
junctions permits the Fermi level alignment and the proportion of Ce(III) 
since CeO2 has good oxygen mobility and storage capacity, besides the 
fact that the electrons are transferred between the materials [28]. These 
electronic transfer processes on the surface of a heterojunction alter the 
adsorption behavior of gases, increasing its sensor response [29], or 
changing the selectivity of the gas of interest [30]. Therefore, it is safe to 
affirm that the sensing properties of heterojunction-type materials is 
related to the number of defects, surface area and oxygen vacancies; 
however, little is known about the behavior of the heterojunctions at the 
atomic level. 

The formation of heterojunctions with specific surfaces that interact 
with CeO2 is an important strategy to further optimize their adsorption 
capacity, and consequently their sensor response [31,32]. To this end, 
studies based on nickel oxide heterojunctions have shown advances in 
catalytic processes at low temperatures [33]. Nickel can form three 
different oxides: NiO with a cubic structure, NiO2 with a monoclinic 
structure and Ni2O3, an unstable and rare oxide-type with a hexagonal 
structure [34,35] that can be obtained at a specific pressure and tem-
perature [36], by stabilization along the growth process on the surface of 
oxides [37], or through the use of growth drivers [38]. Ni2O3 has a direct 
band gap in the 2.2–3.4 eV range [34,39], and its structure has space 
group P63mc and parameters a = 3.26 Å and c = 5.61 Å [36], besides 
tetrahedrally coordinated Ni (III) cations. For such reasons, this material 
presents itself as a promising gas sensor [40,41]. Additionally, this type 
of nickel oxide coupled with CeO2 [42] has shown catalytic performance 
towards carbon-based compounds. 

This work reports the electrical properties of pure CeO2 nano-
particles and those decorated with Ni2O3 towards CO gas detection. 
These nanoparticles were synthetized by the microwave-assisted hy-
drothermal (MAH) method. Here, the term "decorated" was used to refer 
to the type of microstructure in the heterojunction since different 
structure junctions are designated according to the way they are built, 
that is, core/shell, obtained in the form of a core from a structure and a 
cover from another structure; layer-by-layer, when layers of different 
structures are grown on top of each other; and decorated-type, in which 
there is a main structure, and occasionally at some points a second 
structure is grown. The structural, electronic, optical and electrical 
properties were correlated with the heterojunction obtained. High- 

resolution transmission electron microscopy (TEM), X-ray diffraction 
(XRD), micro-Raman scattering spectroscopy, ultraviolet–visible 
(UV–vis) spectroscopy, and X-ray photoelectron spectroscopy (XPS) 
were employed to characterize the samples in detail. Computational 
simulations were performed with periodic density functional theory 
(DFT) to study the structural characteristics, density of states (DOS) and 
adsorption properties to reach a deep understanding on the relationship 
between the structural and electronic parameters of pure and Ni2O3- 
decorated CeO2 nanoparticles. 

2. Materials and methods 

2.1. Synthesis 

Pure CeO2 samples: The nanoparticles were obtained by the MAH 
method. The procedure for the preparation of pure CeO2 samples con-
sisted of dissolving cerium precursor (Ammonium cerium (IV) nitrate 
[Ce(NH4)2(NO3)6, 99.9%, Aldrich] for the spherical sample, and nitrate 
hexahydrate [Ce(NO3)3⋅6H2O, 99%, Aldrich] for the rod-like sample), 
0.06 mol L− 1, in 90 mL of NaOH, 6.0 mol L− 1, under vigorous stirring at 
25 ◦C for 1 h. The suspension was then placed in a microwave oven at 
180 ◦C/1 min. The powders were washed with deionized water several 
times and dried at 70 ◦C/12 h. 

Decorated rod-like sample: To obtain the decorated rod-like CeO2 
sample, nickel nitrate (Ni(NO3)2⋅6H2O, 99.9%, Aldrich) and NaOH (0.1 
mol L− 1) were used as precursors. A ratio of 5.0 (w/w)% Ni to rod-like 
CeO2 was used. The preparation procedure was similar to that for the 
obtention of pure CeO2 samples: nickel nitrate was dissolved in 90 mL of 
NaOH, 0.1 mol L− 1, and then added to the CeO2 particles under vigorous 
stirring at 25 ◦C for 1 h. The suspension was subsequently placed in a 
microwave oven at 140 ◦C/4 min. The powders were washed with 
deionized water several times and dried at 70 ◦C/12 h. As it was not our 
intention to change the initial morphology of the CeO2 precursor par-
ticles, we opted for the lowest temperature in the microwave and the 
lowest concentration of NaOH for the synthesis of decorated CeO2 
particles. 

2.2. Characterization 

The nanoparticles were structurally characterized via XRD patterns 
using a D/Max-2000PC diffractometer (Rigaku, Japan) with Cu Kα ra-
diation (λ = 1.5406 Å) in the 2θ range from 20◦ to 60◦. The Raman 
spectroscopy characterization was performed by a LabRAMiHR550 
Horiba JobinYvon spectrometer with a 514-nm laser as the excitation 
source and a spectral resolution of 1 cm− 1, with 40 scans in the range of 
200–900 cm− 1. The particle morphology was investigated via HR-TEM, 
TEM-FEI/PHILIPS CM120 microscopy and field emission scanning 
electron microscopy using an Inspect F50 microscope (FEI Company, 
Hillsboro, OR) operating at 5 kV. Samples for TEM were obtained by 
drying droplets of the as-prepared samples from an ethanol dispersion, 
which was sonicated for 5 min onto 300 mesh Cu grids. X-ray photo-
electron spectroscopy (XPS) measurements were carried out on a com-
mercial spectrometer (UNI-SPECS UHV System). The spectra were 
corrected to the charge effects using the C 1s peak of adventitious carbon 
at 285.0 eV as a reference. All data analyses were made using CASA XPS 
software (Casa Software Ltd., U.K.). The Mg Kα line was used (hv =
1253.6 eV), and the analyzer pass energy was set to 10 eV. The inelastic 
backgrounds of the Ce 3d, O 1s, and Ni 2p electron core-level spectra 
were subtracted using Shirley’s method. For Ce 3d peak fitting the 
doublets were separated by 18.5–18.6 eV, FWHM varied between 2.5 
and 3.6 eV, and line shapes were adjusted using Gaussian–Lorentzian 
curves. The photonic characteristics were analyzed by UV–vis diffuse 
reflectance using a PerkinElmer UV/vis/NIR Lambda 1050 
spectrophotometer. 
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2.3. Electrical analyses 

For gas-sensing measurements, powder paste was prepared with 
glycerol as an organic binder. The solid/organic binder ratio used was ½ 
without dopant addition. A silicon wafer was used as a substrate, and an 
adhesion layer consisting of 25 nm of titanium was deposited on it. 
Then, a 200 nm-thick platinum film used as an electrode was deposited 
onto the Ti layer, and an interdigitated shape was made by sputtering. 
The interelectrode distance was 50 μm. Thick and porous film samples 
were painted onto the resulting substrate. After painting, the samples 
were kept in a conventional oven at 100 ◦C for 24 h in air for glycerol 
evaporation and improved adhesion of films to the silicon substrate. 
Afterwards, the samples were thermally treated at 380 ◦C for 1 h in air 
atmosphere at a heating rate of 1 ◦C/min, and after this treatment the 
gas-sensing measurements were finally carried out. The measurements 
were made in a chamber under temperature, pressure and gas compo-
sition control. The electrical resistance was measured with an Agilent 
3440A multimeter. First, three heating and cooling cycles were carried 
out in presence of air (1 atm), vacuum (10− 4 atm) and carbon monoxide 
(0.0066 atm) in order to investigate the performance of the films at 
certain temperatures in these three different atmospheres. Then, the 

electrical resistance was measured in air, vacuum and carbon monoxide 
(0.0066 and 0.066 atm) for 10 min at each atmosphere at 380 ◦C and 
420 ◦C. 

2.4. Computational methods 

Our ab initio simulations were based on DFT calculations using the 
VASP code [43,44]. The generalized gradient approximation (GGA) 
formulation with Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
functional [17] was used. The Ce core is [Xe], whereas C and O cores 
are [He] and Ni core is [Ar]. All calculations were performed at the DFT 
+ U level with U values of 5.0 eV and 5.3 eV for f-Ce and d-Ni [18,45, 
46], respectively. CeO2 surfaces with p(1 × 2) expansions were then 
modelled with a finite thickness slab model of (111) surface of 10.92 Å 
(13 atomic layers). Based on previous works [47,48], the (001) surface 
of Ni2O3 was built with thickness slab of 13 Å (8 atomic layers). To 
eliminate the slab-slab interaction perpendicular to the surface, a 15 Å 
vacuum between adjacent slabs was used. 3 × 3 × 1 Monkhorst-Pack 
grid in k-space was used, and all ionic positions were allowed to relax. 
The surface energy (Esurf) was obtained by Eq. (1): 

Fig. 1. TEM (a–c) and HR-TEM (i-iii) images of pure (a,b) and decorated (c) CeO2 samples. Figure d shows the coordination of each surface experimentally obtained 
from DFT simulations. 
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Esurf =
Eslab − nEbulk

2A
, 1  

where Eslab and Ebulk correspond to the optimized total energies of the 
surface and bulk, respectively, n is the number of CeO2 units on each 
surface, and A is the surface area. In order to simulate the experimental 
sample of the CeO2 decorated with nickel oxide, a Ni2O3 cluster was 
placed on the (111) surface. For the adsorption process, the adsorbates 
(CO and O2 molecules) were placed at an initial distance of 2.0 Å from 
the substrate surface sites (that is, (111) CeO2 or heterojunction sur-
faces) using relaxed coordinates. The adsorption mechanisms of the 
adsorbates on the substrates were followed by the evaluation of the 
adsorption energy, Eads, as shown in Eq. (2):  

Eads = Etot – Eslab – Ex,                                                                        2 

where Etot is the total energy of the surface system with adsorbate, Eslab 
is the energy of the clean substrate, and Ex is the energy of the adsorbate 
[49]. Using this notation, a negative sign of Eads indicates that the 
adsorption is a favorable process with a decrease in energy compared to 
separated adsorbates and substrate surfaces. 

3. Results and discussions 

3.1. Structural and morphological characteristics 

TEM analyses were performed (Fig. 1) in order to elucidate the type 
of morphology of the pure CeO2 samples as well as the heterojunction 
formation. According to the TEM images in Fig. 1a, b and c, it is possible 
to observe that the pure CeO2 samples present spherical and rod-like 
morphologies, while the CeO2 sample decorated with nickel oxide ex-
hibits a rod-like morphology, respectively. The respective HR-TEM im-
ages are shown in the ‘i’ Figures. The high-resolution analysis of the 
spherical sample (Fig. 1i–a) revealed interplanar distance values of 3.12 
Å and 2.74 Å, which are in good agreement with d-spacing (111) and 
(200) planes of cubic CeO2, respectively. In this sample there is a pre-
dominance of the (111) surface. For the rod-like CeO2 sample, the HR- 
TEM image (Fig. 1i–b) showed calculated interplanar distances of 
1.95 Å and 3.22 Å, which are consistent with d-spacing (220) and (111) 
planes of cubic CeO2, respectively. Finally, for the decorated rod-like 
CeO2 sample (Fig. 1c) the same morphology as the pure sample can be 
observed, but with cubes formed on them. According to Fig. 1i–c, the 
interplanar distance of these cubes was 2.79 Å, which can be assigned to 
the (002) plane of the Ni2O3 hexagonal phase (JCPDS Card number 
14–0481). 

A coherent growth is estimated between the CeO2 and Ni2O3 in-
terfaces, provided that the CeO2 cubic structure has a lattice parameter 
equal to 5.46 Å, while the hexagonal nickel oxide has a parameter c =
5.61 Å, which results in a mismatch of the 2.7%. In order to corroborate 
the formation of the Ni2O3 phase, duplicates of other samples synthe-
sized by the same methodology were analyzed (Fig. S1). The presence of 
the element nickel in the pure sample was confirmed by EDS (Fig. S2). 
The growth of nickel oxide in only regions of the CeO2 surface charac-
terizes the formation of a heterojunction designated as decoration 
(“decorated rods”). The surfaces found in the TEM analyses were 
simulated by DFT, as shown in Fig. 1d. It is possible to observe the co-
ordination of each surface, their surface energy, Esurf (Eq. (01) – section 
2.4), and their band gap, Egap, both obtained from DFT simulations. 
Table 1 presents a summary of the results obtained by TEM (types of 

Table 1 
Summary of the results obtained by TEM and DFT.  

Sample TEM  DFT 

Average 
diameter 
(nm) 

Surfaces  Surface 
coordinate 

Esurf 

(eV) 
Egap 

(eV) 

Spherical 4.0 (±0.1) (111)  [CeO7. Vz
o]  1.39 2.35 

(100)  [CeO6.2 Vz
o]  1.79 1.97 

Rod 9.1 (±0.3) (111)  [CeO7. Vz
o]  1.39 2.35 

(110)  [CeO6.2 Vz
o]  1.75 2.03 

Decorated 
rod 

11.4 (±0.3) (111)  [CeO7. Vz
o]  1.39 2.35 

(001) 
Ni2O3  

[NiO4. Vz
o]  1.79 0.79  

Fig. 2. a) Raman spectra of the structural properties of pure and decorated CeO2 samples at short-range order and b) optical band gap of the samples.  
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surfaces found and particle average diameter shown in Fig. S4) and DFT 
(surface coordinate, surface and band gap energy). The vacancy type Vz

o 
means that the surface can take on the Vx

o , V⋅
o, or V⋅⋅

o types. 
Fig. S3 displays the XRD analyses of the nanoparticles obtained. It 

can be observed that both samples present a cubic polycrystalline 
structure of CeO2 with space group Fm 3 m corresponding to ICSD no. 
239412. For the decorated rod-like sample, no peaks related to the 

nickel oxide phase can be noted, which is acceptable due to the synthesis 
method used – since neither the formation of a conventional solid so-
lution (given that the CeO2 precursor has a crystalline structure) nor a 
second phase can be obtained as a result of the low concentration of the 
junction with nickel oxide [50]. Table S1 shows the Rietveld refinement 
of the diffractograms. The fitting parameters (wR (%)) obtained using 
GSAS-II software and ICSD no. 239412 indicate good agreement 

Fig. 3. XPS spectra of spherical (Figures a), rod-like (Figures b) and decorated rod-type (Figures c) CeO2 samples. The survey spectra, the Ce 3d and the O 1s peaks 
are shown in i), ii) and iii), respectively. The inset in iii-c displays the high-resolution spectra of Ni 2p. 
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between the calculated and observed XRD patterns for the as-prepared 
CeO2 nanocrystals. According to this crystallographic data, CeO2 has a 
lattice parameter value of 5.46 Å, which is congruent with the values 
presented by our samples. An analysis of the refinement results renders 
that the rod-like CeO2 sample has reduced cell volume in relation to the 
other two samples. A comparison between the pure and decorated 
rod-like samples shows an increase in the lattice parameter, probably 
caused by the high density of vacancy-type defects. 

Phase formation and structural defects of the nanoparticles at short- 
range order were investigated by Raman spectroscopy. The active 
Raman mode near 465 cm− 1 corresponds to the triply degenerate F2g 
symmetric stretching of Ce–O bonds in the [CeO8] unit [51]. For the 
pure CeO2, the presence of oxygen defects and Ce (III) cations changes 
the length of the Ce–O bonds, shifting the center of the F2g mode to 
different wavenumber when compared to the 465 cm− 1 value of the 
single crystal [52]. According to Schilling et at. [53], the band at 240‒ 
270 cm− 1 is correlated with the second-order acoustic band (2 TA) 
mode, whereas the one at 600 cm− 1 is related to defect (D) modes 
[53–55]. Some different characteristics are observed for the spectrum of 
the samples, such as: i) the 260 cm− 1 mode is active in spherical 
(Fig. 2i–a) and decorated (Fig. 2i–c) samples; ii) there are differences in 
position and shape of the F2g peak between the pure (Fig. 2i–a,b) and 
decorated (Fig. 2i–c) samples; iii) and the area of the band at 590 cm− 1 is 
different among the samples. 

Concerning the band at 260 cm− 1, this mode originates from ter-
minations of the (111) surface of the O–Ce longitudinal stretching type 
of atoms in the outermost layers [53], as verified in the spherical and 
decorated samples. The band at ~455 cm− 1 represents the vibrational 
mode of the octahedron of Ce–O8, which is a very sensitive mode to any 
disordered state in the stoichiometric system. This band is wider for the 
rod-like sample than for the others. Since the Raman spectra peak 

position and bandwidth are influenced by several factors, such as 
phonon confinement, particle size heterogeneity, defects, 
non-stoichiometry and lattice stress, as seen by TEM analyses, the 
different surfaces and nickel oxide decoration result in differences in the 
band at ~455 cm− 1. To better correlate this result, it is necessary to 
analyze the band at 600 cm− 1, which is related to defects. The relative 
concentration of vacancies can be represented by the ratio of the band 
area at 600 cm− 1, ID, and at 455 cm− 1, IF2g. The resulting sequence is: 
rods (0.075) > decorated rods (0.056) > spheres (0.046). TEM images 
showed that the spherical sample is mainly composed of the (111) sur-
face, with seven oxygens coordinated to cerium [CeO7.Vo], while the 
rod-like sample is predominantly formed by the (111) and (110) sur-
faces, with seven and six oxygens coordinated to cerium ([CeO7.Vo],

[CeO6.2Vo]), respectively. The sequence of concentration of vacancies 
between samples is logical when two parameters are considered: i) the 
lower coordination of Ce to O ions in the crystal lattice increases the 
concentration of vacancies, and ii) the Raman spectroscopy is sensitive 
to the detection of short-range changes in the chemical bonding. 
Therefore, the sample composed of surfaces with lower Ce–O coordi-
nation will present higher vacancy density. In turn, the decorated 
rod-like sample presents an intermediate vacancy concentration in 
relation to the two previous ones. This sample is formed by the (111) 
CeO2 surface and the junction with nickel oxide, which leads to this 
vacancy concentration range according to the Raman spectroscopy 
analysis. 

Such vacancy density (defects) are correlated with the band gap 
energy of the material (Fig. 2ii). Fig. 2b shows the Tauc plot obtained 
from the absorption spectra of the CeO2 samples. The Tauc plot de-
termines the band gap energy (Eg) of all samples from the intercept on 
the abscissa axis of a linear fit of the (αhν)x vs wavelength energy plot, 
where α is the absorbance and hν is the photon energy, considering an 

Fig. 4. Arrhenius plot for a) spherical, b) rod-like, and c) decorated rod-like CeO2 samples.  
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indirect band gap for the pure CeO2 [56] and a direct band gap for the 
decorated CeO2 sample [8]. An Eg value of ~2.6 eV was found for all 
samples, which is in agreement with the literature [56] and refers to the 
excitation of electrons from O2p to Ce 4f. The rod-like CeO2 sample 
(Fig. 2ii-b) has a slightly higher band gap energy than the spherical CeO2 
sample (Fig. 2ii-a). Considering the vacancy density in the surface type 
of each sample and using the theoretical band gap value (Table 1), the 
rod-like sample composed of the (111) and (110) surfaces presents a 
higher theoretical band gap value than the spherical sample formed by 
the (111) and (100) surfaces. For the decorated CeO2 sample, two values 
were found (Fig. 2ii-c); one was due to the CeO2 phase and other to the 
presence of the nickel oxide phase, which is comparable to that found by 
Zhao et al. [50], who observed a similar shape for the curve in the 
reflectance spectrum when studying TiO2/Ni2O3 heterojunctions. 

Fig. 3 displays the XPS analyses of spherical (Figures a), rod-like 
(Figures b) and decorated rod-like (Figures c) CeO2 samples. The sur-
vey spectra are shown in Fig. 3i. For the decorated rod-like sample 
(Fig. 3i–c), it is possible to observe the presence of nickel with an 
approximate percentage similar to that used in the synthesis (5.0 (w/ 
w)%). The Ce 3d spectrum is presented in Fig. 3ii. The presence of mixed 
Ce4+ and Ce3+ oxidation states is commonly found, as evidenced by the 
spin-orbit multiplets [57,58]. The fitted peaks denoted as u and v are 
related to the spin-orbit coupling of 3d3/2 and 3d5/2, respectively. The 
doublets named as u’/v’ and u0/v0 are due to primary photoemission 
from Ce(III) and its shakedown, respectively. The doublets designated as 
u”’/v”’ and u/v− u”/v” are assigned to primary photoemission from Ce 
(IV) and its shakedown features, respectively. The transfer of electrons 
(one or two) from a filled O 2p orbital to an empty Ce 4f orbital during 
the photoemission results in shakedown features [59,60]. The relative 
areas of each component belonging to the corresponding oxidation 
states (Ce3+ and Ce4+) determine the relative concentration of the Ce 
(III) oxidation state (Eq. (3)). 

%Ce(III)=
Area Ce3+

(Area Ce3+ + Area Ce4+)
× 100 3 

The values obtained for Ce (III) at the surface were 32.4%, 25.6% and 
30.9% for spherical, rod-like, and decorated rod-like CeO2 samples, 
respectively. The spherical sample had the highest presence of Ce (III), 
followed by the decorated rod-like sample. Comparing the pure and 
decorated rod-like samples, an increase of ~5% in Ce (III) was found for 
the decorated rod. The presence of both Ce valence states in the samples 
can be explained based on several factors, such as the effect of irradia-
tion [59], lattice doping [9], particle average size [61], and exposed 
surface [18]. In our case, for the spherical sample the smaller particle 
size (Table 1 and Fig. S4) increased the density of interfacial 

imperfections as one-dimensional defects (edge and line dislocations). 
As a result, there was a greater presence of point defects with Ce–O 
undercoordination, thus increasing the proportion of Ce (III). For the 
decorated sample, based on the DFT results it can be deduced that 
clusters of nickel oxide grown above the CeO2 surface act in the 
reduction of Ce (IV) cations due to the appearance of acceptor energy 
levels. This perspective will be further studied by ab initio calculations 
shown in section 3.4. Fig. 3iii displays the O 1s and Ni 2p spectra. The 
O1s spectra of the pure CeO2 sample were deconvoluted into three 
peaks: ~529, ~531 and ~532 eV, which are related to the Ce–O bond, 
hydroxide/surface defects (− OH, Vo) and oxygen-bonded carbon species 
(C–O, C = O), respectively [62,63]. For the decorated CeO2 sample 
spectra, the same peaks can be observed plus an additional one at 527 
eV, ascribed to the O–Ni bond. The Ni 2p spectra (inset in Fig. 3c) are 
displayed in the region of 865–850 eV, corresponding to the Ni 2p3/2 and 
its shakeup peaks. As reported by Oswaldo et al. [64], the shape of this 
peak can be characteristic of a Ni (III)/Ni (II) mixture, which is expected 
since the Ni2O3 particles grown on rod-like CeO2 particles can present 
different types of defects. However, a greater presence of Ni(III) is 
verified, Fig. S5, when analyzing the Ni LVV Auger lines with emission at 
390 eV, which is characteristic of Ni(III) (L2VV) [65,66]. 

3.2. Electrical characteristics 

The temperature dependence of conductivity (G) is shown in Fig. 4, 
where it is possible to observe the variation of conductance as a function 
of inverse temperature (T− 1) for pure spherical (a), pure rod-like (b) and 
decorated rod-like (c) CeO2 samples. The activation energy for hopping 
conduction adopts the form shown in Eq. (4). 

G= (A / T)exp(− Ea / kT), 4  

where G is the electrical conductance, T is the temperature, Ea is the 
activation energy, and k is the Boltzman constant. The prefactors (A) and 
activation energies (Ea) can be estimated using Eq. (04) for the three 
different atmospheric conditions. The values obtained in the present 
study for the same atmospheres show that Ea for the decorated sample is 
higher than for the pure samples (spherical and rod-like). These results 
indicate that the electrons in the decorated CeO2 sample have lower 
mobility to migrate from one site to an adjacent one by a hopping 
mechanism of conduction. 

In Fig. 4c, it can be observed that at temperatures lower than 
~190 ◦C the conductivity in air for the decorated sample is higher than 
in vacuum. The conduction is determined by the mobility and the den-
sity of the carriers [67]. The explanation for this fact will be better 
explored in the following section based on the adsorption mechanism for 

Fig. 5. Resistance as a function of time and atmosphere for pure and decorated CeO2 samples.  
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heterojunction. 
Gas-sensing tests were performed by exposing the pure and deco-

rated CeO2 samples at 380 ◦C and 420 ◦C, according to Fig. 5a and b, 
respectively. The results of the transient response characteristics to-
wards vacuum and carbon monoxide (at 5 mmHg and 50 mmHg of gas) 
are also displayed. It can be seen that after two cycles of exposure to air, 
vacuum and CO, the sensors recover their initial resistance, indicating 
that all films have good reversibility. Regarding the sensor response 
magnitude, it does not change substantially by increasing the concen-
tration of CO in all samples. This could suggest that the sensors reached 
gas saturation. Fig. 5 also shows the electric resistance behavior of the 
samples. It can be observed that the electric resistance of the rod-type 
samples (pure and decorated) decreases abruptly with the injection of 
vacuum and CO gas, and then increases rapidly and recovers to its initial 
value after the test gas is released. However, when the films are exposed 
to vacuum, the electrical response of the decorated CeO2 sample is 
higher than that of the pure CeO2 sample. This can be attributed to the 
microstructure of the decorated sample, which presents a greater 
number of defects (XPS results) than the pure rods, thus presenting a 
greater response to vacuum. 

Conversely, even though films conformed with spherical particles 
have a good response to vacuum, such response is not so expressive in 
relation to the subsequent exposure to CO. This is due to the interaction 
between the gas and the type of surface existing in the material. The 
spherical particles mainly have a solid/atmosphere interface composed 
of the (111) surface, while the sample with rod-type particles present a 
solid/atmosphere interface predominantly formed by the (111) and 
(110) surfaces (Fig. 1). Through computer simulations, it was observed 
that the (110) surface has higher adsorption energy of CO gas than the 
(111) surface. Fig. 6 shows the simulation of CO gas adsorption on both 
surfaces, (111) and (110). On the (111) surface (Fig. 6a), the low value 
of adsorption energy (- 0.15 eV) indicates weak interaction. The distance 
between the C and the O closest to the surface was 2.86 Å, which is 
characteristic of physisorption, as also observed by other studies [19, 
68]. On the other hand, the adsorption of CO on the (110) surface 
(Fig. 6b) reveals a more stable adsorption energy value (− 1.89 eV). In 
this case, the geometry of both adsorbate (CO molecule) and adsorbent 

(CeO2 surface) is changed. By comparing the DFT simulation before 
(inset of Fig. 6b) and after surface relaxation (Fig. 6b), it can be noted 
that there are increases in the bonding distances between the C and O of 
the CO molecule of <0.12 Å and between the Ce and O bonded to the CO 
molecule (i.e., before to after relaxation: CeB-OB → CeA-OA) of 0.31 Å. 
Both are chemisorption characteristics, which help to explain the better 
response to CO gas presented by the rod-type particle in comparison 
with the spherical sample. 

The main results of this analysis are shown in Table 2, which com-
pares the pure (spheres and rods) and decorated CeO2 samples. The 
response time, defined as the time required to reach 90% of the final 
equilibrium value, is described. It is observed that the response time of 
the CeO2 decorated with nickel oxide is higher than that of the pure 
sample. By comparing the morphology between the pure CeO2 samples 
(rod-like and spherical), it can be noted that the former presents a 
shorter response time. In particular, the electrical response time for the 
decorated rod is much less sensitive to CO than the pure rod, suggesting 
that the CO begins to saturate in the decorated sample at lower 
concentrations. 

From a comparison between the morphologies in Fig. 5 (spheres vs 
rods), better sensor responses can be observed for the sample with rod- 
like morphology in relation to the spherical morphology. Other works 
[8,69,70] also obtained CeO2 nanoparticles but without a defined 
morphology, reaching a sensor response time between 45 and 56 s 
(using operating temperatures and CO concentration equal to or greater 
than those used in this work). In other words, when a specific 
morphology of CeO2 was used, the response time decreased. Therefore, 

Fig. 6. CO adsorption on (111) and (110) CeO2 surfaces. The images show the bonding distances between Ce, O and C atoms and adsorption energies. The inset of 
Figure b displays the non-relaxed (110) surface (i.e., before DFT simulation). 

Table 2 
Results of the response time obtained by resistance as a function of time and 
atmosphere at 380 ◦C and 420 ◦C.   

Spherical CeO2 Rod CeO2 Decorated rod  

380 ◦C 420 ◦C 380 ◦C 420 ◦C 380 ◦C 420 ◦C 

Response time (s) 
(5 mmHg CO 
gas) 

609 349 245 108 397 329 

Response time (s) 
(50 mmHg CO 
gas) 

565 243 22 17 291 223  

Fig. 7. Variation of effective activation energy with the prefactor, A.  
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sample morphology is crucial in sensor behavior due to the different 
oxygen diffusion processes into and out the particles, which are 
responsible for annihilating or generating oxygen vacancies, as shown in 
previous works [17]. This is correlated with the Ce (III)/Ce (IV) con-
centration, and consequently with carrier concentration. 

Finally, assuming that electrical conductivity is an activated process 
and using Eq. (04) [1] in order to gain confidence on previous analyses, 
we plotted effective activation energy vs prefactor, A, to show a clear 
relationship between the prefactors and activation energies for different 
samples and atmospheres (Fig. 7). Directly related to the number of 
carriers (electrons in the Ce 4f states, 4f1), prefactors can be compared 
with samples of similar morphologies, such as pure and decorated 
rod-like nanoparticles. As abovementioned, the number of electrons 
available for conductivity is determined by the density of vacancies. 
From Fig. 6, it can be deduced that the number of vacancies increases 
when the material is exposed to the following sequence of atmospheres: 
air, vacuum and CO. According to this figure, it is clearly seen that the 
oxygen vacancy density is always larger for the sample decorated with 
nickel oxide. Additionally, it is well known that the activation energy 
increases with the vacancy density. When studying CeO2 single crystals 
with different stoichiometry, Tuller et al. [1] related vacancy density to 
local atomic order and changes in the lattice parameter. By comparing 

pure and decorated rod-like samples, it becomes evident that this 
interpretation is consistent with the lattice order and cell volume shown 
in Table S1. In addition, the XPS results for rod-like samples point to a 
larger number of Ce (III) in the decorated sample (see section 3.1). 

Finally, it is worth noting that an energy widening of the cerium 4f 
state distribution for the decorated sample could change the electronic 
distribution. Moreover, the cerium 4f states appear closer to the valence 
band according to the UV–Vis results, suggesting that the decoration 
with Ni2O3 could cause a greater dispersion of the possible 4f0 states (Ce 
(IV)) to which electrons could jump from a 4f1 state now deeper in en-
ergy, Ce (III). As a consequence, an increase in the effective activation 
energy for CeO2–Ni2O3 samples is expected. A similar phenomenon 
takes place when samples are treated with reducing gases (CO treat-
ment). The opposite occurs when vacancies are annihilated by exposing 
the samples to an oxygen atmosphere, followed by Ce (III) amount 
reduction. It can then be concluded that the DFT, XPS, UV-VIS and 
electronic characterizations are all consistent. 

3.3. Decorated rods based on DFT simulations 

In order to further explore the CeO2/Ni2O3 heterojunction experi-
mentally obtained and study the possible energy widening of the cerium 
4f state distribution for this sample, heterojunctions of nickel oxide 
clusters on the (111) CeO2 surface were theoretically constructed. In this 
topic, when we refer to "pure surface", it is not necessarily correlated 
with the experimentally obtained pure samples (spheres or rods), but 
with the CeO2 surface on which nickel oxide clusters were grown. 
Therefore, the (111) CeO2 surface was chosen with the purpose of 
reproducing the experimental findings. Ni2O3 clusters were placed on a 
surface expansion of p(1 × 2), which was found to be the most stable 
expansion similar to that experimentally obtained (Fig. S6). The pure 

Fig. 8. Formation of the decorated CeO2, a) supercell (1 × 2) of the (111) CeO2 surface, b) supercell interacting with Ni2O3, and density of state for Ce, O, and Ni 
atoms of c) pure and d) decorated surfaces. 

Table 3 
Bonding distance between Ce–O atoms for pure and decorated (111) CeO2 
surfaces.   

pure (111) CeO2 surface 
(Å) 

Decorated (111) CeO2 surface 
(Å) 

(2)Ce − (9)O 2.34 2.38 
(2)Ce − (10)O 2.34 2.33 
(2)Ce − (14)O 2.36 2.47  
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(111) CeO2 surface (Fig. 8a) and the interaction with Ni2O3 clusters 
(Fig. 8b) were analyzed. From the density of states (DOS) analysis, it can 
be observed that for the pure surface there is a main participation of the 
O-2p states at the valence band maximum (VBM) and the presence of the 
Ce-4f states ~2 eV above the VBM (Fig. 8c). 

By comparing the Ce before (CeB) and after (CeA) heterojunction 
formation, it is possible to observe an increase in the Ce–O bond length 
nearest to Ni (Table 3), possibly due to the variation in the oxidation 
state of the cerium [71]. This structural change indicates the formation 
of strong covalent bond between CeO2 and nickel oxide [72]. This was 
confirmed by the DOS analysis when comparing the pure (111) surface 
(Fig. 8c), i.e., before the existence of any heterojunctions in the sample, 
and the surface after decoration with nickel oxide (Fig. 8d). The com-
parison between Ce on the pure surface (2-CeB) and Ce on the hetero-
junction surface (CeA) shows a shift in the Fermi level. The cerium 
closest to the interface with nickel oxide, 2-CeA, presents f states at 0.6 
eV above the Fermi level characteristic of Ce (III) [9,18], indicating that 
the heterojunction formation occurs by reducing the cerium atoms on 
the surface, which is in agreement with the electrical and XPS analyses. 
The more distant the Ce atoms are from the interaction with nickel 
oxide, the more the f states in this intermediate region decrease (1-CeA) 
until their complete disappearance (3-CeA), evidencing the presence of 
Ce (IV). 

Fig. 9 shows the CO adsorption on the decorated (111) CeO2 surface 
using two adsorption models: Mars-Van Krevelen (MvK) (Fig. 9a) and 
Langmuir− Hinshelwood (LH) (Fig. 9b and c). In the first model, the CO 
molecule is adsorbed on the surface, whereas in the second mechanism 
there is a co-adsorption of the CO and O2 molecules. Following the MvK 
model [22,23], the adsorption of CO in the heterojunction proved to be 
unstable (Fig. 9a), with adsorption energy of +0.07 eV. This is different 
from the physisorption behavior found on the clean (111) CeO2 surface 
(Fig. 6a) and shown by other studies [19,68], which reported that for the 
clean surface of CeO2 the CO adsorption by MvK has proved to be more 
effective. Regarding the co-adsorption along with the LH mechanism for 
heterojunction (see Fig. S7 for the unrelaxed position of the adsorbed 
molecules), in which O2 and CO molecules participate in the interaction 
with the oxide surface, a high exothermic process was observed, with an 
adsorption energy of − 2.70 eV and − 3.80 eV (Fig. 9b and c). Recent 
studies developed by Zhou et al. [23] demonstrated that in comparison 
with MvK the LH mechanism is less effective in adsorbing CO on pure 
CeO2 surfaces. However, our findings for the CeO2/Ni2O3 structure were 
different for pure CeO2. We observed that one of the oxygens that 

participate in the adsorption is captured by the crystalline lattice, 
changing the surface clusters. Therefore, O2 molecules have a more 
effective participation in the decorated sample than in the pure samples, 
consequently reflecting the electrical behavior observed in Fig. 4c. For 
temperatures below 190 ◦C, the slope of the curve for the sample 
exposed to air is smaller than its exposed to CO or vacuum, meaning 
lower electrical resistance, that is, a different behavior in relation to 
pure samples. Depending on the working temperature, oxygen adsorbs 
as different species, i.e., molecular species (O2,ads or O2

−
ads) at low 

temperatures (150 ◦C < T > 200 ◦C), or as atomic ions (O−
ads or O2−

ads) 
at higher temperatures (200 ◦C  < T < 400 ◦C) [73]. Such species act as 
electron traps from 4f states of Ce, thus increasing electrical resistance. 
However, as previously reported below 190 ◦C the decorated sample 
undergoes a reduction in electrical resistance as a result of the type of 
interaction between the gas and the surface present in the material. 
Below this temperature, there is greater participation of molecular ox-
ygens (O2,ads or O2

−
ads) present in the atmosphere (compared to ionic 

species, O−
ads or O2−

ads, found above 190 ◦C), leaving more free elec-
trons in the f states of Ce, consequently reducing the electrical resistance 
in this temperature range. Nevertheless, even though this could also 
occur in the pure samples (Fig. S8), it was found that the decorated 
sample is more sensitive to the adsorption of O2 molecules (Fig. 9b and 
c). 

In order to confirm which is the most favorable state for the 
adsorption of the O2 molecule, the two possible states of adsorption, 
singlet and triplet, were evaluated. For the LH model, the adsorption 
processes of both singlet- and triplet-O2 adsorption were proposed to 
dissociate the heterojunction surface. For the triplet state of O2, it was 
observed that O− O bond breaking occurs in Ce− O bonds, denoted as 
1Ce-A. As previously observed, this site has a more Ce (IV) character 
than Ce (III), while for the dissociation process of singlet O2 a O− O bond 
breaking occurs in the 2Ce-A site, which has a more Ce (III) character. 
These results suggest that the CO gas adsorption mechanism on the 
surface of Ni2O3-decorated CeO2 follows an LH mechanism and that 
singlet- and triplet-oxygen states are possible to occur with greater 
adsorption stability for the singlet state. Therefore, it is assumed that the 
behavior of higher conductivity of the heterojunction observed experi-
mentally for lower analysis temperatures (Fig. 4c) is related to the 
greater ease of adsorption of the O2 and CO molecules at such 
heterojunction. 

Fig. 9. CO adsorption at the CeO2(111)/Ni2O3 heterojunction following a) MvK and b,c) LH models. b) Triplet- and c) singlet-oxygen adsorption.  
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4. Conclusions 

Pure CeO2 samples with different morphologies (spherical and rod- 
like) and CeO2 nanorods decorated with nickel oxide were synthesized 
and evaluated structurally and electrically. Structural and morpholog-
ical analyses showed that the morphology of the pure spherical CeO2 
was mainly constituted of the (111) surfaces with a high concentration 
of Ce (III) resulting from the smaller particle size. The pure rod-like 
sample presented a predominance of the (111) and (110) surfaces and 
a lower proportion of Ce (III). The heterojunction formation revealed a 
nickel oxide growth decorating the CeO2 rods without change in 
morphology with respect to the pure rod-like sample. The cubic phase of 
CeO2 led to the growth of the hexagonal phase of Ni2O3 stoichiometry 
for the nickel oxide. The results obtained by Raman scattering and 
diffuse reflectance spectroscopies evidenced the relationship between 
the type of surface present in each sample and defect density. Electrical 
analyses demonstrated an increase in activation energy for the nickel 
oxide-decorated sample in comparison with pure rods, with a conse-
quent increase in the electrical conductance for a temperature below 
190 ◦C in air atmosphere compared to the other atmospheres analyzed. 
From a comparison between the pure samples (rods and spheres), it was 
observed that the adsorption of CO gas was higher in the rod-like sample 
due to the different adsorption energies of its surfaces. The activation 
energy, the increase in vacancy density, and the local atomic order of the 
pure and decorated rod-like samples were correlated with prefactor A, 
which can be directly associated with the number of carriers in the 
sample. The adsorption mechanism for the decorated sample was also 
distinct from that of the pure sample. DFT simulation analysis revealed 
that the adsorption of CO gas on the decorated surface followed an LH 
adsorption mechanism. This mechanism was different for the pure sur-
face and could explain the increase in conductivity at lower analysis 
temperatures for the sample obtained as a heterojunction. We expect 
that this experimental/theoretical evidence on the relationship between 
pure and decorated surfaces will open up new paths for the controlled 
synthesis of materials with highly tuned properties for applications 
using surface science. 
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