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Abstract: A series of 5%Ni/Ce1-xTixO2 catalysts was prepared with nickel impregnation of mixed
Ce–Ti oxides obtained via synthesis in supercritical isopropanol. All oxides have a cubic fluorite phase
structure. Ti is incorporated into the fluorite structure. Small amounts of impurities of TiO2 or mixed
Ce–Ti oxides appear with Ti introduction. Supported Ni is presented as the NiO or NiTiO3 perovskite
phase. Ti introduction increases total samples reducibility and results in stronger interaction of
supported Ni with the oxide support. The fraction of rapidly replaced oxygen and the average tracer
diffusion coefficient also increase. The number of metallic nickel sites decreased with increasing
Ti content. All catalysts except Ni-CeTi0.45 demonstrate close activity in tests of dry reforming of
methane. The lower activity of Ni-CeTi0.45 can be connected to Ni decoration with species of the
oxide support. The incorporation of Ti prevents detachment of Ni particles from the surface and their
sintering during dry reforming of methane.

Keywords: methane dry reforming; supercritical synthesis; fluorite; ceria–titania; heterogeneous
catalysis

1. Introduction

The global growth of energy consumption and environmental pollution by fuel com-
bustion products require development of new approaches to energy production. Dry
reforming of methane (DRM) (Equation (1)) has attracted great interest among researchers,
since it enables utilizing the greenhouse gases methane and CO2 to obtain synthesis gas,
which can be used for the synthesis of valuable chemical compounds [1,2].

Stoichiometrically, the DRM reaction can produce synthesis gas with a H2:CO ra-
tio of 1:1, which is the most attractive for further use such as production of long-chain
hydrocarbons by Fischer–Tropsch synthesis [3,4]:

CH4 + CO2 � 2CO + 2H2 ∆H0
298K = 247.3 kJ/mol (1)

However, the occurrence of side reactions can change this ratio. In particular, the
reverse water–gas shift reaction leads to its decrease (Equation (2)) [5]:

CO2 + H2 � CO + H2O ∆H0
298K = 41.0 kJ/mol (2)

Despite the attractiveness, the DRM reaction is still not used in the industry since the
studied catalysts have a number of disadvantages. Catalysts with noble metals are highly
active and stable, but too expensive for practical applications [6]. Ni-containing catalysts
have an affordable price and also show high activity; however, they are deactivated due to
carbon formation and sintering of supported metal particles [7].
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The solid carbon can be formed by reactions such as CH4 decomposition (Equation (3))
and CO disproportionation (or Boudouard reaction) (Equation (4)) [8]:

CH4 � C + 2H2 ∆H0
298K = 75.0 kJ/mol (3)

2CO � C + CO2 ∆H0
298K = −172.0 kJ/mol (4)

Since methane cracking is a structure-sensitive reaction and occurs on ensembles of
nickel atoms larger than that required for the DRM reaction, a high dispersion of Ni metal
particles should prevent carbon formation [9–12].

One of the ways to obtain high metal dispersion is modification of the active com-
ponent by addition of another metal and subsequent alloy formation [13,14]. Another
approach includes the selection of the catalyst support with optimal characteristics such as
textural features, thermal stability, redox properties, oxygen mobility and ability to stabilize
supported metal in a highly dispersed state [15,16].

Different types of supports were investigated for DRM catalysts, including Al2O3,
SiO2, La2O3, ZrO2, MgO, TiO2 and CeO2, also modified by various cations [4,7,17]. The
most widely used oxide support for DRM catalysts is Al2O3. However, acidic sites on its
surface cause carbon formation, leading to catalyst deactivation. Another possible reason
for low activity is the formation of inactive NiAl2O4 [17–20]. Catalysts based on inert
SiO2 show weak metal–support interaction and are deactivated due to metal sintering and
carbon formation [18,21]. MgO has a similar crystallite structure to NiO so it can form
NiO-MgO solid solution that enables obtaining small nickel metal particles during the
reaction. Further, MgO contains basic surface sites that enhance CO2 chemisorption, which
leads to reduced carbon formation and higher catalytic stability [7,17].

The use of oxides with a high oxygen storage capacity (OSC) in addition to oxygen
mobility as supports should prevent catalyst deactivation due to carbon formation, since
the support oxygen is involved in the process of coke precursor gasification [4,22]. DRM
over catalysts with high oxygen mobility includes the following stages: decomposition of
CH4 on supported Ni particles with the formation of H2 and CHx fragments, activation
of CO2 on oxygen vacancies in the oxide support with the formation of CO and active
lattice oxygen, diffusion of active oxygen from the support to metal particles followed by
oxidation of CHx fragments [12,23,24].

Among investigated supports, ceria is known to have high OSC and Ce4+/Ce3+ redox
potential [1,25]. The presence of oxygen vacancies associated with the variable valency of
Ce also plays an important role, since they act as sites for CO2 activation with the formation
of active oxygen species and re-oxidation of the reduced oxide support [26,27]. In addition,
ceria prevents sintering of the active component due to the strong metal–support interaction
providing a high dispersion of Ni particles [1].

However, CeO2 is susceptible to sintering at high temperatures, which leads to a
decrease in OSC [28]. The modification of CeO2 with Zr, La and Pr cations results in
increasing OSC, reducibility, thermal stability and improves textural characteristics [29–32].

Catalysts based on TiO2 also demonstrated high stability in the DRM reaction due
to the ability of TiOx species to decorate particles of supported metal during reduction
treatment, which leads to the dilution of ensembles of nickel atoms and prevent carbon
formation. In addition, oxygen vacancies on the surface of reduced TiO2 can also serve as
activation sites for carbon dioxide [33,34].

Therefore, it is interesting to dope CeO2 by titanium to improve its characteristics.
In addition, the substitution of rare earth cerium with more affordable and inexpensive
titanium makes sense in terms of economic benefits.

In the work of Luo et al. [28] it was shown that doping of CeO2 with titanium also
leads to the increased reducibility of mixed oxides in comparison with pure ceria. Samples
with a titanium content of 0.1 to 0.4 represented a single-phase fluorite structure according
to XRD data.
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The EXAFS studies and DFT calculations confirmed that titanium introduction into
CeO2 leads to distortion of its crystal structure, resulting in the formation of longer and
shorter Ce-O and Ti-O bonds than the Ce-O bonds in the initial oxide. The longer Ce-O
bonds and all Ti-O bonds are weaker than in the initial ceria, which results in the increased
OSC [35].

The utilization of mixed Ce–Ti oxides as catalysts supports enables improving their
catalytic activity in various reforming reactions [26,36–38].

A series of 10%Ni/CeO2-TiO2 catalysts were investigated in dry reforming of methane
in the work [36]. It was shown that catalysts containing Ti in the amount of 20 and
50 at.% provided higher activity than pure Ni/CeO2 and higher activity and stability than
pure Ni/TiO2.

Studies in the DRM by Damaskinos et al. [26] showed that catalysts based on Ce0.8Ti0.2O2
and Ce0.5Ti0.5O2 provided close activity, but Ce0.8Ti0.2O2 was significantly less prone to
carbon formation compared to Ce0.5Ti0.5O2 and CeO2.

The activity of 10%NiO/CexTi1-xO2 catalysts series was investigated in the reactions
of partial oxidation of methane [37] and steam reforming of ethanol [38]. The catalyst
based on the Ce0.5Ti0.5O2 oxide support provided the highest activity in both reactions. The
supported Ni was presented in the form of NiTiO3 perovskite for Ti-containing catalysts,
and the authors assumed that this phase plays a key role in the high catalytic activity.

Thus, the introduction of titanium into CeO2 leads to modification of both the oxide
support and the supported active component, which is of great interest for further studies
of mixed Ce–Ti oxides as catalyst supports.

It is well known that the preparation method has a great influence on the properties
of the resulting oxides. For the preparation of mixed ceria–titania oxides, various meth-
ods were used: the sol-gel method [28], solution combustion method [35], mixing in a
mortar [36] and co-precipitation [37,38].

Earlier, we showed that synthesis in supercritical isopropanol in a continuous-flow
installation enables obtaining a single-phase mixed Ce–Zr oxide without impurity of the
ZrO2 phase, which was observed in oxides prepared by the citrate method [39]. Moreover,
such a preparation method results in the formation of a higher amount of oxygen vacancies.
Synthesis in supercritical alcohols is also characterized by low energy consumption and
affects the morphology of resulting oxides by varying synthesis conditions such as pressure
and temperature [40,41]. Therefore, this method was chosen for the synthesis of mixed
ceria–titania oxides.

The main goal of this work was to investigate the influence of Ti introduction on the
properties of mixed Ce–Ti oxides and catalytic activity in dry reforming of methane. The
novelty of this work includes the following aspects: the preparation of a series of mixed
Ce–Ti oxides by continuous-flow synthesis in supercritical alcohol, investigation of their
physicochemical properties and the catalytic activity of Ni-containing catalysts in the DRM
reaction, and study of the influence of Ni addition on the oxygen mobility of the samples.

2. Results and Discussion
2.1. Characterization of the Textural Properties of the Samples by N2 Adsorption

The compositions of mixed oxides, catalysts and their textural characteristics are
presented in Table 1. The specific surface area of individual CeO2 is 35 m2/g and it
decreases with titanium introduction from 26 to 17 m2/g.

Nitrogen adsorption–desorption isotherms on mixed Ce–Ti oxides are characteristic
for materials with a mesoporous structure (IV type) (Figure 1a). The capillary condensation
hysteresis loop is assigned to the condensation of adsorbate in mesopores [42]. The pore
volume increases with Ti introduction almost 2 fold from 0.085 for CeO2 to 0.157 cm3/g
for CeTi0.15, but no further correlation with titanium content is observed in the series of
mixed oxides.
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Table 1. Textural and structural characteristics of mixed oxides and catalysts, calcined at 700 ◦C.

№ Abbreviation Composition SBET *,
m2/g

Vpore *,
cm3/g

a, Å d, nm

Supports

1 CeO2 CeO2 35 0.085 5.411(2) 29

2 CeTi0.15 Ce0.85Ti0.15O2 26 0.157 5.400(1) 12.6(5)

3 CeTi0.25 Ce0.75Ti0.25O2 25 0.179 5.396(1) 12.2(4)

4 CeTi0.35 Ce0.65Ti0.35O2 18 0.146 5.394(1) 11.9(1)

5 CeTi0.45 Ce0.55Ti0.45O2 17 0.174 5.388(2) 10.8(2)

Catalysts

6 Ni-CeO2 5%Ni/CeO2 25 0.052 5.410(1) 29

7 Ni-CeTi0.15 5%Ni/Ce0.85Ti0.15O2 18 0.164 5.402(1) 14.5(2)

8 Ni-CeTi0.25 5%Ni/Ce0.75Ti0.25O2 17 0.184 5.398(1) 13.5(1)

9 Ni-CeTi0.35 5%Ni/Ce0.65Ti0.35O2 13 0.163 5.394(2) 13.0(4)

10 Ni-CeTi0.45 5%Ni/Ce0.55Ti0.45O2 12 0.181 5.391(2) 12.1(5)
*—relative error 10%. a—lattice parameter of the fluorite phase estimated from XRD data. d—crystallite size of
the fluorite phase estimated from XRD data.
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Figure 1. Nitrogen adsorption–desorption isotherms (a) and pore size distribution (b) for the mixed 
Ce1-xTixO2 oxides. 
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Figure 1b. There are a few micropores (maximum distribution at 4 nm), mesopores (10–12 
nm, except CeO2) and macropores (60–93 nm). No mesopores are observed for CeO2, 
which explains its lower pore volume and the different isotherm shape (type I, mi-
croporous solids). It should be noted that the micropore volume significantly decreases 
with titanium introduction, probably resulting in a decreased surface area of the samples. 

Figure 1. Nitrogen adsorption–desorption isotherms (a) and pore size distribution (b) for the mixed
Ce1-xTixO2 oxides.

The samples are characterized by a polymodal pore size distribution presented in
Figure 1b. There are a few micropores (maximum distribution at 4 nm), mesopores
(10–12 nm, except CeO2) and macropores (60–93 nm). No mesopores are observed for
CeO2, which explains its lower pore volume and the different isotherm shape (type I,
microporous solids). It should be noted that the micropore volume significantly decreases
with titanium introduction, probably resulting in a decreased surface area of the samples.

After nickel deposition, the specific surface area decreases by 5–10 m2/g due to
partial blocking of micro- and mesopores by NiO particles, while the total pore volume
slightly increases.

2.2. Characterization of the Structural Features of the Samples by XRD and Raman Spectroscopy

Figure 2 presents diffractograms of mixed oxides and catalysts with supported 5 wt.%
nickel. The pure CeO2 has a cubic fluorite structure [PDF 00-043-1002] with a cell parameter
of 5.411 Å (Table 1). After titanium introduction, the fluorite structure is retained. The
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shift in reflections towards large angles occurs due to a decrease in lattice parameter.
The lattice parameter decreases with increasing Ti content from 5.400 to 5.388 Å due to
Ti incorporation into the ceria structure and the smaller ionic radius of titanium, Ti4+

(0.74 Å) < Ce4+ (0.97 Å) [43].
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Figure 2. Diffraction patterns of mixed oxides (a) and catalysts (b), calcined at 700 ◦C. Reference
patterns correspond to: black + (hkl) indices—CeO2 [PDF 00-043-1002], red—NiO [PDF 00-044-1159],
and blue—NiTiO3 [PDF 04-010-7290].

The fluorite phase is only observed at a titanium content of 0.15–0.25. In samples
with a titanium content of 0.35–0.45, a weak broad shoulder appears in the region of 26◦,
which can be attributed to TiO2 with a brookite structure [PDF 003-0380] or to mixed Ce–Ti
oxide, Ce0.66TiO2.975 [PDF 033-0342]. The crystallite size of the fluorite phase is significantly
reduced with titanium introduction from 29 nm for pure CeO2 to 11–13 nm for mixed
Ce–Ti oxides, and it continues to decrease slightly with increasing titanium content. Such a
decrease may be due to the amorphous titanium oxide phase, which prevents sintering [44].

Supported nickel is presented as the NiO phase [PDF 00-044-1159] for catalysts with
a low titanium content (Figure 2b). With increasing Ti content in the support, peaks
of the NiTiO3 perovskite phase [PDF 04-010-7290] appear while the intensity of NiO
peaks gradually decreases. For the Ni-CeTi0.45 catalyst with the highest Ti content, only
reflections of the perovskite phase are observed. The cell parameter of the fluorite phase
practically does not change after nickel deposition, which probably indicates that nickel
is not incorporated into the support structure. However, as will be shown below, it can
be connected to method limitations and Ni can be incorporated in minor quantities or
into surface layers. The crystallite size slightly increased, possibly due to an additional
calcination step after nickel deposition.

The structure of the samples was further investigated using Raman spectroscopy,
which characterizes the vibrations of the oxygen lattice and is more sensitive to crystalline
symmetry and the microstructure of materials. For all mixed oxides, a high-intensity band
is observed in the region of 464 cm−1, which corresponds to the fundamental F2g symmetry
mode of the cubic fluorite structure and is attributed to a symmetrical stretching mode of
the Ce–O8 vibrational unit [45] (Figure 3a). After titanium introduction, the fluorite band
broadens, which indicates the increased dispersion of its particles [46] and is in agreement
with XRD data. Weak broad bands at 260 and 565 cm−1 can be assigned to the transverse
acoustic (TA) mode and the non-degenerate longitudinal optical (LO) mode due to the
presence of defects, which results from the formation of oxygen vacancies in the fluorite
structure due to the substitution of Ce4+ by an ion with a different radius [47–49].
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The introduction of Ti also leads to the appearance of a high-intensity band at 150 cm−1

(Eg mode), corresponding to TiO2 in the anatase phase. Weaker bands at 196 (Eg), 405 (B1g),
515 (A1g or B1g), 642 (Eg) and 796 (overtone of B1g) cm−1 also refer to the anatase struc-
ture [50,51]. With increasing titanium content, the intensity of the anatase bands and the
overall absorption background increase, suggesting that TiO2 is in a highly dispersed state.
The position of the main anatase band is shifted to higher wavenumbers compared to a
single crystal value (150 instead of 144 cm−1), which is also related to the high dispersion
of its particles [50]. Weak bands at 320 and 370 cm−1 can be attributed to certain defects in
TiO2 structure due to its nanocrystallinity [52].

The total spectra intensity significantly decreases after nickel deposition due to the
absorption of radiation by nickel. For Ni-CeO2 composition, the main fluorite band is
shifted to lower wavenumbers (453 instead of 464 cm−1) and the intensity of bands assigned
to oxygen vacancies in the fluorite structure increases, which can be due to the incorporation
of Ni into the ceria lattice [47,53]. For other catalysts, the main fluorite band retains its
position. For samples with a high Ti content, there are bands at 710 and 775 cm−1, which
both correspond to the Ag mode of the NiTiO3 phase [54,55].

2.3. Characterization of the Morphology of Fresh Catalysts by HRTEM

The morphology of fresh catalysts based on pure CeO2 and mixed oxides with the
lowest and the highest Ti content was investigated by HRTEM and HAADF-STEM with
EDX analysis. Synthesis in supercritical alcohols results in the formation of oxide particles
with close to spherical morphology, with sizes of approximately 15–20 nm for Ni-CeO2 and
5–10 nm for Ni-CeTi, which is close to XRD data. They are packed into large spherical aggre-
gates with a diameter greater than 100 nm. A similar morphology was determined in our
earlier works for catalysts based on ceria-zirconia that were also prepared in supercritical
media [39,56].

For catalysts based on pure ceria, NiO particles have an almost cubic shape, with
particles sizes of 25–50 nm (Figure 4a). For Ti-containing catalysts, NiO particles have a
more flattened shape, suggesting a stronger metal–support interaction and crystallite sizes
of approximately 10–20 nm (Figure 4b,c).
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For titanium-doped catalysts, in addition to particles of NiO and fluorite, there are
finely dispersed particles of TiO2, mixed oxide, Ce2Ti2O7, and perovskite, NiTiO3, on the
surface of fluorite. Under an electron beam in a microscope column, titanium oxide often
changes its morphology associated with the simultaneous destruction of the near-surface
layer and the generation of island formations.

It should be noted that perovskite particles are already present in the Ni-CeTi0.15
composition, while NiO particles are observed in the Ni-CeTi0.45 sample, although no
such peaks are observed in XRD data—probably due to small amount of the corresponding
phases.

The dark-field images with EDX analysis of Ni-CeO2 demonstrated that nickel is
distributed in the form of large particles over the surface of fluorite particle agglomerates
(Figure 5a). For Ti-doped catalysts, the homogeneous distribution of Ti and Ce cations
in the oxide structure is observed even at high Ti contents and Ni distribution is more
uniform than for pure CeO2, suggesting that some Ni cations can be incorporated into the
fluorite lattice.
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2.4. Characterization of the Surface Sites of Catalysts by FTIR Spectroscopy of Adsorbed CO

The nature of the surface sites of the catalysts was investigated using FTIR spectroscopy
of adsorbed CO. The catalysts were preliminary reduced in hydrogen atmosphere at 600 ◦C
for 1 h. Figure 6 presents the differential spectra of CO adsorbed on catalysts at −196 ◦C
and pCO = 10 Torr.
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Adsorption bands at 2154–2164 cm−1 correspond to CO adsorption on support cations
Ce4+ and Ti4+ [57–61]. For undoped Ni-CeO2, the adsorption band at 2154 cm−1 is sym-
metric and assigned to CO adsorption on Ce4+ cations. With Ti introduction, the band
of CO complexes with Ti4+ cations appears at 2160–2164 cm−1, due to which the band
at 2154 cm−1 is slightly shifted and becomes asymmetric. In addition, the shift towards
higher frequencies can be due to the increase in the adsorption site strength of Ce4+ upon
introduction of doping cations [39].

It should be noted that there are no bands at 2180–2200 cm−1 corresponding to CO
complexes with strong Lewis acid sites of Ti4+ which are usually observed for TiO2 or
Ti-containing materials [59,62]. Their absence can indicate that metal Ni particles interact
with these Ti sites [59].

The bands at 2120–2130 and 2110–2120 cm−1 correspond to CO complexes with re-
duced support cations Ce3+ and Ti3+, respectively [58–60]. The band of Ce3+-CO complexes
is observed for all samples and its intensity increased with Ti introduction, suggesting the
increased reducibility of mixed Ce–Ti oxides. The band of Ti3+-CO complexes appeared for
samples with a high Ti content.

The low-frequency bands at 2004–2095 and 1875–1932 cm−1 are assigned to terminal
(on-top) and bridging CO complexes with Ni0 sites [63,64].

Based on the intensity of these bands, the number of various types of surface carbonyls
was estimated (Table 2). The total amount of Ni0 sites was shown to decrease with Ti
content. The same trend was observed by XPS data in the literature [36]. Such an effect
might be due to incomplete nickel reduction or partial decoration of Ni particles with
support species.

The tendency of TiO2 support to decorate supported metal particles during reduction
was shown in the literature [65,66]. Moreover, this effect was observed at lower reduction
temperatures (>500 ◦C) compared with ceria-based catalysts (>700 ◦C) [65].
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Table 2. Amount of various types of surface carbonyl complexes with Ni0 estimated from FTIR
spectra of adsorbed CO at −196 ◦C.

Sample νCO, cm−1
Sites

Amount,
µmol/g

Bridging CO
Amount,
µmol/g

On-Top CO
Amount,
µmol/g

Total
Amount,
µmol/g

Ni-CeO2

1922 9
9 13 222004 1

2082 12

Ni-CeTi0.15
1895 7

10 16 261930 3
2090 16

Ni-CeTi0.25

1880 4

6 9 15
1930 2
2048 2
2093 7

Ni-CeTi0.35
1875 2

5 11 161932 3
2095 11

Ni-CeTi0.45
1920 2

2 4 62095 4

2.5. Characterization of Sample Reducibility by TPR-H2

The reducibility of mixed oxides and catalysts was investigated by TPR-H2. Reduction
profiles of mixed oxides are presented in Figure 7a. For pure CeO2, there are two reduction
peaks—one peak with low-intensity at 488 ◦C and a high-intensity peak at 852 ◦C—which
correspond to the reduction of oxygen surface species and the bulk oxygen of CeO2,
respectively [28,67].
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The amount of hydrogen consumed for CeO2 sample reduction is 0.82 mmol of H2/g
oxide (Table 3), and the resulting formula can be written as CeO1.86. (oxidation state of Ce
is +3.72). With the increase in Ti content, reduction depth increases. For sample with the
highest titanium content, 1.77 mmol of H2/g oxide is consumed and it can be estimated
that the mixed oxide is reduced to the composition Ce0.55Ti0.45O1.77 (oxidation state of Ce
is +3.16 assuming that Ti4+ is not reduced). However, it should be noted that this formula
is conditional, since the sample also contains an admixture of titanium oxide.
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Table 3. H2 consumption during TPR for mixed oxides and catalysts.

№ Sample
H2 Consumption,

mmol H2/gcat Ni Reducibility, %
Oxide Ni/Oxide

1 CeO2 0.82 1.5 85

2 CeTi0.15 1.28 1.96 88

3 CeTi0.25 1.5 2.12 82

4 CeTi0.35 1.68 2.28 80

5 CeTi0.45 1.77 2.38 82

The increase in the total amount of consumed hydrogen with Ti introduction can be
explained by the weakening of some Ce-O bonds and weaker Ti-O bonds in the mixed
oxide compared to the initial CeO2 that results in increased OSC [35]. The behavior of the
high-temperature peak, which corresponds to the reduction of Ce4+ to Ce3+ in the oxide
bulk, also correlates with this explanation. With the introduction of titanium, its intensity
increases and it shifts to lower temperatures compared to pure CeO2.

However, the medium-temperature reduction peak shifts to higher temperatures
with increasing titanium content. Similar behavior has also been observed in the liter-
ature [28,35,44]. It can be connected to the decrease in the specific surface area with Ti
introduction, leading to its reduced availability for hydrogen, which can complicate the
reduction of oxygen surface species [29,68].

A larger amount of consumed hydrogen for Ti-doped oxides can also be associated
with the reduction of titanium cations from Ti4+ to Ti3+, the presence of which was con-
firmed by FTIR spectroscopy of CO for reduced catalysts. There are ambiguous data about
the reduction of TiO2 in the literature. In several works, there is no hydrogen consumption
for individual TiO2 [28,37,44]. In other works, pure TiO2 is reduced by hydrogen at temper-
atures of approximately 450–600 ◦C [35,59,67]. TiO2 doped by Ce has reduction peaks at
lower temperatures, from 400 ◦C [59].

Reduction profiles of catalysts with supported Ni are presented in Figure 7b. Nickel
deposition affects the nature of reduction in the range of low and medium temperatures,
while the high-temperature peak for all catalysts remains unchanged and retains its position
and intensity. This means that nickel only has an impact on the reduction of oxides
surface, but not the bulk of oxides. Therefore, below, we will focus on low- and medium-
temperature regions.

The deposition of nickel contributes to lowering the temperature of reduction be-
ginning at 200 ◦C since the presence of NiO facilitates the reduction of active oxygen
surface species [38,69]. Peaks at 220–260 ◦C can be attributed to the reduction of oxygen
adsorbed on the surface. The introduction of nickel into the CeO2 structure leads to the
formation of oxygen vacancies, which can absorb oxygen, being easily reduced at such low
temperatures [38,69].

It should be noted that no change in the fluorite lattice parameter is observed according
to XRD data. However, for Ni-CeO2 sample, there is a shift in the main fluorite band in the
Raman spectrum, which may indicate the partial incorporation of nickel cations into the
oxide structure. In addition, the incorporation of Ni only into the surface layers may be not
visible from XRD data.

Peaks at 344 and 380 ◦C for the Ni-CeO2 sample correspond to the reduction of
NiO, weakly interacting with the oxide support jointly with Ce4+ cations in the surface
layers [36,38].

For other catalysts, the joint incorporation of both Ti and Ni cations into fluorite
surface leads to a more complex picture. Generally, these TPR profiles have a typical shape
for impregnated nickel-containing catalysts based on ceria-zirconia, as was shown earlier
in our works [39,40]. For these catalysts, there are several reduction peaks from 300 to



Int. J. Mol. Sci. 2023, 24, 9680 13 of 27

700 ◦C, corresponding to the reduction of various forms of nickel jointly with oxide support
cations [29,38,40,70].

With the increase in titanium content, peaks shift towards higher temperatures, sug-
gesting a stronger interaction of supported Ni with the oxide support. For samples with a
titanium content of 0.15–0.25, there are two peaks at temperatures of 500–630 ◦C, which
may be due to the simultaneous presence of Ni in the form of nickel oxide NiO and
perovskite NiTiO3.

It is known that the reduction of nickel from NiTiO3 occurs at temperatures of
640–650 ◦C [36,38]. For samples with a higher Ti content, only one peak is observed
at 630–650 ◦C, suggesting that supported Ni is presented in the form of NiTiO3.

However, it should be noted that for the Ni-CeTi0.45 sample, the amount of hydrogen
consumed within the peak at 657 ◦C (1.5 mmol of H2/g) is almost 2-fold higher than the
amount required for the reduction of all nickel in the catalyst (0.85 mmol H2/g), suggesting
the joint reduction of Ni and support cations.

Based on the data of hydrogen consumption by the supports and catalysts, the degree
of the reduction of supported nickel was calculated using the following formula:

Reducibility =
H2(catalyst)− H2(support)·0.95

0.85
·100%

where H2 (catalyst) and H2 (support) [mmol H2/g]—amount of hydrogen consumed
for catalyst and support reduction, respectively; 0.95—support content in the catalyst;
0.85 [mmol H2/g]—theoretical amount of H2 needed to reduce all supported Ni.

The calculated value turned out to be close for all samples (from 80 to 88%) and no
obvious correlation with titanium content was observed. Ni reducibility is less than 100%,
which can be explained by the incorporation of minor quantities of Ni into the fluorite
lattice which are not reduced during TPR tests.

2.6. Characterization of the Oxygen Mobility of the Samples by Isotope Exchange with C18O2

Experiments of the temperature-programmed isotope exchange (TPIE) of oxygen with
C18O2 in a flow reactor were carried out to investigate the influence of Ti incorporation on
oxygen transport characteristics. The experimental and simulated isotope fraction curves
for supports and catalysts are presented in Figure 8. The diffusion activation energy for all
samples is approximately 150 kJ/mol.
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Figure 8. TPIE curves for mixed oxides (a) and catalysts (b). Points—experiment; lines—modeling.

For pure CeO2, the oxygen substitution rate is satisfactorily described by a homo-
geneous diffusion model which corresponds to the presence of one type of oxygen in
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its composition and is consistent with XRD data. The calculated oxygen tracer diffusion
coefficient at 600 ◦C is approximately 2.2 × 10−13 cm2/s (Table 4).

Table 4. Oxygen tracer diffusion coefficient values (D*) at 600 ◦C and fractions with respect to overall
oxygen (θ) according to the TPIE with C18O2 data modeling. Effective activation energy of oxygen
diffusion (Ea,D) = 150 kJ/mol.

Sample D*fast|600 ◦C [cm2/s] θfast [%] D*slow|600 ◦C [cm2/s] θslow [%] D*average|600 ◦C [cm2/s]

Supports

CeO2
- - 2.2 × 10−13 100 2.2 × 10−13

CeTi0.15

≈3 × 10−12

10

2.2 × 10−13

90 5 × 10−13

CeTi0.25 15 85 6.4 × 10−13

CeTi0.35 23 77 8.6 × 10−13

CeTi0.45 30 70 11 × 10−13

Catalysts

Ni-CeO2 - - 6.6 × 10−13 100 6.6 × 10−13

Ni-CeTi0.15

≈3 × 10−12

3 4.1 × 10−13 97 4.9 × 10−13

Ni-CeTi0.25 3
3.3 × 10−13

97 4.1 × 10−13

Ni-CeTi0.35 3 97 4.1 × 10−13

Ni-CeTi0.45 5 2.2 × 10−13 95 3.6 × 10−13

With Ti introduction, the exchange starts at a lower temperature compared to that
for undoped CeO2. Moreover, there are several overlapping peaks on TPIE curves, which
indicate the presence of various forms of oxygen. Most of the oxygen is substituted at
approximately the same rate as for CeO2, with a diffusion coefficient of 2.2 × 10−13 cm2/s.
At the same time, there are oxygen species which are substituted by an order of magnitude
faster, with a diffusion coefficient of 3 × 10−12 cm2/s. With the increase in Ti content, the
amount of rapidly substituted oxygen increases from 10% for CeTi0.15 to 30% for CeTi0.45.

This fact is consistent with the above considerations about the formation of weaker Ce-
O and Ti-O bonds after titanium incorporation [35]. Thus, the average diffusion coefficient
increases with Ti introduction from 2.2 × 10−13 cm2/s for CeO2 to 11 × 10−13 cm2/s for
CeTi0.45.

Nickel addition has a complex effect on the nature of exchange. For undoped Ni-CeO2,
the exchange rate increases and this may be due to the partial incorporation of nickel
cations into the fluorite structure, resulting in lattice disordering and the formation of
oxygen vacancies. For samples doped with titanium, 5%Ni/Ce1-xTixO2, the exchange rate
decreases and the isotopic fraction curves become more uniform, which can be explained
by two phenomena. Firstly, the amount of rapidly substituted oxygen is reduced to 3–5%.
Such an effect might be associated with decrease in the oxygen permeability of near-surface
layers in the mixed oxide after nickel supporting and was previously shown for the ceria-
zirconia catalysts [39]. Secondly, with the increase in Ti content the exchange rate of the
main oxygen forms increases to a lower extent since most of the nickel cations are in the
form of perovskite NiTiO3 and are not incorporated into the fluorite lattice.

Thus, the average oxygen tracer diffusion coefficient for catalysts decreases with
increasing Ti content due to decrease in the amount of rapidly substituted oxygen and the
smaller increase in the exchange rate of the remaining oxygen.

2.7. Catalytic Studies in Dry Reforming of Methane

Figure 9 presents the results of catalytic tests of 5%Ni/Ce1-xTixO2 in dry reforming of
methane at temperatures of 550–700 ◦C. The reaction was started at 700 ◦C and then the
temperature was gradually lowered. The reagents (CH4 and CO2) conversions and the
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products (H2 and CO) yields decrease with lower temperature due to reaction endother-
micity. The conversion of CO2 is slightly higher than that of CH4 for the same catalyst
composition due to reverse the water–gas shift reaction (Equation (2)). The exception is
the Ni-CeO2 catalyst, for which conversions of methane and CO2 were almost equal at the
beginning of the reaction and at 550 ◦C.
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The activity of all catalysts except Ni-CeTi0.45 is close. Methane conversion at the end
of 700 ◦C is in the range 47–52%, with the highest conversion observed for the undoped
Ni-CeO2. For sample with the highest Ti content, conversion is less by 10% and is equal to
37%. With decreasing temperature, the difference in conversions becomes less significant
and amounts to only 3% at 550 ◦C. The same trend is observed for values of hydrogen
yield—the highest value at 700 ◦C is 27% for Ni-CeO2 and the lowest one is 18% for
Ni-CeTi0.45.

However, the catalytic performance of Ni-CeO2 at 700 ◦C differs from the other
titanium-containing catalysts. A significant increase in conversion followed by its decrease
is observed within the 30 min of the reaction. The H2/CO ratio changes in the same way.
According to microscopy after the reaction (Figure 10a), there are a lot of carbon fibers
formed in the undoped Ni-CeO2. Moreover, a lot of Ni particles are detached from the
support surface due to the growth mechanism of carbon fibers [71,72]. As was mentioned
above (Section 2.3), large particles of NiO in weak contact with the support surface were
present in the fresh Ni-CeO2 catalyst. Based on the available data, it can be assumed that
the methane cracking reaction proceeds on large nickel particles to a great extent with the
formation of hydrogen and carbon at the beginning of the reaction. This assumption is also
confirmed by the fact that methane conversion is equal to CO2 conversion. As a result, the
active sites necessary for methane decomposition are blocked by the produced carbon and
then DRM becomes the main reaction, as for other catalysts. Since no noticeable activity
decrease is subsequently observed for this sample, it can be supposed that a steady state
between the reactions of carbon formation and oxidation is reached [71].

The activity of the Ni-CeTi0.45 sample is lower than that of other catalysts over the
entire temperature range. These are actually unexpected results, since there is no significant
difference between catalysts with titanium contents of 0.35 and 0.45 according to the data of
physicochemical methods. Such a difference in activity can be explained by Ni decoration
with species of the titanium-containing oxide support, which results in its inaccessibility
for the reaction mixture.

The HRTEM images of Ti-containing catalysts are presented in Figure 10b,c. There
are almost no carbon fibers in both catalysts with the lowest and the highest titanium
content. For both catalysts, clear metal–support interfaces are observed and Ni particles
are still attached to the surface due to strong metal–support interaction, which is consistent
with HRTEM data for fresh catalysts and results of TPR studies. For the Ni-CeTi0.45
sample, there is a partial decoration of metallic nickel with an oxide support layer, which
is consistent with the above assumptions and this is possibly the reason for its lower
activity. Both these evidences are manifestations of the classical phenomenon of strong
metal–support interaction [66,73].

In order to study the stability of catalysts, the samples that showed the maximum
and minimum activity were tested in DRM in the same reaction mixture at 700 ◦C for 8 h
(Figure 11). At the initial stage, reagents conversions and products yields were similar to
those in the temperature tests (Figure 9). For the Ni-CeO2 sample, methane conversion
was higher than CO2 conversion in the first 20 min of the reaction, which may indicate the
greater contribution of the methane cracking reaction. Despite different activity values, the
samples demonstrated close stability.
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After reaching the steady state (30 min of the reaction), the methane conversion for
both catalysts was decreased by 8% after 7.5 h—from 50 to 42% for Ni-CeO2 and from 33 to
25% for Ni-CeTi0.45. The blocking of active sites of methane cracking in Ni-CeO2 by the
formed carbon at the first stage is followed by a certain stabilization of the catalyst activity.

The amount of carbon formed during stability tests was determined by temperature-
programmed oxidation, and our results and comparison with data in the literature are
presented in Table 5. Data in the literature are very contradictory, since samples of the same
composition are characterized by different carbon contents. For example, on a 5% Ni/CeO2
catalyst after 50 h at 800 ◦C, 241 mgC/gcat was formed [74], where as 667 mgC/gcat was
formed after 10 h [75]; moreover, after 24 h at a lower temperature of 700 ◦C, which is more
thermodynamically favorable for the carbon formation, only 8.9 mgC/gcat was formed [29].
Therefore, it is impossible to directly compare the results obtained with different initial
concentrations and temperatures in different works. Even in the case of close reaction
conditions, feed rates and contact times are usually different. Further, the amount of carbon
formed is non-linearly dependent on time on stream. However, within the same line of
catalysts under similar reaction conditions, comparison is possible.
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Table 5. Comparison of the amount of carbon formed during stability tests in the DRM reaction with
literature data.

Sample mgC/gcat Reaction Conditions Reference

Ni-CeO2 321
15% CH4 + 15% CO2 + N2, 700 ◦C, 8 h This work

Ni-CeTi0.45 66.1

5%Ni/ 1314 (25 h)
15% CH4 + 15% CO2 + N2, 700 ◦C, 25 and 3 h [71] *

Ce0.75Ti0.05Nb0.05Zr0.15O2 998 (3 h)

5% Ni/CeO2 241
40% CH4 + 40% CO2 + N2, 800 ◦C, 50 h [74] *

5% Ni/Ce0.85La0.15O2 20.4

5% Ni/CeO2 80.4

20% CH4 + 20% CO2 + He, 750 ◦C, 12 h
[26]5% Ni/Ce0.8Ti0.2O2 0.3

5% Ni/Ce0.5Ti0.5O2 66.4

5% Ni/CeO2 8.9
50%CH4 + 50%CO2, 700 ◦C, 24 h [29]

5% Ni/75%CeO2-25%ZrO2 83

8% Ni/ZrO2 370

55% CH4 + 35% CO2 + Ar, 750 ◦C, 10 h
[76] *8% Ni/8.1% La2O3-ZrO2 661

8% Ni/18.8% CeO2-ZrO2 695

La-NiMgAlO
690 (750 ◦C)

CH4:CO2 = 1:1, 650, 700 and 750 ◦C, 300 h [77] *540 (700 ◦C)
420 (650 ◦C)

5% Ni/SiO2 1857

50% CH4 + 50% CO2, 800 ◦C, 10 h
[75] *5% Ni/CeO2 667

5% Ni/30%CeO2–SiO2 220

* mgC/gcat was recalculated by the authors.

In the current study, it was found that the Ni-CeO2 catalyst contained approximately
24.3 wt.% of carbon, while the Ni-CeTi0.45 catalyst had a carbon content of 6.2 wt.%. This
is also in agreement with the above results and confirms that the addition of titanium
improves carbonization stability. More active carbon formation at the beginning of the
reaction on Ni-CeO2 does not lead to a greater decrease in activity during further reaction,
since the reactions of carbon formation and oxidation are in steady state.

Furthermore, it correlates with our previous data on ethanol dry reforming [78] and
some literature data, where a catalyst active in the target reaction is also active in carbon
formation [29,75].

2.8. Characterization of Ni-CeTi0.45 and Ni-CeTi0.35 by XRD during In Situ Reduction by H2

According to the results of TPR by H2 for the Ni-CeTi0.45 sample, the reduction of
support surface layers together with Ni cations is not yet completed at 700 ◦C, so it was
assumed that nickel was not completely reduced during pretreatment before the DRM
reaction. To study Ni reducibility, the Ni-CeTi0.45 sample was investigated by XRD during
in situ reduction by H2. There are peaks of metallic nickel [PDF 04-010-6148] at 520 ◦C and
no other nickel-containing phases are observed at 700 ◦C, which confirms that most of the
nickel was reduced (Figure 12a).
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Figure 12. Diffraction patterns of (a) Ni-CeTi0.45 and (b) Ni-CeTi0.35 recorded during in situ re-
duction by H2. Reference patterns correspond to: black—CeO2 [PDF 00-043-1002], red—NiO [PDF
00-044-1159], blue—NiTiO3 [PDF 04-010-7290], pink—Ce2Ti2O7 [PDF 00-047-0667], and dark yellow—
metallic Ni [PDF 04-010-6148].

In addition, peaks of the Ce2Ti2O7 oxide [PDF 00-047-0667] appear in the diffraction
pattern recorded at room temperature after sample cooling, which indicates the rearrange-
ment of the oxide support. The peaks of the fluorite phase shift towards small angles,
which corresponds to the increase in the lattice parameter, probably due to the decrease
in the Ti content in the fluorite structure. It is likely that such an rearrangement of the
oxide support can also occur during DRM tests, which can lead to decoration of the active
component and may explain the lower activity of this composition.
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For comparison, the Ni-CeTi0.35 sample was also investigated by XRD during reduc-
tion at 700 ◦C in H2 (Figure 12b). After cooling, peaks of the new Ce2Ti2O7 phase also
appeared, but with much lower intensity, which indicates its low content.

3. Methods and Materials
3.1. Catalysts Preparation

The series of mixed Ce1-xTixO2 oxides as well as individual CeO2 were prepared via
solvothermal synthesis in supercritical isopropanol using the continuous-flow mode as
was described earlier in [39,56]. The precipitate of the catalyst precursor formed during
synthesis was decanted, dried at 200 ◦C and calcined at 700 ◦C for 2 h in air.

Nickel was supported by the incipient wetness impregnation of calcined oxides with a
water solution of Ni(NO3)2·6H2O (Vecton, pure for analysis) to obtain 5 wt.% Ni content in
the catalyst. After impregnation, the samples were dried and calcined at 700 ◦C for 2 h.

3.2. Catalysts Characterization

Experiments of the low-temperature adsorption/desorption of nitrogen were carried
out using a Quadrasorb evo (Quantachrome Instruments, Boynton Beach, FL, USA) in-
stallation. The specific surface area of the samples was determined by the BET method.
The desorption branch of the isotherm was used to estimate the pore volumes by the
BJH method.

A Bruker D8 Advance diffractometer (Bruker, Germany) with CuKα radiation and a
position-sensitive detector LynxEye was used to record XRD patterns with a step of 0.05◦

in a 2θ scanning range of 10–85◦. Parameter calculations were performed by the Rietveld
method using Bruker TOPAS software (Topas V.4.2.).

For experiments of in situ reduction in hydrogen, an XRK-900 high-temperature flow
chamber was used. The sample was placed in a chamber and purged with He flow. Next,
the heating of the chamber was turned on (heating rate 12 ◦C/min) and the flow of pure
H2 was fed. The sample was cooled after exposure in hydrogen to ~150 ◦C, and then H2
was changed to He.

The Raman spectrometer T64000 (Horiba Jobin Yvon) with a micro-Raman setup
was used to record the Raman spectra. All experimental spectra were collected in the
backscattering geometry using the 514.5 nm line of an Ar+ laser. The spectral resolution
was not worse than 1.5 cm−1. The detector was a silicon-based CCD matrix, cooled with
liquid nitrogen. The power of the laser beam reaching the sample was 2 mW. The band at
520.5 cm−1 of a Si single crystal was used to calibrate the spectrometer.

Transmission electron microscopy (TEM) micrographs were obtained with the Themis-
Z 3.1 instrument (TFS, Waltham, MA, USA) equipped with a X-FEG-monochromator
and a CS/S double corrector, an accelerating voltage of 200 kV and with a JEM-2200FS
transmission electron microscope (JEOL Ltd., Tokyo, Japan, acceleration voltage 200 kV,
lattice resolution ~1 Å) equipped with a Cs-corrector. Elemental analysis was performed
with a Super-X EDS detector (energy resolution of approximately 120 eV) in the HAADF-
STEM mode. The samples for the TEM study were prepared by ultrasonic dispersing in
ethanol and subsequent deposition of the suspension upon a “holey” carbon film supported
on a copper grid.

Temperature-programmed reduction by H2 (TPR-H2) was carried out in a flow in-
stallation using a feed containing 10 vol.% H2 in Ar at a flow rate of 40 mL/min and a
temperature ramp of 10 ◦C min−1 from 25 ◦C to 900 ◦C. Before reduction, samples were
pretreated in O2 at 500 ◦C for 0.5 h. Product water was separated by freezing at −80 ◦C.
The H2 concentration was determined by a thermal conductivity detector.

A Shimadzu IRTracer-100 spectrometer (Shimadzu, Kyoto, Japan) was used for record-
ing FTIR spectra. The spectra of adsorbed CO at −196 ◦C and at room temperature were
obtained in the 400–6000 cm−1 range, accumulating 200 scans at 4 cm−1 resolution. The
samples were pressed into pellets with a size of 1 × 2 cm2. A sample placed into the
IR cell was heated in a vacuum to 600 ◦C and then calcined in a hydrogen atmosphere
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(100 Torr of H2) for 1 h at this temperature. After that, the sample was evacuated to a
residual gas pressure not higher than 10−4 Torr and cooled to room temperature. CO
was adsorbed at −196 ◦C and at a CO pressure from 0.1 to 10 Torr. After obtaining the
spectra at liquid nitrogen temperature, the sample was heated to room temperature and the
corresponding spectra were recorded. The obtained spectra were normalized to the optical
thickness of the pellets. To obtain differential spectra, the spectrum before CO adsorption
was subtracted from the spectrum after adsorption. The analysis of IR spectra was carried
out by decomposition of the corresponding IR bands into individual Gaussian components.
The amount of surface sites of different types was estimated using the integral absorption
coefficients from the integrated intensities of the characteristic absorption bands [79]. The
error in measuring the sites amount was 20%.

The oxygen mobility and surface reactivity of the samples were investigated by the
temperature-programmed isotope exchange (TPIE) of oxygen with C18O2. The experiments
were carried out with the sample weight 50 mg in a flow quartz tube reactor with an inner
diameter of 3 mm. The samples were preliminarily pretreated in He + 1% O2 flow (flow rate
25 mL/min) at 700 ◦C for 30 min and cooled down to room temperature in He + 1% CO2
flow (flow rate 25 mL/min). After the steady state was reached, the feed gas mixture was
switched to a mixture of the same composition but containing a 18O label. The temperature
was raised from 50 ◦C to 700 ◦C with a ramp of 5 ◦C/min. The effluent gases were analyzed
by the UGA 200 mass spectrometer (Stanford Research Systems, Sunnyvale, CA, USA). The
analysis of the 18O atomic fraction (α) and C16O18O molecular fraction (f 16–18) responses
was made for calculating the values of the heteroexchange rate (R), oxygen tracer diffusion
coefficient (D*) and their effective activation energies (Ea,R, Ea,D) using a mathematical
model described earlier [71,80,81].

3.3. Catalytic Studies in Methane Dry Reforming

The catalytic studies in methane dry reforming was performed at atmospheric pressure
in a tubular quartz plug flow reactor with a reaction mixture of 15% CH4 + 15% CO2 in N2 at
a temperature of 550–700 ◦C and a contact time of 10 ms. The catalyst (fraction 0.5–0.25 mm)
was diluted by the quartz fraction of the same size in a 1:1 ratio. The temperature was
changed stepwise from 700 to 550 ◦C by 50 ◦C, and the duration of each step was 30 min.
The reduction pretreatment of catalysts was made in a stream of 5% H2 in He at 700 ◦C
for 1 h. The analysis of reagent and product concentrations was made by a gas analyzer
with IR sensors for CO, CO2 and CH4, and an electrochemical sensor for H2 (Boner LLC,
Novosibirsk, Russia).

The stability tests in DRM over 8 h were carried out at 700 ◦C using the same reaction
mixture. The temperature-programmed oxidation (TPO) experiments were carried out
to estimate the amount of carbon formed during stability tests. The oxidizing mixture
contained O2 (17% vol.)/N2. The temperature was increased from 25 to 850 ◦C, at a
10 ◦C/min heating rate. Effluent gas concentrations were measured by the same gas
analyzer (Boner LLC, Novosibirsk, Russia).

4. Conclusions

A series of 5%Ni/Ce1-xTixO2 catalysts was prepared with nickel impregnation of
mixed Ce–Ti oxides obtained via synthesis in supercritical isopropanol. All oxides have a
cubic fluorite phase structure. Ti is incorporated into the fluorite structure. Small amounts
of impurities of TiO2 or mixed Ce–Ti oxides appear with Ti introduction. Supported Ni is
presented as the NiO or NiTiO3 perovskite phase.

Ti introduction increases total samples reducibility and results in stronger interaction
of supported Ni with the oxide support. The fraction of rapidly replaced oxygen and
the average tracer diffusion coefficient also increase. The number of metallic nickel sites
estimated using FTIRS of adsorbed CO decreased with increasing Ti content.

All catalysts except Ni-CeTi0.45 demonstrate close activity in tests of dry reforming
of methane. The lower activity of Ni-CeTi0.45 can be connected to Ni decoration with
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species of the titanium-containing oxide support or with oxide support rearrangement. The
incorporation of Ti prevents detachment of Ni particles from the surface and their sintering
during dry reforming of methane.
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