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Preface to ”Towards Greenhouse Gas Mitigation:

Novelty in Heterogeneous Catalysis”

Climate change caused by greenhouse gas emissions has encouraged the scientific community to

find ways to mitigate these environmentally detrimental gases. The conversion of major greenhouse

gases, including methane and carbon dioxide, with the utilization of catalysts in general and

heterogeneous catalysts in particular has made significant progress in recent decades. The wider

scientific community of MDPI can benefit from this Special Issue in terms of understanding the basic

research involved in reaction engineering and catalysis. Finally, I, as the guest editor of this Special

Issue, would like to extend my appreciation to MDPI and the Energies team for providing this exciting

opportunity of learning and growth as well as the editorial staff, especially Ms. Marija Belic, for their

continuous support and consideration. I must acknowledge the fact that such interactions are an

excellent platform for young researchers for their scientific growth and I hope the readers enjoy this

piece of research.

Wasim Ullah Khan

Editor
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Energy and Environment—Towards Greenhouse Gas
Mitigation: Novelty in Heterogeneous Catalysis

Wasim Ullah Khan 1,2

1 Department of Chemical and Process Engineering, University of Canterbury, 20 Kirkwood Avenue,
Upper Riccarton, Christchurch 8041, New Zealand; wasimkhan49@gmail.com or wasim.khan@kfupm.edu.sa

2 Interdisciplinary Research Centre for Refining & Advanced Chemicals, Research Institute,
King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia

Climate change, a consequence of global warming, is a global issue resulting due to
greenhouse gas (GHG) emissions. The main GHGs of concern are carbon dioxide (CO2),
methane, and nitrogen oxide. Scientists have utilized technologies in recent decades to
mitigate GHGs. Among the proposed technological solutions, catalysis—and in particular
heterogeneous catalysis—has played a vital role in the abatement of GHGs.

One of the strategies to combat methane emissions is combustion, and catalytic com-
bustion offers economic benefits due to the fact that the lower methane concentration in
combustion emissions is less harmful than by-products such as formaldehyde. Nanotechno-
logical advancement in heterogeneous catalysis for combustion has significantly reformed
the process. The catalytic conversion of carbon dioxide is carried out via different routes,
hence suggesting the economic development of energy-efficient catalytic CO2 conversion
to useful products. Some of the well-known catalytic routes to convert methane and CO2
include steam methane reforming, dry reforming of methane, partial oxidation of methane,
methane decomposition, reverse water gas shift, CO2 hydrogenation to methanol, and CO2
hydrogenation to higher alcohols.

The investigation of metal/metal oxide nanoparticles anchored onto an oxide support
in a heterogeneous catalysis is significantly important for understanding the nature and
extent of the metal–support interaction which affects the catalytic activity and product selec-
tivity. The preparation of a heterogeneous catalyst involves different elevated temperature
steps, including oxidation and reduction, which influence the morphology of the catalyst.
The metal–support interaction also causes morphological changes such as alloy formation,
sintering of metal particles, inter-diffusion, and encapsulation. Therefore, the preparation
steps need to be optimized to obtain well-dispersed metal nanoparticles anchored onto the
oxide support. The recent developments in spectroscopic and microscopic characterization
techniques, as well as density functional theory, have facilitated scientists in predicting
the performance of the catalysts and proposing hypotheses before the reactions. Later, the
suggested hypotheses are validated by characterizing the catalysts after the reactions.

Considering the above-mentioned developments in heterogeneous catalysis for GHG
abatement, this Special Issue is mainly focused on the novel advancements in heterogeneous
catalysis for the mitigation of GHGs. Potential topics include, but were not limited to
the following:

• Heterogeneous catalysts for steam methane reforming;
• Dry methane reforming, partial oxidation of methane;
• Methane decomposition;
• Reverse water–gas shift;
• CO2 hydrogenation to methanol;
• CO2 hydrogenation to higher alcohols.

Considering the COVID-19 crisis, the response to our call was excellent, with the
following statistics:

Energies 2022, 15, 3795. https://doi.org/10.3390/en15103795 https://www.mdpi.com/journal/energies1



Energies 2022, 15, 3795

• Submissions: (8);
• Publications: (7);
• Rejections/withdrawals: (1);
• Article types: review article (1); research articles (6).

A brief overview of the contributions in this Special Issue:
Abasaeed et al. [1] submitted the very first article to the SI and demonstrated the

modification of support materials such as alumina (Al2O3) and zirconia (ZrO2) by doping
lanthanum oxide (La2O3) in the range from 0 to 20 wt%. These modified support-based
nickel catalysts were further investigated for a dry methane reforming reaction. The cat-
alytic performance tests revealed that lanthanum oxide modification positively influenced
the conversions and, depending upon the base support, modified catalysts outperformed
the unmodified catalysts. The improvement in surface basic properties, specific surface
area, metal dispersion, and lower reduction temperatures of modified catalysts were the
major factors behind their superior performance during the dry reforming reaction.

The role of strontium (Sr) and cerium (Ce) in nickel-based perovskite catalysts during
methane reforming using carbon dioxide was studied by Ahmed et al. [2]. The catalyst
characterization results showed that a CeNiO3 perovskite catalyst exhibited a higher
number of reducible species, BET surface area, pore volume, and nickel dispersion as
compared to a SrNiO3 catalyst. These factors had a significant impact on catalytic activity
results and the CeNiO3 catalyst obviously outperformed the SrNiO3 catalyst. The catalyst
stability tests also followed the same trend and SrNiO3 deactivated more than CeNiO3,
which was assigned to carbon deposition.

Singh et al. [3] investigated the photocatalytic performance of BiF3 and Bi2O3 and
found that BiF3 presented superior activity. Considering the relatively better photocatalytic
performance of BiF3, they incorporated it in plaster of Paris (POP) with varying amounts of
BiF3 between 0 and 10 wt%. The photocatalytic activity of BiF3-modified POP evaluated
using Resazurin (Rz) ink under ultraviolet (UV) light irradiation demonstrated that an
increase in the amount of BiF3 improved ink removal and, hence, enhanced photocatalytic
activity. This was further substantiated with UV visible spectroscopy which quantified the
rate of de-coloration of modified POP samples.

Khan et al. [4] evaluated the performance of various supports for nickel-based catalysts
during the dry reforming of methane. The exploration of supports, such as H-ZSM-5 zeolite,
Y-zeolite, and alumina (Al2O3), under dry reforming conditions indicated that an alumina-
supported nickel catalyst exhibited higher catalytic activity than that of zeolite-supported
catalysts. On the contrary, the alumina-supported nickel catalyst deactivated more than the
zeolite-supported catalysts and, hence, zeolite-supported catalysts showed more stability,
especially with just 2% deactivation, and the H-ZSM-5-supported nickel catalyst remained
the most stable catalyst.

Taira and Murao [5] studied the role of ceria (CeO2) dispersion in CeO2/MgO syn-
thesized under a dry condition and its improved redox properties during a methane dry
reforming reaction. The impregnation of ceria over MgO under a dry condition maintained
the ceria particle diameter at approximately 3 nm, even at 800 ◦C, and a slight agglomer-
ation of ceria particles (~5 nm) was noted when impregnated under ambient conditions.
The catalyst characterization results identified that dry condition impregnation imparted a
higher number of mobile oxygen species than the ambient condition counterpart, which
played its positive role during the dry reforming reaction.

This SI also witnessed a review article by Lach and his teammates [6] focused on
comparing the perspectives regarding carbon dioxide as a crisis or an opportunity and
working towards useful utilization. The review highlighted the carbon dioxide emissions
contributing to global warming and a possible solution for its abatement by using carbon
dioxide as a raw material, such as in carbon dioxide methanation, which is one of the
starting points for successive projects such as synthesis, polymers, and/or fuels, and power-
to-gas applications. Hence, the review article discussed the carbon dioxide methanation
reaction and development and progress in catalyst design for this reaction.
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Finally, an article was published by Kapkowski et al. [7] to demonstrate the role of
zinc oxide (ZnO) and titania (TiO2) nanorods supported on ceramic foam (using alumina,
silicon carbide, and zirconia substrates) during catalytic NOx removal. They also explored
the ornaments of ceramic foam containing ZnO and TiO2 nanofilaments with oxides
of vanadium (V) and tungsten (W). The catalytic activity results revealed that among
alumina-based form-supported TiO2 nanorods ornamented with oxides of V and W, 1%
W/TiO2/Al2O3 outperformed the rest of the catalysts, whereas in the case of ZnO nanorods,
1% V,W(3:7)/ZnO/Al2O3 exhibited the highest activity. Using 1% loading of V and/or W
as optimum, ZrO2-supported ZnO nanorods (1% W,V/ZnO/ZrO2) were found to have the
highest conversion.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Catalytic Removal of NOx on Ceramic Foam-Supported ZnO and TiO2 Nanorods Ornamented with W and V Oxides. Energies
2022, 15, 1798. [CrossRef]

3





energies

Article

Hydrogen Yield from CO2 Reforming of Methane: Impact of
La2O3 Doping on Supported Ni Catalysts

Ahmed Abasaeed 1, Samsudeen Kasim 1, Wasim Khan 1,2,*, Mahmud Sofiu 1, Ahmed Ibrahim 1, Anis Fakeeha 1,3

and Ahmed Al-Fatesh 1

Citation: Abasaeed, A.; Kasim, S.;

Khan, W.; Sofiu, M.; Ibrahim, A.;

Fakeeha, A.; Al-Fatesh, A. Hydrogen

Yield from CO2 Reforming of

Methane: Impact of La2O3 Doping on

Supported Ni Catalysts. Energies 2021,

14, 2412. https://doi.org/10.3390/

en14092412

Academic Editors: Vladislav

A. Sadykov and Wasim Khan

Received: 2 March 2021

Accepted: 20 April 2021

Published: 23 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Chemical Engineering Department, College of Engineering, King Saud University, P.O. Box 800,
Riyadh 11421, Saudi Arabia; abasaeed@ksu.edu.sa (A.A.); sofkolajide2@gmail.com (S.K.);
mahmudsofiu@gmail.com (M.S.); aididwthts2011@gmail.com (A.I.); anishf@ksu.edu.sa (A.F.);
aalfatesh@ksu.edu.sa (A.A.-F.)

2 Department of Chemical and Process Engineering, University of Canterbury, 20 Kirkwood Avenue,
Upper Riccarton, Christchurch 8041, New Zealand

3 King Abdullah City for Atomic & Renewable Energy, Energy Research & Innovation Center (ERIC) in Riyadh,
Riyadh 11451, Saudi Arabia

* Correspondence: wasimkhan49@gmail.com

Abstract: Development of a transition metal based catalyst aiming at concomitant high activity
and stability attributed to distinguished catalytic characteristics is considered as the bottleneck for
dry reforming of methane (DRM). This work highlights the role of modifying zirconia (ZrO2) and
alumina (Al2O3) supported nickel based catalysts using lanthanum oxide (La2O3) varying from 0 to
20 wt% during dry reforming of methane. The mesoporous catalysts with improved BET surface
areas, improved dispersion, relatively lower reduction temperatures and enhanced surface basicity
are identified after La2O3 doping. These factors have influenced the catalytic activity and higher
hydrogen yields are found for La2O3 modified catalysts as compared to base catalysts (5 wt% Ni-ZrO2

and 5 wt% Ni-Al2O3). Post-reaction characterizations such as TGA have showed less coke formation
over La2O3 modified samples. Raman spectra indicates decreased graphitization for La2O3 catalysts.
The 5Ni-10La2O3-ZrO2 catalyst produced 80% hydrogen yields, 25% more than that of 5Ni-ZrO2.
5Ni-15La2O3-Al2O3 gave 84% hydrogen yields, 8% higher than that of 5Ni-Al2O3. Higher CO2

activity improved the surface carbon oxidation rate. From the study, the extent of La2O3 loading is
dependent on the type of oxide support.

Keywords: Al2O3; CO2 reforming; La2O3; CH4; ZrO2

1. Introduction

The decrease of fossil fuel energy and the dilemma of environmental pollution urged
a large number of researchers to maximize the conversions of methane and carbon dioxide
into useful products such as hydrogen. Hydrogen is a benign source of energy. It is mainly
obtained from biomass pyrolysis and thermal reforming. Methane, the main component
of natural gas, can be obtained from various resources like shale gas and the fracking
process, which has increased the availability of natural gas from infrequent deposits [1,2].
Moreover, the utilization of biogas is gaining momentum in recent years [3,4]. In the field
of heterogeneous catalysis, particularly, in the latest decades, dry reforming of methane
is regarded as one of the best prospective ways of conversion [5–7]. However, the dry
reforming reaction as shown in Equation (1) is highly endothermic and thus requires high
reaction temperatures. The process produces synthesis gas that has an appropriate ratio of
H2 to CO suitable for Fischer–Tropsch synthesis [8]. Steam reforming of methane remains
the best available industrial process for generating synthesis gas [9,10]. The requirement
and the utilization of synthesis gas production are continuously increasing [11]. During
methane dry reforming (DRM), CO2 is employed as an oxidant, which draws the interest

Energies 2021, 14, 2412. https://doi.org/10.3390/en14092412 https://www.mdpi.com/journal/energies5
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and the likelihood of seizing and recycling CO2 from the exhaust flue gases of industrial
and power plants. DRM is presently not industrially applied because of the heavy coking
and sintering of the catalysts in high-temperature reforming reactions [12]. Thus, it is
essential to find an innovative catalyst that endures sintering and coking. The sintering
of the metallic phase and carbon formation on the surface of the catalyst, which causes
the deactivation, originate from operating conditions that facilitate the side reactions,
which involve the cracking of the CH4 Equation (2) and the reverse Boudouard reaction
Equation (3) resulting from the combinations of CO [13].

CH4 + CO2 → 2H2 + 2CO (1)

CH4 → 2H2 + C (2)

CO2 + C → CO + CO (3)

H2 yield through DRM is significantly affected by dissociation of CH4 over Ni-
supported surface and the gasification of carbon formed by CO2. The reverse water gas
shift reaction and the action of the H2 spillover on the surface affect the H2 yield substan-
tially. The hydrogen spill over enhances hydroxyl formation and catalytic activity toward
CO oxidation at the metal/oxide interface. The hydroxyl groups at the metal/support
interface react with CO to produce CO2. Similarly, the reverse water gas shift (CO2 +
H2O → CO + H2) reduces the hydrogen; hence, the two phenomena involve the depletion
of hydrogen and in turn influence the hydrogen yield. Noble metals like Pd, Ir, Pt, and
Rh provide the extremely good performance of activity and stability but they are rare
and expensive [14,15]. Transition metals like Ni are suitable alternatives for this reaction
as they are stable and environmentally friendly [16,17]. Nonetheless, Ni-based catalysts
are hampered by poor activity due to coke formations and sintering [18,19]. Hence, the
major challenge is to come up with Ni catalysts capable of resisting carbon formation
and sintering. Carbon generation may be opposed by controlling the reaction kinetics
using suitable catalysts with proper constituents and supports. It has been established
that metal–support interactions can alter both catalyst activity and activity maintenance.
Bradford and Vannice had shown that support decoration of metal particle surfaces shat-
tered big ensembles of metal atoms that served as active sites for carbon deposition and
the sites in the metal–support interfacial region enhanced catalyst activity [20]. The choice
of support type plays a vital role in DRM. Supports that possess O2 species at the surface
of the catalyst help the carbon oxidation on the metal [21,22]. The balance between the
rate of methane decomposition and the rate of carbon gasification regulates the catalyst
stability [23]. The preparation of mesoporous oxides, like Al2O3, possessing high surface
area and precise pores have revealed motivating results to disperse the metal over the
support structure [24–26]. Bian et al., in their investigation of Ni supported home-made
mesoporous alumina in methane dry reforming, indicated that the formation of NiAl2O4
spinel is advantageous to activity and stability towards DRM reaction [27].

Newnham et al. synthesized nanostructured Ni-incorporated mesoporous alumina
with various Ni loadings by hydrothermal method and tested them as catalysts for CO2
reforming of methane [28]. The result displayed excellent stability when 10%Ni was used
due to the fact that the Ni nanoparticles in these catalysts being highly stable towards
migration/sintering under the reaction conditions. The presence of strong Ni–support
interaction and/or active metal particles being confined to the mesoporous channels of the
support. Al-Fatesh et al. studied dry reforming of methane using a series of nickel-based
catalysts supported on γ-alumina promoted by B, Si, Ti, Zr, Mo, and W [5]. They concluded
that the promoters enhanced the interaction between NiO and γ-alumina support and,
hence, Ni dispersion and stability. On the other hand, ZrO2 is prominent support with
high thermal stability able to go through alteration in their acid–basic sites [29]. Numer-
ous studies have displayed that the presence of ZrO2 improves the thermal resistance,
redox properties, oxygen storage capacity and gasification of deposited carbon [30,31].
Hu et al. examined the dry reforming of methane over Ni/ZrO2 catalysts prepared via

6



Energies 2021, 14, 2412

decomposition of nickel precursor under the influence of dielectric barrier discharge (DBD)
plasma at ~150 ◦C [32]. It was found to improve activities due to the exposition of Ni
(111) facets, smaller metal particles, and more tetragonal zirconia with increased oxygen
vacancies. In the course of dry reforming of methane, oxygen species over the catalyst
surface affected the catalytic performance and carbon deposition. Zhang et al. studied the
effects of the surface adsorbed oxygen species tuned by doping with metals like La, Ce,
Sm, and Y on the catalytic behavior [33]. Their results confirmed that the surface adsorbed
oxygen species promoted both CO2 activation and CH4 dissociation. Doping La2O3 in
supported Ni catalysts favor the CO2 adsorption on the surface of the catalyst [34], alters
the chemical and electronic state of Ni at the interface with the support and decreases the
chemical interaction between Ni and the support causing the intensification of reducibility
and higher dispersion of nickel [35]. Tran et al. studied the enhancement of La2O3 in
the physicochemical features of cobalt supported over alumina for DRM using different
temperatures and feed compositions [36]. Their results displayed that the La2O3 improved
the H2 activation; enriched oxygen vacancy and lowered the apparent activation energy of
CH4 consumption. The work of Lui et al. elaborated the promotional effects of La, Al, and
Mn on Fe-modified clay supported by Ni catalysts used for dry reforming of methane [37].
The result of adding La, Al, and Mn altered the surface area, the basicity of the catalysts,
and produced a smaller metallic Ni size. Moreover, Yabe et al. performed dry reforming of
methane using several transition metals supported on ZrO2 catalysts [38]. Their results
exhibited high activity and low carbon deposition upon using 1 wt%Ni/10 mol%La-ZrO2
catalysts.

In the present work, we assess the effect of the lanthanum oxide as a textual promoter
of alumina and zirconia supports over Ni catalysts in the catalytic reforming of CH4
with CO2. The impact of different loadings of lanthanum oxide will be examined and
their influence on the hydrogen yield. The output data will be further associated with
the characterization results of BET, XRD, TPR, TEM, TPD, and TGA before and after the
reaction. The difference in the basic supports originating from alumina and zirconia in
terms of sintering and coking will be explored.

2. Materials and Methods

2.1. Materials

Mesoporous γ-Al2O3 (purity 99.99%, purchased from Norton Co (New York, NY, USA)),
precursor of zirconium oxide (ZrOCl2·8H2O, purity >99.0%, purchased from Fluka Chemika
(Washington, DC, USA)), precursors of La2O3 and Ni, respectively, (La(NO3)3·6H2O and
Ni(NO3)2·6H2O purchased from Sigma Aldrich (St. Louis, MO, USA)), double distilled
water.

2.2. Catalyst Preparation

In the case of zirconium-based support (for 5Ni-10La-ZrO2), the required amounts
of zirconia (2.62 g) in the form of ZrOCl2·8H2O was ground completely and poured into
the empty crucible. Then, the desired weights of La(NO3)3·6H2O (0.265 g) and that of
Ni(NO3)2·6H2O (0.25 g) were added to the crucible containing the support to get a powder
mixture. The mixture was ground well in the crucible to obtain a homogenous mixture.
Purified water was poured slowly to the mixture to produce a paste while mixing. The
paste was set to evaporate under room temperature condition until it dried. Thereafter,
the dried sample was calcined at 700 ◦C for 3 h. The obtained catalysts were denoted as
5Ni-ZrO2 for 5 wt% Ni supported over ZrO2, and 5Ni-xLa-ZrO2, where x = 10, 15, 20 wt%.

In the case of alumina-based support, the above-mentioned procedure was adopted
by replacing zirconia with the required amounts of mesoporous γ-Al2O3. The obtained
catalysts were denoted as 5Ni-Al2O3 for 5 wt% Ni supported over Al2O3 and 5Ni-xLa-
Al2O3, where x = 10, 15, 20 wt%.

7
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2.3. Catalyst Characterization and Activity

The catalyst activity test and characterization are described in detail in the supplemen-
tary information.

3. Results and Discussion

The surface texture of the catalysts was assessed via the nitrogen adsorption–desorption
isotherms. Figure 1A shows the nitrogen adsorption isotherms of the fresh catalysts (5Ni-
xLa2O3-ZrO2, x = 0, 10, 15, and 20 wt%) and according to IUPAC labelling, catalysts are
showing type IV isotherm with capillary condensation appearing at a relative pressure
below the saturation pressure, and H1 hysteresis loop. These features are associated with
mesoporous materials that have cylindrical pore geometry with narrow size distribution
as well as relatively high uniformity [39]. Figure 1B exhibits the nitrogen adsorption
isotherms of the fresh catalysts (5Ni-x%La-Al2O3). All samples indicate typical type IV
adsorption/desorption isotherms with H1 hysteresis loop. Point of inflection at a relative
pressure in the range of 0.6–0.75 corresponds to the capillary condensation which indicates
the uniformity of the pores in mesoporous material [40,41].The textural properties of the
catalyst are given in Table S1 of the supplementary.

Figure 1. N2 adsorption–desorption isotherms for fresh (A) 5Ni-xLa2O3+ZrO2 and (B) 5Ni-x La2O3+Al2O3 catalyst calcined
at 700 ◦C, (x = 0, 10, 15, and 20 wt%).

The reducibility of 5%Ni-x% La2O3-ZrO2 and 5%Ni-x% La2O3-Al2O3 (x = 0, 10, 15,
and 20) catalysts were examined by TPR and the patterns are shown in Figure 2. For
the 5%Ni-x% La2O3-ZrO2 catalysts (Figure 2A), two prominent reduction maxima are
detected over the entire temperature range, which may be attributed to the reduction
of different NiO species (NiO→Ni0). The first reduction peak situated in region I at
Tmax = 298 ◦C could be ascribed to the reduction of free NiO that is not attached to the
support, and hence reduces easily at low temperature. Further, the peak in the region II at
Tmax = 468 ◦C is allotted to the NiO reduction, attached to ZrO2 by a moderately strong
link and its reduction requires higher thermal energy. After support modification by means
of La2O3, substantial variations in reduction kinetics were detected. Reduction maxima
illustrating NiO reduction for the higher temperature peaks has shifted towards lower
temperatures [42]. In the case of Figure 2B, the 5% Ni-x% La2O3-Al2O3 catalysts (x = 0, 10,
15, and 20) display a single peak in region III at higher temperatures. The un-promoted
5%Ni-Al2O3 catalyst shows a broad peak at 750 ◦C indicating that the reduced NiO is
strongly attached to the support. When the support is modified with the addition of
different loadings of La2O3, peaks of relatively lower areas appear at high temperatures.
The La2O3 modified support catalyst is shifted to higher temperatures [43]. The highest
La2O3 loading catalyst gives the highest peak shift. This means that the addition of
La2O3 increases further the interaction between the NiO and the modified support. The
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quantitative analysis of H2 consumption during H2-TPR is displayed in Table S2 of the
supplementary.

Figure 2. H2-TPR profiles of (A) for 5Ni-xLa2O3-ZrO2 and (B) 5Ni-xLa2O3-Al2O3 (x = 0, 10, 15, and 20 wt%) catalysts.

Figure 3 presents the powder X-ray diffraction patterns of the calcined 5Ni-xLa2O3-
ZrO2 and 5Ni-xLa2O3-Al2O3 catalysts (x = 0, 10, 15, and 20 wt%). Figure 3A displays the
XRD patterns for 5Ni-xLa2O3-ZrO2. There are no peaks attributable to La2O3 in these
patterns since similar patterns are obtained for La2O3 modified and un-modified catalysts
denoting the homogenous distribution of La2O3. The peaks at 28.3◦ and 31.6◦ are attributed
to NiO phase (JCPDS No. 47–1049). The ZrO2 support in Figure 3A has two crystalline
phases, tetragonal zirconia (t-ZrO2) and monoclinic zirconia (m-ZrO2). The peaks at 25.5◦
and 34.3◦ are ascribed to m-ZrO2 [44,45], while the peaks at 40.9◦, 50.2◦, and 55.5◦ are
credited to t-ZrO2 [46]. In Figure 3B, there is no peak ascribable to La2O3 in the patterns
and therefore La2O3 is well dispersed in the alumina matrix. The characteristics peaks
at 37.3◦ (311), 45.6◦ (400), and 67.0◦ (440), all are correspondingly allocated to the Al2O3
structure (JCPDS 10–0425) [47,48].

Figure 3. XRD patterns of the (A) 5Ni-xLa2O3+ZrO2 (B) 5Ni-xLa2O3+Al2O3 catalysts (x = 0, 10, 15,
and 20 wt%) calcined at 700 ◦C).

Figure 4 displays the hydrogen yield versus time on stream for the dry reforming
reaction at 700 ◦C. The impact of La2O3 addition on the DRM catalytic performance of
Ni-ZrO2 is discussed in this section. The initial hydrogen yield of the 5Ni-ZrO2 catalyst in
Figure 4 is lower than the La2O3 modified catalysts. An evident trend is noted when La2O3
is added causing a significant improvement in the DRM performance. The improvement
profile escalates as the following: 5Ni-ZrO2 < 5Ni-20La2O3-ZrO2 < 5Ni-15La2O3-ZrO2 <

9



Energies 2021, 14, 2412

5Ni-10La2O3-ZrO2. The highest hydrogen yield of about 80% is recorded using 10% La2O3.
The improvement due to the La2O3 addition is attributed to the fact that La2O3 increases
the dispersion of Ni particles on the supports and reduces the agglomeration of Ni particles
during the reforming reaction as depicted in Figure 2A. Moreover, La2O3 increases the
basicity as shown in the TPD profiles and therefore adsorb and react with CO2 to form
La2O2CO3 species on the surface of catalyst which can speed up the conversion [49].

5Ni-15La2O3-ZrO2

5Ni-20La2O3-ZrO2

H
2 Y

ie
ld

 (%
)

 5Ni-ZrO2

5Ni-10La2O3-ZrO2

Figure 4. H2 yield vs. time on stream over the 5Ni-xLa2O3-ZrO2 (x = 0, 10, 15, and 20 wt%) catalysts
at 700 ◦C for 420 min.

In Figure 5, the hydrogen yield obtained is close for La2O3 doped and non-doped
catalysts. The La2O3 addition improved marginally the hydrogen yield in the following
manner 5Ni-Al2O3 < 5Ni-20La2O3-Al2O3 < 5Ni-10La2O3-Al2O3 < 5Ni-15La2O3-Al2O3. The
15% La2O3 gave the highest hydrogen yield of 84%. It can be inferred that the effect of
La2O3 loading affects differently the hydrogen yield productivity depending on the type of
the support. Table 1 describes the efficiency of the present work and some of the literature.

Figure 5. H2 yield vs. time on stream over the 5Ni-xLa2O3-Al2O3 (x = 0, 10, 15, and 20 wt%) catalysts
at 700 ◦C for 420 min.
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Table 1. Hydrogen yield performances obtained in CO2 reforming of methane of present and past work.

Catalyst
Feed (CH4:CO2:

Inert)
Reaction

Temperature (◦C)
GHSV (mL/(g·h) Yield (%) Ref.

Ni/Zr-γAl2O3 1:1:3 750 54,000 63 [50]
Ni@ZrO2-SiZr-7.7 1:1:1 800 72,000 81 [51]

0.8% Ni+0.2% Co-MgAl2O4 1:1:0.5 700 54,000 51 [52]
10Ni+1%Fe-MgAl2O4 1:1:1 750 30,000 78 [53]

5Ni-10La2O3-ZrO2 1:1:0.33 700 42,000 80 This work
5Ni-15La2O3-Al2O3 1:1:0.33 700 42,000 84 This work

Figure 6 exhibits the CO2-TPD profiles of the (A) 5Ni-xLa2O3-ZrO2 and (B) 5Ni-
xLa2O3-Al2O3 (x = 0, 10, 15, and 20 wt%) spent catalysts obtained at 700 ◦C reaction
temperature. This was performed to scan the surface basicity of the catalysts, which
plays a vital role in the catalytic DRM reaction [54]. It is commonly understood that a
greater desorption temperature of CO2 reveals a stronger basicity and a bigger amount
of CO2 desorption although signifying that more basic sites are presented on the surface
of catalyst [55]. In Figure 6A, three chief CO2 desorption peaks were identified in the
experimented temperature range from 50 to 700 ◦C for higher loadings of La2O3 (5Ni-
15La2O3-ZrO2 and 5Ni-20La2O3-ZrO2) modified catalysts and only two peaks for the
un-modified (5Ni-ZrO2) and lower loading La2O3 (5Ni-10La2O3-ZrO2) modified catalysts,
which denoted that three types of basic sites existed in the 5Ni-xLa2O3 + ZrO2 (x = 0,
10, 15, and 20 wt%) catalysts. The CO2 desorption peaks appeared at 80 ◦C, 260 ◦C and
550 ◦C. The peaks correspond to the weak adsorption of CO2 on OH groups, moderate
adsorption of CO2 and strong CO2 adsorption on the metal–oxygen pairs and O2− anions,
respectively [56,57]. It is clear that CO2 was favorably absorbed on the strong basic sites
as the support was modified with La2O3, rather than bare zirconia support. This result
showed that the adsorption of CO2 had altered from physical adsorption to chemical
adsorption because of the addition of La2O3. Figure 6B shows two main CO2 desorption
peaks at 80 ◦C and 250 ◦C corresponding to weak and moderate basic sites. Hence, the
addition of La2O3 to the support did give significant variation in basicity of the 5Ni-
xLa2O3 + Al2O3 catalysts. The 5Ni-15La2O3-Al2O3 displays larger peak intensity than
the remaining catalysts, which is in accordance with the better activity observed. Table 2
shows a summary of a quantitative assessment of CO2 adsorption of the spent catalysts via
CO2-TPD for ZrO2 and Al2O3 supported catalysts.

Figure 6. CO2-TPD profiles of the spent (A) 5Ni-xLa2O3-ZrO2 and (B) 5Ni-xLa2O3-Al2O3 (x = 0, 10,
15, and 20 wt%) catalysts obtained at 700 ◦C reaction temperature.
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Table 2. Quantitative assessment of CO2 adsorption of the spent catalysts via CO2-TPD.

Catalyst
Weak-Basicity

(μmol/g)
Medium-Basicity

(μmol/g)
Strong-Basicity

(μmol/g)
Total-Basicity

(μmol/g)

5Ni-ZrO2
a 0.52 0.48 0.00 1

5Ni-10La2O3-ZrO2 0.66 0.29 0.00 0.95
5Ni-15La2O3-ZrO2 0.63 0.49 0.12 1.24
5Ni-20La2O3-ZrO2 0.52 0.94 0.27 1.73

5Ni-Al2O3
a 0.44 0.38 0.18 1

5Ni-10La2O3-Al2O3 0.42 0.11 0.00 0.53
5Ni-15La2O3-Al2O3 0.32 0.10 0.00 0.42
5Ni-20La2O3-Al2O3 0.35 0.06 0.00 0.41

a For comparison and basicity assessment of catalysts, the sum of all basic sites of 5Ni-ZrO2 is set to 1 and 5Ni-Al2O3 is set to 1.

Figure 7A,B contain images obtained from Energy-dispersive X-ray spectroscopy
(EDX) analysis of the fresh samples of both 5Ni-10La2O3-ZrO2 and 5Ni-15La2O3-Al2O3.
These results show the elemental composition of the as-prepared catalyst samples. First, the
analysis confirmed the presence of all the elemental constituents that were mixed together
during the catalyst synthesis. Moreover, the percentage loadings revealed by the EDX
analysis are virtually the same as intended in the calculation and catalyst preparation with
error values of 10% for Ni and 6% for La.

Figure 7. EDX analysis of fresh (A) 5Ni-15La2O3-Al2O3 and (B) 5Ni-10La2O3- ZrO2 showing the elemental composition of
prepared catalysts.

Broad examination of the morphology of catalysts was performed via TEM. Typical
TEM overviews of the fresh catalysts (Figure 8A,C) and spent catalyst samples (Figure 8B,D)
were acquired after DRM at 700 ◦C for 420 min time on stream. There is a difference in
the morphology of the fresh and used catalysts. The fresh catalyst seems to have particles
clumped on the surface, while the spent catalysts depict rough and dispersed particles
on the catalyst surface. In addition to the recognized metal particles, carbon in the form
of nanotubes can be seen in the images of the used catalysts. The image of the fresh
5Ni-10La2O3-ZrO2 catalyst is shown in Figure 8A. It is evident from the TEM images that
the Ni is homogeneously dispersed over the surface of the support. In contrast to its spent
sample as shown in Figure 8B, big quantities of coke are formed commonly in the form of
nanotubes. The TEM images showed well dispersed Ni species ((average particle diameter
of 4 nm) over La2O3-Al2O3 support (Figure 8C). However, after the reaction (Figure 8D)
size of Ni species has grown (average particle diameter of 7–8 nm).
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Figure 8. TEM image of (A) Fresh, (B) spent of 5Ni/10La2O3+ZrO2, (C) Fresh, (D) spent of
5Ni/15La2O3 + Al2O3 catalysts.

The Fourier Transform Infrared Spectroscopy (FTIR) analysis of fresh 5Ni-ZrO2, 5Ni-
10La2O3-ZrO2, 5Ni-Al2O3 and 5Ni-15La2O3-Al2O3 catalysts were done to investigate the
existing bonds within the catalyst system. The infrared spectra of absorption for these
samples are shown in Figure 9A,B.

Figure 9. The FTIR spectra of fresh (A) Al2O3, 5Ni-Al2O3, 5Ni-15La2O3-Al2O3 and (B) ZrO2, 5Ni-
ZrO2, 5Ni-10La2O3-ZrO2 showing the existing stretching vibration.

In Figure 9A, Al2O3 is well known for its tendency to adsorb moisture from the
atmosphere onto itself. Thus, the distinct band representing the stretching vibration of
O-H, within the wavelengths 3430–3460 cm−1 for all the samples can be ascribed to [OH]−1

groups interaction and/or physisorbed moisture interaction that is adsorbed onto the
Al2O3 support [58]. It is noticeable from the figure that the extent of hydration of the
catalyst surface changed with metal addition as the OH band’s intensity decreased on
adding active metal. Moreover, the vibration bands centered at around 1400, 1520, 1649,
and 2366 cm−1 can be seen for the support and the other samples. This implies that these
bands can be associated with the support, the Al–O bond stretching to be specific [59].
The small less noticeable peaks appearing at wavelengths 1237 and 1719 cm−1 for the
5Ni-Al2O3 sample can be said to be the stretching vibration of NiO and NiAl2O4 species,
respectively. The latter is thought to have stronger interaction with the support, in light of
that it appeared at a higher wavelength.
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As for the ZrO2 support and ZrO2 supported catalysts (Figure 9B); the band within
3357–3440 cm−1 can be said to be hydrogen-bonded bending and stretching of the OH
groups as a result of adsorbed moisture while the peaks at 1632–1640 cm−1 can be assigned
to the vibration of the water molecules [60]. These peaks are seen to decrease in intensity
with the addition of nickel and lanthanum oxide to the support. The peaks that are centered
at around 457 and 752 cm−1 represent the asymmetric stretching of the Zr–O–Zr bond [61].
The vibration owing to the presence of La2O3 was not discovered. This further supports
the results obtained from the XRD analysis of samples with La2O3.

Figure 10A displays TGA profiles of spent 5Ni-xLa2O3 + ZrO2 (x = 0, 10, 15, and
20 wt%) catalysts operated at 700 ◦C. The weight loss above 500 ◦C was due to the removal
of deposited carbon. The extents of carbon deposition on the spent catalysts exhibit the
following sequence: 5Ni-10La2O3-ZrO2 < 5Ni-15La2O3-ZrO2 < 5Ni-20La2O3-ZrO2 < 5Ni-
ZrO2. The un-promoted ZrO2 catalyst gives the highest weight loss of 47.4%. The results
are well established with the catalytic performance. Similarly, Figure 9B shows the TGA
profiles of spent 5Ni-xLa2O3 + Al2O3 (x = 0, 10, 15, and 20 wt%) catalysts at 700 ◦C. The
amounts of weight loss are close to each between the La2O3 promoted and non-promoted
catalysts. Since values range between 9.0% for 5Ni-10La2O3-Al2O3 and 17.2% for 5Ni-ZrO2,
this indicates the Al2O3 supported catalysts are more resistant to carbon deposition than
ZrO2 supported catalysts.

Figure 10. TGA profiles of spent (A) 5Ni-xLa2O3-ZrO2, (B) 5Ni-xLa2O3-Al2O3 (x = 0, 10, 15, and
20 wt%) catalysts at 700 ◦C.

Figure 11 shows the Raman analysis of the used catalysts (5Ni-ZrO2, 5Ni-10La2O3-
ZrO2, 5Ni-Al2O3, and 5Ni-15La2O3-Al2O3). The D (deformation) and G (graphitic) bands
appear at nearly 1342 and 1580 cm−1 respectively except for spent 5Ni-Al2O3 with D and
G bands appearing at about 1468 and 1532 cm−1, respectively. The spent catalysts are
characterized by carbon deposits of different degree of graphitization. It is established
that carbon deposits having high IG to ID ratio show better extent of graphitization [62].
From the figure, it can be seen that 5Ni-ZrO2 had the highest degree of graphitization
followed by 5Ni-Al2O3. Moreover, it can be inferred that the graphitization decreases with
the addition of La2O3. Thus, La2O3 promotes the formation carbons that are defective.
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Figure 11. Raman spectra for the spent catalysts (5Ni-ZrO2, 5Ni-10La2O3-ZrO2, 5Ni-Al2O3, and
5Ni-15La2O3-Al2O3) showing the extent of graphitization of the carbon deposits.

4. Conclusions

This paper elucidates the role of La2O3 addition to two different supports (ZrO2 and
Al2O3) of Ni-based catalysts for the hydrogen production via CO2 reforming of methane.
The 5Ni-10La2O3-ZrO2 catalyst increased the hydrogen yield by 25% in comparison with
the pristine 5Ni-ZrO2. Similarly, the 5Ni-15La2O3-Al2O3 catalyst showed improved ef-
ficiency of 8% of hydrogen yield. The La2O3 loading influenced differently the ZrO2
and the Al2O3 supports. The study displayed that the modified La2O3-Al2O3 support
catalysts gave a higher hydrogen yield than La2O3-ZrO2 supported catalyst. The catalyst
characterizations showed that La2O3 addition improved specific surface areas, dispersion,
reducibility, metal–support interaction, and surface basic sites which contributed towards
the enhanced hydrogen yield. The qualitative and quantitative analysis of carbon formed
over the spent catalysts using TEM, TGA, and Raman spectroscopy showed presence of
carbon nanotubes. This work provides an insight towards the role of support modification
during DRM.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14092412/s1, Table S1: Textural properties of different catalysts supported Ni catalysts: BET
specific surface area (SBET), pore volume (PV), and pore diameter (DP), Table S2: The quantitative
analysis of H2 consumption during H2-TPR.
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Abstract: The development of a transition-metal-based catalyst with concomitant high activity and
stability due to its distinguishing characteristics, yielding an abundance of active sites, is considered
to be the bottleneck for the dry reforming of methane (DRM). This work presents the catalytic activity
and durability of SrNiO3 and CeNiO3 perovskites for syngas production via DRM. CeNiO3 exhibits
a higher specific surface area, pore volume, number of reducible species, and nickel dispersion when
compared to SrNiO3. The catalytic activity results demonstrate higher CH4 (54.3%) and CO2 (64.8%)
conversions for CeNiO3, compared to 22% (CH4 conversion) and 34.7% (CO2 conversion) for SrNiO3.
The decrease in catalytic activity after replacing cerium with strontium is attributed to a decrease in
specific surface area and pore volume, and nickel active sites covered with strontium carbonate. The
stability results reveal the deactivation of both the catalysts (SrNiO3 and CeNiO3) but SrNiO3 showed
more deactivation than CeNiO3, as demonstrated by deactivation factors. The catalyst deactivation
is mainly attributed to carbon deposition and these findings are verified by characterizing the
spent catalysts.

Keywords: perovskites; strontium; cerium; hydrogen; sintering; carbon deposition

1. Introduction

Dry, or carbon dioxide reforming of methane (DRM) has gained attention in recent
decades, mainly due to the fact that DRM consumes prevalent greenhouse gases i.e.,
methane and carbon dioxide to produce synthetic gas, which serves as an important
raw material for liquid hydrocarbon formation [1–8]. Hence, DRM offers two benefits:
(a) conversion of major greenhouse gases into a value-added product, and (b) the DRM
product, i.e., syngas, offers equimolar H2 and CO, which results in hydrocarbon production
via Fischer–Tropsch (FT) synthesis [9–13]. The catalytic activity and stability are mainly
dependent on the choice of a suitable catalyst [14]. Non-noble-metal-based catalysts,
particularly transition-metal-based catalysts including catalysts of Ni, and Co, are mostly
studied for DRM since these catalysts offer advantages such as their abundance, quick
turnover rates, and low cost [15–18]. The bottlenecks associated with Ni-based catalysts
include the loss of active metal surface area due to sintering and carbon formation during
DRM which results in catalyst deactivation and also influences the selectivity of the syngas
produced [19].

Generally, the basic supports or promoters, such as CeO2, La2O3, and Sr2+, have
demonstrated better catalytic activity and enhanced chemisorption of CO2 than acidic
supports. Many researchers have reported that ceria and its modified supported catalysts
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provide a promising platform for endothermic DRM processes due to their basicity, to
promote CO2 adsorption, and their high oxygen storage capacity/oxygen vacancy for CO2
activation or the gasification of different kinds of carbon precursors [20–23]. Perovskites
have shown excellent performance in catalytic and photovoltaic industries and Ni-based
perovskites are favored for DRM as perovskites offer high metal dispersion and thermal
stability [24,25]. The perovskites in which the B-site cation is replaced with transition metals
such as Ni need to be researched in depth [26,27]. Generally, several factors contribute to
the catalytic performance of a perovskite [28], (a) the choice of element(s) for B-site cation,
(b) controlling vacancy and valency through the proper selection of A-site element(s)
and/or partially substituting companion metal(s), (c) high dispersion obtained due to the
formation of fine particles, which leads to higher specific surface area, (d) the synergy
between A-site and B-site elements.

Ren et al. [29] investigated the role of an Mo2C-Ni/ZrO2 catalyst in the steam–CO2
dual reformation of methane and found the catalyst exhibited high catalytic activity (~75%
CH4 conversion) and unexpected coke-resistant stability, as evidenced by TGA, even after
30 h time-on-stream. In other research, LaBO3 (B = Ni, Fe, Co, and Mn) perovskites were
studied for the reduction in pollution from vehicles fueled with natural gas [30]. Moreover,
the effect of adding Pd to LaBO3 perovskites on oxidation activity performance showed
that a smaller amount of Pd contributes to improving not only lattice oxygen mobility, but
also enhances the reducibility of the B-site in LaBPd0.05O3 perovskites. Hence, Pd addition
significantly enhanced catalytic activity of the perovskites.

Messaoudi et al. [31] studied the role of bulk LaxNiOy and supported LaxNiOy/
MgAl2O4 catalysts in DRM and found that the supported catalysts exhibited higher nickel
dispersions and specific surface areas. These factors contributed to enhanced activity and
stability, with minimal carbon formation during a 65 h time-on-stream. They also discov-
ered that the supported catalysts had intact metallic nickel active sites after a long-term
stability test, as verified by XRD results. The study of the impact of catalyst preparation
methods, gas hourly space velocity, and reaction temperatures on catalytic performance
of ternary perovskites AZrRuO3 (A = Ca, Ba, and Sr) revealed that the SrZrRuO3 cata-
lyst exhibited the highest conversion and best stability among the tested perovskites [32].
Wang et al. [33] utilized perovskite (La2O3-LaFeO3) as the support to load Ni and Co to
synthesize bimetallic catalysts, to explore their performance in DRM. The loading of a
suitable amount of Co increased the catalytic activity and suppressed carbon deposition,
which is attributed to the crystalline structure of the perovskite.

In this work, SrNiO3 and CeNiO3 perovskites were synthesized and investigated
for CO2 reformation of methane. The activity performance in terms of CH4 and CO2
conversions and the catalyst durability, i.e., activity as function of time, are specifically
elucidated herein. Overall, the aim of the study is to provide insights into the replacement
of cerium with strontium and their respective responses to perovskite activity and stability
under reforming conditions. The catalysts were characterized before and after activity and
stability tests to understand and discuss the catalytic findings in relation to analysis results.

2. Materials and Methods

2.1. Preparation of SrNiO3 and CeNiO3 Nanocrystals

Nanocrystals of SrNiO3 and CeNiO3 were synthesized by the self-combustion method
using metallic nitrates and glycine as a precursor. Firstly, 1 mmol Ce(NO3)3·nH2O (Sigma
Aldrich, St. Louis, MO, USA—99.9%), 1 mmol Ni(NO3)2·6H2O (Sigma Aldrich, St. Louis,
MO, USA—99.9%), and 1 mmol Sr(NO3)2 were separately dissolved in 100 mL deionized
water. The solutions of Ce/Sr and Ni were mixed in a 1:1 ratio to obtain a clear and
homogeneous solution. Then, glycine (purity 99.5%), used as an ignition promoter, was
added to the metal nitrate solutions (glycine:metal ions ≈ 1). The mixtures were thoroughly
stirred by a magnetic mixer to eliminate the water at 60–70 ◦C until a homogeneous sol-like
solution was formed. The gel was heated up to around 250 ◦C, at which temperature the
ignition reaction occurred, producing a powdered precursor which still contained some
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carbon residue. Finally, the powders were calcined in air at 700 ◦C for 6 h to eliminate the
remained carbon, resulting in the formation of the perovskite structure.

2.2. Catalyst Analysis

The thermogravimetric curves (TG-DTG) of the dried precursors, from ambient tem-
perature to 1000 ◦C under nitrogen flow (100 mL min−1) at a heating rate of 20 ◦C min−1,
were recorded on Mettler-Toledo TGA/SDTA851e thermal analyzer, (Schwerzenbach
Switzerland). All techniques mentioned below were employed on calcined powders.
X-ray reflection patterns from 10–80◦ at a scan rate of 0.2◦ min−1 were recorded on a
Shimadzu XRD-6000 diffractometer (Columbia, MD, USA) with monochromatic radiation
of CuK (λ = 1.5406 Å). The specific surface area was measured by nitrogen adsorption on a
Quantachrome NOVA 2000e BET system (Boynton Beach, FL, USA) and the pore size was
measured by the BJH method. Temperature programmed reduction (TPR) experiments
were carried out on a semiautomatic Micromeritics 2920 apparatus (Norcross, GA, USA).
Samples of about 30 mg were placed in a U-shaped quartz tube, first purged in a synthetic
air stream of 50 mL min−1 at 300 ◦C for 1 h and then cooled to ambient temperature.
Reduction profiles were then recorded by passing a 10% H2/Air flow over the samples at
a rate of 25 mL min−1, while heating at a rate of 10 ◦C min−1 from ambient temperature
to 900 ◦C. Temperature programmed oxidation (TPO) was performed on the catalysts
after the dry reforming stability tests, using the same instruments with which the TPR
was performed, to verify the carbon formation. Transmission electron microscopy (TEM)
was carried out using a JEOL JEM-1011 microscope (Tokyo, Japan)with an accelerating
voltage of 80 kV. The samples were then placed in a copper grid where the liquid phase
was evaporated. They were then used to analyze the morphology of the fresh and used
catalysts for the estimation of deposited carbon.

2.3. Catalyst Activity Measurements

The dry reforming of methane was carried out in a tubular fixed-bed stainless steel
reactor (i.d. 10 mm, catalytic bed length 3 mm) coupled to a gas chromatograph (Shimadzu
HP5890 series II, Kyoto, Japan) with a thermal conductivity detector. The reaction condi-
tions were: 700 ◦C, 0.05 g of catalyst, a gas mixture CH4:CO2:N2 (30:30:10, 70 mL/min), a
space velocity of 84,000 mLgcat.

−1h−1, and at 1 atm pressure. Prior to the catalytic activity
tests, the catalysts were reduced in a 10% H2/N2 mixture (40 mL/min) at 700 ◦C for
120 min. Then, the H2 flow was replaced by a He flow (60 mL/min), and the system was
heated (10 ◦C/min) to the reaction temperature. Stability runs were carried out at 700 ◦C
for periods of 440 min time-on-stream. The products of reactions were analyzed on-line by
a VARIAN GC 3800 gas-chromatograph (Varian, Santa Clara, CA, USA), equipped with two
thermal conductivity detectors and columns packed with Porapak N and 13X Molecular
sieves (Varian, Santa Clara, CA, USA). The reproducibility of the gas phase composition
was checked in replica experiments. In most experiments, the error was within 5%.

3. Results and Discussion

3.1. Characterization of As-Synthesized Catalysts
3.1.1. Thermal Decomposition of Precursors

Figure 1 shows the TG and DTG thermal decomposition curves of the precursors which
are used to determine the final calcination temperature for the formation of crystalline
products. Figure 1 shows that during the decomposition process, many phases are formed,
but overall CeNiO3 exhibits a two step, and SrNiO3 a three step, decomposition. For
CeNiO3, the weight loss (~8%) started slowly at about ~75 ◦C, reached a maximum rate at
~150 ◦C (T1) and was finally completed at ~300 ◦C. The weight loss below this temperature
was caused by the removal of the water left over from crystallization and the release of
gases. The weight loss (~21%) from 300 to 550 ◦C with a maximum rate at 420 ◦C (T2 in
DTG curve), may be regarded as a result of the decomposition and burning of the remaining
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organic matter. Further heating caused negligible weight loss with the release of minute
gaseous products in the form of CO2 and formation of the perovskite phase.

  
(a) (b) 

Figure 1. TG-DTG curves versus temperature of SrNiO3 and CeNiO3 perovskites.

On the contrary, for SrNiO3, three step decomposition was observed at different
intervals of temperature. The initial weight loss below 125 ◦C was attributed to the loss of
water and some adsorbed gases. The other two steps of decomposition were attributed
to the combustion of organic matter present in the precursor. Therefore, from the TG-
DTG curves of the fabricated samples, it can be inferred that the perovskite phase forms
above 700 ◦C.

3.1.2. X-ray Diffraction (XRD)

The XRD profiles of the as-synthesized SrNiO3 and CeNiO3 perovskites are presented
in Figure 2. Upon analyzing diffraction data using MDI Jade® software (version 6.5,
Materials data Inc., Newtown Square, PA, USA), it was found that diffraction peaks
corresponding to 2θ values of 28.6◦, 33.2◦, 37.3◦, 43.3◦, 47.5◦, 56.4◦, 62.9◦, 69.5◦, and 76.7◦
are assigned to crystal planes (111), (200), (111), (200), (220), (111), and (110) of CeNiO3,
respectively [34,35]. The peaks appearing at 2θ = 28.6◦, 33.2◦, 47.5◦, and 56.4◦ are related
to cubic CeO2 corresponding to crystal planes (111), (200), (220), and (311), respectively
(JCPDS 81–0792). The peaks observed for cubic NiO were found to be at 2θ = 37.3◦, 43.3◦,
and 62.9◦, corresponding to crystal planes (111), (200), and (220), respectively (JCPDS
75–0197). Additionally, peaks ascribed to SrO and SrCO3, as labelled in Figure 2, are also
observed for SrNiO3 perovskite [36].

3.1.3. Textural Properties

Table 1 shows the BET surface areas and pore parameters for CeNiO3 and SrNiO3
perovskites. The observed values of 20.7 m2/g (CeNiO3) and 12.2 m2/g (SrNiO3) are rather
low and similar to those previously reported for perovskite-type oxides calcined at 800 ◦C,
which is higher than is generally reported in the literature (below 10 m2/g) for this type of
material [37]. It is observed that the surface area of CeNiO3 catalyst is higher (20.7 m2/g)
than SrNiO3 catalyst (12.2 m2/g). A similar trend is also observed for pore volume. Hence,
CeNiO3 is expected to show higher activity than SrNiO3.
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Figure 2. XRD patterns of SrNiO3 and CeNiO3 perovskites.

Table 1. DTG decomposition temperatures of SrNiO3 and CeNiO3 perovskites.

Perovskite T1 (◦C) T2 (◦C) T3 (◦C)

CeNiO3 150 420 -
SrNiO3 125 390 570

3.1.4. Morphological Study (TEM) of Fresh Perovskites

The morphology of as-synthesized SrNiO3 and CeNiO3 perovskites was analyzed
by using Transmission Electron Microscopy (TEM), and microscopic images of all the
fresh, reduced, and used catalysts are shown in Figure 3. The analysis of TEM images was
performed using ImageJ® software (version 1.5, National Institutes of Health, Bethesda,
MD, USA). The spherical particles were found to have average sizes varying from 5 to
34 nm, and 13 to 24 nm for fresh CeNiO3, and SrNiO3 perovskites (Figure 3a,d), respectively,
which increased slightly to 8–45 nm and 16–39 nm for CeNiO3, and SrNiO3 perovskites
(Figure 3b,e), respectively, after reduction, indicating negligible sintering after activation.

3.1.5. Temperature-Programmed Reduction (TPR)

Temperature-programmed reduction or TPR is a handy tool to analyze the reducibility–
metal-support interaction and to find the reduction or activation temperature required
to generate metallic particles prior to catalytic reaction. The reduction profiles shown
in Figure 4 indicate the variation in reducibility and metal–support interaction when Ce
is replaced with Sr. The small reduction peak, below 150 ◦C for the CeNiO3 catalyst is
related to the reduction in adsorbed oxygen species. Reduction peaks appearing between
200 and 500 ◦C correspond to the reduction of Ni3+ to Ni2+, while the small shoulders at
higher temperatures (>500 ◦C) are attributed to the reduction of Ni2+ to Ni0 [38,39]. On
the contrary, significant changes in the reduction peak temperatures (~245 and 345 ◦C)
were observed for SrNiO3. Additionally, the three-fold decrease in peak height of SrNiO3,
when compared to CeNiO3, indicates that number of reducible species was suppressed by
the replacement of Ce with Sr. This was also evident from the total amounts of hydrogen
consumed during TPR (Table 2). The degree of reduction was significantly lower in SrNiO3
(50.6%) than CeNiO3 (Table 2), which can be attributed to poor dispersion of Ni within the
SrNiO3. The reduction in both CeNiO3 and SrNiO3 can be expressed as (CeNiO3 + H2 →
Ni0 + CeO2 + H2O) and (SrNiO3 + 2H2 → Ni0 + SrO + 2H2O). The role of these findings in
influencing the catalytic activity is discussed in Section 3.
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Figure 3. TEM images of (a) fresh CeNiO3, (b) reduced CeNiO3, (c) used CeNiO3, (d) fresh SrNiO3,
(e) reduced SrNiO3, and (f) used SrNiO3.

Figure 4. H2-TPR profiles of SrNiO3 and CeNiO3 perovskites.
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Table 2. Textural properties and deactivation factors of SrNiO3 and CeNiO3 perovskites.

Perovskite
SBET

(m2/g)
Pore Volume

(cm3/g)
Pore Size

(nm)
Deactivation
Factor (%) a

Total Hydrogen Consumption
(mmol/g) b

Degree of
Reduction (%) c

CeNiO3 20.7 0.162 30.1 7.7 1.11 90.5
SrNiO3 12.2 0.026 9.3 64.7 0.84 50.6

a Deactivation Factor (D.F., %) = 100 × (CH4 conversioninitial − CH4 conversionfinal)/(CH4 conversioninitial); b from TPR; c the ratio of
amount of hydrogen consumed in TPR to the theoretical amount of hydrogen required to completely reduce the catalyst.

3.2. Catalytic Performances

The as-synthesized SrNiO3 and CeNiO3 perovskites were investigated for their cat-
alytic performance at 700 ◦C. Due to the fact that the dry reforming reaction requires
metallic nickel crystallites as active sites, all the perovskites were reduced under a hydro-
gen atmosphere prior to the reaction study. The activity results, in terms of CH4 and CO2
conversions as a function of time, are shown in Figure 5a,b, respectively. From Figure 5a,
it is evident that CeNiO3 deactivates over time, despite displaying relatively higher CH4
conversion. CeNiO3 demonstrates an initial CH4 conversion of 54.3% which reaches 50.1%
after 440 min time-on-stream, resulting in deactivation factor of 7.7% (Table 2). Strontium
incorporation clearly influences CH4 conversion, as initial conversion decreased from
54.3% (CeNiO3) to 22% (SrNiO3). Interestingly, significant deactivation is observed for
the strontium incorporated perovskite (SrNiO3) and hence a deactivation factor of 64.4%
is found for SrNiO3 (Table 2). The deactivation of the catalysts and the factors behind it
are analyzed by characterizing the spent catalysts, as discussed in Section 3.3. A similar
trend was found in Figure 5b for CO2 conversions versus time-on-stream. Initial CO2
conversions of 64.8 and 34.7% were demonstrated by CeNiO3 and SrNiO3, respectively,
which reached final conversions of 58 and 11.5%, respectively. It is also worth observing
from Figure 5 that CO2 conversions are higher than those of CH4. This result implies the
simultaneous existence of the reverse water-gas shift reaction (CO2 + H2 → CO + H2O) that
generates H2/CO molar ratios lower than the stoichiometric one (H2/CO = 1.0) due to the
fact that hydrogen consumes CO2 and CO in a disproportionation or Boudouard reaction
(2CO → CO2 + C). A separate section is dedicated to the discussion of catalytic activity
results in relation to their analysis findings in Section 3.4.

Figure 5. (a) CH4 conversion, and (b) CO2 conversion versus time-on-stream (TOS) of SrNiO3 and CeNiO3 perovskites.
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3.3. Characterization of Spent Perovskites

The perovskites, after being investigated for dry reforming reaction, were further
analyzed to understand their catalytic performance results. CeNiO3 showed deactivation
while all the perovskites showed CO2 conversions higher than CH4 conversions (Figure 5),
which gave rise to side reactions such as reverse water-gas shift and CO disproportiona-
tion. The perovskites were then analyzed using temperature-programmed oxidation and
transition electron microscope to assess the modifications to perovskites during reaction.

3.3.1. Temperature-Programmed Oxidation (TPO)

In order to verify the possibility of carbon deposition over the surface of the per-
ovskites, TPO analysis was carried out after the reforming reaction. Figure 6 presents
the TPO results of the SrNiO3 and CeNiO3 perovskites. Both of the perovskites showed
one broad peak in the temperature range of from 170 to 550 ◦C. The peak maximum
temperatures are ~320 and 335 ◦C for SrNiO3 and CeNiO3, respectively. These peaks
were attributed to the polymeric species of carbon deposited and/or less reactive surface
carbides formed during the reaction, as reported earlier [40,41]. The peak temperatures
correspond to the degree of hydrogenation of surface carbon species and the surface carbon
changing to be graphitic in nature as the peak temperature increased. It is evident from
peak temperatures that both perovskites have shown the formation of mainly polymeric
carbon species and that their interaction with the catalyst surface changes, becoming
stronger with strontium replacement by cerium, as demonstrated by the increase in peak
temperatures from 320 to 335 ◦C. It could also be observed that cerium oxide played a
role in controlling the carbon deposition, carbon alleviation and the degree of interaction
between carbon and the catalyst surface.

Figure 6. TPO profiles of SNiO3 and CeNiO3 perovskites.

3.3.2. Transition Electron Microscopy (TEM)

To further verify the causes of deactivation or modification of the perovskites during
the reforming reaction, transition electron microscopic analysis was carried out. The TEM
images in Figure 3c,f show particle sizes of 10–70 nm and 25–77 nm for CeNiO3 and SrNiO3
spent catalysts, respectively. The TEM results manifest the formation of carbon over spent
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catalysts as well as noticeable agglomeration of the perovskite particles. Hence, sintering
also contributes to the deactivation of SrNiO3 and CeNiO3. These findings are discussed
below in Section 3.4.

3.4. Discussion

The as-synthesized perovskites were analyzed prior to reaction to predict their per-
formance during reaction. TG-DTG data show that the precursors were converted into
perovskite after being calcined at the temperatures demonstrated by the DTGs (Figure 1
and Table 1). Both SrNiO3 and CeNiO3 perovskites were formed when they were calcined
at 700 ◦C. XRD diffraction patterns (Figure 2) have shown the existence of perovskite
structure and oxides of nickel and cerium along with oxide and carbides of strontium. The
textural properties (Table 2), analyzed using nitrogen adsorption-desorption isotherms,
demonstrated specific surface areas of 12.2 and 20.7 m2/g (SrNiO3 and CeNiO3, respec-
tively). Morphological analysis using TEM (Figure 3) displayed spherical particles with
different sizes as strontium is replaced with cerium. The TPR profiles (Figure 4) aimed to
find out the reduction behavior of the perovskites and it was evident that the reduction in
oxides of nickel was easier for CeNiO3, while it became difficult in the case of SrNiO3 which
is in agreement with the TG-DTG results (Figure 1). Based on the analyses of perovskites
prior to the reforming reaction, it was inferred that CeNiO3 exhibited a higher specific
surface area, number of reducible species, and a wider range of particle sizes in comparison
with SrNiO3. Hence, CeNiO3 perovskite was expected to show higher activity which was
evidenced by CH4 and CO2 conversions (Figure 5). It is well known that the dry reforming
reaction mechanism needs adsorption of reactants on the active sites, which then dissociate
and react to give products, followed by product desorption [4]. Metallic nickel is the main
active site for CH4 adsorption. From catalyst activity results, it was found that SrNiO3
showed a decrease in both CH4 and CO2 conversions which can be attributed to the loss
of nickel active sites due to agglomeration during calcination, and/or the covering of
nickel with strontium oxide or carbonate. From the TPR and TEM images, it can be seen
that SrNiO3 has higher reduction temperatures and there is evidence of sintering during
calcination. Similarly, the XRD patterns show that clear peaks of oxides and carbonates
of strontium are found for SrNiO3 perovskite, which supports the hypothesis that nickel
active sites are covered.

Figure 5 also shows the activity results as a function of reaction time which is asso-
ciated with the durability of the perovskites. It is evident that both perovskites showed
deactivation over time, which can be attributed to both sintering and carbon deposition,
as evidenced by the TPO and TEM images of the spent catalysts. The extent of the sinter-
ing is almost the same for both perovskites during DRM. This suggests that the carbon
deposition resulted from methane decomposition, which is a prevalent side reaction at
high reaction temperatures and is considered to be the main cause of deactivation. This
is in agreement with the TPO results, where it is evident that carbon gasification over the
surface of CeNiO3 requires a higher temperature when compared to SrNiO3. Moreover,
CO2 conversions for CeNiO3 are higher than for SrNiO3 which implies that the oxidative
environment suitable for carbon gasification is predominant in CeNiO3, suggesting easier
carbon removal and no deactivation in this catalyst. Rynkowski et al. [42] investigated
DRM in reduced La2−xSrxNiO4 perovskite oxides and concluded that the smaller amounts
of strontium exhibited less activity and more stability when compared to strontium-free
catalysts. Choudhary et al. [43] also studied the influence of the partial substitution of La
and Ni in LaNiO3 perovskites and found that catalytic activity is lost after La is partially
substituted by Sr in LaNiO3 perovskite.

4. Conclusions

This study investigated the activity and stability performance of SrNiO3 and CeNiO3
perovskites for DRM. The analysis results of CeNiO3 prior to the reaction revealed well-
dispersed nickel nanoparticles over the catalyst’s surface, enhanced number of reducible
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species, and higher specific surface areas and pore volumes, which remained key factors in
influencing both catalytic activity and durability. The CeNiO3 perovskite demonstrated
higher CH4 and CO2 conversions as compared to SrNiO3 but both perovskites deactivated
over time. Lower activity in the case of SrNiO3 reveals the fact that nickel active sites
are covered with strontium carbonates, which is in agreement with previously reported
results. The analyses of the perovskites after reaction assisted in locating the cause of
deactivation. Though all perovskites showed significant sintering, it was not considered to
be the main cause of deactivation as SrNiO3 showed more deactivation despite a similar
extent of sintering. Hence, carbon deposition, as evidenced by the TEM and TPO images
of spent perovskites, was the main deactivation factor. The investigation of recyclability,
reactivation of the developed catalyst system, and the role of strontium combined with
Ce-based perovskites are planned for future work.
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Abstract: A BiF3 powder sample was prepared from the purchased Bi2O3 powder via the precipi-
tation route. The photocatalytic performance of the prepared BiF3 powder was compared with the
Bi2O3 powder and recognized as superior. The prepared BiF3 powder sample was added in a plaster
of Paris (POP) matrix in the proportion of 0%, 1%, 5%, and 10% by wt% to form POP–BiF3(0%),
POP–BiF3(1%), POP–BiF3(5%), and POP–BiF3(10%) composite pellets, respectively, and activated the
photocatalytic property under the UV–light irradiation,in the POP. In this work, Resazurin (Rz) ink
was utilized as an indicator to examine the photocatalytic activity and self-cleaning performance of
POP–BiF3(0%), POP–BiF3(1%), POP–BiF3(5%), and POP–BiF3(10%) composite pellets. In addition
to the digital photographic method, the UV–visible absorption technique was adopted to quantify
the rate of the de-colorization of the Rz ink, which is a direct measure of comparative photocatalytic
performance of samples.

Keywords: BiF3 nanostructure; POP composite; photocatalyst; Rz ink

1. Introduction

Recent development has focused on creating newly sustainable, low-cost photocat-
alytic materials with a superior performance than the traditional semiconductor photo-
catalysts such as TiO2 and ZnO for self-cleaning applications [1]. In this direction, a huge
potential is observed for the Bi-based semiconductors and their complexes [2–11]. This
group of materials possess a direct band gap of a wide range from 2.5 eV to 3.2 eV and is
severally reported for the fast rate of the creation of photo-induced charge carriers [12,13].
Moreover, most of all the Bi-based compounds show layered structures with polar surfaces
and are found responsible for accelerating the separation of photo-generated carriers;
consequently, reducing the recombination efficiency and showing a better photocatalytic
activity even under the exposure of low intensity of light irradiation [13–17]. Among them,
Bi2O3has been studied extensively and found to be superior photocatalytic, highly photo-
conductive, and nontoxic in nature, having a narrow band gap of about 2.8 eV [15,16,18].
Bi2O3 has four kinds of polymorphs which are designated as α for the monoclinic structure,
β for the tetragonal structure, γ for the body-centered cubic structure, and δ is for the
face-centered cubic structure [19,20]. In several cases, Bi2O3has been reported for dye
degradation, the photosynthesis of organic compounds, and water splitting for hydrogen
generation [21–23]. To enhance the photocatalytic performance further, the structure and
the surfaces of the Bi2O3 compound are tailored extensively. For example, the β phase of
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Bi2O3 is doped with Ti, which improves the photocatalytic activity comparatively [24]. In
some cases, Bi2O3 has been further modified to form Bi2O3-based complexes with several
other materials to create heterojunctions, which further supported the creation and separa-
tion of the photo-induced charge carriers in the heterointerface [25–28]. In previous reports,
Singh et al. demonstrated the modification of Bi2O3 or Bi-based compounds through
halogenations which lead to the formation of BiOCl and BiOF compounds, respectively,
with a huge advancement in photocatalytic and self-cleaning properties [29,30].

Similarly, in the present work, Bi2O3 powder is used as the initial material and
processed further with HF treatment and completely modified into the β phase of BiF3.
Usually, BiF3 exists in two structures, cubic and orthorhombic, depicted as the α phase
and β phase, respectively [31]. The α phase of BiF3 and its applications are reported most
commonly for simple synthesis methods and low cost with high photo-activity [32–34].
In a reported research work by Chenkai Feng et al., the α phase of the BiF3 sample is
prepared and then the photocatalytic performance is compared with the commercially
available TiO2 powder sample [32]. Interestingly, the α phase of BiF3 is found 2.1 times
superior to the TiO2 powder sample [32]. However, the preparation and applications of
BiF3 having β phase are less explored. Therefore, in this work, after the preparation of the
β phase of BiF3, we analyzed its photocatalytic property and compared it with the initially
purchased Bi2O3powder. In order to explore the possible utilization of BiF3 for commercial
application, it is important to look into a sustainable strategy. One of the methods could be
in composite paints and coatings. BiF3 can be physically mixed with any well-known and
widely used materials, such as cement-based paints and other ceramic coatings. Plaster
of Paris is known for the aesthetics and decoration material. It is also used in medicine to
make casts for broken bones. To explore photocatalysis-based effects in plaster of Paris, it
may be used for air cleaning as well as antibacterial properties. Hence, BiF3 embedded in a
plaster of Paris (POP) matrix is fabricated by varying the BiF3 amounts from 0% to 10 wt%.
Further, these POP-BiF3(%) compositions are tested for the photocatalytic response on
Resazurin (Rz) ink. Rz ink is used as a prototype carcinogenic pollutant and an indicator of
photocatalytic performance.

2. Materials and Methods

In the process of making POP-BiF3(%) composites, first, we prepared the powder of the
BiF3 sample. We obtained a precipitation technique to prepare the BiF3 sample. The fixed
amount (5 g) of pure Bi2O3 powder of AR grade (Hi-media, ≥99%) was dissolved in the
hydrofluoric (HF) acid (Qualikems 40%, Vadodara, India) solution (30 mL) and stirred for
30 min. Under the stirring with HF solution, the yellow color of Bi2O3 gradually changed
into white-color powder. The product of white powder was washed in distilled water
several times followed by acetone and dried at 80 ◦C for 24 h in a vacuum oven. A fraction
of the sample was collected for testing, named sample Bi2O3-HF-1. Again, the remaining
product of white powder of Bi2O3-HF-1 sample was dissolved in the concentrated HF
solution and stirred for 30 min. The output product obtained after the second treatment
from HF solution was followed with the same procedures of washing, filtering, and
drying as for the sample Bi2O3-HF-1, and we procured the test sample2 named as sample
Bi2O3-HF-2. Similarly, a test sample3 was procured and named as sample Bi2O3-HF-3 for
further testing.

Next, by using the Bi2O3-HF-3 powder sample, we prepared POP-BiF3(%) composite
pellets. In the composites, we maintained the concentration of Bi2O3-HF-3 powder in the
POP matrix in accordance with 0, 1, 5, and 10 by wt%. With respect to each composition of
POP-BiF3(%) composites, the calculated amount of Bi2O3-HF-3 powder sample and POP
were mixed rigorously to prepare a homogeneous mixture, separately. The paste of each
mixture of different POP-BiF3(%) composites was obtained by adding an equal amount of
distilled water. Individually, the paste of different POP-BiF3(%) composites was transferred
into cylindrical molds of 20 mm diameter and 10 mm height to prepare the pellets of each
composition, respectively. Finally, the pellets were left to naturally dry fortwo days.
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The structural analysis of Bi2O3, HF-treated Bi2O3 test samples, and POP-BiF3(%)
composite pellets was performed through X-ray diffraction (XRD) (Rigaku), having 9 kW
rotating anode and Cu Kα source. Microstructure analysis was obtained from FE-SEM
(Inspect™S50). Optical property and photocatalytic performance were tested via UV–
visible spectrophotometer of double beam (Thermo Scientific, Evolution 220, Waltham,
MA, USA). In addition, to carry out the photocatalytic reaction, we used a box inbuilt with
a lamp (Hitachi FL8BL-Blight) as a UV light source having maximum emission ~355 nm
wavelengths. The distance between the lamps and the samples was adjusted such that the
intensity falling on the samples was maintained at about ~3200 lx.

3. Results and Discussion

The systematic XRD results of Bi2O3 and the samples obtained from the successive
fluorination of Bi2O3 via HF solution are shown in Figure 1. The step-wise fluorinated
samples are denoted as Bi2O3-HF-1, Bi2O3-HF-2, and Bi2O3-HF-3, respectively. XRD of
the purchased Bi2O3 sample was compared with the JCPDS file no 76–1730 and matched
with the monoclinic phase. XRD results of the Bi2O3-HF-1 sample revealed that after the
1st washing of Bi2O3 powder, new diffraction peaks appeared in the X-ray diffraction
pattern. A set of these new diffraction peaks was related to the intermediate phase of
Bi1.2F2.4O0.6(PDF-36-0457), which are marked as ‘*’. The other set of remaining peaks with
less intensity belongs to the orthorhombic structure of BiF3 (PDF-70-2407). XRD results of
the Bi2O3-HF-2 sample for a 2nd consecutive washing of the Bi2O3 powder showed the
relative increase in the intensity of diffraction peaks belonging to the BiF3 (PDF-70-2407)
phase structure at the expense of the diffraction peaks belonging to an intermediate phase
of Bi1.2F2.4O0.6 (PDF-36-0457), relatively. The almost pure phase of BiF3 (PDF-70-2407)
appeared after the 3rd consecutive washing of Bi2O3 powder in addition to a very small
quantity of an unidentified impure phase which is marked as ‘#’. Thus, multiple washing
of Bi2O3 powder through the concentrated HF solution led towards the formation of the
almost pure orthorhombic structure of the BiF3 powder sample.

Figure 1. X-ray diffraction patterns of purchased Bi2O3 and Bi2O3 after three successive HF treat-
ments depicted as Bi2O3-HF-1, Bi2O3-HF-2, Bi2O3-HF-3, and Bi2O3-HF-4, respectively.

Only a few solution techniques have been used for the formations of various phases of
the BiF3 sample through different methods. For example, Feng et al. reported the formation
of BiF3 (JCPDS: 51-0944) by a simple water-bath method, where they kept the molar ratio of
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Bi and F above 1:3, otherwise the impurity of Bi2O3 and BiOF remained present [32]. In this
method, the constituent of Bi was obtained from Bi2O3 while the element of F was attained
from the NH4F solution [32]. Zhao et al. reported the evolution of the BiF3 nanocrystals
in various shapes from monodispersed nano-plates to nano-rods and then to nanowires
via the novel acid–base couple extraction route and tuning the molar ratio of F vs. Bi [31].
Sarkar et al. used Poly (vinyl pyrrolidone) (PVP) for the encapsulation and formation of
cubic nanocrystals of BiF3 via the hydrothermal method [35]. In another method, by using
a novel ion-exchange approach, Kan et al. produced pure BiF3 (JCPDS: 73-1988). Here,
the NH4F solution was used for the constituent of F while BiOCl was utilized to attain the
element of Bi in accordance with the molar ratio (RF = F/Bi) of 8:1 [36]. Below to the molar
ratio of 8:1 (RF), the final product consisted of a small amount of Bi7F11O5 as an impurity
phase [36].

Contrary to the above reported studies, in the present method, the ratio of O/F was
controlled via a chemical bath of Bi2O3 in a concentrated HF solution. The constituent of
Bi was extracted from the powder of Bi2O3, while for the element of F in a concentrated
HF solution was utilized. Bi2O3 powder was washed several times from the concentrated
HF solution, which may have led to two types of products, as follows in the reaction
mechanisms one and two given below:

2Bi3+ + 6F− → 2BiF3→ (Concentrated HF) (1)

2Bi3+ + 2H2O + 6F−→2BiOF↓ + 4HF (Diluted HF) (2)

Multiple washing from HF solution increased the constituent of F and led towards the
formation of BiF3 from Bi2O3 powder. Normally, if the Bi2O3 powder is washed from the
concentrated HF solution, the positively charge Bi3+ ion reacts with F− ion and forms BiF3
and follows reaction mechanism one. However, in the HF solution, some water content
always remains present; therefore, in the case of the 1st washing, some of the Bi2O3 powder
converted into BiF3 according to reaction mechanism one, while some of the Bi2O3 powder
reacted with HF as well as the water content, followed reaction mechanism2 and formed
an intermediate product of the BiOF family, which was recognized as BiO0.51F1.98 in the
present case. Further, the 2nd and 3rd washing provided more and more F− ion in the
solution which again reacted with the intermediate product of BiO0.51F1.98 and converted
it to the final product of the BiF3 sample. Multiple washing and high concentrations of
HF increased the F concentration in the O/F ratio and led toward the cubic-αBiF3 phase
(PDF-073-1988) from the Bi2O3 powder.

Further, the BiF3 powder was investigated for its photocatalytic performance and
compared with the Bi2O3 powder sample. A total of0.05 g powder of both Bi2O3 and
BiF3were sonicated in 50-50 mL water solutions of the hazardous dye of Methylene blue
(MB), separately, as test solutions. Before the photocatalytic investigation of Bi2O3 and BiF3
samples, to neglect the effect of the adsorption–desorption of the dye over the surfaces of
these powders, first both the test solutions of Bi2O3 and BiF3 in MB were sonicated under
dark for a 30 min duration to achieve the adsorption–desorption equilibrium. Then, both
the test solutions were transferred under the UV light irradiation of a 355 nm wavelength.
To probe the photocatalytic activity of the Bi2O3 and BiF3 powder samples, 1-1 mL of
the MB was collected in a separate Eppendorf from both the test solutions at fixed time
intervals. Finally, the absorption study of the collected samples was carried out by using a
UV–visible spectrophotometer. After the fixed time of reaction, both the solutions were
sonicated for five minutes to maintain the homogeneity and, then, 1-1 mL of the MB was
collected. Each collected sample was centrifuged to remove the segregated residual from
the solutions. At last, the photocatalytic decomposition of MB for each collected sample
from both the set of solutions immersed with Bi2O3 and BiF3 powders were tested from
UV–visible spectroscopy, respectively.

The adsorption–desorption reaction analysis for both the samples under the dark envi-
ronment showed an insignificant change in the concentration of MB solutions (absorbance
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results probed by UV–visible spectroscopy is not shown here). After adsorption–desorption,
the photolysis and photocatalytic results of decomposition, as well as the kinetic rate of
the decomposition of MB solutions under UV exposure, were plotted and represented
in Figure 2a–c. The decomposition of the MB solution probed via absorbance data of
UV–visible spectroscopy confirmed a fast degradation of MB solution for the BiF3 powder
sample as compared to the Bi2O3 powder. For comparison purposes, and to remove the
artifacts during the photocatalytic reaction, the photolysis of the blank MB solution was
obtained for the same parameters and for the same time scale as maintained for the photo-
catalytic decomposition of MB solutions for the Bi2O3 and BiF3 powder samples. A control
reaction of photolysis of blank MB solution under the exposure of 355 nm light radiation
showed a negligible change in the concentration. In Figure 2d,e, the Co stands for initial
concentration, while Ct represents the time-dependent concentration of the MB solution
after the photocatalytic decomposition. Using the parameters Co and Ct and their relation
with time, i.e., ln(C/Co) = kf t, the decomposition rate constant of MB solutions due to the
photocatalytic reaction for both the powder samples were calculated and compared. Here,
kf represents the rate constant of photocatalytic reactions, which was calculated as 0.0011
and 0.0103 min−1 for the Bi2O3 and BiF3 powders, respectively. Thus, the photocatalytic
degradation of the BiF3 powder sample was confirmed to be multiple times higher than
the Bi2O3 powder sample. A comprehensive study of photocatalysis is shown in Table 1.

Figure 2. Absorption vs. wavelength spectra for (a) the photolysis of Methylene blue (MB), and the
photocatalysis of MB under the exposure of UV light of 355 nm wavelength due to (b) Bi2O3powder
and (c) BiF3 powder (d) respective C/Co vs. time plots, and (e) ln(C/Co) vs. time plots to obtain the
pseudo-first-order reaction rate constant for the photolysis of MB and the photocatalysis of MB.

Four different composite pellets of POP–BiF3(%) were obtained. The BiF3 power was
varied in the POP matrix in accordance with 0, 1, 5, and 10 by wt%. Here, the pellets of
POP–BiF3(%) composites were named as POP–BiF3(0%), POP–BiF3(1%), POP–BiF3(5%),
and POP–BiF3(10%), respectively. The composite formation and purity of POP–BiF3(0%),
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POP–BiF3(1%), POP–BiF3(5%), and POP–BiF3(10%) pellets were checked and verified
through XRD (not shown here).

Again, the absorption of UV–visible radiation for POP–BiF3(0%), POP–BiF3(1%), POP–
BiF3(5%), and POP–BiF3(10%) pellets was probed and utilized for the bandgap calculations
according to the Kubelka–Munk model [37]. Results are shown in Figure 3a,b. Figure 3a
demonstrates the gradual increase in the absorption from the visible to UV region for the
POP sample. Adding BiF3 in the POP matrix improved the absorption towards the visible
range, relatively. The results of the absorption coefficient (α) vs. incident photon energy E
(hν) obtained from Figure 3a were extrapolated according to the Kubelka–Munk model to
calculate the direct bandgap of POP and POP–BiF3(%) composites, as shown in Figure 3b.
Results showed that the bandgap tended to decrease with the addition of BiF3 in the POP
matrix from 3.69 eV to 3.26 eV, respectively.

Figure 3. (a) Absorption spectra and (b) α2(hν)2 vs. hν plots for the band gap (Eg) calculation
of POP–BiF3 (%) composites with the variation of BiF3 concentration 0%, 1%, 5%, and 10% in
POP matrix.

The variation in morphology of the POP–BiF3(%) composite pellets along with the
change of BiF3 concentration in the POP matrix were probed through SEM and are shown
in Figure 4a–d. The surface image of POP–BiF3(0%) pellet stands for the pure POP sample
and shows a homogeneous rod-shape microstructure. These rods were entangled with
each other and made net-like porous surfaces. One end of the rod was defused in the
surface while the other end seemed to emerge from the surface and dangle. Such entangled
rods over the surface of the POP–BiF3(0%) pellet were due to water treatment and the
continuous hydration of POP which led to the continuous nucleation and growth of rods
in random orientations. SEM images of the BiF3-added POP–BiF3(0%), POP–BiF3(1%),
POP–BiF3(5%), and POP–BiF3(10%) composite pellets revealed almost similar surfaces
to the POP–BiF3(0%) pellet accompanied with several entangled random oriented rods
forming the net-like porous structure. However, with the addition of BiF3 in the POP
matrix, the porosity of the surface reduced in POP–BiF3(1%), POP–BiF3(5%), and POP–
BiF3(10%) composite pellets, relatively, as compared to the surface of the POP–BiF3(0%)
pellet. The addition of BiF3 may have filled the pores of POP and, therefore, led to a smooth
and glassy surface in the POP–BiF3(10%) composite pellet.

Further, to check the photocatalytic performance of BiF3 in the POP matrix, the
Rz ink was prepared by using a known reported method [38]. Rz ink is an indicator
of self-cleaning/photocatalysis, which changes its color if coated over any surface of
photocatalytic material under the exposure of UV irradiation. Therefore, an equal amount
of ink was pasted over each surface of POP–BiF3(0%), POP–BiF3(1%), POP–BiF3(5%), and
POP–BiF3(10%) composite pellets. These pellets were subjected to UV light (355 nm)
illumination with equal exposures and monitored with time on several fixed intervals for
180 min of time duration. Each time, surface images of POP–BiF3(0%), POP–BiF3(1%),
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POP–BiF3(5%), and POP–BiF3(10%) composite pellets were obtained via a high-quality
digital camera. For comparison purposes, all captured images on certain time intervals
were compiled together and shown in Figure 5. In correlation to Figure 5, ΔRGB’t vs. time
is plotted and shown as Figure 6a,b, which represents the change in blue as Figure 6a and
change in red color as Figure 6b due to photo-reduction in the Rz indicator ink under the
UV light irradiation on POP–BiF3(%) composites, respectively.

Figure 4. Typical SEM images of POP–BiF3 (%) composites along with the concentration variation of
BiF3 for (a) 0%, (b) 1%, (c) 5%, and (d) 10% in POP matrix.

Table 1. Comprehensive study of photocatalysis activity of BiF3 catalyst.

Catalyst Process Pollutant Power Source Catalysis Time Performance

BiOI/BiF3 composite [39] Photocatalysis Tetracycline
hydrochloride Visible light 120 min ~75.6%

BiF3−Bi2NbO5F core−shell [34] Photocatalysis RB dye Visible light 90 min 0.028 min−1

BiOCl/BiF3
heterojunction [40] Photocatalysis MO dye UV

light 30 min ~90%

BiF3 octahedrons [41] Photocatalysis RB dye Solar light 50 min ~95.7%

BiF3 nanoparticles [32] Photocatalysis RB dye UV light 50 min ~78.5%

BiF3/BiOBr heterojunctions [42] Photocatalysis MO dye Visible light 200 min ~82.6%

Bismuth Fluoride Surface
Crystallized 2Bi2O3-B2O3 Glass [43] Photocatalysis Rhodamine 6G Halogen lamp 120 min ~85%

Bismuth Fluoride on
SrO-Bi2O3-B2O3transparent Glass

ceramic [44]
Photocatalysis MB dye Visible lights 540 min 0.02226 min−1

BiOCl/BiF3 on ZnO–Bi2O3–B2O3
glass [45] Photocatalysis MB dye UV light 300 min ~90%

BiF3 (present study) Photocatalysis MB dye UV light 120 min 0.0103 min−1
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Figure 5. Photo-reduction in Rz indicator ink for 3 h reaction timeline on POP–BiF3 (%) composites
having the variation of BiF3 0%, 1%, 5%, and 10% by wt., respectively, under the exposure of 355 nm
wavelength of UV light irradiation.

Figure 6. ΔRGB’t vs. time plots for (a) blue and (b) red color change due to photo-reduction inRz
indicator ink on POP–BiF3(%) composites having BiF3 0%, 1%, 5%, and 10% by wt., respectively,
under the UV light irradiation.

In the present case, under the exposure of UV light on the POP–BiF3(0%) composite
pellet, which had no BiF3 content, showed no color change on the surface up to the 30 min
of time duration, while a slight change after 60 min to 180 min was monitored. This slight
change from a blue to purple color was due to the photolysis of the Rz ink. For POP–
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BiF3(1%), POP–BiF3(5%), and POP–BiF3(10%) composite pellets, the color of the Rz ink
readily changed in proportion to the BiF3 content in POP from royal blue to pink and then
into colorless ink. The rate of change in the color of the Rz ink was systematic and increased
for POP–BiF3(0%), POP–BiF3(1%), POP–BiF3(5%), and POP–BiF3(10%) composite pellets,
respectively. The color of the Rz ink over the surface of the POP–BiF3(10%) composite
pellet appeared almost colorless within the 180 min time period.

Usually, the rate of the change of color of the Rz ink indicates the rate of photocatalytic
reduction. The reaction mechanism of photocatalytic reduction and the color-change of the
Rz ink are mentioned as under Equations (3)–(6).

BiF3
hϑ→ BiF3

(
e−, h+

)
(3)

Glycerol h+→ OH + Glyceric acid (4)

(5)

BiF3 ∗
(
e−, h+

) → BiF3 (6)

At the same time of the image capture, the POP–BiF3(0%), POP–BiF3(1%), POP–
BiF3(5%), and POP–BiF3(10%) composite pellets were again tested through UV–visible
spectroscopy for a quantitative analysis of the photocatalytic reduction in the Rz ink
coated over the surfaces. Absorption peak intensities corresponding to the photo catalytic
reduction were monitored at two different wavelengths, i.e., 630 nm and 581 nm. The
absorption spectra obtained from the UV–visible spectroscopy is illustrated in Figure 7a–d.
The peak intensity monitored at the 630 nm wavelength directly correlated to the blue
color of the Rz ink and with the exposure of UV light (355 nm). The peak intensity of
absorbance decreased at the wavelength of 630 nm along with the color change from blue
to pink, resulting in the formation of resorufin (Rf) as a byproduct. The intensity decay of
another peak at 581 nm represented the photobleaching of the Rf molecule as and when the
color changed from pink to colorless. Under the effect of UV light irradiation, a negligible
change in the intensity of characteristic absorption of the Rz ink was observed for the
POP–BiF3(0%) composite pellet; however, the absorption intensity of the Rz ink decreased
consistently for all the other samples just in accordance with the color change observed
in the digital photographs as shown in Figure 5. The absorption results are shown in
Figure 7a–d was further utilized to extract the kinetic rate of photocatalytic reduction and
photo mineralization of intermediates of the Rz ink monitored for both the wavelengths
at 630 nm and 581 nm, respectively, shown in Figure 8. In Figure 8, Co represents the
initial (t = 0) absorbance of the Rz ink and C is the absorbance of the Rz ink, which varied
with time t. The Co and C and kinetic rate of photocatalytic reduction was calculated
corresponding to the absorption spectra monitored for both the wavelengths of absorbance,
i.e., 581 nm and 630 nm of Rz ink. For the POP–BiF3(0%) sample, the results showed
that the intensity decay, as well as the kinetic rate of reaction due to the photocatalytic
degradation of the Rz ink corresponding to the wavelengths monitored at 581 nm and
630 nm for 180 min of time duration, was less. Generally, the photocatalytic reaction rate
was monitored to correspond faster to the absorbance at 630 nm wavelengths in comparison
to the absorbance around the 581 nm wavelength for all samples. As compared to POP–
BiF3(0%), the POP–BiF3(1%), POP–BiF3(5%), and POP–BiF3(10%) composite pellets showed
relatively faster kinetic rate of photocatalytic reduction in the Rz ink, respectively.
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Figure 7. Absorption vs. wavelength spectra for the photocatalysis of Rz ink on the surface of
POP–BiF3(%) composites with the variation of BiF3 concentration (a) 0%, (b) 1%, (c) 5%, and (d) 10%
in POP matrix.

Figure 8. The C/Co vs. time plots for photocatalytic degradation of Rz ink for POP–BiF3(%)
composites monitored at: (a) 581 nm and (b) 630 nm wavelength, and respective percentage of
photocatalytic degradation for (c) 581 nm and (d) 630 nm wavelength.

For simplicity, the photoreduction due to UV light irradiation of Rz ink, which was
coated on POP–BiF3 composite pellets, is shown in Figure 9. Under the illumination of
UV light irradiation, the catalyst material BiF3 present in POP generated sacrificial donor
electrons on its surface which reacted with the photo-induced holes of the Rz ink. Therefore,
the glycerol present in the Rz ink utilized this sacrificial donor electron and generated an
•OH radicle along with glyceric acid as a by-product. At the same time, these intermediate
•OH radicles reduced the blue color of the Rz ink into Rf of the pink color after the long-
time illumination of UV light irradiation, resulting in the reduction in the Rf molecule into
a colorless product. Similar to the Rz ink, the harmful pollutants may have also reduced
into non-harmful products with the aid of hydroxyl radicals generated on the surface of
the photocatalytic BiF3 in the POP matrix. In the present work, we obtained a maximum
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content of BiF3 only up to 10% in the POP matrix. The Further addition of BiF3 in POP
may have led to the decay in the mechanical strength of the architecture. The concentration
of BiF3 inside the POP matrix along with an optimized photocatalytic performance and
superior strength of the structures are a further matter of research. Thus, the above results
demonstrate the successful photocatalytic application of BiF3 inside the POP matrix. POP is
an important cementitious material used for the making of several building constructions
and sculptures. We propose here for the addition of BiF3 as an activated photocatalytic
material in the side of any cementitious material for self-cleaning of building constructions
and a reduction in environmental pollution.

Figure 9. The schematic representation of the proposed mechanism for the photocatalytic degradation
of pollutants under UVlight irradiation over POP–BiF3 composite pellet surfaces.

4. Conclusions

Successfully, theBiF3 powder sample was prepared via the precipitation route sim-
ply by washing the purchased powder of Bi2O3 several times into the concentrated HF
solution. After several washes through the concentrated HF solution, the Bi2O3 powder
was systematically transformed into BiF3 powder in conjunction with each washing. An
intermediate phase of Bi1.2F2.4O0.6 was identified for the 1st and 2nd washing of the Bi2O3
powder, which completely vanished after the 3rd washing and converted into the BiF3
powder sample. The photocatalytic performance of the as-prepared BiF3 powder was
tested and compared with the Bi2O3 powder on a hazardous industrial waste solution of
MB dye. The BiF3 powder rapidly decomposed the MB solution under the visible light
illumination as compared to the purchased Bi2O3 powder sample. Usually, POP is used
vastly in the construction as well as the building of sculptures and, therefore, is always
exposed to water as well as air pollutants. Therefore, to check the self-cleaning activity from
such pollutants and introduce the photocatalytic properties in POP, BiF3 powders were
added according to 0%, 1%, 5%, and 10% by wt% in the POP matrix. The photocatalytic
and self-cleaning properties of these POP–BiF3 composites were demonstrated by using
a well-known photocatalysis indicator ink of Rz under visible light exposure. Due to
the photocatalytic effect of POP–BiF3 composites under the solar illumination, the blue
color of the Rz ink turned into Rf of the pink color. The long-time illumination of visible
light resulted from the reduction in the pink color Rf molecules into the colorless product.
Photocatalytic performances were improved linearly for the incorporation of BiF3 up to
10% of the concentration in the POP matrix.
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Abstract: Carbon dioxide and/or dry methane reforming serves as an effective pathway to mitigate
these greenhouse gases. This work evaluates different oxide supports including alumina, Y-zeolite
and H-ZSM-5 zeolite for the catalysis of dry reforming methane with Nickel (Ni). The composite
catalysts were prepared by impregnating the supports with Ni (5%) and followed by calcination.
The zeolite supported catalysts exhibited more reducibility and basicity compared to the alumina
supported catalysts, this was assessed with temperature programmed reduction using hydrogen and
desorption using carbon dioxide. The catalytic activity, in terms of CH4 conversion, indicated that
5 wt% Ni supported on alumina exhibited higher CH4 conversion (80.5%) than when supported on
Y-zeolite (71.8%) or H-ZSM-5 (78.5%). In contrast, the H-ZSM-5 catalyst led to higher CO2 conversion
(87.3%) than Y-zeolite (68.4%) and alumina (83.9%) supported catalysts. The stability tests for 9 h
time-on-stream showed that Ni supported with H-ZSM-5 had less deactivation (just 2%) due to
carbon deposition. The characterization of spent catalysts using temperature programmed oxidation
(O2-TPO), X-ray diffraction (XRD) and thermo-gravimetric analysis (TGA) revealed that carbon
deposition was a main cause of deactivation and that it occurred in the lowest degree on the Ni
H-ZSM-5 catalyst.

Keywords: CO2; CH4; stability; H-ZSM-5; carbon deposition; greenhouse gas reduction

1. Introduction

Carbon dioxide (CO2) and methane (CH4) contribute to the increasing of the Earth’s
temperature. A reaction that can reduce the concentration of these gases is the dry re-
forming of methane, DRM (Equation (1)); this reaction can be very beneficial for the
environment.

CH4 + CO2 → 2CO + 2H2, ΔH◦ = 247.3 kJ mol−1 (1)

In addition to the possible use of DRM for mitigating greenhouse gases involved in
global warming, it can generate sustainable hydrogen and syngas (CO + H2). Syngas can
be used as fuel and to produce a wide range of chemicals including methanol and hydro-
carbons to make synthetic fuel [1]. DRM is of scientific and commercial importance [2,3].

Noble metal and base metal catalysts have been proposed for DRM [1]. Nickel-
based metal catalysts have the potential to compete with noble metal-based catalysts
when comparing their catalytic performance, cost, and abundance of the raw materials [2].
However, the existence of side reactions such as carbon monoxide disproportionation and
methane decomposition brings challenge of coping with the deactivation of Ni catalysis
due to coke deposits [2–4]. These are more problematic in DRM than in processes that
include steam [4]. Moreover, sintering of metal particles also plays a role in decreasing the
catalytic activity due to reducing the exposed active metal surface area. The improvement
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in catalytic activity performance and resistance to carbon deposition in Ni catalysis can
be achieved by employing various preparation strategies leading to favorable structures
(for instance, by adding promoters [5–9], selecting a suitable support which is usually a
metal oxide [10–13], optimizing metal loading or using bimetallic active sites [3]). Among
these strategies to reduce carbonaceous deactivation of the catalyst, catalyst supports offer
advantages such as the possibility of dispersing metal catalyst nanoparticles over their
surface. This enhances resistance to carbon deposition and can improve their catalytic
activity [14]. The 3D network in zeolite supports, formed by shared oxygen atoms of SiO4
and AlO4 tetrahedra, possess high resistance to temperature and mechanical stability due
to their ordered framework. Moreover, zeolites offer crystalline features such as uniform
microporosity (diameter < 2 nm), and pore shape that gives selectivity by controlling the
entrance and exit of reactant molecules in zeolite channels [15–18]. The unique shape
selectivity feature of zeolites lies behind their application as catalysts and adsorbents in
various industries [19,20]. Moreover, suitable properties of zeolites including their high
specific surface areas, well-defined microporous structure, high thermal stability and high
capacity of CO2 adsorption [21,22] can play a role in catalysis. In addition, their potential
in offering high metal dispersion, superior resistance to carbon formation, and suitable
metal-support interaction has also attracted scientists towards utilizing zeolites as catalyst
supports in the DRM reaction. Ni based catalysts supported on different zeolites have been
reported for DRM reaction [23–29]. Hambali et al. [29] synthesized mesoporous fibrous
MFI support via the microemulsion method and deposited Ni over support surfaces using
double solvent, wetness impregnation, and physical mixing methods. The catalytic activity
results revealed that Ni based catalysts prepared by wetness impregnation exhibited stable
performance with least carbon deposition as compared with catalysts synthesized by
double solvent or physical mixing approaches. It was found that the acidity of the support
hindered the side reaction i.e., methane cracking mainly responsible for carbon deposition
at high reaction temperatures (800 ◦C).

Keeping in mind the distinct properties of zeolites, this work fills the literature gap
by providing an insight into the role of reducibility, carbon dioxide adsorption capacity,
and basicity of zeolites in displaying stable performance during DRM. Furthermore, the
aim of this research is to identify a conventional support that can enhance DRM, determine
how zeolite supports can affect the DRM reaction, and determine how their stability and
performance compares with conventional alumina supported Ni catalysts.

2. Materials and Methods

2.1. Catalyst Synthesis

In order to synthesize 5 wt% nickel-based catalysts, nitrate salt precursor [(Ni(NO3)2·6H2O)]
was wet impregnated over different supports including Y-zeolite (Y), H-ZSM-5 (H) and
alumina (A) to synthesize catalysts denoted as NY, NH, and NA, where N represents
5 wt% Ni and Y, and H and A represent respective supports. Briefly, 30 mL of 28 mM of
nickel precursor solution were added dropwise to a suspension of the individual oxide
supports (33 g/L) in deionized water stirred with magnetic bar at 300 rpm. This process
was carried out at 60 ◦C. The catalysts were subsequently dried overnight (12 h) at 110 ◦C
under atmospheric before being subjected to calcination at 500 ◦C in MTI®® furnace for 3 h
under air atmosphere. The catalyst preparation steps and DRM over catalyst surface are
pictorially depicted in Scheme 1.
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Scheme 1. Catalyst preparation steps and depiction of reforming reaction over catalyst.

2.2. Catalytic Testing

Catalytic activity tests for dry reforming reaction were carried out in a 10 mm i.d. and
40 cm long stainless steel-tube at atmospheric pressure using 600 mg of a catalyst sample.
Prior to the reaction, hydrogen gas (40 mL/min) was used to activate the catalyst and
to reduce the nickel oxide at 550 ◦C for 90 min. Nitrogen was flown through the reactor
to purge hydrogen and to cool down the reactor to the target reaction temperature. The
feed gas had volume ratio of 17/17/2 corresponding to methane/carbon dioxide/nitrogen
mixture with total feed flow rate of 36 mL/min. The products and unconverted reactants
were monitored by an online gas chromatograph (SRI Instruments) equipped with a flame
ionization detector (FID) and a thermal conductivity detector (TCD).

2.3. Catalyst Characterization

BET specific surface area measurements were conducted on a Micromeritics Physisorp-
tion Unit (Gemini VI) by using a 300 mg sample. All of the samples were pre-treated before
analysis to remove any impurities and subsequently analyzed under a liquid nitrogen
atmosphere. X-ray diffraction (XRD) analysis of powder samples were carried out using a
Rigaku (Miniflex) diffractometer equipped with radiation source of Cu Kα radiation which
was operated at 40 kV and 40 mA. Temperature-programmed characterizations including
desorption (TPD), reduction (TPR), and oxidation (TPO) were conducted using chemisorp-
tion apparatus (Micromeritics Auto Chem II apparatus). For H2-TPR, pretreatment of 50 mg
of the catalyst sample was carried out under Argon (Ar) flowing at 20 mL/min at 150 ◦C
for 30 min. Then, the sample was cooled down to room temperature before the temperature
was raised to 1000 ◦C using a furnace and temperature ramp rate of 10 ◦C/min under
mixture of 10%H2 in Ar flowing at 40 mL/min. For CO2-TPD measurements, same amount
of sample (50 mg) was pretreated at 200 ◦C under helium (He) flowing at 20 mL/min
for 1 h followed by cooling the sample down to 50 ◦C at which CO2 was adsorbed for
30 min by flowing mixture of 10%CO2 in helium at 30 m/min. The desorption profiles
were recorded using thermal conductivity detector (TCD) by raising temperature linearly
from 60 to 800 ◦C using 10 ◦C/min. Carbon deposition and type of graphitic carbon were
analyzed using TPO experiments in which catalyst samples were pretreated at 150 ◦C for
30 min under helium flowing at 30 mL/min followed by cooling the samples down to room
temperature. The oxidation profiles were measured by raising the sample temperature
to 1000 ◦C using 10 ◦C/min under mixture of 10%O2 in helium flowing at 30 mL/min.
The weight loss of the spent catalysts samples was analyzed using the thermogravimetric
analysis (TGA) where 20 mg of each sample was subjected to heating under air from room
temperature to 800 ◦C using 10 ◦C/min.
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3. Results

3.1. Catalytic Activity

5 wt% Ni supported over γ-Al2O3, Y-zeolite and H-ZSM-5 catalysts (for simplification,
these catalysts are designated as NA, NY and NH, respectively) were studied for DRM re-
action at different temperatures from 500 to 700 ◦C. Figure 1a,b shows activity performance
in terms of CH4 conversion and H2/CO ratios versus temperature for the NA, NY, and NH
catalysts, respectively. The activity results demonstrate an increase in CH4 conversion with
increase in reaction temperature from 500 to 700 ◦C which confirms the endothermic nature
of DRM reaction [30,31]. The ratios of H2 to CO show interesting trends for each catalyst.
It is noteworthy that CH4 conversion is mainly responsible for H2 production while CO
comes from CO2. Hence, H2/CO ratios less than unity clearly justifies CO2 conversions are
higher than CH4 conversion and vice versa. CO2 conversions higher than CH4 conversions
also proves the occurrence of reverse water gas shift reaction (CO2 + H2 ↔ CO + H2O)
which consumes H2 and brings H2/CO ratios less than one. This also suggests that H2/CO
ratios higher than one, resulting from higher CH4 conversions, lead to the catalysts being
more prone to carbon deposition [31].

Figure 1. (a) CH4 and (b) CO2 conversion versus time on stream for Ni supported on alumina (NA), Ni supported on
Y-zeolite (NY), and Ni supported on H-ZSM-5 (NH) catalysts.

3.2. Catalytic Stability

The deposition of carbon over the surface of a catalyst is crucial to investigate in
examining DRM reactions. The stability of a catalyst is evaluated by testing its activity for a
prolonged time to estimate the loss in activity. Figure 2 presents CH4 and CO2 conversions
as a function of time for 9 h time on stream at fixed reaction temperature of 700 ◦C. The
decrease in both CH4 and CO2 conversions was obvious for all of the tested catalysts (NA,
NY and NH) and it was associated with the deactivation of all the catalysts. Interestingly
despite that all catalysts showed deactivation, the extent of deactivation was not the same
for all the catalysts. From quantitative results in Table 1, the NH catalyst showed negligible
loss in CH4 and CO2 conversions as compared with NA (2.3 and 5.2% respectively) and
NY (5 and 1.1% respectively) catalysts. The deactivation factor as function of extent of
deactivation or catalyst stability was found to be the lowest (2%) in the NH catalyst.
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Figure 2. (a) CH4 and (b) CO2 conversion versus time on stream for Ni supported on alumina (NA), Ni supported on
Y-zeolite (NY), and Ni supported on H-ZSM-5 (NH) catalysts.

Table 1. Performance of NA, NY, and NH catalysts in CO2 reforming of methane after 9 h.

Catalyst % DF a Coke (wt. %) b SBET (m2/g) c SBET (m2/g) d

NH 2.0 3.7 335.3 318.4

NY 6.9 14.7 573.3 498.1

NA 2.9 8.5 209.7 171.7
a Deactivation Factor (%DF) = [([CH4]initial − [CH4]final)/[CH4]initial] × 100; b Determined by TGA; c Before
reaction; d After reaction.

Thermodynamically two of the side reactions including methane decomposition and
Boudouard reaction (Equation (2)) are mainly forming carbon over the catalyst surface
under reaction conditions [30].

2CO � CO2 + C (2)

In order to investigate whether carbon formation was the main source of deactivation,
thermogravimetric analysis (TGA) was used to quantify the carbon deposition. It can
be clearly seen from TGA results in Table 1 that the NH catalyst exhibited weight loss of
3.7 wt% much lesser than NY (14.7 wt%) and NA (8.5 wt%). Hence, it can be concluded that
the NH catalyst proves to show long term stability and lowest amount of carbon deposition.
These findings are further discussed based on the characterizations of the catalysts before
and after reaction as described in the following paragraphs.

The stability of the best catalyst (NH) in the current study is compared with the
catalysts supported on zeolite or oxide supports (Table 2) and deactivation factor was
used as a measure of stability. The deactivation factor over 5%Ni-ZSM [32] catalyst for
similar reaction duration of 9 h was much higher (24.2%) than the NH catalyst (2%). Even
Ni and Co based bimetallic catalyst supported on ZSM5 (1Co2Ni-ZSM5) [28] showed
deactivation factor over 6 times higher (13.6%) than the NH catalyst. These catalysts were
even tested at higher temperature (800 ◦C) as compared with the current NH catalyst
(tested at 700 ◦C). Comparing the NH catalyst with alumina (2.25%Sr-10%Co/Al2O3) [33],
ceria (Ni-Ce Imp) [34], and MCM41 [35] supported catalysts, the later catalysts showed
more deactivation even with shorter reaction duration. Hence it can be concluded that the
NH catalyst presents potentially more stable performance than other zeolite supported
catalysts as well as catalysts with higher metal contents or employed promoters.
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Table 2. Comparison of current work with the previously reported work.

Catalyst Reaction Temp. (◦C)
Initial CH4

Conversion (%)
%DF TOS (h) Ref.

7% Ni/ZSM-5 700 91 35.3 5
[14]

7% Ni/ Zeolite Y 700 92 0.43 5

1Co2Ni-ZSM5 800 66 13.6 12 [28]

5%Ni-ZSM 800 96.2 24.2 9 [32]

2.25%Sr-10%Co/Al2O3 700 80.1 2.5 6 [33]

Ni-Ce Imp 700 81.1 3.7 6 [34]

5%Ni + 1%Sc/MCM41 800 65 19.2 ~7 [35]

NH 700 78.5 2.0 9 This work

3.3. Catalysts Characterization

The specific surface areas measured by Brunauer-Emmett-Teller (BET) isotherms of
all of the catalysts before and after DRM reaction are given in Table 1. The NY catalyst is
found to have highest specific surface area (573.3 m2/g) before reaction but NY catalyst
also showed significant loss (13%) in specific surface area during reaction. The NA catalyst
showed a loss of 18% in specific surface area while NH catalyst exhibited a minimum loss
of 5%. The loss in specific surface area is accounted for carbon formation over the catalyst
surface during DRM reaction. The minimal loss in specific surface area for NH catalyst
indicates its superior stability under reaction conditions.

In order to estimate the crystallinity and different phases of the as-synthesized cata-
lysts, X-ray diffraction (XRD) study was conducted over NA, NY and NH fresh catalysts
and NA used catalyst. From Figure 3, the characteristic peaks of NiO were found over
all the catalysts at two theta values of 44 and 63◦ (JCPDS: 01-073-1519), except for the fact
that NY and NH catalysts showed additional peak of NiO at 37◦ (JCPDS: 01-073-1519).
The peaks at 42 and 66◦ in the case of NA catalysts are characteristics of alumina support
(JCPDS: 00-004-0875). The diffraction peaks had higher intensities in case of NY and NH
catalysts as compared with NA catalyst showing higher crystallinity of the former catalysts.
The NA catalyst after reaction revealed the formation of carbon during reaction as indicated
by strong diffraction peak at 26◦ associated with graphite. Moreover, in addition to Ni0,
the NA catalyst after reaction also showed a characteristic peak of spinel NiAl2O4 (JCPDS:
01-073-0239) at 45 and 78◦.

Figure 3. XRD patterns for Ni supported on alumina (NA), Ni supported on Y-zeolite (NY), and Ni
supported on H-ZSM-5 (NH) fresh and Ni supported on alumina (NA) used catalysts.

50



Energies 2021, 14, 7324

The temperature-programmed oxidation (TPO) is a useful technique to estimate the
amount of carbon formed during reaction by oxidizing the carbon as function of tempera-
ture. TPO also provides significant details about the structure, morphology and composi-
tion of accumulated carbon. Figure 4 displays the TPO profiles as a function of temperature
for all the three catalysts (NA, NY and NH respectively). The spent or used catalysts
exhibited carbon gasification peaks in the temperature range from 400 to 640 ◦C associated
with different types of carbon including carbon nanofibers and carbon nanotubes.

 
Figure 4. TPO profiles for Ni supported on alumina (NA), Ni supported on Y-zeolite (NY), and Ni
supported on H-ZSM-5 (NH) spent catalysts.

The following four side reactions are most probably responsible for carbon deposition
during DRM reaction.

2CO ↔ CO2 + C (3)

CH4 ↔ 2H2 + C (4)

CO + H2 ↔ H2O + C (5)

CO2 + 2H2 ↔ 2H2O + C (6)

As mentioned earlier, the first two reactions are favorable at high temperatures while
the last two reactions (reactions (5) and (6)) require lower temperatures [36]. The peak
temperature indicates the type of carbon formed, and hence it is obvious that the carbon
formed over the surface of NY (corresponding peak temperature of ~460 ◦C) and NY
(corresponding peak temperature of ~490 ◦C) is less crystalline and easily gasified as
compared with crystalline carbon deposited over the surface of NH catalyst (corresponding
peak temperature of ~545 ◦C). The peak intensity shows the amount of carbon formed,
and it is obvious that NH catalyst had less amount of carbon deposition among all of the
catalysts [37].

The extent of interaction between the metal and support plays a vital role in catalytic
activity. Temperature-programmed reduction (TPR) using hydrogen is utilized to measure
the metal-support interaction for NA, NY, and NH catalysts and extent of reducibility of
each catalyst. Figure 5 shows the reduction profiles for NA, NY, and NH fresh catalysts
as a function of temperature. NY catalyst exhibited two peaks at 350 and 440 ◦C along
with a shoulder centered at 550 ◦C. The two low temperature peaks are assigned to the
reduction of NiO species weakly interacting with the support while shoulder is ascribed to
the reduction of NiO species having medium interaction with the support (Y-zeolite). Also,
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the NY catalyst shows NiO species which are easier to reduce as compared with the NA
and NH catalysts.

Figure 5. TPR profiles for Ni supported on alumina (NA), Ni supported on Y-zeolite (NY), and Ni
supported on H-ZSM-5 (NH) fresh catalysts.

In case of NH catalyst, the first smaller peak is centered at 330 ◦C and a second large
peak has maxima at 450 ◦C while the shoulder is centered at 560 ◦C. This suggests that the
strength of NiO species over NH catalyst is not significantly different than the NY catalyst.
On the contrary, NA catalyst gave only one distinct reduction peak at 455 ◦C with two
smaller shoulders centered at 560 and 740 ◦C, respectively. It is interesting to note that
lower temperature peak appearing in the 330–350 ◦C range is disappeared in NA catalyst
while a new shoulder at 740 ◦C is observed. These results suggest that NA catalyst showed
medium to strong metal-support interactions. The shoulder at 740 ◦C is assigned to the
reduction of spinel NiAl2O4 species.

The extent of basic sites and their strength for fresh NA, NY, and NH catalysts was
measured by employing temperature-programmed desorption (TPD) using CO2. The
basicity of the catalyst is found to influence the carbon deposition and a higher number of
basic sites led to lesser amount of carbon deposition [38]. The enhanced basicity promotes
CO2 activation over the surface of the catalyst which reacts with carbon formed due to
side reactions. Consequently, reverse Boudouard reaction (2CO � CO2 + C) converts the
carbonaceous species into CO. Hence, the catalyst with higher basicity is expected to show
the minimum carbon deposition. CO2-TPD profiles are shown in Figure 6 for fresh NA,
NY, and NH catalysts.

NA catalyst presents two peaks, centered at 80 and 260 ◦C, along with a shoulder
centered at 560 ◦C. The two peaks which appeared at lower temperatures are associated
with weak basic sites and the shoulder represents strong basic sites. In the case of the
NY catalyst, a small peak appears at 150 ◦C while a broad peak is centered at 275 ◦C and
both are assigned to weak basic sites. NH catalyst shows two peaks with peak maxima
at 130 and 300 ◦C respectively along with a shoulder centered at 550 ◦C. The first peak
represents weak basic sites and the second peak is associated with medium basic sites
while the shoulder is assigned to strong basic sites. It is noteworthy that the peaks for NH
catalysts are broader than NY and NA catalysts and hence exhibit more amount of CO2
adsorbed which leads to lesser carbon formation. This is in agreement with the TGA and
TPO results.
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Figure 6. CO2-TPD for Ni supported on alumina (NA), Ni supported on Y-zeolite (NY), and Ni
supported on H-ZSM-5 (NH) fresh catalysts.

4. Discussion

Prior to DRM reaction study, as-synthesized Ni based catalysts were characterized to
assess their potential performance in the reforming reaction. High specific surface areas in
zeolites are known to influence the catalytic performance during DRM [39]. It is noteworthy
that despite the higher specific surface area of the study Y-zeolite, as compared with H-
ZSM-5 and alumina, the Y-zeolite supported Ni catalyst (NY) exhibited less conversions at
lower reaction temperatures (Figure 1). This could be attributed to the zeolite having pores
filled with nickel particles and/or the presence of nickel particles entrapped in the pores of
zeolite and hence these were not available for DRM reaction [40]. Furthermore, the loss
of specific surface area (Table 1) in the spent catalysts also demonstrates the drastic role
of carbon deposition during DRM. The XRD diffraction profiles from the as-synthesized
catalysts (Figure 3) have helped to identify crystalline phases (nickel oxide, alumina,
and zeolites) in the composites. The presence of spinel species such as nickel aluminate
was also obvious. Moreover, the deposition of crystalline graphitic carbon was further
confirmed by XRD data of spent NA catalyst. The reduction profiles using TPR (Figure 5)
demonstrate easier reduction of Ni oxides or higher reducibility of the Y-zeolite supported
catalysts (NY) as compared to the alumina (NA) and H-ZSM-5 supported catalysts (NH).
The basicity of the composites, assessed in terms of temperature programmed desorption
data using carbon dioxide as probe gas, showed that the H-ZSM-5 supported catalyst
(NH) exhibited larger CO2 adsorption capacity than the rest of the study catalysts. The
pre-reforming characterization results indicated larger specific surface area, higher number
of reducible species and relatively lower basicity in the Y-zeolite supported catalyst (NY).
These characteristics lead to expect better performance by NY during the reforming reaction
however the activity results (Figures 1 and 2) did not follow the prediction. The DRM
mechanism requires adsorption of reactants over the active sites of the catalyst in its initial
step. Subsequently, they will react leading to products that ultimately will leave the catalyst
surface following desorption [30]. CH4 adsorption requires Ni in its metallic form as the
active site [40].
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The catalytic stability (Figure 2) in terms of both CH4 and CO2 conversions showed
loss of activity over time for all catalysts with varying deactivation degrees. The decrease
in initial conversions for zeolite supported catalysts can be assigned to loss of Ni active
sites residing inside the pores in the zeolite. The CO2 adsorption capacity is also found to
influence the catalytic performance and hence more CO2 conversion is evidenced from H-
ZSM-5 supported catalyst (NH) as compared to other catalysts in agreement with CO2-TPD
results (Figure 6). Higher CO2 conversion helps to provide an oxidative environment to
gasify carbon deposited over the surface of the catalyst and hence this can lead to less deac-
tivation. Thus, the catalyst with the highest CO2 adsorption capacity and CO2 conversion
i.e., H-ZSM-5 supported catalyst (NH), has shown to present the lowest deactivation factor:
just 2%. The main cause of deactivation was found to be carbon deposition according
to TPO (Figure 4) and TGA (Table 1) results. The catalyst system studied in this work
demonstrates the role of catalyst’s properties such as reduction behavior, CO2 adsorption
capacity and basicity of commercial zeolites in comparison with conventional alumina
supported catalysts during DRM. A comprehensive study of the surface chemistry of the
hierarchical zeolites using spectroscopic techniques and their performance evaluation in
relation to commercial zeolites is planned.

5. Conclusions

The elimination of greenhouse gases via reforming CH4 with CO2, was investigated
via heterogeneous catalysis. Specifically, the role of different supports (alumina and zeolites
Y-zeolite and H-ZSM-5) for Ni-based catalysts were investigated for DRM. The activity
results showed that Ni deposited onto H-ZSM-5 (NH catalyst) exhibited excellent stability
(just 2% deactivation over 9h on-stream) with the least amount of carbon deposition when
compared with the Ni deposited onto alumina and Y-zeolite supports. The least amount
of carbon deposition was confirmed with TGA and TPO. The favorable metal-support
interaction and high basicity of Ni catalytic sites onto the H-ZSM-5 contributed towards
its stable performance. A comparison between the prepared NH catalyst with already
reported catalysts for DRM reaction showed that the NH catalyst developed here, with
87.3% conversion of CO2, outperformed other Ni based catalysts and even bimetallic
catalysts. The catalyst where Ni was deposited onto alumina showed the best conversion
of CH4 (80.5%) compared to the zeolite supports, which led to up to 78.5% CH4 conversion.
Overall, Ni deposited onto H-ZSM-5 constitutes a catalyst with exceptional performance
for the reduction of the greenhouse gases CO2 and CH4 (87.3 and 78.5% conversion,
respectively) and generation of syngas. This study provides a platform to further evaluate
the performance of hierarchical zeolites synthesized by modifying conventional zeolites.
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Abstract: Suppressing the usage of rare-earth elements is crucial for making the catalysts sustain-
able. Preparing CeO2 nanoparticles is a common technique to reduce CeO2 consumption, but such
nanoparticles are prone to sinter or react with the supports when subjected to heat treatments. This
study demonstrated that stable CeO2 nanoparticles were deposited on MgO by the simple impregna-
tion method. When CeO2/MgO was prepared under the dry atmosphere, the CeO2 nanoparticles
remained ~3 nm in diameter even after being heated at 800 ◦C, which is much smaller than ~5 nm
of CeO2/MgO prepared under ambient air. Temperature-programmed reduction, temperature-
programmed oxidation, X-ray photoelectron spectroscopy, and in situ X-ray diffraction studies
showed that CeO2/MgO exhibited higher oxygen mobility when prepared under the dry atmosphere.
Dry reforming reaction demonstrated that CeO2/MgO prepared under the dry atmosphere exhibited
higher activity than that prepared under ambient air and pure CeO2.

Keywords: CeO2; MgO; dry reforming; heterogeneous catalysis; in situ XRD

1. Introduction

CeO2 has been used as catalysts and additives due to its high oxygen storage capacity
and moderate basicity [1]. The inherent nature of CeO2 makes it attractive for chemical
reactions involving oxygen removal and addition. The transformation of renewable energy
to fuel gases often employs CeO2 in the process. The addition of CeO2 to catalysts sup-
presses the carbon deposition on the catalysts during the steam-reforming reactions of CH4
and tar to form syngas [2,3]. CeO2 also improves the resistance of Ni catalysts against H2S
during methanation reaction [4] and reforming reaction [3,5] by accelerating the removal
of sulfur from the surface of active species. Chemical looping reaction and thermochemical
reaction also proceed over CeO2 [6–9]. Despite its various applications, it is preferable to
reduce the total consumption of CeO2. The supply and price of CeO2 are volatile. Further,
the environmental load during the mining and processing of rare earth elements is higher
than those of base metals [10,11]. It is desired to use less CeO2 to make the catalysts, as
well as the process, sustainable.

Various techniques have been employed to reduce the consumption of CeO2 by control-
ling its size and shape [12–14]. Fine CeO2 nanoparticles of high surface areas are prepared
by surfactant-assisted methods [15,16]. The size of CeO2 particles also influences the oxy-
gen mobility on the CeO2 surface [17,18]. The lattice constant of CeO2 increases as the size
of nanoparticles decreased, leading oxygen vacancies to be more stable than on the coarse
CeO2 particles [13,19,20]. The oxygen mobility on the CeO2 surface was also influenced by
the plane indices of the surface. Among the low-index surfaces, CeO2(110) exhibits the high-
est reducibility while CeO2(111) is the least reducible [21–23]. The difference was attributed
to the surface energy of the surface [24,25]. CeO2(111) is more stable than CeO2(110) and
CeO2(100) because it is the non-polar, close-packed surface of CeO2. Meanwhile, polar
CeO2(100) and less-densely packed CeO2(110) surfaces underwent reconstruction of their
surface, forming facets containing reduced CeO2-x surface [12]. Such reconstruction of the
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surface leads them to be more reducible than CeO2(111). Reportedly, nanorod composed
of CeO2(110) surface and cubic CeO2 nanoparticles composed of CeO2(100) surface ex-
hibited higher catalytic activity than conventional CeO2 nanoparticles mostly composed
of CeO2(111) surface due to higher oxygen mobility on CeO2(110) and CeO2(100) sur-
faces at low temperatures [21–23]. However, such self-standing CeO2 particles sinter to
~20 m2/g or less, corresponding to 50 nm in diameter, after calcined at high temperatures
>800 °C. Both nanorods and cubic CeO2 nanoparticles transform into conventional CeO2
nanoparticles after being exposed to such high temperatures. Al2O3 supports are widely
employed to improve the thermal stability of CeO2 nanoparticles. CeO2 nanoparticles on
Al2O3 remain ~10 nm in diameter after the heat treatment at >800 °C under the oxidizing
atmosphere [26,27]. Contrary, CeO2 and Al2O3 react to form CeAlO3 and other oxides
under reducing conditions [28–30]. Such reactions cause structural changes in the catalysts
and sintering of CeO2 nanoparticles. High-temperature tolerant CeO2 nanoparticles are
necessary to further reduce the consumption of CeO2 under reducing conditions.

Some studies employ MgO as a support to disperse CeO2 nanoparticles [31–34]. The
melting point of MgO is ~2850 ◦C, which is higher than that of Al2O3 supports [31]. MgO
is also known for its stability under reducing conditions [35]. Further, CeO2 nanoparticles
are stabilized on MgO supports without forming any composite oxides [31–34,36]. Partial
oxidation of CH4 was demonstrated over CeO2/MgO catalysts, suggesting their stability
under the reducing conditions [34,37]. However, the average diameter of CeO2 increased
to >5 nm after the calcination at 800 ◦C. Techniques to stabilize finer CeO2 nanoparticles
are necessary to further reduce the consumption of CeO2.

MgO support of large surface area would contribute to stabilized CeO2 nanopar-
ticles. Meanwhile, the stability of MgO depends on the atmosphere to which MgO is
subjected [38–42]; relative surface energies of low-index surfaces of MgO vary depending
on the humidity. Polar close-packed MgO(111) surface is stabilized by hydroxylation
independent of the humidity [38]. On the contrary, non-polar MgO(100) is terminated by
OH only under humid conditions since the OH-termination does not contribute to the sta-
bilization as it is on the polar surface. Under humid conditions, therefore, OH-terminated
MgO(111) is more stable than OH-terminated or pristine MgO(100). Meanwhile, pristine
MgO(100) is more stable than OH-terminated MgO(111) under dry conditions [38]. Further,
the sintering of MgO is accelerated in the presence of water vapor [39–42]. These reports
suggest that the morphology of MgO depends on the humidity of the atmosphere under
which the MgO is prepared. These studies imply that the humidity can influence the
catalytic activity of the catalysts containing MgO. However, no research assessed the effect
of humidity on the catalytic activity and morphology of CeO2/MgO.

This research demonstrates that CeO2/MgO catalysts of fine CeO2 nanoparticles by
controlling the atmosphere during the preparation. Calcination in dry air realized CeO2
nanoparticles smaller than 3 nm in diameter even after heating at 800 °C. The prepared
CeO2/MgO catalyst outperformed pure CeO2 for dry reforming reaction although the
mass ratio of CeO2 in CeO2/MgO was less than 1/5 of pure CeO2.

2. Materials and Methods

2.1. Catalyst Preparation

MgO was prepared by the thermal decomposition of Mg (OH)2 (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan, 0.07 μm, >99.9%). Although the thermal de-
composition of Mg(OH)2 is a common technique to prepare MgO, this study employed
ambient air conditions and dry air conditions to see the effect of humidity. The Mg(OH)2
was dried at 110 ◦C for 1 h and then calcined at 800 ◦C for 5 h in ambient air or under
a dry gas flow of 20% O2 and N2 balance. The samples were heated at a heating rate of
4 ◦C /min. The flow rate of the dry gas was fixed at 100 cm3/min for 0.3 g of the Mg(OH)2.
The O2 and N2 were supplied from gas cylinders (Taiyo Nippon Sanso Corporation, Tokyo,
Japan, O2 > 99.99995%, N2 > 99.99995%). MgO supports prepared in ambient air and
under the dry gas flow are denoted by MgO(air) and MgO(dry), respectively. CeO2 was
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deposited on the MgO supports by impregnation. An acetone solution of Ce(NO3)3 6H2O
(Kanto Kagaku, >98.5%) was added dropwise to the MgO supports. The samples were
dried at 60 ◦C with continuous stirring in ambient air. Then, the samples of MgO(air) and
MgO(dry) were calcined at 800 ◦C for 5 h in the ambient air and under the dry gas flow,
respectively. The molar ratio of CeO2 to MgO was adjusted to 0.01/0.99 or 0.05/0.95 by
changing the amount of Ce(NO3)3 6H2O used for impregnation. The obtained CeO2/MgO
catalysts were denoted by 0.01- or 0.05-CeO2/MgO(air) and 0.01- or 0.05-CeO2/MgO(dry)
corresponding to the content of CeO2 and the atmosphere for the heat treatments. A
portion of the MgO was subjected to characterizations without the deposition of CeO2.
A pure CeO2 catalyst was also prepared via a citrate method as a reference [43]. Aquatic
solutions of the Ce(NO3)3 6H2O and citric acid monohydrate (Kanto Kagaku, Tokyo, Japan,
>99.5%) were prepared separately and mixed into a solution. The molar ratio between
Ce(NO3)3 6H2O and citric acid monohydrate was kept at 1

2 . The pH of the solution was
adjusted to ~7.0 by adding an aquatic solution of ammonia (Kanto Kagaku, Tokyo, Japan,
28.0–30.0% as NH3) dropwise. After stirring continuously for 1 h at room temperature,
the solution was dried on a rotary evaporator at 60 ◦C to become a viscous gel. The gel
was further dried at 120 ◦C for 3 h and calcined at 800 ◦C for 5 h in ambient air. The high
purity of the obtained CeO2 was confirmed by X-ray fluorescence (Table S1 can be find in
the supplementary materials). Before the reaction, the obtained powdery catalysts were
pelletized by a compression molding machine and then crushed to a particle size between
500 and 750 μm by stainless steel sieves.

2.2. Catalyst Characterization

The chemical composition of the catalysts was determined by an inductively coupled
plasma optical emission spectrometer (ICP-OES). 0.05 g of the sample was dissolved in a
mixture of nitric acid and hydrogen peroxide. The solid residue was filtrated and melted
in sodium peroxide or sodium borate. The melt was heated in hydrochloric acid to extract
the elements in the sample. The obtained liquids were mixed thoroughly and adjusted to
a specific volume in a volumetric flask. The prepared liquid was subjected to ICP-OES
(Shimadzu, Kyoto, Japan, ICPS-8100). Specific X-ray of λ = 413.765 nm was used for Ce, and
those of λ = 280.270 and 383.231 nm were used for Mg. The ICP-OES detector was calibrated
using reference liquids of the elements before the measurements. The composition of each
catalyst was calculated from ICP-OES results assuming both Ce and Mg exist as oxides,
CeO2 and MgO, in the catalyst.

The surface areas of the catalysts were determined using the Brunauer–Emmett–Teller
(BET) method from the N2 adsorption isotherm at the temperature of liquid nitrogen
(MicrotracBEL, Osaka, Japan, BELSORP MINI X). TEM images of the catalysts were taken
as bright-field images with a transmission electron microscope (Thermo Fisher Scientific,
MA, USA, Tecnai G2) with an accelerating voltage of 200 kV. Each sample was mounted
on a carbon grid and measured on a single-tilt holder. The average particle sizes of the
CeO2 were determined using the procedure described in the supporting information of our
previous paper [44]. The projected areas of more than 100 nanoparticles on the TEM images
were determined with image analysis software. Then, the sphere equivalent diameter
was calculated for each particle. The arithmetic mean was calculated using an obtained
frequency distribution of the diameter. The total surface area of the CeO2 particles was
also estimated for each catalyst based on the frequency distribution. The morphology of
the catalysts was also observed with a scanning transmission electron microscope (STEM).
STEM images of the catalysts were obtained as bright-field images with a scanning electron
microscope (Hitachi, Tokyo, Japan, SU9000) with an accelerating voltage of 30 kV. Energy-
dispersive X-ray spectroscopy (EDS) mapping images were taken along with STEM images
with an EDS detector (Oxford Instruments, Tokyo, Japan, X-max 100LE).

The redox properties of the catalysts were assessed by temperature-programmed re-
duction (TPR) and temperature-programmed oxidation (TPO) studies. TPR of the samples
was carried out under a flow of 5% H2/Ar. All measurements were conducted using an
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automated catalyst analyzer (MicrotracBEL, Osaka, Japan, BELCAT II) equipped with a
thermal conductivity detector (TCD). For the TPR measurements, 0.05 g of the sample
were placed on the bottom of a quartz tube and heated to 500 ◦C under an Ar flow to
remove impurities. The sample was then quenched to 30 ◦C under a flow of Ar. TPR was
conducted from 30 ◦C to 900 ◦C under a constant 30 cm3/min flow of 5% H2/Ar gas at a
heating rate of 5 ◦C/min. The TPO measurements were conducted using a heating chamber
(PIKE Technologies, WI, USA, DiffusIR) equipped with a quadrupole mass spectrometer
(QMS) (Pfeiffer Vacuum, Aßlar, Germanny, OmniStar). CO2 is used as an oxidant gas. For
each measurement, 0.0275 g of the sample were heated in a heating chamber to 550 ◦C
under a flow of Ar and reduced for 20 min under a constant 50 cm3/min flow of 5% H2/Ar
gas. The sample was then cooled to 100 ◦C under a flow of Ar. TPO was conducted at a
heating rate of 20 ◦C/min from 100 to 740 ◦C under a constant 50 cm3/min flow of 5%
CO2/Ar gas. The outlet gas was monitored by the QMS. The QMS signals corresponding
to the m/z values of 2 (H2), 28 (CO), 40 (Ar), and 44 (CO2) were monitored throughout
the reaction. The measurement cycle was ~1.0 s at a dwelling time of 0.2 s for each m/z.
The gas composition was determined using the relative intensities of the signals to that of
m/z 40 (Ar). The total gas concentration was normalized to 100% for each cycle. The QMS
system was calibrated before the measurements. Standard gases were used to calibrate the
m/z values of 2 (H2), 28 (CO), 40 (Ar), and 44 (CO2). The CO concentration was calculated
by subtracting the fragmentation of CO2 and background. The fragmentation ratio of CO2
to m/z of 44 and 28 was determined using a flow of CO2/Ar.

The crystallographic structure of the catalysts was determined using in situ X-ray
diffraction (XRD) measurements with an XRD instrument (Rigaku, Tokyo, Japn, RINT-TTR
III) equipped with a Co X-ray source and an Fe filter. The scanning range was set from
2θ = 20 to 80◦ with a 0.02◦ step angle at a scanning rate of 40◦/min. The X-ray tube
voltage and the current were 45 kV and 200 mA, respectively. The sample catalysts were
crushed into powder and mounted on an infrared heating attachment (Rigaku, Tokyo,
Japan, Reactor X). The infrared heating attachment was purged by a 5% H2/N2 flow of
150 cm3/min under the pressure of 0.1 Mpa. H2 was supplied from an H2 generator (Parker
Hannifin, OH, USA, H2PEM-260) and diluted with N2 supplied from a gas cylinder (Tokyo
Koatsu, Tokyo, Japan, >99.99995%). The sample was heated up to 900 ◦C at a heating rate
of 5 ◦C/min under continuous gas flow. The scanning was performed every 10 ◦C from
200 to 900 ◦C. XRD measurements were also performed under ambient air with an XRD
instrument (Rigaku, Tokyo, Japan, RINT-TTR III) equipped with a Cu X-ray source and an
Ni filter. The scanning range was from 2θ = 20 to 70◦ with a 0.02◦ step angle at a scanning
rate of 1◦/min at room temperature.

The oxidation state of Ce was measured on an X-ray photoelectron spectroscopy (XPS)
analyzer (ULVAC-Phi, Kanagawa, Japan, Quantum-2000). The XPS analyzer was equipped
with a monochromated Al X-ray source and a charge neutralizer. The pass energy and the
recording step were controlled to 29.35 eV and 0.125 eV, respectively. The binding energy of
an isolated u”’ peak of Ce3d3/2 was adjusted to 916.70 eV to correct the peak shift derived
from the charge-up of the catalysts [45,46]. C1s peak of adventitious carbon was not used
for the correction due to the weak intensity of the peak and the overlap with the peaks of
carbonates and Ce4s [47,48].

2.3. Dry Reforming Reaction

The obtained catalysts of particle size 500 to 750 μm were subjected to the dry reform-
ing reaction. All the test reactions were conducted at ambient pressure for 6 h at 800 ◦C
using a tubular flow reactor The composition of the gas was fixed to 25% CH4, 25% CO2,
and Ar as balance at a flow rate of 100 cm3/min. The amount of catalyst was 0.1 g for all
the reactions, of which space velocity was 60,000 cm3 hr−1 g-cat−1. The inlet and outlet gas
compositions were analyzed by a gas chromatograph (Shimadzu, Kyoto, Japan, GC-2014),
employing Ar as the carrier gas. The absence of N2 eliminated peak overlap between CO
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and the balance gas, which allowed the concentration of the product gases to be estimated
correctly even at low CH4 conversions.

The CH4 conversions were calculated using a procedure described in our previous
report [49], assuming a two-step reaction shown in Equations (1) and (2). We used the reac-
tion rates for Equations (1) and (2) as parameters to reproduce the outlet gas composition
by the least-squares method. The calculated reaction rates for Equation (1) were used as the
CH4 conversion rates. All the calculations were performed ignoring the carbon deposition
on the catalysts and the C2 species in the outlet gas (<50 ppm). Therefore, the total flow
of CH4 and CO2 in the inlet gas was equal to that of CO, CO2, and CH4 in the outlet gas
during the calculation.

CH4 + CO2 → 2CO + 2H2 (1)

H2 + CO2 → CO + H2O (2)

3. Results and Discussion

3.1. Characterization of the Catalysts

The content of CeO2 in the catalysts was calculated based on the results of ICP-OES.
The obtained values were compared to the nominal values calculated from the amount
of nitrates used. The nominal values and the experimental values are almost identical to
each other (Table 1). This result suggests that all the catalysts were prepared at the nominal
chemical composition as intended.

Table 1. Morphological properties of the prepared catalysts.

Nominal CeO2

Content (wt%)
CeO2 Content

(ICP-OES) * (wt%)
BET Area

(m2/g)
CeO2 Diameter

(nm) **
CeO2 Area (m2/g)

***

MgO(air) 0 0 33.1 - -
0.01-CeO2/MgO(air) 4.1 4.20 30.4 5.3 ± 1.3 3.8
0.05-CeO2/MgO(air) 18.3 18.31 27.9 6.9 ± 2.0 12.5

MgO(dry) 0 0 97.7 - -
0.01-CeO2/MgO(dry) 4.1 4.15 58.9 2.6 ± 1.1 6.2
0.05-CeO2/MgO(dry) 18.3 18.33 38.5 4.5 ± 1.9 15.8

CeO2 100.0 100.0 13.5 61.6 13.5

* Contents of CeO2 and MgO in the catalysts were experimentally determined by ICP-OES. Sum of CeO2 and MgO was normalized to 100%.
** Arithmetic averages were calculated from TEM measurement results. Standard deviations were described after “±” for each average
diameter. The diameter of pure CeO2 was estimated as an area-weighted average assuming the particles were spheres. *** Calculated
assuming that CeO2 particles are hemisphere attaching their flat planes on MgO.

The crystallographic structure of the prepared catalysts was assessed by XRD. No
peaks other than CeO2 and MgO were observed across all of the XRD patterns (Figure 1).
The diffraction patterns of CeO2 were weaker for CeO2/MgO catalysts than for that of
pure CeO2 because the content of CeO2 in CeO2/MgO was less than 20% in the mass ratio
(Table 1). Further, no clear peak shift was observed for peaks of CeO2 and MgO, suggesting
that the formation of the solid solution is small. These results are in good accordance with
previous studies [31,34]. The amount of CeO2 and MgO dissolving with each other was
negligible even at 1500 ◦C. On the other hand, a clear difference was observed between the
samples in the peak shape. The broader peaks were observed for the samples prepared in
the dry atmosphere than those prepared in the ambient air, suggesting the finer MgO and
CeO2 particles of the samples prepared in the dry atmosphere.

The size of the CeO2 nanoparticles was also compared by TEM measurement (Figure 2).
Small particles stuck on the large particles were assigned as CeO2 particles based on EDS-
mapping results (Figure S1). Figure 3 shows the frequency distribution of the CeO2
diameter. The results are summarized in Table 1. Small CeO2 clusters (<3 nm), as well as
larger nanoparticles (>3 nm), were observed in all the CeO2/MgO catalysts as reported by
Tinoco et al. [32]. The average diameter of CeO2 increased as the content of CeO2 in the
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catalysts increased; 0.05-CeO2/MgO(air) and 0.05-CeO2/MgO(dry) contained larger CeO2
nanoparticles than 0.01-CeO2/MgO(air) and 0.01-CeO2/MgO(dry), respectively (Table 1).
Meanwhile, smaller CeO2 nanoparticles were observed on the catalysts prepared under
the dry atmosphere. The 0.01-CeO2/MgO(dry) sample contained 2.6-nm CeO2 on average,
which is smaller than 5.3-nm CeO2 for 0.01-CeO2/MgO(air) (Table 1). The results of TEM
were in good accordance with the results of XRD; the volume-weighted average of CeO2
nanoparticles was comparable for both TEM and XRD results (Table S2).

Figure 1. XRD patterns of (a) 0.01-CeO2/MgO and (b) 0.05-CeO2/MgO catalysts compared to that of pure CeO2. A Cu
X-ray source and an Ni filter were used. MgO and CeO2 patterns were assigned based on the references [56,57].

The difference in the size of the CeO2 nanoparticles was attributed to the difference
in the BET area. As shown in Table 1, the BET area of MgO(dry) was approximately three
times larger than that of MgO(air). MgO(dry) contained small cubic grains caused by the
thermal decomposition of Mg(OH)2 (Figure S2) [42]. In contrast, larger octahedral grains
were observed in MgO(air) instead of in cubic grains. This difference is ascribed to the
water vapor contained in the ambient air. The water vapor accelerates the sintering of MgO
of <5 nm in diameter [41,42,50]. Further, the stability of each facet of MgO depends on the
humidity of the atmosphere; the {100} face is favored under the dry atmosphere, but the
{111} face is under the humid atmosphere [38,51]. The morphological change of MgO due
to the humidity caused the sintering of CeO2 nanoparticles during the calcination of the
samples at 800 ◦C.

The precipitous drop in the BET surface areas of 0.01- and 0.05-CeO2/MgO(dry)
compared to MgO(dry) was attributed to the condensed nitrate solutions formed during
the drying process of the impregnation. During drying, the surface of MgO is covered
by Mg(OH)2 since the acetone solution of Ce(NO3)3 contains water; Ce(NO3)3 6H2O
was used as a precursor. Further, the acetone solution contains a small amount of water
as an impurity [52]. Therefore, the equilibrium of Equation (3) is present during the
drying process.

2Ce(NO3)3 + 3Mg(OH)2 � 2Ce(OH)3 + 3Mg(NO3)2 (3)

Mg(NO3)2 is soluble both in water and acetone [53,54]. Once the solution of Mg(NO3)2
formed, heterogeneous nucleation of Mg(NO3)2 and Ostwald ripening of MgO would
proceed as reported for other oxides [55]. Therefore, the condensed nitrate solution would
solve the MgO surface and increase its grain size, which reduced the surface area of MgO.
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This result suggests that it is possible to increase the surface area by further optimizing the
combination of Ce precursors and solvents.

Figure 2. TEM images of (a) 0.01-CeO2/MgO(air), (b) 0.05-CeO2/MgO(air), (c) 0.01-CeO2/MgO(dry),
(d) 0.05-CeO2/MgO(dry), and (e) CeO2. STEM-EDS of the samples are shown in Figure S1.
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Figure 3. Frequency distribution of the CeO2 diameter in (a) 0.01-CeO2/MgO, and (b) 0.05-CeO2/MgO.

3.2. Mobility of Oxygen

The mobility of oxygen species on the catalysts was assessed by the TPR measurement
(Figure 4). MgO had no peaks because it is irreducible under the measurement conditions
(Figure S3). All the other catalysts showed peaks at ~500 and ~800 ◦C, but the relative
intensity of these peaks varied depending on the catalyst. The former and latter peaks are
ascribed to the surface capping oxygen and the bulk lattice oxygen of CeO2, respectively [1].
Notably, the intensity of the peaks at ~800 ◦C lowered as the CeO2 content decreased while
the intensity of the peaks at ~500 ◦C remained comparable, suggesting that the low content
of CeO2 led to finer CeO2 nanoparticles (Figure 4a,b). This result is in good agreement with
the results of the TEM measurement (Table 1, Figures 2 and 3). Further, the intensity of the
peaks at ~800 ◦C was lower for CeO2/MgO(dry) than for CeO2/MgO(air) for both contents
of CeO2. These results suggest that the surface capping oxygen was predominant for the
finer CeO2 nanoparticles prepared under the dry atmosphere due to its larger surface area
of CeO2 (Table 1). In particular, 0.01-CeO2/MgO(dry) had no peaks at ~800 ◦C, suggesting
that both the surface capping oxygen and the lattice oxygen were removed at ~500 ◦C. This
result is attributed to the fine CeO2 of d = 2.6 nm in 0.01-CeO2/MgO(dry) (Table 1). Such
small CeO2 nanoparticles have high reducibility since their unit cell expanded [13,20]. The
lattice oxygen of such CeO2 nanoparticles would diffuse ~1 nm from the center of the CeO2
nanoparticles to the surface under the reducing atmosphere.

In addition to the intensity of the reduction peak at ~500 ◦C, the shape of the peak also
changed depending on the preparation condition; a small shoulder appeared at ~350 ◦C for
the samples prepared under dry conditions. This low-temperature peak was attributed to
the size-dependent orientation of CeO2 nanoparticles on the MgO surface. Reportedly, the
crystallographic orientation of CeO2 nanoparticles varies depending on the size of CeO2;
CeO2 of 1–3 nm in diameter faces its {111} surface to the {111} surface of MgO, but CeO2
of 10–20 nm in diameter faces its {100} surface to the {111} surface of MgO [32]. These
studies suggest that preferential faceting of CeO2 nanoparticles depends on the size of
CeO2. Further, the reducibility of the CeO2 surface strongly depends on their faceting [23];
the reduction peak position shifted from ~500 ◦C for conventional CeO2 to ~300 ◦C for
nanorod CeO2. Therefore, we considered that the reducibility of the surface capping
oxygen was modulated by the difference in the faceting of CeO2 nanoparticles caused by
the size variation.
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Figure 4. H2-TPR profiles of (a) 0.01-CeO2/MgO and (b) 0.05-CeO2/MgO catalysts compared to that of pure CeO2.

Redox properties of the catalysts were further assessed by TPO using CO2 as an
oxidant. The catalysts were reduced in a 5%H2/Ar flow at 550 ◦C before the TPO measure-
ments. As shown in Figure 5, the formation of CO starts at ~350 ◦C on all the catalysts.
Further, the peak intensity is ~1.5 times higher on 0.05-CeO2/MgO(dry) compared to those
on 0.05-CeO2/MgO(air) and pure CeO2. These results are consistent with the H2-TPR
(Figure 4b); the reduction peak at ~500 ◦C on 0.05-CeO2/MgO(dry) is larger than those of
the other catalysts. CO2 refilled the oxygen vacancies on the surface that formed during
the reduction in an H2 flow. This result also demonstrated the improved oxygen mobility
of 0.05-CeO2/MgO(dry) than those of 0.05-CeO2/MgO(air) and pure CeO2. Further, the
results shown in Figures 4 and 5 suggest that CeO2/MgO(dry) works as a catalyst for
chemical looping combustion (CLC) [6–9]. The CLC proceeds as a two-step reaction; the
catalyst is subjected to reducing conditions and then re-oxidized by CO2 or H2O to produce
CO or H2, which is identical to the reaction in Figure 5.

Figure 5. CO2-TPO profiles of the reduced catalysts. The catalysts were heated at 20 ◦C/min in a 5%
CO2/Ar flow after the reduction at 550 ◦C in a 5% H2/Ar flow.
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XPS measurement was also performed on 0.01-CeO2/MgO(air) and 0.01-CeO2/MgO(dry)
to clarify the difference of CeO2 nanoparticles caused by the preparation condition. As
shown in Figure 6, a distinct difference was observed in the spectra. There were ten peaks
derived from Ce4+ and Ce3+. The peaks annotated by v, v”, v”’, u, u”, and u”’ were
attributed to Ce4+. Meanwhile, v0, v’, u0, and u’ were due to Ce3+. The binding energies of
each peak are described in the caption of Figure 6. Intense peaks of Ce3+ denoted by v’ and
u’ were observed for 0.01-CeO2/MgO(dry). Further, the relative intensity of the Ce3d3/2
peak denoted by u”’ was lower for 0.01-CeO2/MgO(dry) than for 0.01-CeO2/MgO(air),
suggesting the presence of Ce3+ in 0.01-CeO2/MgO(dry) [45,46]. Reportedly, the relative
intensity of u”’ is not linearly correlated to the content of Ce3+, but such a clear difference
in the intensity of u”’ suggests that more than 30% of Ce in 0.01-CeO2/MgO(dry) was
Ce3+ [46,58]. This difference in the Ce3+ content is ascribed to the size of CeO2. Several
studies reported that CeO2 nanoparticles smaller than 3 nm in diameter were relaxed
in their crystal structure [13,19]; such small CeO2 nanoparticles were vulnerable to in
situ reductions during the exposure to X-ray under vacuum. As shown in Figure 3, 0.01-
CeO2/MgO(dry) contained a lot of CeO2 nanoparticles smaller than 3 nm, which would
be reduced during the XPS measurement. Such high reducibility of 0.01-CeO2/MgO(dry)
matched well with the results of H2-TPR (Figure 4). 0.01-CeO2/MgO(dry) was reduced at
a lower temperature than 0.01-CeO2/MgO(air). Here, it is noteworthy that the effect of
precursors on the valence of Ce was minor because both samples were prepared using the
same precursor [13].

Figure 6. XPS spectra of 0.01-CeO2/MgO(air) and 0.01-CeO2/MgO(dry). The peak positions of v0, v,
v’, v”, v”’, u0, u, u’, u”, and u”’ are 880.60, 882.60, 885.45, 888.85, 898.40, 898.90, 901.05, 904.05, 907.45,
and 916.70 eV, respectively. The binding energies of all the peaks are identical to the values of the
reference [46].

3.3. In Situ XRD Study under the Reducing Atmosphere

In situ XRD was performed to visualize the structural variation of CeO2 nanopar-
ticles during the reduction. Instead of 0.01-CeO2/MgO, 0.05-CeO2/MgO(air) and 0.05-
CeO2/MgO(dry) were used to increase the peak intensity to perform further analyses.
The measurements were performed under the same condition as that of H2-TPR, but an
N2 balance was used as a balance instead of Ar. CeO2 was also subjected to the same
measurement as a reference. The results are shown in Figure 7. Only the peaks of CeO2
and MgO were observed in the patterns since the phase change from CeO2 to Ce2O3 is
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slow. The absence of Ce2O3 was consistent with the previous studies [1,59,60]. As shown
in the patterns of CeO2/MgO (Figure 7b,c), the peaks of MgO linearly shifted to lower 2θ
as the temperature increased, suggesting a continuous thermal expansion of MgO crystals.
The peaks of CeO2 also shifted to the same direction; however, the peaks showed the
inflection points at ~650 ◦C (Figure 7b,c). This implies that structural relaxation was caused
by the removal of lattice oxygen of the CeO2 nanoparticles. Additionally, CeO2 in both
CeO2/MgO(air) and CeO2/MgO(dry) underwent structural change at lower temperatures
than pure CeO2 (Figure 7a–c). The inflection point appeared at ~800 ◦C for pure CeO2
(Figure 7a). This result suggests that CeO2 in CeO2/MgO was reduced faster than pure
CeO2, which is in good agreement with H2-TPR (Figure 4).

Figure 7. In situ XRD patterns of (a) CeO2, (b) 0.05-CeO2/MgO(air), and (c) 0.05-CeO2/MgO(dry).
A Co X-ray source and an Fe filter were used for the measurements. White arrows indicate the
inflection points observed on the (220) peaks of CeO2. The unassigned weak peaks were attributed to
the diffraction of Co K-β.

Another difference between the CeO2/MgO and the pure CeO2 was observed in the
shape of the diffraction patterns of CeO2 (Figure 7a–c). Notably, the splitting of diffraction
patterns was observed for pure CeO2 around 2θ = ~55◦ and ~65◦ at ~750 ◦C (Figure 6a
and Figure S4). This result suggests that the reduction proceeded heterogeneously in CeO2
grains. As shown in Figure 4, H2-TPR of pure CeO2 detected a long tailing to a high
temperature at >800 ◦C. Such tailing means that the reduction of pure CeO2 was limited by
the diffusion of oxygen in CeO2 [61–63]. Such diffusion-controlled reduction would render
the outer side of CeO2 particles more reduced than the inner part of them. In contrast, such
splitting was not observed for CeO2/MgO catalysts. The reduction of CeO2 nanoparticles
in CeO2/MgO proceeded more homogeneously than pure CeO2 due to the small size of
CeO2 nanoparticles.

The variation of unit cell parameter a0 of CeO2 was calculated assuming that the
structural change of CeO2 nanoparticles was isotropic. The calculated values of a0 were
normalized by the values at 200 ◦C to see the variation depending on the temperature. As
shown in Figure 8, the unit cell parameter a0 increased at a lower temperature for 0.05-
CeO2/MgO(dry) than for 0.05-CeO2/MgO(air). The first derivative of the unit cell parame-
ter held a peak at 640 ◦C and 680 ◦C for 0.05-CeO2/MgO(dry) and 0.05-CeO2/MgO(air),
respectively (Figure S5). This difference was ascribed to the smaller size of CeO2 in
0.05-CeO2/MgO(dry). As confirmed by H2-TPR (Figure 4), 0.05-CeO2/MgO(dry) was
reduced at a lower temperature than 0.05-CeO2/MgO(air) due to the higher dispersion
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of CeO2 (Figure 3). The faster removal of the oxygen from the lattice led to the structural
change at a lower temperature. In addition, structural relaxation proceeds more easily as
the size of CeO2 decreases [13,17,19]. The results of in situ XRD also demonstrated that
0.05-CeO2/MgO(dry) was reduced at lower temperatures than 0.05-CeO2/MgO(air).

Figure 8. Unit cell parameter a0 of CeO2 nanoparticles of 0.05-CeO2/MgO(air) and 0.05-
CeO2/MgO(dry) calculated from in situ XRD measurement. The vertical axis is normalized by
the value of a0 at 200 ◦C.

3.4. Dry Reforming Reaction

As shown in previous sections, CeO2 nanoparticles in 0.05-CeO2/MgO(dry) were
smaller than those in 0.05-CeO2/MgO(air). Such small CeO2 nanoparticles led to the
high mobility of the lattice oxygen. In this section, the difference of the catalysts was
demonstrated via a dry reforming reaction, in which the catalysts were exposed to dry
reductive gas at high temperatures. Figure 9 shows the average reaction rate of CH4
throughout the reaction. The time course profile of the CH4 conversion rate is also shown
in Figure S6. All the catalysts remained white or yellow after the reaction, suggesting
the absence of carbon deposition. Both 0.05-CeO2/MgO(air) and 0.05-CeO2/MgO(dry)
outperformed pure CeO2 despite their low content of CeO2, i.e., 18.3 wt%. Further, a higher
conversion was attained over 0.05-CeO2/MgO(dry) than over 0.05-CeO2/MgO(air). These
differences were ascribed to the dispersion of CeO2 nanoparticles. The average diameter
of pure CeO2 was 61.6 nm while those of 0.05-CeO2/MgO(air) and 0.05-CeO2/MgO(dry)
were 6.9 nm and 4.5 nm, respectively (Table 1). The finer CeO2 nanoparticles led to the
higher surface area of CeO2, resulting in the higher catalytic activity. In addition, 0.05-
CeO2/MgO(air) exhibited higher activity than pure CeO2 although the area of CeO2 in
0.05-CeO2/MgO(air), 12.5 m2/g, was smaller than that of pure CeO2, 13.5 m2/g (Table 1).
Our previous study also suggests that MgO promotes CO2 supply to the CeO2 surface due
to the strong basicity of the MgO [36]. Such interaction would also contribute to the higher
catalytic activity of CeO2/MgO.

The selectivity of the reaction is also illustrated in Figure S7 as the time course profile of
the outlet gas composition. All the reaction proceeds under the reaction condition of a low
conversion rate of CH4, ~4%. Due to the low conversion rate, the selectivity of H2 against
CO was as low as 0.1–0.2 (Figure S7). Notably, the average value of H2/CO throughout the
6-h reaction was slightly smaller for pure CeO2, 0.11, than 0.05-CeO2/MgO(air), 0.18, and
0.05-CeO2/MgO(dry), 0.17. The origin of this difference is uncertain, but we attributed
it to the CH4 conversion rate and reducibility of CeO2. As shown in Figure 9, the CH4
conversion rate over the pure CeO2 is lower than those over 0.05-CeO2/MgO. This means
the total supply of H2 is less over CeO2 than over 0.05-CeO2/MgO, causing the difference
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in the H2/CO ratio. Another possible origin of the difference is the reducibility of CeO2. H2-
TPR demonstrated that reduction of pure CeO2 did not complete even at 800 ◦C (Figure 4).
This result suggests that the pure CeO2 continued to be reduced by the product H2 during
the reaction. Such a reaction would lead to a lower H2/CO ratio due to the consumption
of H2.

Figure 9. Average reaction rates of CH4 of 6-h dry reforming reaction over CeO2 and CeO2/MgO.

The temporal variation of the CH4 conversion rate also depended on the catalysts.
The pure CeO2 was deactivated rapidly within the initial two hours but then gradually
(Figure S6). On the contrary, such an initial rapid drop of the CH4 conversion rate was
not observed for 0.05-CeO2/MgO(air) and 0.05-CeO2/MgO(dry). This difference in the
initial behavior was attributed to the stoichiometry of the CeO2 surface influenced by the
diffusion of oxygen in the CeO2 particles. As shown in Figure 4, the reduction of pure
CeO2 at 800 ◦C was diffusion controlled. The reduction did not complete even at 900 ◦C.
This result suggests that it takes a long time to reach the equilibrium in the oxygen content
of the pure CeO2 during the reaction. Contrary, the reduction of 0.05-CeO2/MgO(air) and
0.05-CeO2/MgO(dry) was almost completed at 800 ◦C in H2-TPR (Figure 4), suggesting
that it takes a short time to reach the equilibrium in the oxygen content of CeO2/MgO
during the reaction. Therefore, there would be fewer oxygen vacancies on the surface
of pure CeO2 than on CeO2 nanoparticles in CeO2/MgO. Such fewer oxygen vacancies
of the pure CeO2 would improve the initial activity because previous studies reported
that the C-H activation energy on CeO2 decreased as the number of oxygen vacancies
decreased [64,65].

Notably, 0.05-CeO2/MgO(air) exhibited steady catalytic activity throughout the 6-h
reaction, but 0.05-CeO2/MgO(dry) was gradually deactivated (Figure S6). The gradual
deactivation of 0.05-CeO2/MgO(dry) was attributed to the gradual sintering of CeO2
nanoparticles caused by the moisture content in the gas. Dry reforming produces H2O
along with H2 and CO. Although the concentration of water in the product gas was lower
than that of ambient air (Table S3), 0.05-CeO2/MgO(dry) was exposed to the water vapor at
800 ◦C during the reaction, causing the structural change of 0.05-CeO2/MgO(dry). On the
contrary, 0.05-CeO2/MgO(air) was already heated at 800 ◦C in the ambient air containing
~3 vol% of H2O before the reaction (Table S3). Therefore, the byproduct H2O in the product
gas affected 0.05-CeO2/MgO(dry) more than 0.05-CeO2/MgO(air).
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As discussed above, 0.05-CeO2/MgO(dry) gradually deactivated during the dry re-
forming reaction while 0.05-CeO2/MgO(air) exhibited stable activity. This difference in the
behavior of 0.05-CeO2/MgO(air) and 0.05-CeO2/MgO(dry) suggests that the preparation
of catalysts under the dry atmosphere is effective only for the reactions in the absence
of H2O. Solar-thermochemical reaction is an example of such reactions [7]. The solar-
thermochemical reaction proceeds as a two-step reaction; the catalyst is subjected to high
temperatures to be reduced thermodynamically and then re-oxidized by CO2 at low tem-
peratures to produce CO. The CeO2/MgO(dry) would be suitable for the reaction since it
demonstrated high stability and reducibility under dry conditions (Figures 4 and 5).

4. Conclusions

This study demonstrated that stable CeO2 nanoparticles were deposited on MgO
by the simple impregnation method. When CeO2/MgO was prepared under the dry
atmosphere, the CeO2 nanoparticles remained ~3 nm in diameter even after being heated
at 800 ◦C, which is much smaller than ~5 nm of CeO2/MgO prepared under ambient air.
The difference was attributed to the higher surface area of the catalysts prepared under the
dry atmosphere. H2-TPR, CO2-TPO, XPS, and in situ XRD showed that CeO2/MgO(dry)
exhibited higher oxygen mobility than CeO2/MgO(air) due to the higher dispersion of
CeO2 nanoparticles. The higher catalytic activity of CeO2/MgO(dry) than CeO2/MgO(air)
was also demonstrated by the dry reforming reaction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14237922/s1, Table S1: Chemical composition of CeO2 estimated by X-ray fluorescence,
Figure S1: Scanning Transmission Electron Microscope images (a,d) and corresponding energy
dispersive X-ray spectroscopy mapping of Ce Lα (b,e) and Mg Kα (c,f) for Ce0.01Mg0.99O1.01 (a–c),
Ce0.05Mg0.95O1.05 (d–f), Table S2: Volume-weighted average diameter of CeO2 nanoparticles esti-
mated from TEM and XRD results, Figure S2: TEM images of (above) MgO(air) and (bottom) MgO(dry),
Figure S3: H2-TPR profile of MgO(air), Figure S4: XRD patterns of CeO2 during in situ XRD measure-
ment, Figure S5: The first derivative of a0/a0 shown in Figure 8 of the main manuscript, Figure S6: Time
course profiles of the CH4 conversion rates during dry reforming reactions, Figure S7. Time course
profiles of the outlet gas composition during dry reforming reactions, Table S3: Compositions of the
inlet and outlet gases during the dry reforming reaction.
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Abstract: The growing emission of carbon dioxide (CO2), combined with its ecotoxicity, is the reason
for the intensification of research on the new technology of CO2 management. Currently, it is believed
that it is not possible to eliminate whole CO2 emissions. However, a sustainable balance sheet is
possible. The solution is technologies that use carbon dioxide as a raw material. Many of these
methods are based on CO2 methanation, for example, projects such as Power-to-Gas, production
of fuels, or polymers. This article presents the concept of using CO2 as a raw material, the catalytic
conversion of carbon dioxide to methane, and consideration on CO2 methanation catalysts and
their design.

Keywords: carbon dioxide (CO2); carbon monoxide (CO); CO2 feedstock; methanation; catalyst;
catalysis; photocatalysis; Power-to-Gas; catalyst design; heterogenous catalysts database

1. Introduction

Life is based on carbon compounds. The dependence on coal is immanently inte-
grated with human civilization. As the National Oceanic and Atmospheric Administration
(NOAA) reports, in 2000 the annual average CO2 concentration in the atmosphere was
369.71 ppm, in 2010 it was 390.10 ppm, and in 2020 it was 414.24 ppm [1]. The growth
trend results from the increasing demand for electricity and heat. Additionally, the share
of transport in the economy grows, and the current technologies in the power industry
and transport are based on fossil fuels [2]. It is not quite clear whether the increase in the
CO2 atmospheric concentration of anthropogenic nature is crucial for the greenhouse effect.
However, there is no doubt that phenomena related to the overloading of the atmosphere
with CO2 result in such an effect. The opinion that it is the anthropogenic CO2 which
threatens the fate of our civilization has increasingly often prevailed [3–6]. Therefore, it is
very likely that this human dependence on coal leads to a critical excess of carbon dioxide
in the atmosphere.

The management of CO2 has become a key issue in the fuels and energy industry.
The legislation related to this issue is the subject of European Union regulations, e.g., the
European Union Emissions Trading System (EU ETS) [7] and also the Kyoto Protocol,
which took effect recently [8,9]. Work related to fuel engineering and new chemistry based
on carbon dioxide as the raw material has become a significant challenge. The fact that
the carbon dioxide resources in the environment are becoming greater and greater is,
beyond dispute, related to CO2 ecotoxicity and its impact on climate change and the natural
environment. Hence CO2 is an easily available and cheap chemical raw material [10].

2. Carbon Dioxide Employment

2.1. CO2 Management—Obligation and Opportunity

The first motif of CO2 management results from the regulations, e.g., of the European
Union [11]. Because a positive balance of emission is related to high financial penalties, the
possibility of reducing emission is attractive in economic terms. Table 1 presents the CO2
emission for selected economies of the European Union countries.
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Table 1. Reduction of greenhouse gas and carbon dioxide emissions in selected countries of the
European Union (UE). Own study based on data from [11–15].

Selected EU
States

1 GHG Emission
Reduction

by 2030,
%

2 GHG Emission
in 2005,

CO2 Equivalent, Mt/yr

GHG Emission Limit
in 2030,

CO2 Equivalent, Mt/yr

3 Averaged Value of
CO2 Share in GHG,

%

CO2 Emission Limit
in 2030,
Mt/yr

Belgium 35 147.174 95.663

73

69.834
Luxembourg 40 13.166 7.900 5.767
Netherlands 36 225.725 144.464 105.459

Germany 38 993.712 616.101 449.754
Czech Republic 14 148.874 128.032 93.463

Poland 7 412.938 384.032 280.343
Slovakia 12 49.748 43.778 31.958

Lithuania 9 23.668 21.538 15.723
Latvia 6 13.081 12.296 8.976

1 Greenhouse gases (GHG) emission reduction by 2030 as against this emission in 2005 [11]. 2 Greenhouse gases
(GHG) emission in 2005 based on [12]. 3 Averaged value of CO2 share in greenhouse gases (GHG) based on the
UNFCCC (2017) [13] and IPCC (2014) [14] data.

As the most recent regulation on greenhouse gases (GHG) emission reduction [15]
stipulates, the European Union member states shall reduce the GHG emission in the years
2021–2030, depending on the country, from 0 to 40% below the 2005 level. Carbon dioxide
is the dominating component of greenhouse gases. Depending on the source, its share
ranges between 65% and 81% [13,14].. In the near future one should expect the economy
to be subordinated to the EU requirements and based on so-called smart carbon footprint
management [16–21].

The second motif results from the size of the share of individual emission sources. The
highest CO2 emission is now related to the industry, namely power plants, oil and gas pro-
cessing, cement production, iron and steel metallurgy, or petrochemical industry [10,22,23].
Figure 1 presents the percentage share of individual industry sectors in their total annual
carbon dioxide emission.

Figure 1. Percentage share of selected industry sources in their total annual CO2 emissions in the
European Union. Data for 2019, extracted from [24].

The anthropogenic impact of carbon dioxide emissions offers a great opportunity
for using CO2 as a raw material or even a feedstock wherever it is currently treated as
pollutant or waste. Relatively pure carbon dioxide may be recovered from the production
of hydrogen, ammonia, ethylene oxide, gas processing, natural gas liquefaction, hydro-
carbons production in the Fischer-Topsch process, or biorefineries, e.g., from ethanol
production [20,25]. Such technologies provide a possibility to expand simply the existing
plants with units for CO2 conversion to products useful on the chemical market. Carbon
dioxide is now used in the synthesis of urea, salicylic acid, or pigments [10]. In addition,
two basic product types may be distinguished, in which CO2 plays the role of the main
raw material. The first type includes inorganic or organic products, the structures of which
contain the entire motif of CO2 molecule. The second type comprises products formed
in reactions, in which C-O bonds are broken. This division is of key importance in terms
of energy balance and application. The first type of reaction (both inorganic and organic)
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is not energy-intensive [26] and can frequently proceed spontaneously (at unfavorable
kinetics), as in the production of inorganic carbonates. In the case of the second product
type, the breaking of C-O bond is energy-intensive and requires the application of reducers,
e.g., hydrogen. In the context of smart management of carbon dioxide balance [16–21] it
is important that the energy necessary for such reaction would originate from renewable
energy sources (solar, wind, geothermal, etc.) or at least from sources different than coal
(e.g., nuclear energy). Otherwise, the balance of CO2 conversion will be reduced by the
amount of CO2 emitted in the process of energy generation, used to carry out the reaction. It
is also necessary to remember such factors as the blocking (storage) time of CO2 molecules
in the product. Attention was drawn to this in the report of the Intergovernmental Panel on
Climate Change (IPCC) on the capture and storage of carbon dioxide [27]. A long period of
use of a product formed from carbon dioxide will block CO2 for a longer period of time, in
this way preventing the reintroduction of carbon dioxide to the atmosphere. In relation
to this the first type of product is more stable, e.g., inorganic and organic carbonates, and
ensures long-term (from decades to centuries) immobilization of CO2, while the second
type (e.g., fuels or chemicals) immobilizes CO2 usually for periods of months to a few years.
As the second type of product over years may be subject to several cycles of processing and
CO2 releasing (depending on the product life), with the use of renewable energy sources,
such technologies are at least equally as attractive as the CCS (carbon capture and storage)
technologies [16].

2.2. CO2 Processing—Examples

The annual conference, “Carbon Dioxide as Feedstock for Fuels, Chemistry and
Polymers” (previously known as “CO2 as Feedstock for Chemistry and Polymers”), in
Germany is one of project sources devoted to the employment of CO2. A few recently
proposed strategies for CO2 use, presented below, originate from there.

The Power-to-Gas (P2G) strategy [28] is a method for carbon dioxide management
with good prospects. It consists in using the renewable energy or an energy surplus
originating from power plants to produce chemical energy carriers. Figure 2 presents
this schematically. Countries in which the power industry is to a large extent based on
renewable energy sources (e.g., wind or solar) encounter problems with the energy surplus
storage or management [28]. According to the P2G strategy this problem may be resolved
by the use of this surplus for water electrolysis, resulting in the origination of hydrogen,
which in turn in a reaction with carbon dioxide forms methane or methanol, which are
compounds which may be stored and used as an energy source in industry and in the power
sector [29,30]. Such processes still require optimizing, increasing the overall productivity,
and minimizing the costs. Nevertheless, since 2011 we have been observing a growth of
such projects in countries like Germany, Denmark, Switzerland, or Spain [28].

The utilization of CO2 to produce polymers and chemical compounds is another
opportunity for its use [31]. In this way, for example, polyhydroxy alcohols (polyols),
polypropylene carbonate (PPC), and cyclic carbonates are obtained. Propylene carbonate
and ethylene carbonate is mainly synthesized by catalytic CO2 cyclization to epoxides [32].
The use of non-toxic and freely available CO2 not only allows the achievement of com-
pounds with higher added value, but also makes the reaction an example of a green process.
Moreover, the reaction is thermodynamically favorable as it uses the high free energy of
the epoxides to balance the high thermodynamic stability of the carbon dioxide. However,
the differentiation in the rate of the CO2 cycloaddition reaction depending on the starting
substrates, and thus competition with the reaction yielding polycarbonate by-products,
requires selective catalysts. Active sites on the catalyst surface are Lewis acids. There-
fore, Kelly et al. grafted ZrCl4·(OEt2)2 on the surface of dehydroxylated silica at 700 ◦C
(SiO2-700) and 200 ◦C (SiO2-200) by surface organometal chemistry (SOMC), and tested
in the cycloaddition of CO2 (also from CO2 from cement factory flue gas) with propylene
oxide [33]. As reported by the authors, despite a certain degree of leaching of weakly bound
or absorbed zirconium complexes during the first catalysis, the catalyst was active, recov-
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erable, and suitable for reuse in further catalytic cycles. Then, Sodpiban et al. described
the heterogeneous catalysts consisting of metal halides (ZnCl2, SnCl4) as active precursors
immobilized on the surface silica with ionic liquids that were based on functionalized
quaternary ammonium halide salts [34]. The best catalytic systems (ZnCl2(1.99)-IL-I and
SnCl4(0.66)-IL-Br) allowed for the practically quantitative conversion of terminal epoxides
to the corresponding carbonates under relatively mild conditions (25–40 ◦C, 1 bar). The
catalysts were also tested in a stream of dilute gases of CO2 (50% CO2/N2 mixture) and CO2
from contaminated sources (20% CH4 in CO2 with H2S as the catalyst poison), obtaining
quantitative conversion for the above-described catalysts. The catalysts were deactivated
only by the loss of the silica matrix and dehalogenation of quaternary ammonium halide
groups with simultaneous poisoning of the active metal centers. Metal-organic frameworks
(MOFs) or porous organic polymers (POPs) are new trends in the search for CO2 cycloaddi-
tion catalysts [32]. MOFs are porous crystalline materials with a defined structure and high
development of the specific surface area—SSA. On the other hand, POP can be an ideal
structure for porphyrin metal (Mg or Al) complexes, giving highly active and selective cata-
lysts under mild conditions [35]. The research carried out in this area allows us to render the
financial benefits on market principles. For example, there are already commercial plants
producing ethylene carbonate in the reaction of epoxide with carbon dioxide (Asahi Kasei
Corporation, Japan). In turn, Novomer, Bayer, or BASF are carrying out investments aimed
at implementation of such projects. Breakthrough innovations are expected there [36].
For example, polypropylene carbonate produced with the use of carbon dioxide contains
43 wt% of CO2. It is biodegradable, stable at high temperatures, flexible, transparent, and
features a shape memory effect. This interesting profile of practical properties translates
into a wide range of applications. PPC is used in production of packaging foils; foams;
softeners; and dispersants for brittle plastics, in particular for originally brittle bioplastics,
e.g., polylactic acids (PLA) or polyhydroxyalkanoates (PHA). PPC is frequently used in
the production of new materials. PPC combination with PLA or PHA results in obtaining
biodegradable, semi-transparent, and easy to process plastics, replacing the widely used
acrylonitrile butadiene styrene (ABS). Polyethylene carbonate (PEC) is an equally often
studied polymer which employs CO2. PEC is used as a substitute or additive to traditional
plastics made from petroleum. PEC contains 50 wt% of CO2. Its most interesting practical
property consists in the resistance to oxygen transport (permeation), which makes it an
interesting packaging material for food. Polyurethane blocks made from polyols, obtained
from carbon dioxide, are another example. Such products are used as mattress foams and
insulating materials.

Another idea consists in the use of CO2 as a source of carbon for industrial biotech-
nologies. In this strategy carbon dioxide is used as food for algae or bacteria [37–40]. In the
first case CO2 feeds cultures of microalgae in special photo-bioreactors or in open ponds. In
this case algae may be genetically modified to increase its effectiveness. Biomass is the end
product. This method is willingly used to produce various chemicals, in particular in the
production of biodiesel and aircraft fuel. The second strategy assumes the use of genetically
modified bacteria, which use CO2 as a source of metabolic carbon, and at the same time
as the skeleton to produce specially designed molecules. Modern biotechnology offers
already a possibility to “reprogram” bacteria towards synthesis of specified targets. Inten-
sive work continues on modern bacteria strains capable of carbon dioxide consumption
and its conversion into specified chemical products [39,40]. An interesting example is the
recent research on carbonic anhydrases (CA), enzymes found in algae, archaea, eubacteria,
vertebrates, and plants that can convert CO2 into bicarbonate ions [41]. CA catalyzes
the hydration of CO2, which can finally lead to CaCO3 in the presence of Ca2+. In turn,
CaCO3 is already a raw material, e.g., for cement or ceramics. The main advantages of CA
include the economically viable sequestration of carbon dioxide and its carbonation at low
concentration. However, despite the high catalysis rate, the stability of CA is a significant
challenge for its industrial applications. However, these difficulties have been partially
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overcome by strapping CA on appropriate surfaces, e.g., biochar, alginate, polyurethane
foam, or nanostructured materials.

 
Figure 2. Power-to-Gas strategy. Energy from renewable energy sources is used in electrolysis to
produce hydrogen. Hydrogen with carbon dioxide is converted into methane in the CO2 methanation
process. The methane is then stored, released into the gas grid, or used in cogeneration and in gas
turbines to produce energy.

Preparing an environmentally friendly solvent and agent with specific properties can
also involve carbon dioxide. The subject matter is a supercritical fluid of CO2 [42]. Such
a fluid behaves like gas and liquid at the same time. It is gas-like because it is inviscid
and expands to fill a container and liquid-like in terms of density, high heat capacity and
conductivity, and solubility. It is non-toxic, non-explosive, thermally stable, and widely
available. It is mainly used as a solvent or working fluid. Supercritical CO2 is an effective
solvent for complicated extractions, e.g., nonpolar organic compounds. It does not cause the
toxic residual solvent problem, and it is easy to separate/remove from the system. Due to
its low critical point, it is an ideal liquid for extracting volatile compounds, compounds with
high molecular weight, and compounds with a low degradation temperature. Supercritical
CO2 has proved helpful in the following areas:

• in pharmacy to reduce the particle size of a drug, improving its solubility, and thus
bioavailability [43–47],

• in impregnating the compound in pre-formed carrier particles, e.g., of the active
compound on the drug carrier [48],

• in micronization and creation of nanoparticles [44,47], and in the development of envi-
ronmentally friendly dyes [49] and DSSCs (dye-sensitized solar cells) technology [50],

• as an advantage over conventional extraction of, e.g., essential oils from herbs that
exhibit various biological, therapeutic, and aromatic properties [51,52].

The critical temperature and pressure of carbon dioxide (Tcr = 31.1 ◦C and pcr = 73.8 bar)
are roughly similar to the ambient conditions. Supercritical CO2 reduces the compression
work significantly in the closed-loop compression cycle. Heat dissipation to approximately
ambient temperature is observed. Therefore, it is also an attractive working fluid in energy
generation technologies and systems, as amply summarized in [53].

However, the use of carbon dioxide would not be possible without an appropriate
method of its capture. The equipment of Climeworks company offers an interesting
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solution [54], which sucks the air containing CO2 or exhaust gas, and with the involvement
of special filters made of porous granulate modified with amines, binds CO2. After the
filter saturation with carbon dioxide it is heated to approx. 100 ◦C, using low-quality
heat as the source of energy. CO2 is released from the filter and gathered in the form of
pure gas, which may be used as a substrate. The air free of carbon dioxide is released
into the atmosphere. The cycle is repeated and the applied filters may be used many
times, even in a few thousand cycles. This technology may be an important element in
the aforementioned concepts, but it is important first of all as an industrial “generator” of
clean air. Moreover, the topic of separating CO2 from gases is being intensively developed
even with computational modeling. For example, Ghiasi et al. report that the calculated
permeation barrier, selectivity, and thermodynamic functions for CH4, H2S, N2, and CO2
passing through finite porosity graphene doped with nitrogen atoms indicate a highly
efficient and selective material for carbon dioxide separation [55]. In turn, Shaikh et al.
describe the reaction mechanism of CO2 absorption by the amino-acid ionic liquid [56].
They reveal the reaction pathway employing DFT calculations. Using the MD method,
they report the cation–anion interaction for two different glycinate-based ionic liquids
with structurally similar cations with different alkyl chain lengths. Since the gases for
CO2 recovery are approximately 10% water, the authors also provide simulations with its
participation. They note that the interaction between the cation and anion is reduced in the
presence of water by reducing the diffusion coefficient of the cation, thus reducing carbon
dioxide uptake. Nevertheless, ionic liquid is a promising agent for CO2 capture, due to the
high CO2 solubility, recycling (almost zero vapor pressure), and fine-tuning dependence on
the task.

3. Carbon Dioxide Methanation and Nanocatalysis—The Focal Point in
CO2 Conversion

Catalysis is one of important elements of smart CO2 management. In particular, many
papers have been devoted to catalytic conversion of carbon dioxide to methane. Figure 3
shows an increasing number of papers.

Figure 3. Quantity of publications on catalytic CO2 methanation from 2010 to 2019. Data from the ISI
Web of Science (Thomason Reuters) database. Query conducted for: “catalytic CO2 methanation”.

Catalytic methanation is a central issue of the Power-to-Gas concept [28]. According to
statistics, in 2011 the share of papers on CO2 methanation in all Power-to-X projects (where
X is: Gas, Power, Chemicals) was already 27% (Figure 4). The share of catalysis among
various CO2 methanation strategies was 44% and that was the second largest contribution,
immediately next to biological methods.
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Figure 4. Share of further processing of hydrogen in Power-to-X (X: Gas, Power, Chemicals, Fuels).
Data extracted from [28].

3.1. CO2 Methanation

Carbon dioxide hydrogenation was considered for the first time by Paul Sabatier and
Jean B. Senderens in 1902. In the paper “Nouvelles syntheses du methane” [57] they proved
that one mole of methane may be obtained in the reaction of one mole of carbon dioxide
with four moles of hydrogen, acc. to reaction:

CO2 + 4H2 � CH4 + 2H2O

This reaction is exothermic and spontaneous. At room temperature (~25 ◦C) its
enthalpy (ΔH) is −165 kJ/mol and the Gibbs free energy (ΔG) is −113.5 kJ/mol [10]. ΔG
describes the maximum free energy (energy that can be turned into work) that can be
released or adsorbed when it goes from the initial state to the final state. In the CO2
methanation, a negative ΔG indicates that the substrates (initial state) have more free
energy than the products (final state). Therefore, the move towards products involves
the release of energy. Energy does not have to be provided for the reaction to occur—it
occurs spontaneously. In turn, ΔH refers to the difference between the bond energy of
products and substrates. A negative ΔH means a heat release during the reaction towards
the products. In the temperature range from 25 to 500 ◦C, ΔG and ΔH is presented in
Figure 5. If the reaction is exo-energetic in one direction, it is also endo-energetic in the
opposite direction. Therefore, if the Gibbs free energy in methanation increases rapidly
with the rise of temperature (provision of thermal energy), so that above 500 ◦C it becomes
positive, then in the high temperature range, the reverse reaction—methane reforming
(CH4 + H2O � CO + 3H2)—prevails and disturbs the obtaining of methane [58]. However,
the course of CO2 methanation is more complicated and may comprise many intermediate
or side reactions. Jiajian Gao specifies them in Table 2 and gives their equilibrium constant
K from 200 to 800 ◦C in Figure 6 [59].

Figure 5. Enthalpy and Gibbs free energy for CO2 methanation in the temperature range from 25 to
500 ◦C. Data extracted from [10].
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Table 2. Main possible reactions during carbon dioxide methanation. Data extracted from [59].

Reaction
Number

Reaction Equation
ΔH298 K,
kJ mol−1

ΔG298 K,
kJ mol−1

R1 CO + 3H2 ⇐⇒ CH4 + H2O −206.1 −141.8
R2 CO2 + 4H2 ⇐⇒ CH4 + 2H2O −165.0 −113.2
R3 2CO + 2H2 ⇐⇒ CH4 + CO2 −247.3 −170.4
R4 2CO ⇐⇒ C + CO2 −172.4 −119.7
R5 CO + H2O ⇐⇒ CO2 + H2 −41.2 −28.6
R6 2H2 + C ⇐⇒ CH4 −74.8 −50.7
R7 CO + H2 ⇐⇒ C + H2O −131.3 −91.1
R8 CO2 + 2H2 ⇐⇒ C + 2H2O −90.1 −62.5

Figure 6. The equilibrium constants (K) for the reactions presented in Table 2, in the temperature
range from 200 to 800 ◦C. © Adopted from [59].

Analysis of the above data can conclude that the temperature is the main parameter
affecting the equilibrium. Therefore, from the thermodynamic point of view, the methana-
tion reaction of carbon dioxide should be carried out at low temperatures. However, under
such conditions the reaction rate goes down. Hence the CO2 hydrogenation requires the
application of a catalyst [23,60]. It allows the achievement of an acceptable reaction rate
and a reduction in the cost of the process itself [61,62].

3.2. Catalyst in Methanation

Metals from group VIII to XI stand out among methanation catalysts [63]. Nickel
is probably the most frequently studied metal [64–67]. It features the most favorable
ratio of metal price to its activity. Additionally, ruthenium and rhodium show interesting
properties [67–71]. In the case of Ru and Rh catalysts, apart from a high activity, their ability
to prevent sintering and accumulation of carbon particles is their important advantage,
which makes them additionally resistant to deactivation. In addition, Ru stands out in the
low-temperature methanation, e.g., in the Ru/TiO2 system [72] or Ru/Ni_nanowires [73].
A low temperature is an important parameter optimizing the thermodynamic and energy
efficiency. Numerous studies are related to the possibility of lowering the temperature.
Using the example of selective carbon monoxide (CO) methanation [74], Table 3 presents a
summary of studies in this field.
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Table 3. Profile of selected catalysts in CO methanation. Data extracted from [74].

Catalyst
1 WHSV,

cm3 g−1 h−1

2 GHSV,
h−1

Composition of
Inlet Gases, %

3 Reaction Characteristic and Yield

CO/CO2/H2O/H2
Tmin,
◦C

Smin,
%

Tmax,
◦C

Smax,
%

mol CO
g−1 h−1

10% w/w Ni/CeO2

26,000 46,000

1.5/20/10/60 250 89 320 50 0.0160

1/20/10/60 240 100 315 45 0.0106

0.5/20/10/60 230 99 290 31 0.0053

6000 12,000

1/20/10/60

210 100 265 50 0.0025

13,000 26,000 225 100 280 50 0.0053

43,000 84,000 265 94 295 54 0.0176

10% w/w Ni/ZrO2 ~150,000 - 0.5/14.8/0.8/59.2 280 ~90 300 ~70 0.0307

1.6% w/w Ni/ZrO2 - 10,000 1.14/21.43/1.8/74.8 260 ~60 280 ~60 -

10% w/w Ni/TiO2 - 10,000 0.2/16.1/18.4/65.3 200 ~80 - - -

5% w/w Ru/TiO2 ~150,000 - 0.5/14.8/0.8/59.2 220 ~70 260 ~20 0.0307

5% w/w Ru/TiO2

27,000 - 0.5/18/15/40

220 60 260 20 0.0055

5% w/w Ru/ZrO2 265 80 310 50 0.0055

5% w/w Ru/CeO2 250 75 300 30 0.0055

3% w/w Ru/Al2O3 - 13,500 0.9/24.5/5.7/68.9 220 <50 - - -

2% w/w Ru/Al2O3 - 10,000 0.3/4.8/75/18.8 270 <20 - - -

30% w/w Ru/CNT
12,000 - 1.2/20/0/78.8

220 - - - 0.0059

30% w/w
Ru-ZrO2/CNT 180 100 240 35 0.0059

1% w/w
Ru/MA-33Ni -

2800 0.9/17/15/67.1

185 100 245 50 -

1% w/w
Ru/MA-40Ni - 185 100 260 50 -

1% w/w
Ru/MA-50Ni - 195 100 270 50 -

1 WHSV—weight hourly space velocity (flow of reagents per unit of catalyst mass in the unit of time).
2 GHSV—gas hourly space velocity (volumetric flow of reagents per unit of catalyst volume in the unit of
time). 3 Tmin and Tmax—minimum and maximum temperature, setting the range in which CO concentration
in the reformate is less than 10, or 20 ppm in a few cases. Smin and Smax—reaction selectivity at Tmin and
Tmax, respectively.

Another issue is the catalyst activity dependence on the support, on which the selected
metal has been placed. For the catalyzed reaction it is favorable to maximize the metal
surface area for a specific metal weight [75]. Therefore, small metal particles are synthesized
(usually smaller than 1–10 nm), with a narrow size distribution, but with a uniform location
on a large specific surface of a thermally stable substrate [23,63,76]. Hence, support in the
form of oxides (e.g., SiO2, Al2O3, TiO2), zeolites, carbon, or metaloorganic compounds is
distinguished. Support affects also the adsorption and catalytic properties. Figure 7 may be
an example, presenting the difference between the selected oxide support of nickel catalyst
and the yield of CO2 methanation.
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Figure 7. Impact of catalyst supports on the yield of CO2 to CH4 conversion. Reaction conditions:
1 mol% CO2, 50 mol% H2, 49 mol% He, F/W = 1000 mL/min/gcat. © Adopted from [77].

Studies on the support of methanation catalyst were enhanced with studies on catalytic
promoters, that is, substances added to improve or change the catalyst operation. MgO
is an example of a catalyst promoter which, introduced to Ni/Al2O3 catalyst, increases
the thermal stability [78] and resistance to carbon parts precipitation [79]. La2O3 increases
the Ni/Al2O3 catalyst activity via the increase in the nickel dispersion and hydrogen
capture [80]. The enhancement of nickel catalyst with V2O3 improves its activity, thermal
stability, and resistance to sintering [81]. The addition of CeO2 allows the achievement of a
higher susceptibility to reduction and long-term stability [82]. In turn, potassium increases
the selectivity towards conversion to higher hydrocarbons [83]. In the context of obtaining
methane this is obviously not a desired effect.

The type of support is significant for the CO2 methanation mechanism [71,84–87]. Hy-
drogenation of carbon dioxide may proceed via various paths through different structures,
which include CO, -OCH3, and HCOO- groups. Their origination, further reaction, as
well as adsorption and desorption frequently depend on the morphology of the support
surface. For example, mezostructural silica, which due to the presence of internal and
interparticle pores increases the number of free oxygen sites in the catalyst, is decisive in
a particular mechanism of the reaction [88–90]. It is schematically presented in Figure 8.
According to this theory, CO2 and H2 are adsorbed on the metallic catalyst. As a result of
the dissociation of molecular forms, CO, O, and H originate then, which can migrate to the
carrier surface. In the next stage CO reacts with oxygen from the carrier surface, forming
formate or carbonyl groups in a bridge or bidentate system. In addition, the formation of
bidentate formate requires an additional reaction with hydrogen. An oxygen atom is subject
to surface stabilization through interaction with electron gaps of the oxide carrier, close to
the metal. Oxygen stabilized in this way reacts with hydrogen forming a hydroxyl group,
which in a further reaction with hydrogen will form a molecule of water. Oxygen-rich
forms of carbon formed on the surface, that is, carbonyl and formate, are hydrogenated
to methane.
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Figure 8. Likely mechanism of CO2 methanation using the catalyst that is based on mesostructured
nanosilica support. © Adopted from [88].

The subsequent essence of matters is the diffusion effect [91,92]. It is a process on the
catalyst site that, in a simplified description, may include the following steps: (1) transport
of the reactants from the gas phase to the catalyst surface (external diffusion), (2) diffusion of
substrates to the surface inside the catalyst pores (internal diffusion), (3) surface operations
(chemisorption and catalytic reaction), (4) diffusion of reaction products from inside the
catalyst pores to the outside surface (internal diffusion), and (5) migration of reaction
products from the catalyst surface to the gas phase (external diffusion). Depending on
the morphology of the catalytic surface, the effect of external and internal diffusion is
considered. The external diffusion effect depends on the size of the catalyst grains, the
flow rate, and the diffusion properties of the reactants. In turn, the internal diffusion effect
depends on the porosity of the material, the pore size and distribution, pore connectivity,
and the size of the catalytic material grains. The diffusion effect is even more significant
when considering the concentration and temperature gradients inside and over the catalyst
surface. This topic is discussed in detail in the review [93]. Nevertheless, it is worth noting
that this effect is often wrongly ignored, which causes a misinterpretation of the results.
Diffusion plays a role in such essential factors as the rate and bottleneck of the reaction or
the conversion and product distribution.

The combination of metal and specified support is also frequently studied in the
photocatalytic methanation [94]. It was observed that the application of heat and light
together can minimize the energy consumption and ensure unique features which cannot
be achieved in conventional thermocatalytic reactions [95–97]. Light absorbed by metallic
nanoparticles of the catalyst and by reagents existing on their surface is a source of intraband
or interband transformations, which generate electrons with a high kinetic energy, so-called
hot electrons [97–99]. Hot electrons are effective activators of reagents or intermediate
compounds. As a result, a reduced activation energy is observed [100]. For example, in
the reaction of carbon dioxide methanation, at 150 ◦C, hot electrons formed as a result
of light absorption by a CO2 molecule (adsorbed on the metallic surface of Ru/SiO2
catalyst) increase the conversion of carbon dioxide to methane from 1.6% to 32.6% [101].
Figures 9 and 10 compare Ru/SiO2 and Rh/SiO2 catalysts in the CO2 methanation with
the involvement of light and without.
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Figure 9. CO2 conversion on Ru/SiO2 catalyst with and without light. Data extracted from [101].
Conditions: 0.5% vol. CO2/N2 (50 sccm) and H2 (1.5 sccm). Lamp parameters: Xe 35 mW cm−2 with
water cooling to exclude the heat effect from the light.

Figure 10. CO2 conversion on Rh/SiO2 catalyst with and without light. Data extracted from [101].
Conditions: 0.5% vol. CO2/N2 (50 sccm) and H2 (1.5 sccm). Lamp parameters: Xe 35 mW cm−2 with
water cooling to exclude the heat effect from the light.

The activity of these catalysts is additionally conditioned by the size of metal nanopar-
ticles (Figure 11). Larger nanoparticles, e.g., ≥5 nm, reduce the activation barrier for CO2
molecule dissociation on the metal surface. In the case of a photosensitive system this
results in a larger number of hot electrons, which improve the reaction kinetics.

Figure 11. CO2 conversion on Ru/SiO2 for different sizes of Ru nanoparticles. Data extracted
from [101].

The last issue is the method of catalyst preparation. The selection of preparative
method may determine such factors as the size and shape of metal nanoparticles, their
uniform distribution on the support, limitation of nanoparticle aggregation, as well as
minimization of the used metal [75,102]. Many various methods have been presented in
the review entitled “Methods for Preparation of Catalytic Materials” [102]. However, in
the context of the aforementioned silica becoming increasingly popular in nanomethods,
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a proprietary method of our team may draw attention. The method comprises two main
stages. The first of them consists in the synthesis of amorphous silica, which plays the role
of an intermediate carrier and matrix for metallic nanoparticle generation. The second is the
matrix digesting and transferring nanoparticles of the selected metal onto the target support.
It is graphically presented in Figure 12. Silica is synthesized by the Stöber method [103]. The
aim consists in obtaining spherical, monodisperse, and uniform sizes of silica nanoparticles
from the water solution of alcohol and silicon alcoxides at the presence of ammonia as the
catalyst. Two basic reactions are distinguished:

Hydrolysis: Si-(OR)4 + H2O � Si-(OH)4 + 4R-OH

Condensation: 2Si-(OH)4 � 2(Si-O-Si) + 4H2O

Hydrolysis leads to the formation of silanol groups, while siloxane bridges result from
the condensation polymerization. The reaction product depends on the type of silicon
alcoxide and alcohol. The authors of the methods emphasize that particles prepared in
solutions are the smallest, and the particle size increases with the growing length of the
alcohol carbon chain. Rao et al. [104] in turn pay attention to the size and deviation of
silica grain size through modification of the concentration of silicon alcoxide and alcohol,
ammonia concentration, water content, and the change of reaction temperature. This
allows the fine-tuning of the physical properties of silica, which is extremely important
for later generation of specified sizes of metal nanoparticles. The second stage comprises
nanometal growing on the matrix, reducing the intermediate conjugate (metal-silica) with
hydrogen, digesting the silica with lye (when other support is needed), transferring metallic
nanoparticles onto the surface of the target support, or separating metal nanoparticles. This
method allows for nanomanipulation of nanoparticles’ size and shape, reduction of their
tendency to aggregate and form lumps, and for reduction of the amount of used material.
So far this method has worked well in preparing high-performance catalysts for ammonia
cracking [105], CO2 methanation [73,106,107], glycerol oxidation [108], and Sonogashira
coupling [109].

Figure 12. Preparation method of Ru/Ni catalyst for CO2 methanation. © Adopted from [106].

4. Modeling of the Methanation Catalysis—The Determination of Research Clues

Modelling and simulations in silico are more and more often used in designing and
optimizing methanation processes [68,110,111]. In such studies the kinetics of CO2 metha-
nation is usually modelled by a combination of CO methanation and reversed water-gas
shift reaction (RWGSR) [112–114]. The resultant process depends on the rates of both these
reactions. The quality of the forecasted model depends on the knowledge of reaction mecha-
nisms and elementary stages, which determine expressions for reaction rates. However, the
learning of an exact mechanism and kinetic description is not always unambiguous. This
may be explained by varying reaction conditions (e.g., different values of temperatures or
partial pressures), the concept of reactor and the applied catalyst, or by assumptions or the
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computational method (Langmuir-Hinshelwood, Power Law, elementary reactions, stages
of reaction rate) [111]. However, theoretical models are necessary to design catalysts [115].
It was observed that activation energies for elementary surface reactions on catalyst are
strongly correlated with adsorption energies, which facilitates identification of significant
descriptors [68]. This is illustrated in Figure 13, using the example of CO methanation.

The effect of high dissociation energy is typical of a densely packed surface, while
certain surface features (edges, angles, steps, and kinks) enable us to lower the energy
barrier [116,117]. Therefore, an active place on the catalyst surface is identified by a conve-
nient nucleation place. The comparison of various metallic surfaces of catalysts (Figure 13a)
allows us to state that the activation barrier for CO, CH4, and H2O is related to the surface
stability of carbon (C) and oxygen (O) forms [68]. The more stable these atoms are, the lower
the CO and CH4 dissociation barrier, and the higher the H2O formation barrier. It was
found that the activation energies also essentially depend linearly on the reaction energy acc.
to the so-called Brønsted-Evans-Polanyi relationship (BEP) (Figure 13b) [118]. This enables
us to make the rate of reaction on metal surfaces of various catalysts directly dependent on
the CO dissociation energy (Figure 13c) [119]. In the case of poor adsorption (right part of
graph in Figure 13c), the barrier for product dissociation is high, which limits the reaction
rate. For a strong adsorption the rate of removing the adsorbed C and O from the surface is
small, hence the barrier for product formation is high. The optimum is situated between
these two limits. This effect is a well-known Sabatier rule [120]. In addition, for combi-
nations of different materials, the scaling relationships for the adsorption and energy of
transition state of the reaction are unlimited and it becomes possible to optimally adjust the
catalysts’ activity or selectivity even in the next catalytic sequences [121,122]. Furthermore,
this search for catalytic materials is currently supported by machine learning [123]. For
example, a sample of a heterogeneous catalyst in a set of different catalysts—catalyst space
(defined by composition, carrier type, and particle size) can be described by its features in a
certain feature space that is defined by physical properties, atomic properties, and electronic
structure. Then machine learning algorithms can generate models or find descriptors that
map the features that describe catalysts to their figures of merit (defined by selectivity,
activity, and stability). The latest research shows that, thanks to machine learning methods,
it is already possible to predict catalytic activity values, reaction descriptors, and potential
energy surfaces, and to screen optimal catalysts [123–125].

The designing of catalytic materials with target properties must be described by both
the basic (descriptors of anticipated properties) and empirical (measured properties) data.
In addition, it is important to gather the data in a structured way, and to consider the
possibility of their reorganization and export to any format, so that their processing would
be easy and widely available. As a team we have drawn attention to this in the paper
“Functional and Material Properties in Nanocatalyst Design: A Data Handling and Sharing
Problem” [126], and by creating the “Catalytic Material Database” (CMD), available at
cmd.us.edu.pl. The experimental data for heterogeneous catalysts, used mainly in carbon
oxides methanation, are gathered in this database. More information on this is available on
the database website.
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Figure 13. Identification of a descriptor for the CO methanation. © Adopted from [115,119].
(a) Calculated energy diagrams for CO methanation over Ni, Ru, and Re. (b) Brønsted–Evans–Polanyi
relation for CO dissociation over transition metal surfaces. The transition state potential energy, Ea, is
linearly related to the CO dissociation energy. (c) The corresponding measured volcano-relation for
the methanation rate.
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Abstract: Energy consumption steadily increases and energy production is associated with many
environmental risks, e.g., generating the largest share of greenhouse gas emissions. The primary gas
pollution concern is CO2, CH4, and nitrogen oxides (NOx). Environmental catalysis plays a pivotal
role in NOx mitigation (DeNOx). This study investigated, for the first time, a collection of ceramic
foams as potential catalyst support for selective catalytic NOx reduction (SCR). Ceramic foams could
be an attractive support option for NOx removal. However, we should functionalize the surface of
raw foams for such applications. A library of ceramic SiC, Al2O3, and ZrO2 foams ornamented with
nanorod ZnO and TiO2 as W and V oxide support was obtained for the first time. We characterized
the surface layer coating structure using the XPS, XRF and SEM, and TEM microscopy to optimize
the W to V molar ratio and examine NO2 mitigation as the SCR model, which was tested only
very rarely. Comparing TiO2 and ZnO systems reveals that the SCR conversion on ZnO appeared
superior vs. the conversion on TiO2, while the SiC-supported catalysts were less efficient than Al2O3

and ZrO2-supported catalysts. The energy bands in optical spectra correlate with the observed
activity rank.

Keywords: ceramic foams; ZnO nanorods; TiO2 nanorods; NOx mitigation (deNOx); environmental
nanocatalysis; selective catalytic reduction SCR; W and V catalytic sites

1. Introduction

Energy demand growth is a fundamental problem of civilization in the Anthropocene.
The production of energy is, however, associated with many environmental risks. Mainly,
NOx formation is a consequence of energy production. One of the targets of environmental
catalysis is the mitigation of NOx from the air. The design and development of porous
functional materials is an essential environmental catalysis domain [1]. In particular, porous
ceramics are essential catalyst supports in this area [2]. Ceramic foams are monolithic three-
dimensional structures with an 80–90% void spaces fraction. However, these materials were
developed initially to filter out molten metal impurities [3], which means that their surface
area is generally too low for catalytic applications. Therefore, ceramic foams are modified
to increase their surface area [4]. A variety of novel catalytic applications of ceramic foams
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involve, for example, the catalytic pyrolysis of waste oils to renewable fuels [5], the water
gas shift reaction [6], and the solar photocatalytic ozonation in water treatment using
supported TiO2 [7] methane steam reforming [8]. The advantages of the innovatively
structured foam catalysts involve fluid dynamics and heat transfer phenomena, which can
positively influence catalyst performance.

This study investigated a collection of ceramic foams as potential catalysts for selective
catalytic NOx reduction (SCR) reactions. Despite potential advantages, the literature
rarely describes the application of ceramic foams in SCR catalysis [9–11]. The availability
of the commercial honeycomb or plate SCR catalysts may be one reason for this fact.
NOx generation, pollution, and reduction are complex problems. First, combustion in air
yields two forms of NOx, namely NO and NO2, in the ratio NO/NOx of 0.90 to 0.95 [12].
However, the dominating NOx form in the atmosphere is NO2 resulting from NO oxidation.
Accordingly, the main issue in the environmental catalysis of NOx refers to NO, while the
main topics of NOx ecotoxicology refer to NO2. The current technology routinely uses
Selective Catalytic Reduction (SCR) for NOx removal from flue gases [12,13]. SCR is the
reaction between the NOx in exhaust gases and the reducing agent (NH3 as ammonia water
or urea solution) at the so-called deNOx catalyst at temperatures below 400 ◦C to produce
N2 and water vapor. The reaction formulas for NO and NOx are as follows [12,14]:

4NO + 4NH3 + O2 → 4N2 + 6H2O

4NH3 + 6NO → 5N2 + 6H2O

2NO2 + 4NH3 + O2 → 3N2 + 6H2O

8NH3 + 6NO2 → 7N2 + 6H2O

Accordingly, SCR needs twice as much NH3 for NO than for NO2 reduction.
The design of the supporting material of the SCR catalysts (TiO2, ZrO2, Al2O3, and

ZnO) and the synthesis method of the system affect a final catalyst structure not only in the
direct titania phase character, e.g., surface area and porosity structure, but also indirectly
by deciding the structure of the W and V surface deposits, which form the acid catalytic
centers controlling the mechanisms of the SCR reaction with NH3 [14]. Specifically, NOx
needs to be removed from the flue gases, particularly in electric power stations where
generally TiO2-SCR catalysts are used. Regenerating the spent TiO2-SCR catalysts is a
significant problem that needs further improvement despite many available options [15,16].
Currently, industrial TiO2-based SCR systems suffer from surface deposits. Moreover, the
exploitation deteriorates surface texture. As SCR catalysts are expensive, they need to be
regenerated. The management of deactivated SCR catalysts should minimize the adverse
environmental effects of these materials. On the other hand, it could also be a valuable
resource of rare chemical elements such as vanadium and tungsten [17].

In particular, we focused this study on nitrogen dioxide (NO2) mitigation. NO2 is the
most toxic NOx form in the atmosphere. Both indoor and outdoor NO2 pollution exposure
to humans was extensively studied [18]. At the same time, there are only several publica-
tions reporting the catalytic decomposition of NO2, even though a complex NO/NO2 SCR
should support a standard NO SCR [19,20]. Recently, catalytic decomposition of NO2 over
a copper-decorated metal-organic framework by non-thermal plasma was studied [21].

The industrial SCR installations are TiO2 layers with surface-engineered coatings
by metal oxides. Zinc oxide is a low-cost TiO2 potential alternative for catalytic SCR
applications in environmental catalysis. However, the reported applications in this area,
particularly NOx removal, are rare. The low ZnO stability is a reason why titania is much
more popular. For example, the surface of polar ZnO nanoparticles undergoes significant
change during storage at room temperature in the presence of moisture, oxygen, or light.
During two-month storage, the specific surface area of the ZnO decreases from 115 to 35 m2

g by room temperature sintering of polar ZnO nanosheets [22]. Recent efforts involve the
potential enhancement of ZnO stability by structural modifications, such as doping [23] and
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core-shell nanoparticle formation [24], e.g., using hybrid ZnO-TiO2 systems [25]. Surface
deposits, e.g., Cu2O/MoS2/ZnO composites on Cu mesh, can upgrade the ZnO system,
reducing N2 to NH3 (with water as the proton source) in the liquid membrane reactor under
simulated visible light [26]. The room temperature sintering of polar ZnO nanosheets was
prevented by forming the surface layer of silica (2 atom %) [27]. The engineering of ZnO-
structured surfaces is an issue of general interest. In particular, nanostructures (nanowires,
nanotubes, nanobelts, nanorings, flower-like morphologies, multipods, tetrapods, and
sponge-like structures) were broadly investigated [28]. Chemical and Physical Vapor
Deposition (CVD and PVD) sputtering, as well as evaporation approaches and epitaxial
growth, are the methods for forming the continuous functional thin layers on ZnO. Wet
chemical and template-assisted methods are alternatives [28].

For the first time, here, we investigated the influence of the ornamentation of Al2O3,
SiC, and ZrO2 ceramic foams by nanorod ZnO and TiO2 coatings as W and V support on
DeNOx catalysis, in particular on the NO2 SCR process (gas flow rate of 3 dm3/h and
temperature of 400 ◦C at atmospheric pressure). In particular, we compared the broad
library of the VOx or WOx supported on the SiC, Al2O3, ZnO, CeO2, MgO, SiO2, TiO2, and
ZrO2 in the DeNOx within the temperature range of 200–400 ◦C. Physical and chemical
analyses of the functionalized foam surface confronted with the catalyst performance
indicate that these materials can be a new efficient SCR reaction platform.

2. Materials and Methods

2.1. Materials

Commercially available chemical reagents were used in the study: Tungsten pow-
der <12 μm, 99.9% trace metal basis (Sigma-Aldrich, St. Louis, MO, USA); Vanadium
powder 100 mesh, 99.9% trace metal basis (Sigma-Aldrich); and 30% hydrogen peroxide
(Avantor Performance Materials., Gliwice, Poland). All chemicals were used without
further purification.

2.2. Preparation of TiO2 or ZnO Nanofilaments at Ceramic Foams

ZnO nanorods were prepared according to the following procedure. First, we used
the ALD method to deposit the zinc oxide nanoseeds on Al2O3, SiC, and ZrO2 substrates.
We performed 12 ALD cycles using diethylzinc (DEZ; Sigma-Aldrich) as a zinc precursor
and deionized water as an oxygen precursor at the temperature of 100 ◦C in the ALD
Savannah 100 reactor from Cambridge NanoTech, Waltham, MA, USA (now called the Vecco
Savanah® Series). The hydrothermal process of zinc oxide nanorods’ growth consists of
two steps, as described previously [29]. First, the reaction mixture with a Zn concentration
of 1 mM was prepared. Zinc acetate dihydrate (Roth, 99% pure) was dissolved in 60 mL of
deionized water. Afterward, the pH of the solution was adjusted to 7.5 using a 1 M aqueous
solution of sodium hydroxide (Sigma-Aldrich). The prepared mixture was heated using
an induction heater at 95 ◦C with nucleated substrates inside and kept at this temperature
for approximately 2 min. Then, the samples were removed from the reactor, rinsed with
isopropanol, and dried in air.

Part of the received substrates with ZnO nanorods were used as a scaffold for the
growth of the nanostructured TiO2 surface. These substrates covered by ZnO nanorods
were placed in the ALD reactor at 100 ◦C. The 90 ALD cycles deposited approximately
50 nm thick layers of TiO2. We used tetrakis (dimethylamino) titanium (IV; TDMAT) from
STREM Chemicals as a titanium precursor and deionized water as the oxygen precursor.
After TiO2 deposition, nanorods were etched using 1% HCl acid for 1 min, rinsed in water,
and dried.

2.3. General Preparation of W and V Nanoparticles at Ceramic Foams and Other Carriers

To a weight of tungsten and/or vanadium powders (Table S1), 2 mL of 30% hydrogen
peroxide solution was added and mixed for 3 h until the metal wholly dissolved. Ceramic
foams described in paragraph 2.2 were powdered in mortar and sieved, and 990 mg
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of the selected material (Al2O3, ZrO2, or SiC carrier with TiO2 or ZnO2 nanofilaments)
was suspended in a solution containing tungsten and/or vanadium. The mixture was
stirred until the solvent evaporated, yielding a powder catalyst. The catalysts containing
tungsten and vanadium oxides deposited on powders ZnO, CeO2, MgO, SiO2, or TiO2
(Sigma-Aldrich) were prepared using the same method (Table S2).

2.4. Methods of Catalyst Characterization

XPS measurements were completed using the PHI 5700 photoelectron spectrome-
ter (Physical Electronics Inc., Chanhassen, MN, USA). Photoelectrons were excited by a
monochromatic X-ray beam (Al Kα of energy of 1486.6 eV) from the sample surface. The
resulting photoelectron spectra obtained for each element constituting the sample were
analyzed using PHI MultiPak (v.9.6.0.15, ULVAC-PHI, Chigasaki, Japan) software. The ob-
tained high-resolution spectra were calibrated using the C1s peak (284.8 eV), the occurrence
of which is related to the presence of adsorbed carbon on the sample surface. Analyzed
core levels were fitted using a combination Gauss–Lorentz shape of the photoemission line
and Shirley background.

We used an energy-dispersive X-ray fluorescence (EDXRF) spectrometer—Epsilon 3
(Panalytical, Almelo, The Netherlands) to perform chemical analysis. The spectrometer
was equipped with a thermoelectrically cooled silicon drift detector (SDD) and Rh target
X-ray tube. It was operated at a maximum voltage of 30 keV and maximum power of 9 W.
We applied the Omnian software with the fundamental parameter method for quantitative
analysis. Measurement conditions were as follows: counting time 5 kV, 300 s, and helium
atmosphere for Si and Al determination; counting time 12 kV, 300 s, air atmosphere, and
50 μm Al primary beam filter for V; 20 kV, counting time 120 s, air atmosphere, and 200 μm
Al primary beam filter for Fe; and 30 kV, counting time 120 s, air atmosphere, and 100 μm
Ag primary beam filter for W, Zn, Zr, Y, and Hf. We fixed the current of the X-ray tube not
to exceed the dead-time loss of ca. 50%.

We used Hitachi SU-70 equipment (15 kV of accelerating voltage using a secondary
electron detector) for Scanning Electron Microscopy (SEM) and the transmission elec-
tron microscopy (TEM) was performed in the JEOL high-resolution (HRTEM) JEM 3010
microscope operating at a 300 kV accelerating voltage with a Gatan 2k × 2k OriusTM
833SC200D CCD camera and an EDS detector from IXRF Systems. The samples were
suspended in isopropanol and deposited on a Cu grid with an amorphous carbon film
standardized for TEM observations. Selected Area Electron Diffraction (SEAD) patterns
were indexed using dedicated ElDyf software (Institute of Material Science, University of
Silesia., Katowice, Poland).

The X-ray powder diffraction (XRD) measurements were carried out using a Malvern
Panalytical Empyrean diffractometer. Cu anodes operated at a wavelength of 1.54056 Å, at
an electric current of 30 mA and voltage of 40 kV, and equipped with a PIXcell3D solid-
state hybrid pixel detector. The XRD was registered in the angular range of 2θ = 15–145◦
with 0.02◦ steps. The phase analysis involved reference standards from the International
Centre for Diffraction Data (ICDD) PDF-4 database. Rietveld refinement was performed
using FullProf computer software (available at www.ill.eu/sites/fullprof/ (accessed on 10
February 2022)).

2.5. NOx Decomposition in a Flow Reactor

We used a fixed-bed quartz flow reactor using a 200 mg sample of the catalysts at
200–400 ◦C under atmospheric pressure to test the SCR catalysis performance. We crushed
the catalyst to a fine powder before SCR tests. The feed gas was composed as follows I:
0.2% NO2 + 5% O2 + 94.8% He and inlet II: 0.2% NH3 + 5% O2 + 94.8% He (volume ratio
3:4). The tests were performed at the flow rate of 3 dm3/h. We used the GC-FID method to
monitor the gas composition. The NOx conversion amounted to:

NOx conversion = [(NOx inlet − NOx outlet)/NOx inlet] × 100%
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3. Results and Discussion

3.1. The Catalysts Design, Preparation, and Structure

The exemplary EDXRF spectra of the selected catalysts collected using the Rh X-ray
tube operating at 30 and 5 kV are given in Figure 1. Spectra of ZnO/Al2O3 show peaks
at 6.40, 7.06, 8.64, 9.57, 15.77, 20.21, 22.72, 2.70, 1.49, and 1.74 keV, corresponding to Fe
Kα, Fe Kβ, Zn Kα, Zn Kβ, Zr Kα, Rh Kα, Rh Kβ, Rh Lα (X-ray tube), Al Kα, and Si Kα,
respectively. Spectra of ZnO/ZrO2 show peaks at 2.04, 8.64, 9.57, 14.96, 15.77, and 17.67 keV,
corresponding to Zr Kα, Zn Kα, Zn Kβ, Y Kα, Zr Kα, and Zr Kβ, respectively. The spectra
also reveal the presence of Hf as common impurities of zirconium compounds (Lα, Lβ,
and Lγ lines at 7.90, 9.02, and 10.52 keV, respectively). The EDXRF spectra of the 1.0%
W,V/ZnO/Al2O3 and 1.0% W,V/ZnO/ZrO2 systems reveal the presence of tungsten (Lα,
Lβ, and Lγ lines at 8.40, 9.67, and 11.29 keV, respectively) and vanadium (Kα and Kβ lines
at 4.95 and 5.43 keV, respectively). Table S3 presents the results of the quantitative EDXRF
analysis of ZnO/Al2O3, 1.0% W/ZnO/Al2O3, 1.0% W,V/ZnO/Al2O3, ZnO/ZrO2, 1.0%
W/ZnO/ZrO2, and 1.0% W,V/ZnO/ZrO2.

Figure 1. EDXRF spectrum of (a) reference sample—ZnO/Al2O3, (b) reference sample—ZnO/ZrO2,
(c) 1.0% W,V/ZnO/Al2O3 system, and (d) 1.0% W,V/ZnO/ZrO2 system.
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We performed X-ray powder diffraction measurements to examine the phase com-
position of the material samples. Compared with reference standards from the ICDD
PDF4+ database of the Al2O3/ZnO sample, this analysis revealed four phases. The Al2O3
(PDF 04-006-9730) and Al2SiO5 (PDF 01-088-0892) phases were dominating, while we also
observed the ZnO (PDF 01-078-4603) and SiO2 (PDF 04-013-9484) phases. The additional
nano-size SiO2 phase (PDF 01-073-3436) was detected for the samples containing W or
the combined W and V oxides. No additional phases nor impurities were observed. The
performed full pattern Rietveld refinement allowed for the determination of the crystallo-
graphic parameters of the phases formed. Accordingly, the mean crystallite size based on
the peak broadening was calculated. The obtained results of the Rietveld refinement are
shown in Table S4. The X-ray powder diffraction measurements were also conducted for
ZrO2/ZnO samples. The phase analysis revealed the presence of two ZrO2 phases. The
dominant, monoclinic one (PDF 04-010-6452) was accompanied by the cubic phase (PDF
01-078-3193). Additionally, ZnO (PDF 01-078-4603) and Zn2SiO4 (PDF 01-076-8176) phases
were also detected. Table S4 and Figure 2 show the results of the Rietveld refinement.
We should remember that metallic oxides could not be observed with the X-ray powder
diffraction method due to the X-ray diffraction detection limit. Accordingly, the XRF, XPS,
and TEM techniques confirmed the presence of W and V oxides.

Figure 2. Rietveld refinement of the ZnO/Al2O3 (a) and ZnO/ZrO2 (b) samples with identified
phases. Reference dots indicate measurements points (Imes); the black solid curve calculated the
pattern (Icalc); and the solid blue line indicates the (Imes-Icalc) difference, whereas vertical bars
indicate Bragg position for the identified phases.

The TEM with an energy-dispersive X-ray detector confirmed the occurrence of metal-
lic particles. The metallic nanoparticles occurred on the ceramic Al2O3 microparticles as
indicated by the bright-field images (Figure 3). These structures were also proved with
other spectroscopic measurements using XRF or XPS techniques that map the presence of
metallic elements.

The XPS analysis determined the chemical states of the elements composing the
samples. The main focus of the analysis was to determine the chemical states of vanadium
and tungsten. We performed deconvolution of the V2p, W4f, and W4d photoemission
lines. Additionally, lines O1s and C1s, and those associated with the Al2O3, ZrO2, and ZnO
matrix were analyzed.

The surface XPS spectra of the V2p core level, as shown in Figure 4a, indicate vanadium
oxide in the studied samples. A slight shift in the position of the V2p3/2 line was observed
between examined systems; for the 1.0% W,V/ZnO/ZrO2 system, the binding energy of
the V2p3/2 line is 516.96 eV, while for the 1.0% W,V/ZnO/Al2O3 system, it is 516.64 eV. The
reference V2p3/2 binding energies of the V2O5, as given in the NIST database [30], range
from 516.6 eV to 517.7 eV. However, literature data specify that the 516.94 eV peak can also
be assigned to vanadium 4+ [31]. The vanadium line is presented in Figure 4a together
with the oxygen line. The location of the deconvoluted oxygen lines was assigned to the
metal oxides or C=O bond, as also seen with the carbon C1s lines (not shown here).
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Figure 3. SEM micrographs of ZnO nanowires deposited on (a) SiC; (b) ZrO2; and (c) Al2O3. TEM
micrographs of V nanoparticles powdered 1.0% W,V/ZnO/Al2O3 catalyst (d,e) show recorded bright
and dark field images, and (f) present recorded selected area electron diffraction patterns from regions
shown in part (d).

Figure 4. High-resolution XPS spectra of (a) O1s and V2p, (b) W4f, and (c) W4d. The top
spectra represent 1.0% W,V/ZnO/ZrO2 system and the spectra at the bottom represent the 1.0%
W,V/ZnO/Al2O3 system.

The chemical state analysis of tungsten was based on two lines, namely W4f and W4d
(see Figure 4b,c). For the W4f line, a superposition of the core levels originating from other
elements detected on the sample surface was observed. Therefore, the tungsten chemical
states, as identified through the W4f line analysis, were further examined, inspecting the
shape of the W4d line.

The deconvoluted peaks of the W4f XPS spectra showed two oxides for both examined
systems; the binding energy of the W4f7/2 line at 33.79 eV can be assigned to WO2 [32],
whereas the peak at 35.76 eV can be assigned to the WO3 [33]. Other peaks seen in the
W4f line are associated with various elements detected on the sample’s surface (e.g., Na
and F were visible in the overview spectra, while Zr and V are components of the studied
systems), as marked in Figure 4b. The presence of WO2 and WO3 oxides was confirmed by
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analysis of line W4d, as illustrated in Figure 4c. Analysis of the W4d line allows us to more
accurately see the differences in the ratio of each oxide’s contribution to a given system. XPS
chemical analysis showed no significant differences in the spectra of the base compounds.
The 1.0% W,V/ZnO/Al2O3 system and the corresponding reference sample showed the
presence of the Al2O3 (Al2p line at 74.62 eV [34]). The binding energy of Zn2p3/2 can be
ascribed to the Zn2+ state [35] and ZnO oxide [36]; those chemical states were observed at
1020 eV and 1022.3 eV, respectively. Similarly, for the 1.0% W,V/ZnO/ZrO2 system, the
presence of zinc and zirconium oxides (ZnO assigned for Zn2p3/2 at 1022.3 eV [36], and
clusters of ZrO2 for Zr3d5/2 at 182.44 eV [37]) were detected. Additionally, a relatively
small amount of zirconium oxide nanocrystallites for the Zr3d5/3 at 181.2 eV [38]) was
present on the sample surface. The positions of the photoemission lines were consistent
with those observed for the reference sample. A detailed comparison of the XPS spectra for
the 1.0% W,V/ZnO/ZrO2 vs. 1.0% W,V/ZnO/Al2O3 vs. 1.0% W,V/ZnO/SiC systems is
shown in Figure 4 and Figure S1 Supplementary Materials.

3.2. Catalyst Performance in SCR Reaction

We designed a broad library of tested catalyst systems by combining SiC, Al2O3, and
ZrO2 (foams) with ZnO, CeO2, MgO, and SiO2 or TiO2 (coatings) with W and V oxides’
loads. In these initial experiments, we decided to use the 1:1 W to V molar ratio due to the
synergistic effect of W and V oxides in SCR catalysis [39,40]. A library of potential supports
and coatings were pretested at five operating temperatures, assuming the maximum process
temperature of 400 ◦C. Table S2 summarizes the results.

The NOx conversion was 22.5% vs. 19.7% vs. 18.1% at 250 ◦C for the most active
systems Al2O3, MgO, and ZrO2 (Table S2, entries 2, 5, and 8). The increase in temperature
to 300 ◦C resulted in a slight increase in the conversion to 45.3% vs. 36.4% vs. 31.8%.
However, it was not but at the temperature of 350 ◦C where a significant increase in the
NOx conversion was observed, especially for ZrO2 and Al2O3, where conversion takes a
value of 85.2% and 80.6%, respectively (Table S2, entry 8 vs. 2). Increasing the temperature
to 400 ◦C in the tested systems resulted in a slight decrease (ZnO, MgO, and ZrO2) or
increase (SiC, Al2O3, CeO2, SiO2, and TiO2) of the NOx conversion rate (Table S2, entries
3, 5, and 8 vs. 1, 2, 4, 6, and 7). In turn, the W and V oxides supported by CeO2, SiO2,
MgO, TiO2, and SiC allowed for a relatively low conversion of NOx (60–79%) at 400 ◦C.
Interestingly, the literature often describes these systems as an attractive alternative for
commercial SCR catalysts [40–44]. In the context of the potential supporting foams (Al2O3,
ZrO2, and SiC), the Al2O3 and ZrO2 outperform the SiC one. The catalytic performance of
both Al2O3 and ZrO2 is higher than 80% at 400 ◦C, which locates these supports just after
the superior ZnO support (entries 2 vs. 8 vs. 3, Table S2).

As for Al2O3, considering the ZrO2 foam supports appeared comparable in the cat-
alytic performance tests (Table S2), we selected the Al2O3 support coated with nanorod
ZnO for extensive and thorough testing. TiO2 was selected as a comparison, providing
illustrative insight into the current SCR systems. In particular, we tested the influence of
the VOx to WOx ratio on the NOx conversion. This ratio was set at 1:0; 7:3; 1:1; 3:7; and 0:1,
respectively. The nominal content of the supported metal oxides in all catalyst systems was
1%. We used the TiO2 or ZnO nanorods at the Al2O3 carrier as the comparison standards
(entries 1 and 7, Table 1).

For TiO2-based systems with a higher VOx content vs. WO3 (1:0 and 7:3, respectively),
NOx conversion is slightly higher by 1.8–2.4% than the analogous ZnO-based systems
(Table 1, entries 2 and 3 vs. 8 and 9). The opposite tendency was observed for the systems
with VOx to WO3 ratios of 1:1, 3:7, and 0:1 (Table 1, entries 4–6 vs. 10–12). The screen of
the systems in Table 1 allowed us to optimize the molar ratio of the WOx to VOx. The best
catalysts were selected based on the TON parameter. For ZnO/Al2O3 nanorods, the highest
TON of 623 mmol/kg.h was observed for 1% V,W(3:7)/ZnO/Al2O3, while for TiO2/Al2O3
nanorods, the highest TON of 623 mmol/kg.h was observed for the 1% W/TiO2/Al2O3
(TON = 613 mmol/kg.h). Both for the TiO2/Al2O3 nanorods and ZnO/Al2O3, we observed
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a systematic increase in TON when the VOx content decreased in favor of the WOx content
(Table 1: 543 vs. 619 mmol/kg.h or 527 vs. 613 mmol/kg.h). Accordingly, in the next step,
we prepared the ceramic foams with nanorod TiO2 or ZnO coating with a VOx to WO3
load at the optimal molar ratio of 3:7 (Table 1).

Table 1. The V and W load optimization on TiO2 and ZnO nanorod-coated Al2O3 foam.

Entry Catalyst NOx Conversion [%] a TON [mmol
kg·h ]

1 TiO2/Al2O3 78.7 527
2 1% V/TiO2/Al2O3 85.5 573
3 1% V,W(7:3)/TiO2/Al2O3 89.4 599
4 1% V,W(1:1)/TiO2/Al2O3 88.3 591
5 1% V,W(3:7)/TiO2/Al2O3 90.2 604
6 1% W/TiO2/Al2O3 91.5 613

7 ZnO/Al2O3 81.1 543
8 1% V/ZnO/Al2O3 82.9 555
9 1% V,W(7:3)/ZnO/Al2O3 87.6 587
10 1% V,W(1:1)/ZnO/Al2O3 90.8 608
11 1% V,W(3:7)/ZnO/Al2O3 93.0 623
12 1% W/ZnO/Al2O3 92.4 619

a Gas flow rate of 3 dm3/h, temperature 400 ◦C, and atmospheric pressure.

Table 2 shows a detailed comparison of NOx conversions for ZnO nanofilaments with
different surface coatings on ZrO2, Al2O3, and SiC foam supports measured in SCR reaction.
ZnO nanofilaments in the presence of VOx and WOx on the Al2O3 carrier turned out to
be the most active (NOx conversion of 94.8%), slightly outperforming other carriers (ZrO2
and SiC) with ZnO nanofilaments decorated with surface VOx and WOx (having a NOx
conversion of 93.0% and 89.1%, respectively). Specifically, ZnO nanofilaments with VOx
and/or WOx increase the deNOx activity of all crude foam supports. High activity of these
systems may result from expanding the surface of the support by the nanorod coating.

Table 2. Catalytic performance of the Al2O3, SiC, and ZrO2 foam coated with zinc oxide nanorods
with surface loadings of V and W oxides.

Entry Catalyst Sample Code NOx Conversion (%) a

1 ZnO/Al2O3 ZA 88.6
2 1% W/ZnO/Al2O3 W/ZA 90.3
3 1% V/ZnO/Al2O3 V/ZA 88.2
4 1% W,V/ZnO/Al2O3 W,V/ZA 94.8

5 ZnO/SiC ZS 81.7
6 1% W/ZnO/SiC W/ZS 89.9
7 1% V/ZnO/SiC V/ZS 83.2
8 1% W,V/ZnO/SiC W,V/ZS 89.1

9 ZnO/ZrO2 ZZ 91.3
10 1% W/ZnO/ZrO2 W/ZZ 92.4
11 1% V/ZnO/ZrO2 V/ZZ 85.4
12 1% W,V/ZnO/ZrO2 W,V/ZZ 93.0

a Gas flow rate of 3 dm3/h, temperature 400 ◦C, and atmospheric pressure.

Figure 5 illustrates the catalytic performance of these systems in the temperature range
of 200–400 ◦C. For the catalytic systems with TiO2 nanorods, the highest degree of NOx
conversion at 400 ◦C (88–96%) was noted when the carrier was ZrO2 (Figure 5A), while the
lowest was noted for SiC support (55–63%). ZnO nanorods deposited on Al2O3 made it
possible to obtain the 90–95% degree of NOx conversion at 400 ◦C, while the worst carrier
for ZnO nanorods was again SiC, with an 83–90% NOx conversion (Figure 5B). Generally,
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the comparison of TiO2 and ZnO nanorods in Figure 5A,B reveals that the SCR conversions
on ZnO appeared better than on the TiO2 supports in the range of the tested temperatures.

Figure 5. Catalytic activity of the powdered catalyst foam with (a) TiO2 and (b) ZnO
nanorods. Gas flow rate of 3 dm3/h, temperature 400 ◦C, and atmospheric pressure.
Acronyms: TZ—TiO2/ZrO2, W/TZ—1% W/TiO2/ZrO2, V/TZ—1% V/TiO2/ZrO2, W,V/TZ—
1% W,V/TiO2/ZrO2, TS—TiO2/SiC, W/TS—1% W/TiO2/SiC, V/TS—1% V/TiO2/SiC, W,V/TS—
1% W,V/TiO2/SiC, TA—TiO2/Al2O3, W/TA—1% W/TiO2/Al2O3, V/TA—1% V/TiO2/Al2O3,
W,V/TA—1% W,V/TiO2/Al2O3, ZZ—ZnO/ZrO2, W/ZZ—1% W/ZnO/ZrO2, V/ZZ—1%
V/ZnO/ZrO2, W,V/ZZ—1% W,V/ZnO/ZrO2, ZS—ZnO/SiC, W/ZS—1% W/ZnO/SiC, V/ZS—1%
V/ZnO/SiC, W,V/ZS—1% W,V/ZnO/SiC, ZA—ZnO/Al2O3, W/ZA—1% W/ZnO/Al2O3, V/ZA—
1% V/ZnO/Al2O3, and W,V/ZA—1% W,V/ZnO/Al2O3.

A comparison of the foam supports indicates that for the oxide-supported (Al2O3 and
ZrO2) catalysts, SCR reactivity slightly outperforms the SiC supported systems. Formally,
all supports are semiconductors of the wide gap of ca. 3.2 ÷ 3.37 eV, but in nano ZnO or
TiO2, the gap energy can be modulated by nanostructure organization and interactions with
supported metals (W or V) present at the surface in the form of metal oxides. Optical spectra
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of the ZnO and TiO2 supported on Al2O3 and SiC (Figure S2, Supplementary Materials)
indicate a correlation between deNOx behavior and the energy band gap. In particular,
unlike the Al2O3, the SiC-supported ZnO and TiO2 systems indicate an additional low
systems energy absorption band. It is, however, not clear if this can affect the thermal (dark)
SCR reaction.

Interestingly, material structure and coatings can influence the band gap value. For
example, the tungsten oxides’ band gap can be reduced to 2.47 through the interactions
with other semiconductors, e.g., CdTe [45]. Similarly, the contacts of Ti and V2O5, even as
large crystallites, modified the optical band gap (1.96 eV vs. 2.2 eV for undoped V2O5). This
effect is attributed to lattice expansion by the Ti ion and oxygen vacancies formation [46].
The specific interactions of the individual nanorod coating and synergistic interaction of
the V and W oxide coatings can also play a role. For example, the doping of the W oxide
with V can result in synergic interactions downshifting the material band gap [47]. In turn,
the band-gap energies of the SiC nanowires are higher than the corresponding SiC bulk
values [48].

4. Conclusions

Energy production is associated with many environmental risks; e.g., generating
greenhouse gas emissions and nitrogen oxides (NOx) are among the primary gas pollution
concerns. Environmental catalysis plays a pivotal role in NOx mitigation (DeNOx). This
study investigated a collection of ceramic foams as a potential catalyst support for selective
catalytic NOx reduction (SCR). To be an attractive support, we should functionalize the
surface of raw foams. A library of ceramic SiC, Al2O3, and ZrO2 foams ornamented with
nanorod ZnO and TiO2 as W and V oxide coatings was obtained for the first time. We
characterized the surface layer structure using XPS, XRF, and SEM and TEM microscopy to
optimize the W to V molar ratio.

NOx generation, pollution, and reduction are complex problems. First, combustion
in air yields two forms of NOx, namely NO and NO2, in the ratio NO/NOx of 0.90 to
0.95. However, the dominating NOx form in the atmosphere is NO2 resulting from NO
oxidation. Accordingly, the main issue in the environmental catalysis of NOx refers to NO,
while the main topics of NOx ecotoxicology refer to NO2. Low NO2 content in flue gases
also decides NO2. SCR is tested only very rarely, even though a complex NO/NO2 SCR
should support a standard NO SCR; therefore, here, we used the NO2 SCR model.

Comparing TiO2 and ZnO systems reveals that the SCR conversion on ZnO appeared
superior vs. conversion on TiO2, while the SiC-supported catalysts were less efficient than
Al2O3 and ZrO2-supported catalysts. The energy bands in optical spectra correlate with
the observed activity rank. However, a more detailed study is needed to assess whether
this effect is coincidental only.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en15051798/s1, Table S1: The amount of metal needed to obtain vanadium, tungsten, or
mixed catalysts calculated at 990 mg of the carrier; Table S2: NOx decomposition data for V and
W oxides deposited on different carriers. Gas flow rate of 3 [dm3/h]; Table S3: EDXRF analyses
of Ti, W, and V nanoparticles deposited on powder or foam Al2O3, SiC, and ZrO2; Table S4: The
average crystallite size and lattice parameters of investigated materials determined by XRD method;
Figure S1: High-resolution XPS spectra of (a) O1s and V2p, (b) C1s, (c) W4f, and (d) W4d. The red
spectra represent 1.0% W,V/ZnO/ZrO2 system, the blue—the 1.0% W,V/ZnO/Al2O3 system, and
the green—1.0% W,V/ZnO/SiC system; and Figure S2: UV-Vis spectra of TiO2/SiC or TiO2/Al2O3
and ZnO/SiC or ZnO/Al2O3 in powders.
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