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Università degli Studi di Milano

Italy

Gianguido Ramis

Università degli Studi di Genova and INSTM Unit Genova

Italy

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Catalysts

(ISSN 2073-4344) from 2017 to 2019 (available at: https://www.mdpi.com/journal/catalysts/special

issues/valorisation CO2).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03921-778-6 (Pbk)

ISBN 978-3-03921-779-3 (PDF)

c© 2019 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Ilenia Rossetti and Gianguido Ramis

Catalytic, Photocatalytic, and Electrocatalytic Processes for the Valorization of CO2

Reprinted from: Catalysts 2019, 9, 765, doi:10.3390/catal9090765 . . . . . . . . . . . . . . . . . . . 1

Maela Manzoli and Barbara Bonelli

Microwave, Ultrasound, and Mechanochemistry: Unconventional Tools that Are Used to
Obtain “Smart” Catalysts for CO2 Hydrogenation
Reprinted from: Catalysts 2018, 8, 262, doi:10.3390/catal8070262 . . . . . . . . . . . . . . . . . . . 6

Elnaz Bahadori, Antonio Tripodi, Alberto Villa, Carlo Pirola, Laura Prati, Gianguido Ramis

and Ilenia Rossetti

High Pressure Photoreduction of CO2: Effect of Catalyst Formulation, Hole Scavenger Addition
and Operating Conditions
Reprinted from: Catalysts 2018, 8, 430, doi:10.3390/catal8100430 . . . . . . . . . . . . . . . . . . . 41

Dongmei Han, Yong Chen, Shuanjin Wang, Min Xiao, Yixin Lu and Yuezhong Meng

Effect of In-Situ Dehydration on Activity and Stability of Cu–Ni–K2O/Diatomite as Catalyst for
Direct Synthesis of Dimethyl Carbonate
Reprinted from: Catalysts 2018, 8, 343, doi:10.3390/catal8090343 . . . . . . . . . . . . . . . . . . . 59

Renaud Delmelle, Jasmin Terreni, Arndt Remhof, Andre Heel, Joris Proost and

Andreas Borgschulte

Evolution of Water Diffusion in a Sorption-Enhanced Methanation Catalyst
Reprinted from: Catalysts 2018, 8, 341, doi:10.3390/catal8090341 . . . . . . . . . . . . . . . . . . . 69

Dongmei Han, Yong Chen, Shuanjin Wang, Min Xiao, Yixin Lu and Yuezhong Meng

Effect of Alkali-Doping on the Performance of Diatomite Supported Cu-Ni Bimetal Catalysts
for Direct Synthesis of Dimethyl Carbonate
Reprinted from: Catalysts 2018, 8, 302, doi:10.3390/catal8080302 . . . . . . . . . . . . . . . . . . . 84

Jesica Castelo-Quibén, Abdelhakim Elmouwahidi, Francisco J. Maldonado-Hódar,
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Worldwide yearly CO2 emissions reached 36 Gt in 2014, whereas they amounted to ca. 22 Gt in
1990 [1]. It represents the most abundant greenhouse gas in the atmosphere, 65% of which is derived
from direct emissions (combustion and industrial processes), with an additional 11% from the change
in land use and forestry [2].

An historic agreement to fight against climate change and move toward a low-carbon, resilient,
and sustainable future was agreed by 195 nations in Paris (December 2015). The goal is to keep the
temperature rise for the century less than 2 ◦C and to further limit it to 1.5 ◦C higher than pre-industrial
values. The Intergovernmental Panel on Climate Change [3,4] evidenced an average increase of ca.
0.6 ◦C on Earth during the 20th century, with an almost exponential rise in the last decade.

Different strategies may be put into place to limit CO2 output into the atmosphere, e.g., a more
efficient use of carbon-based fossil fuels, the use of carbon-less or carbon-free raw materials, and,
ultimately, CO2 capture technologies. However, to be fully effective, carbon dioxide sequestration must
be followed by its efficient conversion into useful new materials. This circular approach is virtuous,
as it valorizes waste as a new regenerated feedstock, thus limiting the consumption of new sources.
In this light, the research has turned from the simpler concept of carbon capture and storage (CCS)
to carbon capture and conversion (CCC) or utilization (CCU) [5,6]. This approach moves toward a
circular economy approach, perfectly matching the EU and international policies and initiatives.

The first capture step is common: The efficient removal of CO2 from different point sources,
such as the treatment of industrial flue gases, typically in stationary combustion plants, by a separation
process, prior to the release of combustion exhausts into the atmosphere. It is much harder to imagine
a sequestration method directly by absorption from the atmosphere, as the CO2 concentration is too
low to guarantee a sufficient driving force for its separation.

Several techniques are available for the capture of CO2 from flue gas [7].
The main approaches are based on:

i) absorption, either chemical (with ammonia or amines) or physical (Rectisol, Selexol, or Fluor
processes), where the selection of the solvent and optimization of the process are key for
success [8,9];

ii) adsorption, usually including the regeneration of the adsorbent through pressure swing or
temperature swing adsorption (PSA or TSA) [10];

iii) cryogenic separation;
iv) membrane separation (polymeric or ceramic materials);
v) hybrid technologies.

Catalysts 2019, 9, 765; doi:10.3390/catal9090765 www.mdpi.com/journal/catalysts1
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All of these processes present advantages and disadvantages, which have been very effectively
reviewed in a recent paper [11], but the main technology for CO2 capture is absorption with a liquid
solvent (usually alcanolamines [9]) or adsorption in a PSA unit [10].

Once separated, former CCS approaches included planning the confinement of CO2 into depleted
oil and gas wells, deep oceans, and aquifers, or to use it as a fluid for fuel extraction (e.g., its injection
in geological formations and the subsequent recovery of fuel products with several techniques, such as
enhanced oil recovery, enhanced coal bed methane recovery, enhanced gas recovery). However, as said,
much more effective approaches are needed to try to recover valuable products from its conversion
through a circular economy vision [12].

In addition, in this case, different strategies are under development, leading to various upgraded
products. Some conversion routes are oriented toward the regeneration of fuels, which can, in general,
be defined as CxHyOz. The energy required for CO2 reduction increases more and more while
decreasing z and increasing x, while the stored energy in the regenerated fuel increases accordingly.
This approach is usually convenient when inexpensive renewable energy is available. In addition,
it is a circular path, as the main CO2 emissions come from combustion, and fuels are regenerated
to be used in the same market. Provided a sufficiently efficient and cost-effective technology for
fuel regeneration from CO2 can be developed, the potential market for regenerated fuels matches
the huge CO2 emission volume. The opposite holds for rival pathways that tend to valorize CO2

in fine chemicals or value-added products. If, on the one hand, the remunerability of the product
is much higher, and can economically support the development of the technology, the size of the
potential market of these fine chemicals can hardly match the volume of CO2 emissions, needing the
development of a network of parallel CCU technologies.

Among the different pathways, biological methods have been developed, either directly producing
reduced products [13] (i.e., carbonic anhydrase, hydrogenation of CO2 to formate, reduction of CO2 to
methane, CO2 conversion into methanol by enzyme cascade) or storing CO2 in biomass (e.g., algae) [14],
to be subsequently upgraded.

The electrochemical reduction of CO2 can be effectively exploited through available renewable
electricity. For instance, CO2 can be electrochemically reduced to formic acid derivatives that can
subsequently be converted into useful monomers, such as glycolic acid and oxalic acid, to be employed
as building blocks for polyesters [15]. The potential of CO2 electroreduction to methane has been
recently reviewed by Zhang et al. [16].

Photocatalytic reduction allows the production of a wide spectrum of products, such as HCOOH,
HCHO, CH3OH, or CH4 [17–23], and can be effectively used for the exploitation of solar energy,
provided visible responsive materials can be developed for this application [24].

Furthermore, the catalytic reduction of CO2 has been proposed through the Sabatier reaction [25].
The methane produced in this reaction has great potential for application, but the application of this
technology relies on the availability of renewable and inexpensive H2. A different approach is the
methanation of CO2 through biochemical approaches.

This Special Issue

Different options of CO2 valorization have been discussed in this special issue, showing interesting
examples of the catalytic science impact in this important field. At first, the potential for the catalytic
methanation of CO2 was reviewed by Manzoli and Bonelli [26], who discussed the importance
of catalyst design to ensure efficient performance in the (photo)catalytic hydrogenation of CO2.
Different enabling technologies assisting catalyst synthesis (microwaves, ultrasound, mechanochemical
synthesis) allow tailored properties for the selected materials to be obtained, which, in turn, ensures
suitable catalyst performance.

The methanation of CO2 was studied under unsteady conditions to evidence the structural
dynamics of the Ni/Al2O3 catalyst [27]. Different operando characterization techniques were used,
such as Quick-scanning X-ray Absorption Spectroscopy/Extended X-ray Absorption Fine Structure
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(XAS/QEXAFS) considering stops in the H2 supply during the reaction while feeding oxidizing
impurities to simulate the technical purity of CO2.

Methanation has also been investigated through sorption-enhancement [28], which allows faster
production of pure methane thanks to the application of Le Châtelier’s principle. The long-term
stability of a catalyst, constituted by Ni nanoparticles supported on zeolite 5A, has been examined
and showed to be satisfactory thanks to milder operating conditions of the sorption-enhanced process
with respect to the conventional one. A degradation mechanism specific to the sorption catalysis
was derived on the basis of cyclic methanation/drying periods and was related to the water diffusion
kinetics in the zeolite. The latter step is rate controlling during both methanation and drying, so this
point is kinetically critical.

An example of the electro-reduction of CO2 was proposed by Castelo-Quibén et al. [29], obtaining
C1 to C4 hydrocarbons, as an efficient strategy for C–C coupling. The electroactive materials were
composite metal–carbon–carbon nanofibers synthesized using urban plastic residues through catalytic
pyrolysis. Selectivity was tunable by changing the metal.

The photoreduction of CO2 was investigated under unconventional operating conditions, i.e.,
at high pressure and high temperature [21], using different TiO2-based catalysts and investigating the
effect of different reaction parameters. A significant productivity of liquid-phase products (HCOOH
and HCHO) was achieved. The selectivity to different products was tuned based on pH, reaction time,
and through the addition of Au nanoparticles as a co-catalyst.

Finally, the synthesis of dimethylcarbonate (DMC) was investigated by Han et al. [30,31]. Different
alkali metals were added to Cu-Ni/diatomite catalysts to synthesize DMC from CO2 and methanol,
thanks to their strong electron-donating ability. Cs2O was effective, leading to a ca. 10% methanol
conversion with a ca. 86% selectivity to DMC [31]. Furthermore, the same authors investigated the
effect of dehydration using 3A molecular sieves to shift the equilibrium and to improve the stability of
a K2O-promoted Cu–Ni catalyst [30]. An improved yield of DMC by 13% was obtained with respect to
the undehydrated base case and stable performance for 22 h.
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Abstract: The most recent progress obtained through the precise use of enabling technologies, namely
microwave, ultrasound, and mechanochemistry, described in the literature for obtaining improved
performance catalysts (and photocatalysts) for CO2 hydrogenation, are reviewed. In particular,
the main advantages (and drawbacks) found in using the proposed methodologies will be discussed
and compared by focusing on catalyst design and optimization of clean and efficient (green) synthetic
processes. The role of microwaves as a possible activation tool used to improve the reaction yield will
also be considered.

Keywords: CO2 hydrogenation; microwaves; ultrasound; mechanochemistry; catalyst preparation

1. Introduction

Atmospheric CO2 concentration is growing continuously: in 2017, a “record concentration” of
413 ppm was registered (according to https://www.co2.earth/daily-co2) and a concentration of ca.
570 ppm is expected to be reached by the end of this century [1].

The mitigation of CO2 (the most popular among atmospheric greenhouse gases) is currently
a scientific, technological, social, and economic issue [1]. Several strategies have been proposed
to limit/decrease CO2 concentration in the atmosphere: besides lowering CO2 emissions with the
help of low-C fuels (and of appropriate policies from developed countries), there is a great spur
of studies and technologies aimed at optimizing several processes of CO2 capture & storage [2–10]
and reutilization [11,12]. The first two steps, currently fairly developed, are indeed functional to CO2

reutilization processes, which mostly need a concentrated and rather pure CO2 stream apt to further
chemical transformations.

The chemical processes for CO2 reutilization are catalytic [13–15], photocatalytic [16–20],
electrocatalytic [21–25], or photoelectrocatalytic [18,26]. As a whole, the chemical reduction of CO2 is
a challenge from both the industrial and the catalytic point of view [27], but it is also a hot scientific
topic, since CO2 is an ideal C1 feedstock for producing different types of chemicals and, ultimately,
fuels. Unfortunately, its high thermodynamic stability limits the number of processes in which CO2 can
be utilized as a chemical feedstock (e.g., the synthesis of urea), and usually electrocatalytic processes
are needed [28].

Most of the catalytic processes (like those reported in Scheme 1) imply the use of H2, which is
per se a costly reagent due to its scarce natural abundance (from which arises the issue of its production),
along with safety and transportation issues. All this notwithstanding, the products of CO2 reduction
are ultimately fuels, raw materials, and/or chemical intermediates [1].

Catalysts 2018, 8, 262; doi:10.3390/catal8070262 www.mdpi.com/journal/catalysts6
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Scheme 1. Some products of CO2 hydrogenation. Reproduced from Ref. [1] with permission of The
Royal Society of Chemistry.

Though some homogenous catalysts are highly active and selective in several CO2 reduction
processes [29], they are hardly applicable on an industrial scale, and therefore there is a great
interest towards the development of efficient heterogeneous catalysts and/or the immobilization of
homogeneous ones [30]. For the industrial application of CO2 hydrogenation processes, heterogeneous
catalysts (e.g., Fe-, Cu-, and Ni-based solid catalysts [31]) offer some practical advantages compared
to homogeneous ones: solids with large specific surface area, small particles of active phase, and fair
metal dispersion are usually more active and selective, and also more stable and characterized by
longer life. However, they often provide low yields and poor selectivity, mainly due to fast kinetics of
C–H bond formation [1].

In order to allow industrial applications of heterogeneous catalysis, green processes should be
developed, which often require efficient (nano)catalysts that are able to selectively transform CO2 into
added value molecules [27]. Depending on the reaction adopted for CO2 reduction, different active
phases (mostly Ni, but also more noble metals [31]) have to be supported on different oxides (γ-Al2O3

being the most used one [31]) that have to be stable at high temperatures, provide a certain amount of
acid/base sites, and stabilize the catalytically active metal particles, etc.

Whatever the type of CO2 hydrogenation process, active, selective, and stable heterogeneous
catalysts are preferable in view of an actual industrial application [1]. They should also be based
on earth-abundant and non-toxic elements and obtained by green synthesis methods: in one word,
they should be “smart”. Though the outputs of CO2 reduction are diverse [1], “smart” catalysts have
to meet some requirements that can be obtained by optimizing their preparation strategy, for instance.
The physico-chemical properties of a heterogeneous catalyst are determined and controlled by its
preparation method: therefore, catalysts prepared by different means may have markedly different
features and, thus, different catalytic performances [32,33].

In order to allow an actual development of feasible industrial CO2 hydrogenation processes,
new catalysts should be obtained by methods that are able to control and tailor the physico-chemical
properties in order to improve the catalyst performance [32]. Moreover, a deeper understanding of
the reaction mechanisms with the help of both experiments and molecular simulations is needed [1],
especially as far as the first step of CO2 reduction, i.e., its adsorption at the catalyst surface, is concerned.
Notwithstanding the plethora of works concerning CO2 reduction, a thorough understanding of the
mechanisms is still lacking and/or debated [18]. As far as heterogeneous catalysts are concerned,
there is a general consensus about the idea that the active site is provided by the primary catalyst
(e.g., the metal particle) acting synergistically with the support (and/or the promoter) [32]. Evidence
of such synergy is provided in several works, but the actual mechanism is still unclear, even for the
synthesis of methanoic acid (HCOOH), which is only the first step of CO2 hydrogenation [1].

From both industrial and scientific points of view, the great interest in heterogeneous catalysts
based on abundant and low cost metals like Ni, Cu, and Fe is frustrated by their poor activity in mild
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reaction conditions, in that an extreme dispersion of metal particles and a strong interaction with the
support should be attained [31].

As mentioned before, from an environmental point of view, catalysts should be obtained by green
synthesis methods [27]. In our opinion, the use of microwaves, ultrasound, or mechanochemistry
represents promising and simple approaches, which are alternatives to conventionally adopted
synthetic protocols, to obtain novel catalysts with improved activity and selectivity, in contrast to
conventional methods, which usually encompass multi-step processes, heating, and/or the addition
of expensive and/or hazardous chemicals. The development of such techniques has increased
significantly in recent years, with most reports published over the past 5–10 years (vide infra).

The aim of the present review is to supply a brief (but exhaustive) description of the most recent
advances in the synthesis of solid catalysts (and photocatalysts) by microwave (MW), ultrasound (US),
and mechanochemistry (MC) to be compared to conventional methods.

2. Microwaves as a Tool to Improve Catalytic CO2 Hydrogenation

2.1. General Principles of MW-Assisted Synthesis of (Nano)Materials

MW-assisted synthesis simply requires the presence of a MW reactor, simultaneously
ensuring shorter reaction time, no contact between the radiation source and the reacting mixture,
and a homogeneous heating of the latter [34,35].

Homogeneous heating is a crucial point, as thermal gradients affect both nucleation and growth
steps, which finally determine the physico-chemical properties of the resulting nanomaterials. For this
reason, MW-assisted synthesis was initially developed to prepare ceramic materials, for which it is
crucial to avoid temperature gradients that may induce formation of fractures in the final product [36].

MW irradiation favors fast nucleation and crystalline growth, which can accelerate the formation
of hierarchical structures, like the bismuth oxyiodide (BiOI) architectures shown in Figure 1 [37].
Hierarchical porous solids can be produced by MW-assisted synthesis in non-aqueous solvents,
since organic solvents with high dielectric loss factor are required to ensure efficient MW absorption
and rapid heating [37].

Figure 1. SEM (a,b) and TEM (c,d) images of BiOI flower-like spheres (dimensions in the 500 nm−1

μm range) made up by nanosheets as building blocks. Reprinted from Chem. Eng. J., 235 Ai, L.;
Zeng, Y.; Jiang, J., Hierarchical Porous BiOI Architectures: facile Microwave Nonaqueous Synthesis,
Characterization, and Application in the Removal of Congo Red from Aqueous Solution, 331–339.
Copyright (2014) with permission from Elsevier.
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Additionally, MW heating can be easily coupled with several chemical methods including
combustion synthesis (CS), hydrothermal (HT) synthesis, and sol-gel (SG). For instance, powders
obtained by MW-assisted CS are more chemically and thermally stable than those obtained by
“conventional” CS; moreover, smaller particles with a lower tendency to aggregation are obtained [36].
This occurs because MW irradiation uniformly heats the reagents mixture, whereas an electric oven
heats a mixture from the exterior to the interior, finally creating a temperature gradient and leading to
heterogeneous powders. Moreover, MW interacts with polar reagents, inducing dipole oscillations:
the oscillating species collide more frequently and at higher energy, facilitating bond breakage and
new bond formation. Consequently, the heat needed for the reaction is generated within the mixture
with no need of external heat supply [34,35].

MW-assisted CS, for instance, allows obtaining sizeable amounts of phases (mainly oxides,
nitrides, and carbides) that are stable at high temperatures and have nanometer size, highly specific
surface area and defectivity, and mechanically stable pore structure [36]. MW is also known to favor
the formation of given crystalline phases and can be efficiently used to drive the synthesis towards the
desired products. All the above parameters are indeed important for catalytic applications.

2.2. MW-Assisted Syntheses of Heterogeneous Catalysts for CO2 Reduction

Cai et al. [38] supported some Cu-based catalysts on ZnO and on Ga2O3 and tested them in the
CO2 hydrogenation to CH3OH:

CO2 + 3H2 � CH3OH + H2O (1)

The Cu-based catalysts were prepared by co-precipitation and impregnation, and the effect of
MW on both preparation methods was studied: as a whole, the catalysts prepared by MW-assisted
synthesis showed better Cu dispersion and enhanced catalytic activity in terms of both CO2 conversion
and CH3OH yield, especially when a single-step MW-assisted method was adopted [38]. The catalysts
were characterized by X-Ray Diffraction (XRD), H2 temperature programmed reduction (TPR),
N2 adsorption/desorption isotherms at −196 ◦C, CO2 temperature-programmed desorption (TPD),
adsorption calorimetry, and X-ray Photoemission Spectroscopy (XPS). Since all the samples are calcined
at 350 ◦C, no significant changes in their surface area were observed, although the sample obtained
by a single-step, MW-assisted method showed slightly larger values for both surface area and pore
volume. The XRD patterns of the same sample revealed the likely presence of small crystallites of
Cu2O (whereas CuO mostly formed in the other samples) and the smallest size of ZnO particles.
TPR showed the occurrence of a strong Cu/support interaction in the sample obtained by single-step,
MW-assisted method, which, according to CO2 TPD and CO2 adsorption calorimetry, adsorbed
a considerable amount of CO2 with the largest average adsorption heat value (ca. −20 kJ mol−1).
This latter result showed that the use of MW seemed to improve the support basicity, a feature that
helps CO2 adsorption, a crucial step during the catalytic process. The joint presence of well-dispersed
Cu particles and strong basic sites at the support surface resulted in strong Cu/support synergy,
leading to better catalytic performance. Besides strong Cu/support interactions, which took place with
the catalysts prepared under MW irradiation, the authors observed that Cu particles were particularly
active, probably because their surface was partially oxidized due to migration of Zn species from the
support to the active metal (Cu) surface, which finally improved CO2 adsorption. On the contrary,
such synergistic effects were not observed with same composition catalysts that were prepared by
conventional methods.

Huang et al. [39] studied the effect of MW heating during HT synthesis of CuO-ZnO-ZrO2

catalysts for CO2 hydrogenation to CH3OH (Equation (1)), for which CuO-ZnO is usually considered
the best catalyst and where ZrO2 has the role of imparting high thermal and chemical stability under
redox conditions. This type of catalyst is usually prepared by HT method, requiring long reaction
times: the (expected) effect of MW irradiation was indeed the shortening of preparation time. Different
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temperatures (i.e., 80, 100, 120, and 150 ◦C) were adopted during the MW-assisted HT method to
obtain the catalysts named CZZ80, CZZ100, CZZ120, and CZZ150 [39].

The catalyst obtained at 120 ◦C (CZZ120) showed the best catalytic properties in terms of both CO2

conversion and selectivity to CH3OH, becoming rather stable after 100 h reaction. XRD analysis allowed
the calculation of the size of both CuO and Cu crystallites: the CZZ120 catalyst showed the smallest
CuO and Cu crystallites before and after reduction, respectively, though Cu crystallites (ca. 18 nm)
were larger than parent CuO crystallites (ca. 7.6 nm). The same catalyst was also characterized by
the largest Cu area (SCu); the largest specific surface area and by a higher amount of CO2 molecules
adsorbed by relatively weak basic sites. CuO crystallites in CZZ120 were easily reduced, as the samples
showed the lowest reduction temperature during H2 TPR analysis. The CH3OH yield was directly
related to the surface of Cu particles (SCu), as shown in Figure 2. On the contrary, XPS analysis did
not show significant differences in the type of surface Cu species in catalysts obtained at different
temperatures. As a whole, an optimum temperature existed for the synthesis of CuO-ZnO-ZrO2

catalysts [39]: Cu particle size, surface area, and basicity exhibited a volcano trend with a maximum
at 120 ◦C.

Figure 2. Linear relation between the CH3OH % yield and the surface of Cu particles (SCu).
Reprinted from Huang, C.; Mao, D.; Guo, X.; Yu, J., Microwave-Assisted Hydrothermal Synthesis
of CuO-ZnO-ZrO2 as Catalyst for Direct Synthesis of Methanol by Carbon Dioxide Hydrogenation.
Energy Technol. Copyright (2017) with permission from Wiley.

CO2 methanation (Equation (2)) is a process that allows transformation of CO2 in a fuel through
an exothermic reaction (ΔH0 = −165 kJ mol−1), for which Ni/Al2O3 is the commercial catalyst [40]:

CO2 + 4H2 � CH4 + 2H2O (2)

Besides Al2O3, other supports can be (mostly) SiO2 and TiO2, ZrO2 or CeO2. When other
(more noble) metals like Ru, Pt, Pd, or Au are used, selectivity is lower with respect to Ni, as they do
not produce exclusively CH4, but also CH3OH and CO (by Reversed Water Gas Shift, RWGS):

CO2 + H2 � CO + H2O (3)

As a whole, Ni dispersion is crucial in the catalytic activity towards CO2 methanation [41–43],
and therefore the catalyst synthesis method plays a prominent role [44–46]: according to
Stangeland et al. [40], catalysts should be developed with improved activity at lower temperatures
and high activity/stability up to ca. 500 ◦C. Conventional co-precipitation and impregnation methods
may require several hours in order to obtain a fair Ni dispersion, whereas under MW irradiation the
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preparation time may decrease from hours to 15 min (this is one of the greatest advantages of using
MW irradiation during co-precipitation and/or impregnation).

Moreover, MW-assisted synthesis of Ni/Al2O3 catalysts for CO2 methanation [47] resulted in
higher Ni dispersion, as well as higher basicity of the support with respect to Ni/Al2O3 catalysts
obtained by impregnation. Physico-chemical characterization of the catalysts showed some relevant
differences: for instance, Raman spectroscopy revealed a higher amount of NiO oxide in the sample
prepared by impregnation, which also showed lower surface area (∼=143 m2 g−1 against 163 m2 g−1).
The most important property was, however, the Ni dispersion: it was likely favored by the fact that
MW helps the dispersion of inorganic salts on the support, as it can be clearly seen in Figure 3, showing
the TEM analysis of two Ni/Al2O3 catalysts produced with and without MW assistance. The average
size of Ni particles obtained by MW assisted synthesis was 10 nm and 16 nm in the sample prepared
by impregnation. The sample obtained by MW-assisted synthesis also consumed ca. 25% more H2

during TPD analysis.

Figure 3. TEM, HRTEM, and SAED patterns of Ni/Al2O3 prepared under MW radiation (a–c) and
without MW irradiation (d–f). Reprinted from Int. J. Hydrogen Energy, 42, Song, F.; Zhong, Q.; Yu, Y.;
Shi, M.; Wu, Y.; Hu, J.; Song, Y., Obtaining Well-Dispersed Ni/Al2O3 Catalyst for CO2 Methanation
with a Microwave-Assisted Method, 4174–4183. Copyright (2017) with permission from Elsevier.

The better Ni dispersion obtained by MW joint with a stronger basicity of support (as determined
by CO2 TPD) likely led to enhanced CO2 methanation activity at lower temperature. The corresponding
CH4 selectivity was also maintained over the whole temperature range (200–400 ◦C), and the
catalyst was rather stable under prolonged (72 h) catalytic tests without appreciable agglomeration of
Ni species [47].

MW can be used during catalyst preparation in different manners: for instance, the effect of MW
drying vs. conventional drying in the preparation of Ni-exchanged zeolites for CO2 methanation (2)
has been recently studied [48]. The catalysts were prepared by incipient wetness impregnation of
USY (Ultra Stabilized Y) zeolite with 5 wt % Ni. The effects of drying method after impregnation,
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calcination temperature, and pre-reduction temperature on the catalyst performance were evaluated.
The drying method deeply affected the catalyst performance: in particular, MW-assisted drying
induced remarkable changes on the type, location, and reducibility of Ni species within the zeolite
structure and, simultaneously, led to effects on the support structural and textural properties and on
the average size of Ni particles.

DR-UV-Vis spectroscopy showed that after conventional drying, most NiO species occurred at the
outer surface of zeolite particles, whereas with MW-assisted drying, octahedral Ni2+ species formed if
drying was performed in a closed container (when MW-assisted drying was performed in an open
container, similar Ni species were obtained as they were during conventional drying). According to
the authors, during MW heating in a close container, higher temperature and pressure led to formation
of Ni2+ species in exchange position within the zeolite cavities, whereas if the container was left open
during drying, NiO species mostly occurred at the outer surface of zeolite particles.

MW-assisted drying also deeply affected zeolite crystallinity: in a closed container,
some amorphous phase formed (as detected by X-Ray powders diffraction), likely due to the high
temperature reached within the container, whereas with MW-assisted drying in an open container,
the zeolite crystallinity was preserved (as for conventional drying). Finally, MW-assisted drying led to
less reducible Ni species, especially when octahedral Ni2+ species occurred. As observed with other
Ni-based catalysts, MW-assisted drying led to formation of smaller Ni particles (in the 17–27 nm range).
Unfortunately, the positive effects brought about by MW-assisted drying, like better Ni dispersion,
were counterbalanced by the loss in zeolite crystallinity and, as a result, no appreciable improvement
in the catalytic activity was obtained in terms of both CO2 conversion and selectivity to CH4. This was
likely due to the fact that the support was a zeolite, for which the crystallinity of porous cavities is
a crucial aspect [48].

The material thermal response to MW heating is a crucial aspect, as shown by Dong et al. [49],
with Re promoted Ni-Mn/Al2O3 catalysts for partial methanation (Scheme 2), a process in which the
amount of (noxious) CO is reduced by coupling CO methanation (ΔH0 = −206 kJ mol−1):

CO + 3H2 � CH4 + H2O (4)

to water gas shift (WGS, ΔH0 = −41 kJ mol−1)

CO + H2O � CO2 + H2 (5)

Scheme 2. Scheme of the processes occurring at the surface of Re-promoted Ni-Mn bimetallic particles
on Al2O3 support. Reprinted from Appl. Catal. A Gen., 552, Dong, X.; Jin, B.; Sun, Y.; Shi, K.; Yu, L.,
Re-Promoted Ni-Mn Bifunctional Catalysts Prepared by Microwave Heating for Partial Methanation
Coupling with Water Gas Shift under Low H2/CO Conditions. Copyright (2018) with permission
from Elsevier.
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Figure 4 reports heating curves under MW irradiation (1.0 kW output power) of the different
reagents used to produce the catalysts: Al2O3 is a poor MW absorber, but when Re was firstly
incorporated in γ-Al2O3 (Re-Al2O3), the materials showed heating curves with higher slope (curves
3 and 4 in Figure 4). Due to the presence of Re, both the Re-Al2O3 and Ni-Mn/Re-Al2O3 materials
absorbed more MW with respect to pure γ-Al2O3. This had a deep impact on the reaction time, in that
the synthesis temperature (ca. 400 ◦C) was reached shortly when Re-Al2O3 was used for the deposition
of the bimetallic Ni-Mn catalyst starting from the respective nitrates.

Figure 4. MW heating curves of different catalyst precursors: (1) Ni-Mn/Al2O3, (2) Ni-Mn-Re/Al2O3,
(3) Re-Al2O3, and (4) Ni-Mn/Re-Al2O3. Reprinted from Appl. Catal. A Gen., 552, Dong, X.; Jin, B.;
Sun, Y.; Shi, K.; Yu, L., Re-Promoted Ni-Mn Bifunctional Catalysts Prepared by Microwave Heating for
Partial Methanation Coupling with Water Gas Shift under Low H2/CO Conditions. Copyright (2018)
with permission from Elsevier.

Other phenomena occurring during MW heating can be inferred by a close inspection of the
curves in Figure 4: when Re is absent, the temperature plateau reached at ca. 150 ◦C is ascribed to
thermal balance between (Ni and Mn) nitrates decomposition and MW irradiation. The phenomenon
does not occur in the heating curves of Re-added samples, likely because of the enhancement of
thermal decomposition of nitrates due to the presence of Re. Simultaneously, MW heating favors the
formation of hot spots that induce an effective surface dispersion of the metal. A side-effect of fast MW
heating was observed, i.e., formation of AlO(OH) phase (as detected by X-ray diffraction). MW heating,
however, favored the dispersion of the NiO phase, which showed broader X-ray diffraction peaks with
respect to the catalyst obtained by conventional heating. A better dispersion of the Ni active phase
was also observed after reduction, confirming the overall positive effect of MW. At variance with what
was observed with Ni-USY zeolite, MW heated samples were more easily reducible, as the onset of
NiO reduction shifted to lower temperatures. Another important point observed by the authors was
that MW-heated catalysts led to lower formation of carbon deposits, an undesired phenomenon that
can lead to catalyst deactivation [49].

The presence of Re, however, also affected some important structural and electronic properties
of the catalysts, as shown by the characterization of their physico-chemical properties. For instance,
H2 TPR analysis showed a higher reducibility of β-type NiO (a type of NiO that has medium strong
interaction with γ-Al2O3), indicating the facile formation of catalytically active Ni atoms. XPS analysis
pointed out also a decrease of the binding energy of the Ni 2p line when Re was present, ascribed to
the electron transfer from ReOx species to Ni atoms. The increased electron cloud density of Ni atoms
could indeed favor the breakage of the C-O bond, positively affecting the catalytic activity.

CO2 reforming of methane (Equation (6)) is an endothermic reaction (ΔH0 = +247 kJ mol−1,
also known as dry reforming) to produce syngas mixtures with low H2:CO ratio that could be used for
further Fischer-Tropsch synthesis (FTS) to produce light olefins:

CO2 + CH4 � 2CO + 2H2 (6)
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The reaction has not yet been industrially implemented, since there are no commercial catalysts
that can operate without undergoing deactivation due to carbon deposition [50]. An alternative to
Ni-based catalysts (and to noble metals like Ru, Rh, Pd, Ir, and Pt) is provided by Ni-containing oxides,
i.e., either Ni perovskites with defined structure or solid solutions with La, Al, or Mg (spinel, fluorite,
and perovskite) [51]. Ni perovskites with defined structure are promising catalysts, with respect
to noble metals, due to their low cost, thermodynamic stability at relatively high temperatures,
and catalytic activity. Barros et al. [51] prepared La2NiO4/α-Al2O3 catalysts for CO2 reforming of CH4

by MW-assisted CS, by using glycine or urea as fuel and metal nitrates as oxidizers. For comparison,
a catalyst with similar chemical composition was prepared by impregnation of α-Al2O3 prepared
by MW.

XRD diffraction showed the formation of La3Ni2O6.92, La2NiO4, and LaAlxNix−1O3 crystalline
structures independently of the preparation method. The sample prepared by impregnation was
very active, but the crystalline structure was practically destroyed, with significant carbon deposition.
The catalysts prepared by MW-assisted CS showed CH4 conversion above 80% at 700 ◦C, good stability,
and a low coke formation after about 60 h on stream. The catalyst prepared by impregnation showed
instead a decrease of CH4 conversion after 60 h, likely due to deactivation by coke deposition, according
to TPO (Temperature Programmed Oxidation) analysis and TEM inspection, which showed the
occurrence of carbon nanotubes, not observed when the catalysts were obtained by MW-assisted
CS (Figure 5).

Figure 5. TEM pictures of the catalysts prepared by MW-assisted CS (a) and impregnation (b) after
reaction. Reprinted from Appl. Catal. A Gen., 378, Barros, B. S.; Melo, D. M. A.; Libs, S.; Kiennemann, A.,
CO2 Reforming of Methane Over La2NiO4/α-Al2O3 Prepared by Microwave-Assisted Self-Combustion
Method, 69–75. Copyright (2010) with permission from Elsevier.

Moreover, the crystalline structure of the catalysts prepared by MW-assisted CS was preserved
after CO2 reforming of CH4, whereas a prominent loss of crystallinity occurred in the catalyst obtained
by impregnation (which was also deactivated) [51]; the authors ascribed the stability achieved by
MW-assisted CS to the strong interaction of Ni active sites with the perovskite structure.

CO2 selective reduction to light olefins is a process that recently has progressed due to the urgent
need of converting CO2 into building-block chemicals [13,14,52]. To raise selectivity towards light
olefins, catalysts that are more effective are needed, since CO2 is very stable, and FTS usually leads
to mixtures of products. K-promoted Fe catalyst is very selective towards CO2 hydrogenation to
light olefins; additionally to K, Zn is also used as a promoter that accelerates FTS, increases catalyst
stability, enhances light olefins selectivity, improves CO2 adsorption, promotes H2 dissociation, and is
highly active in both WGS and RWGS reactions [52]. The effect of MW was studied on the synthesis of
HT precipitation followed by incipient wet impregnation (to add K) of a series of K-promoted Fe-Zn
catalysts with different Fe/Zn molar ratios. Physico-chemical characterization of the catalysts showed
they were characterized by rather uniform particle size (ca. 100 nm). XRD analysis showed the Zn
addition to the K-promoted Fe2O3 matrix led to formation of ZnFe2O4 spinel phase and ZnO phase,
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and also brought about an increase of the surface area. Moreover, the Fe-Zn interaction affected the
adsorption and reduction of CO2 adsorption.

The catalysts exhibited excellent activity for CO2 hydrogenation and high selectivity toward
C2–C4 olefins owing to the promoting effect of Zn, due to the fact that particles with uniform shape
were obtained, and a fair dispersion of active components occurred with respect to conventional
co-precipitation. Additionally, the formed ZnFe2O4 phase imparted stability to the catalyst, although
lowering its activity due to segregation of a fraction of Fe (the active phase).

2.3. MW-Assisted Synthesis of Photocatalysts for CO2 Reduction

Photocatalytic CO2 reduction processes (i.e., biomimetic artificial photosynthesis) are very
challenging due to intrinsic limitations of the used semiconductors, like poor absorption in the
visible range and fast electron/holes recombination rate (e.g., for TiO2) and stability (e.g., for CdS).
“Plasmonic” photocatalysis is a plasmonic metal-enhanced photocatalytic process occurring when
noble metal nanoparticles (NPs) decorate the surface of a semiconductor (e.g., TiO2) to improve its
photocatalytic efficiency through the localized surface plasmon resonance (LSPR) effect of NPs [53].

Most of the studies on the subject concern either Au or Ag NPs supported on TiO2, but their
actual use is hampered by the cost and the limited abundance of the noble metals. Recently, it has been
shown that also Cu NPs can have LSPR effect, indicating that Cu could replace noble metals.

Cu NPs-decorated TiO2 nanoflower films (Cu/TiO2 NFFs) were prepared using both HT
method and MW-assisted reduction process. Polyvinylpyrrolidone was used as capping agent and
NaH2PO2*H2O as reducing agent in diethylglycole solution under MW irradiation. The catalysts were
tested in the photocatalytic reduction of CO2 to CH3OH [54].

Physico-chemical characterization of the films showed that both Cu NPs and TiO2 films were
characterized by a fair dispersion of Cu NPs on the TiO2 NFFs (Figure 6) and by visible light
harvesting properties, due to LSPR of Cu NPs and the peculiar nanostructure of the TiO2 film.
Moreover, the presence of Cu NPs allowed fluorescence quenching due to the suppression of charge
carriers. The CH3OH production rate reached 1.8 mmol cm−2 h−1 (with an energy efficiency of 0.8%)
with a 0.5 wt % Cu/TiO2 NFFs under UV and visible light irradiation: with Cu NPs, the production
rate was ca. 6.0 times higher than with pure TiO2 film (Figure 7).

Figure 6. SEM picture of pure TiO2 film (a) and Back Scattered Electrons images of TiO2 NFFs
containing increasing amounts of Cu from (b–d). Reprinted from Mater. Res. Bull., 68, Liu, E.; Qi, L.;
Bian, J.; Chen, Y.; Hu, X.; Fan, J.; Liu, H.; Zhu, C.; Wang, Q., A Facile Strategy to Fabricate Plasmonic,
Cu-Modified TiO2 Nano-flower Films for Photocatalytic Reduction of CO2 to Methanol, 203–209.
Copyright (2015) with permission from Elsevier.
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Figure 7. CH3OH production rate by photocatalytic reduction of CO2 as obtained under UV light with
both pure TiO2 film and a Cu/NFF obtained by starting from 0.5 mM Cu2+ solution (0.5 Cu/TiO2

film). Reprinted from Mater. Res. Bull., 68, Liu, E.; Qi, L.; Bian, J.; Chen, Y.; Hu, X.; Fan, J.; Liu, H.;
Zhu, C.; Wang, Q., A Facile Strategy to Fabricate Plasmonic, Cu-Modified TiO2 Nano-Flower Films for
Photocatalytic Reduction of CO2 to Methanol, 203–209. Copyright (2015) with permission from Elsevier.

The positive photocatalytic performance towards CO2 reduction to CH3OH observed when Cu
NPs were present (Figure 7) was ascribed to a synergistic mechanism of Cu NPs at the surface of TiO2

(Scheme 3): Cu NPs obtained by MW-assisted reduction method likely suppressed the recombination
of charge carriers and improved the charge transfer efficiency.

Scheme 3. The synergistic mechanism proposed for the photocatalytic reduction of CO2 to CH3OH
with Cu/TiO2 NFFs. Reprinted from Mater. Res. Bull., 68, Liu, E.; Qi, L.; Bian, J.; Chen, Y.; Hu, X.; Fan, J.;
Liu, H.; Zhu, C.; Wang, Q., A Facile Strategy to Fabricate Plasmonic, Cu-Modified TiO2 Nano-Flower
Films for Photocatalytic Reduction of CO2 to Methanol, 203–209. Copyright (2015) with permission
from Elsevier.

In another study, Cu-Graphene Oxide (Cu/GO) composite photocatalysts were obtained using
a simple and rapid one-pot MW process [55], shown in Figure 8a.
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Figure 8. Scheme of the MW assisted synthesis process adopted to decorate GO with Cu NPs (a).
Sections (b−d): TEM images of Cu/GO hybrids with 5, 10, and 15 wt % Cu, respectively. Inset: HRTEM
image of single Cu-NP of the respective Cu/GO hybrid. Sections (e–g): size distribution of Cu-NPs
in Cu/GO hybrids with 5, 10, and 15 wt % Cu, respectively. Representative TEM image of pure
GO (h). Reprinted with permission from Shown, I.; Hsu, H.-C.; Chang, Y.-C.; Lin, C.-H.; Roy, P.K.;
Ganguly, A.; Wang, C.-H.; Chang, J.-K.; Wu, C.-I.; Chen, L.-C.; Chen, K.-H., Highly Efficient Visible
Light Photocatalytic Reduction of CO2 to Hydrocarbon Fuels by Cu-Nanoparticle Decorated Graphene
Oxide. Nano Lett. 14, 6097–6103. Copyright (2014) American Chemical Society.

By using Cu(NO3)2 as metal precursor, short MW heating (ca. 3 min at 400 W) was performed in
ethylene glycol solution (Figure 8a), leading to a fair dispersion of crystalline Cu NPs in the GO.

The obtained Cu NPs (with a size of ca. 4–5 nm, Figure 8) were strongly interacting with GO:
the obtained composite was particularly active under solar irradiation in the production of both
CH3OH and acetaldehyde. Cu NPs were shown to enhance the GO photocatalytic activity of GO,
essentially by suppressing electron-hole recombination, and also by reducing the GO bandgap and by
modifying its work function (Scheme 4). The presence of Cu NPs greatly enhanced absorption of GO
in the visible range, though the shift in the band gap by effect of Cu NPs was not well understood.
XPS analysis also showed that oxygenated groups of GO (i.e., -COOH and C-O-C groups) were almost
completely removed by the MW treatment. No other Cu oxides were detected, indicating that the MW
heating led to the reduction of all the Cu ions.
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Scheme 4. Section (a): work functions of pure GO and of Cu/GO hybrids with 5, 10, and 15 wt % Cu
(Cu/GO-1, Cu/GO-2, and Cu/GO-3, respectively). Section (b): band-edge positions of pure GO and
Cu/GO hybrids in comparison with CO2/CH3OH and CO2/CH3CHO formation potentials. Section
(c): proposed photocatalytic reaction mechanism under solar irradiation. Reprinted with permission
from Shown, I.; Hsu, H.-C.; Chang, Y.-C.; Lin, C.-H.; Roy, P.K.; Ganguly, A.; Wang, C.-H.; Chang, J.-K.;
Wu, C.-I.; Chen, L.-C.; Chen, K.-H. Highly Efficient Visible Light Photocatalytic Reduction of CO2

to Hydrocarbon Fuels by Cu-Nanoparticle Decorated Graphene Oxide. Nano Lett. 14, 6097–6103.
Copyright (2014) American Chemical Society.

XPS analysis [55] showed the likely occurrence of a charge transfer from GO to Cu NPs,
and a correlation was found between the Cu content and the rate of formation and selectivity of
the products. The Cu/GO catalyst with 10 wt % Cu was more than 60 times more active than pure GO
and ca. 240 times more active than commercial TiO2 (Degussa P25) photocatalyst under visible light.

Also, Cu2O can be used for CO2 photoconversion: An et al. [56] produced Cu2O/RGO (Reduced
Graphene Oxide) composites using a facile, one-step, MW-assisted HT synthesis. X-ray diffraction
showed that the Cu2O was likely the only Cu-containing phase in the composites, and MW-assisted
synthesis allowed the formation of composites where intimate contact between RGO sheets and Cu2O
microspheres (a result of the strong affinity between the metal oxide and the abundant functional
groups of GO) was enhanced. Such strong interaction between Cu2O and RGO was attributed to the
adopted MW-assisted synthesis: such interaction was very effective in that RGO positively affected
the photocatalytic activity, improving both activity and stability of Cu2O, due to an efficient charge
separation and transfer to RGO (Scheme 5).

Scheme 5. Schematic picture of the charge transfer process in Cu2O/RGO composites during CO2

photoreduction to CO in water. Reprinted from Ref. [56]. Copyright 2014 with permission of Wiley.
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Cu-decorated graphitic carbon nitride (g-C3N4) nanosheets were obtained by a procedure depicted
in Scheme 6, in which the final step involved the MW-assisted HT synthesis of Cu NPs [57].

Scheme 6. Schematic picture of the synthesis of Cu decorated g-C3N4 nanosheets. Reprinted from
Appl. Surf. Sci., 427, Shi, G.; Yang, L.; Liu, Z.; Chen, X.; Zhou, J.; Yu, Y., Photocatalytic Reduction of CO2

to CO Over Copper-Decorated g-C3N4 Nanosheets with Enhanced Yield and Selectivity, 1165–1173.
Copyright (2014) with permission from Elsevier.

The composites were tested for the photocatalytic reduction of CO2 to CO. During MW-assisted
HT synthesis, crystalline Cu NPs were obtained: some of them were deposited at the outer surface
of nanosheets, and other were wrapped within them, as shown by TEM pictures in Figure 9.
Such an intimate contact between the two phases likely enhanced the transfer of electrons and positively
affected the photocatalytic activity.

Figure 9. TEM images of g-C3N4 at low (a) and high (b) magnification and TEM image of Cu decorated
g-C3N4 nanosheets (c). Reprinted from Appl. Surf. Sci., 427, Shi, G.; Yang, L.; Liu, Z.; Chen, X.;
Zhou, J.; Yu, Y., Photocatalytic Reduction of CO2 to CO Over Copper-Decorated g-C3N4 Nanosheets
with Enhanced Yield and Selectivity, 1165–1173. Copyright (2014) with permission from Elsevier.

The presence of Cu NPs also affected the ability of absorbing visible light, as shown by DR UV-
Vis spectroscopy: Cu NPs likely facilitate the light harvesting process; moreover, the absorption edge of
the composites shifted towards longer wavelength, indicating that a higher number of electrons/holes
could be generated.

Photocatalytic tests showed that Cu had a positive effect of the CO yield. An optimal amount
of Cu was found, corresponding to 6 wt % Cu. That content was a kind of tradeoff between 3 wt %
(a too low Cu content) and 9 wt %, in which a higher number of Cu NPs can became centers for
electrons/holes recombination. Scheme 7 reports the proposed mechanism, in which photogenerated
electrons excited in g-C3N4 migrate to the surface of Cu NPs, acting both as trapping centers and
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catalytic sites, for the photocatalytic CO2 reduction to CO. Simultaneously, photogenerated holes
migrated to the surface of the photocatalyst for water oxidation to O2.

 

Scheme 7. Scheme of the photocatalytic reduction of CO2 to CO and simultaneous H2O oxidation
to O2 in the presence of Cu-decorated g-C3N4 nanosheets. Reprinted from Appl. Surf. Sci., 427,
Shi, G.; Yang, L.; Liu, Z.; Chen, X.; Zhou, J.; Yu, Y., Photocatalytic Reduction of CO2 to CO Over
Copper-Decorated g-C3N4 Nanosheets with Enhanced Yield and Selectivity, 1165–1173. Copyright
(2014) with permission from Elsevier.

CdS is one of the most promising candidate semiconductors as photocatalysts active in the Vis
range: Yu et al. [58] prepared RGO–CdS nanorods composites in ethanolamine–water solution using
a one-step MW-assisted HT method. The composites exhibited a high activity in the photocatalytic
reduction of CO2 to CH4, even without noble metal catalyst (i.e., Pt, which is usually adopted as
co-catalyst). MW-assisted HT synthesis requires shorter time and less energy than conventional
HT synthesis. Furthermore, particles with uniform size are usually obtained. Raman and XPS
spectroscopies confirmed the reduction of parent GO using the MW-assisted method. TEM analysis
(Figure 10) showed an intimate connection between the two materials.

Figure 10. TEM images of pure GO (a) and pure CdS nanorods (b). TEM (c) and HRTEM (d) images of
RGO-CdS nanorods composites. Reproduced from Ref. [58]. Copyright 2014 with permission from The
Royal Society of Chemistry.

An optimal RGO content of 0.5 wt % was found, leading to the highest CH4 yield. Higher
RGO content led to lower CH4 yields; the authors ascribed this result to RGO shielding light
absorption by CdS nanorods. RGO acted as co-catalyst, enhancing the photocatalytic reduction
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of CO2 to CH4, with the best performance attained with a RGO content of 0.5 wt %; the corresponding
CH4 production rate was 2.51 mmol h−1 g−1, which exceeded that of pure CdS nanorods by more
than 10 times. According to the authors, RGO was able to adsorb more CO2 molecules and to
activate them very efficiently, simultaneously generating a higher number of photogenerated electrons
on its surface, finally leading to an enhancement of CO2 reduction performance of the RGO–CdS
composite (Scheme 8).

Scheme 8. Scheme of the mechanism proposed for the photocatalytic reduction of CO2 to CH4 by
RGO-CdS nanorods composites. Reprinted from Ref. [58]. Copyright 2014 with permission from The
Royal Society of Chemistry.

In another work, MW were found to positively affect the immobilization of homogeneous Co(III)
cyclam complex (cyclam is 1,4,8,11-tetraazacyclotetradecane, namely: [Co(cyclam)Cl2]Cl) at the surface
of SBA-15 silica. The photocatalytic activity towards CO2 reduction to CO was studied in the presence
of p-terphenyl as a photosensitizer [59]. Usually, Co(III) cyclam immobilization is performed by reflux
method, but MW-assisted immobilization of the Co(III) cyclam complex occurred more rapidly and
led to more uniform Co(III) surface species. Moreover, a smaller amount of Co(III) complex was
needed with respect to reflux method. This latter aspect led to well-defined, molecularly dispersed
Co(III) sites within SBA-15 mesopores. IR spectroscopy showed that the complex interacts with the
silica surface mainly by chemisorption on silanol (≡SiOH) groups. The photocatalyst prepared by
MW-assisted synthesis was more active and selective than that prepared by reflux method, in the
presence of a molecular photosensitizer and sacrificial electron donors (Figure 11).

Figure 11. CO production by CO2 photochemical reduction after 4 h reaction with 2.0 mM p-terphenyl
with Co(III) cyclam deposited by MW-assisted synthesis and conventional reflux method. Reprinted
from Ref. [59]. Copyright 2017 with permission from The Royal Society of Chemistry.
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3. Ultrasound as Unconventional Activation Method

3.1. General Principles of US-Assisted Synthesis of (Nano)Materials

US is essentially a mechanical longitudinal wave with frequency equal to or higher than 20 kHz,
which is the upper limit of human hearing range. US propagation gives sinusoidal variation in the static
pressure in the liquid medium inducing cavitation, a phenomenon controlled by external parameters,
i.e., US frequency and intensity and type solvent. Cavitation is based on radical and mechanical effects.
The radical effect occurs either at the bubble interface or in the interior cavity and is ascribed to the
occurrence of the sonolysis of molecules. The mechanical effect, occurring after the cavity collapse,
arises from shear forces, microjets, and shock waves outside the bubble, therefore producing severe
physical changes in the presence of solids or metals. The transient implosive collapse of the bubble
is an adiabatic phenomenon, during which inside the bubble very high temperature and pressure
occur (~4600 ◦C and ~50 MPa). The phenomenon affects the reaction system [60] by generating both
an intense local convection in the reaction medium (finally enhancing the mass transfer processes)
and highly reactive radical species within the bubbles, due to high local temperature and pressure.
Upon fragmentation of the bubble, the radicals generated therein get released into the medium,
where they can induce/accelerate chemical reactions [61].

On the one hand, US has emerged as a potential green technique for the intensification of different
physical, chemical, and biological processes. Compared with conventional heating, the use of US
irradiation reduced the reaction time from hours to minutes. On the other hand, US can be effectively
employed in the synthesis of NPs with a high production yield, without using expensive instruments
and/or extreme conditions [62,63], as, for example, carbon encapsulated Fe NPs with superior catalytic
activity and reusability for hydrogenation reaction in the liquid phase [64]. US allow obtaining of highly
reactive surfaces, enhancing mixing and increasing mass transport. Therefore, such unconventional
method can be particularly helpful for preparing and activating catalytic materials [65].

3.2. US-Assisted Synthesis of Cu–ZnO Catalysts and of Their Improved Formulations

Under typical industrial conditions, CH3OH is formed mostly via CO2 hydrogenation, with CO
acting as CO2 source and as oxygen scavenger from water, which inhibits the active metal sites [66].
A synergism between Cu0 and Cu+ sites is the most adopted explanation for the activity of
Cu/ZnO-promoted catalysts [38,61,67,68]; however, Cu0 sites [69,70] and/or Cu–Zn alloy [71–73]
have been proposed to have a catalytic role as well.

Many unconventional preparation routes have been adopted to obtain Cu–ZnO catalysts with
improved activity, selectivity, resistance to poisons, and enhanced lifetime [38,74–78]. In this frame,
the SG method was largely adopted in order to increase the metal surface area along with the total
surface area [79,80]. Moreover, the excellent activity of oxalate co-precipitated catalysts was also
demonstrated [81], and Cu–Zn catalysts prepared by “spark-erosion” showed superior performance in
terms of selectivity [82], with noticeable TOF in the CO2 hydrogenation reaction that was ascribed to
a close contact among the phases in Cu/ZnO/ZrO2 catalyst produced by combustion.

To further improve the physico-chemical properties of a Cu–ZnO/ZrO2 catalyst (Znat/Cuat, 0–3;
ZrO2, 42–44 wt %), a new synthetic procedure consisting in the US-assisted reverse co-precipitation was
proposed [83]. The US irradiation guaranteed highly increased total surface area (BET, 120–180 m2 g−1),
although the Zn/Cu atomic ratio strongly affected either the specific surface area or the volume of the
pores. Indeed, the materials with low (≤0.1) and high (>0.7) Zn/Cu ratios have lower surface area than
those with a Zn/Cu ratio of 0.3–0.4, corresponding to a maximum of 175 m2/g. An analogous volcano
trend was observed for the pore volume and pore diameter, in which the catalyst with Zn/Cu ratio
equal to 0.4 contains mainly mesopores with diameter in the 70–120 Å range and, as a consequence,
an enhanced cumulative volume (0.6 cm3 g−1). Moreover, the authors found that the US irradiation
led to very high dispersion (3–58%) and exposure of Cu (SCu = 9–63 m2 g−1). The catalytic activity in
the CH3OH production by CO2 hydrogenation was explored in a range of temperatures (160–260 ◦C)
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and pressures (1.0–3.0 MPa), and compared with a commercial Cu–ZnO/Al2O3 catalyst with optimum
results ascribed to the presence of highly dispersed Cu particles.

The direct synthesis of dimethyl ether starting from syngas involves two consecutive reactions,
i.e., CH3OH synthesis and CH3OH dehydration [84]. Alternatively, dimethyl ether can be directly
obtained from syngas or CO2 hydrogenation.

The use of novel bi-functional catalysts based on metal oxides (namely, CuO, ZnO, Al2O3,
and possibly some precious metal oxides, such as Cr2O3) to synthesize CH3OH and on acid solids
(namely, HZSM-5 and HY zeolites or SAPOs) to convert it into dimethyl ether can significantly enhance
the yield with respect to the two-step process, because CH3OH dehydration can interfere with the
equilibrium of the synthesis reaction [85].

In this contest, Cu-ZnO-Al2O3, as well as Al2O3 and HZSM-5 catalysts, have been
widely investigated [86–88]. In particular, a previous study reported on the preparation of
CuO-ZnO-Al2O3/HZSM-5 hybrid catalysts (CZA/HZSM-5) using different techniques, such as
impregnation, co-precipitation-physical mixing method, and a US-assisted co-precipitation
procedure [89]. It was observed that the CZA/HZSM-5 catalysts prepared by US-assisted
co-precipitation displayed higher activity than the systems obtained by conventional physical mixing
and impregnation. Further, various catalysts with different CZA and HZSM-5 wt. ratio (namely, 2,
3, and 4) were synthesized by the US-assisted co-precipitation procedure summarized in Figure 12
in order to establish a correlation between the catalyst composition and the displayed activity [90].
The experimental conditions for US irradiation in Ar atmosphere were 90 W for 45 min, with 10 min
current pulse time and 0.5 min rest time, by means of the experimental apparatus shown in Figure 13.

 

Figure 12. Schematic flow chart for preparation steps of CZA/HZSM-5 catalysts synthesized via
combined co-precipitation-ultrasound method with different active phase to support ratios. Reprinted
from Ref. [90]. Copyright 2014 with permission of The Royal Society of Chemistry.
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Figure 13. Experimental setup for dispersion of CZA over HZSM-5 using US energy. Reprinted from
Ref. [90]. Copyright 2014 with permission of The Royal Society of Chemistry.

It is worth noting that the zeolite preserved its crystal structure during the preparation. Moreover,
the crystallinity was significantly influenced by varying of the CZA content. XRD peaks related to
monoclinic CuO, and hexagonal ZnO phases were observed. FESEM analyses indicated the presence
of a uniform coating of the HZSM-5 surface by CZA upon US irradiation during the synthesis.
In addition, the catalysts consisted of many small particles with almost spherical shape. At variance
with reducibility, the surface area was not dependent on the CZA content. The HZSM-5 structure
was not damaged upon loading CZA, as demonstrated by FTIR spectroscopy results. The optimal
composition of the CZA/HZSM-5 catalysts for the conversion of syngas to dimethylether was 4:1 at
275 ◦C and 40 bar.

Interestingly, it was reported that the sonication time significantly affected both morphology
and structure of the CZA/HZSM-5 catalyst [91]. In particular, larger CuO crystals formed at longer
irradiation times, and at the same time the particle aggregates changed into smaller size and more
uniform shape, resulting in an increase of the surface area. The catalyst synthesized under long US
irradiation showed very good activity during time on stream test, whilst the non-sonicated sample lost
its activity.

The effect of US irradiation power was evaluated on different CZA/HZSM-5 catalysts prepared by
US-assisted co-precipitation method [92]. The results of a thorough physico-chemical characterization
evidenced that the nature of the precursors and the time of irradiation strongly affected the morphology,
the surface area, the functional groups, and the structure of the final materials. In particular, as shown
in Figure 14, highly irradiated acetate-based catalysts had uniform morphology, as well as smaller
CuO particles with higher surface area, due to high nucleation rate and high cooling rates, resulting in
a stronger interaction among the components in comparison to the catalysts prepared by starting from
nitrate precursors.

It is worth noting that an increase of the irradiation power gave rise to smaller particles, resulting
in an improved dispersion and surface area of the catalysts. Moreover, CuO particles with lower
crystallinity were generated at high power, resulting in an enhanced interaction among the metal
oxide particles. In addition, such ultrasound-assisted co-precipitation method allowed to produce
CZA/HZSM-5 catalysts that were more stable with respect to those prepared by conventional
precipitation, for which 18% CO conversion and 58% dimethyl ether yield decreases in 24 h time on
stream test were observed.
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Figure 14. Surface particle size distribution histogram of synthesized CZA/HZSM-5 nanocatalyst
using acetate precursor and ultrasound irradiation power of 150 W (CZAZ-AU150). Reprinted from
Ultrason. Sonochem., 21, Allahyari, S.; Haghighi, M.; Ebadi, A.; Hosseinzadeh, S., Ultrasound-Assisted
Co-Precipitation of Nanostructured CuO-ZnO-Al2O3 Over HZSM-5: Effect of Precursor and Irradiation
Power on Nanocatalyst Properties and Catalytic Performance for Direct Syngas to DME, 663–673.
Copyright (2014) with permission from Elsevier.

The authors proposed a pathway for the ZnO synthesis under ultrasound irradiation in CZA that is
illustrated in Figure 15. Such pathway can be extended to other precursors, as well as to CuO and Al2O3.
More specifically, the metallic precursors underwent decomposition and hydratation upon ultrasound
irradiation, and H· and OH· radicals formed by water sonolysis [93]. The free OH· radicals formed in
the cavities or at interface can react with the metal cations forming metal hydroxides that are converted
to the corresponding metal oxides upon thermal treatment. Simultaneously, by co-precipitation
of the metal precursor, the metal carbonates (that will then be converted into the metal oxides)
are produced. Therefore, a strong synergistic action of US during co-precipitation was advised.
In particular, the OH· radicals coming from the water sonolysis are able to convert a fraction of
the metal salt to the corresponding metal oxide without any help from the precipitant. Moreover,
a significant increase of the nucleation rate under peculiar temperature and pressure conditions
upon cavity collapse gives rise to the formation of small and well-dispersed NPs. In particular,
the irradiation cycles impede the growth of the nucleated particles, resulting in the production of
small catalyst particles. Finally, particle agglomeration is prevented, indeed, the populations of OH·
radicals and of the nucleation sites are enhanced at high US power, and the conversion to metal oxides
is therefore improved.

An US-assisted co-precipitation method was employed for the preparation of CZA/HZSM-5
catalysts supported on multi-walled carbon nanotubes pretreated with H2SO4/HNO3 mixture [94],
in which the acid pretreatment had the aim of activating and functionalizing the surface of the
nanotubes. The acid-pretreated carbon nanotubes were dispersed in deionized water by sonication
more easily than the pristine ones, because the presence of the surface functional groups increased
the capability to form hydrogen bonds, converting the surface of the multi-walled carbon nanotubes
from hydrophobic to hydrophilic, therefore resulting in improved dispersion and suspension stability.
The CZA NPs of about 10–20 nm were quite homogeneously distributed and densely deposited at the
surface of the acid-pretreated, multi-walled carbon nanotubes (as shown in Figure 16).

The catalysts were tested in the hydrogenation of CO2 to produce dimethyl ether in a fixed-bed
reactor. It was shown that the presence of the multi-walled carbon nanotubes has a promoting effect on
the catalytic activity and on the dimethyl ether. The CO2 conversion was 46.2%, with dimethyl ether
yield and selectivity of 20.9% and 45.2%, respectively, at 262 ◦C, 3.0 MPa, volume ratio H2/CO2 = 3,
and space velocity = 1800 mL gcat

−1h−1.
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Figure 15. Reaction pathway for synthesis of ZnO in CZA nanocatalyst by ultrasound-assisted
co-precipitation of zinc acetate. Reprinted from Ultrason. Sonochem., 21, Allahyari, S.; Haghighi, M.;
Ebadi, A.; Hosseinzadeh, S., Ultrasound assisted co-precipitation of nanostructured CuO-ZnO-Al2O3

over HZSM-5: Effect of Precursor and Irradiation Power on Nanocatalyst Properties and Catalytic
Performance for Direct Syngas to Dimethyl Ether, 663–673. Copyright (2014) with permission
from Elsevier.

 

Figure 16. TEM images of CZA supported on multi-walled carbon nanotubes pretreated with
a H2SO4/HNO3 mixture. Reprinted from Appl. Surf. Sci., 285, Zha, F.; Tian, H.; Yan, J.; Chang, Y.,
Multi-Walled Carbon Nanotubes as Catalyst Promoter for Dimethyl Ether Synthesis from CO2

Hydrogenation, 945–951. Copyright (2013) with permission from Elsevier.

3.3. US-Assisted Synthesis of Catalysts with Ferromagnetic Properties

The synthesis of nanostructured materials based on ferromagnetic elements is of great interest
due to the possibility to tune their magnetic properties [95–97], as well as to promote physico-chemical
surface processes [98,99] by controlling the shape and size of the obtained NPs. In addition, magnetic
catalysts can be easily positioned and recovered by using an external magnetic field.

In a recent paper, Vargas et al. reported a facile two-step UP procedure to synthesize Ni NPs
and then support them on m-ZrO2 to obtain low-cost and active catalysts for CO2 methanation
(Equation (2)) [100]. More in detail, Ni NPs were firstly produced by chemical reduction of a metal
precursor (nickel chloride) with either hydrazine hydrate (N2H4·H2O) or sodium borohydride (NaBH4)
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in water, in the presence of citric acid and sodium citrate as protecting agents. The chemical reduction
was carried out under US irradiation (40 kHz, 300 W) without any additional stirring sources.
Then, the black colored solution, indicating the presence of Ni0 NPs, was added to other aqueous
suspensions of commercial monoclinic ZrO2. In order to obtain homogenous materials, the obtained
mixtures were maintained overnight in a conventional ultrasonic bath at ambient conditions. The two
samples were centrifuged, washed several times with a mixture of deionized water and ethanol,
and dried under vacuum. The catalysts had the same metal loading (1 wt % Ni), but different metal
particle sizes. It was found that the final particle size was strongly related to the employed reducing
agent. Particularly, homogeneous Ni particles with globular shape and average size of 40 ± 1 nm
formed in the presence of hydrazine, as shown in Figure 17A.

Figure 17. TEM images of nickel nanoparticles developed using hydrazine (A), high magnification
image (inset), and sodium borohydride (B). Hydrodynamic diameter (C), colloidal systems images
(inset), and XRD patterns (D) of samples. Reproduced from [100] with permission of The Royal Society
of Chemistry.

On the contrary, when NaBH4 was employed, smaller and well isolated Ni NPs with average
diameter equal to 2.7 ± 0.4 nm were observed (Figure 17B). Such differences can be explained by
considering that in the case of N2H4*H2O, the formation of the [Ni(N2H4)3]2+ complex implied
a slower kinetics, hence inhibiting the formation of nuclei and favoring particle growth. Instead,
the use of sodium borohydride gave rise to a larger number of Ni nuclei and, consequently, to smaller
particles. Hydrodynamic diameters larger than those measured by TEM were detected in both samples
(Figure 17C) in agreement with the presence of citrate at the surface of NPs and of the occurrence of
dynamics dipolar magnetic interactions. Peaks at 44.7◦, 52.1◦, and 76.7◦ 2 Theta degrees were observed
in the diffraction pattern of the catalyst with large Ni particles (Ni(40) in Figure 18c), assigned to the
(111), (200), and (220) reflections of the cubic Ni phase (Figure 17D). As for the catalyst with small
NPs, (Ni(3) in Figure 18c), only the (111) peak was detected. The catalysts were tested in the CO2

methanation reaction, revealing high activity (70%) and excellent selectivity to CH4 (90%) at 720 K.
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Figure 18. XRD patterns of CZAx catalysts (x = 200 (a), 300 (b), and 400 (c)). Reprinted from Wu, W.;
Xie, K.; Sun, D.; Li, X.; Fang, F. CuO/ZnO/Al2O3 Catalyst Prepared by Mechanical-Force-Driven
Solid-State Ion Exchange and Its Excellent Catalytic Activity under Internal Cooling Condition. Ind. Eng.
Chem. Res. 56, 8216–8223. Copyright (2017) American Chemical Society.

Ni/ZrO2 catalysts modified with rare earth elements, in particular Ni/(Zr-Sm)Ox catalysts,
showed improved activity in the CO2 methanation (Equation (2)) [101,102]. Conventional wet
impregnation method or preparation starting from amorphous Ni-Sm alloys were the preparation
procedures usually adopted for these catalysts. In particular, the activity of these systems was
correlated with the presence of (Zr–Sm)Ox units with the tetragonal ZrO2 structure. Moreover,
the catalytic performance was also influenced by preparation method, surface area, and pore size
distribution of the catalysts [101,103].

A Ni-based (40 at % Ni) catalyst supported on mesoporous yttria-stabilized-zirconia composite
was prepared by a US method using sodium dodecyl sulfate as a templating agent to obtain high
surface area (193 m2/g) [104]. The application of the US method resulted in short reaction time (6 h)
and no requirement for the glycolation of nickel, yttrium, and zirconium ions. In another paper by the
same research group, a simple one-step US-assisted synthesis (in which the corresponding inorganic
salts were used as precursors) was applied to prepare 20–40 at % Ni supported on mesoporous
ZrO2 [105]. In these catalysts, Ce and Sm rare earth ions were introduced in the support to further
enhance its activity towards CO2 methanation. The obtained catalysts possessed in situ generated
mesopores, and the Ni oxide (or hydroxide) that were about 10 nm were incorporated into tetragonal
ZrO2 modified by the rare earth metals. In particular, the catalyst containing 30 at % Ni loading had
maximum porous volume and size, and at the same time displayed the highest activity, which was
further enhanced upon proper oxidation–reduction activation treatment, during which additional
active centers were produced.

CO2 methanation was also performed over Ni/Al2O3 catalysts prepared by a US-assisted
co-precipitation [106]. The authors observed that an increase in the Ni loading from 5 wt % up to 25 wt %
produced a surface area enhancement, resulting in better catalytic performances, and simultaneously
decreased the crystallinity and improved the catalyst reducibility. A further increase of the metal
loading had a negative effect on the surface area, as well as on the catalytic activity, due to the drop of
the Ni dispersion. The 25 wt % Ni/Al2O3 catalyst attained high CO2 conversion (74%) and almost
complete CH4 selectivity (99%) at 350 ◦C. The catalyst demonstrated also high stability at the same
temperature after 10 h time-on-stream. The catalytic performance was observed to decrease at higher
Gas Hourly Space Velocity, due to both reduced contact time between the reactants and the catalyst
surface, as well as the amount of adsorbed reactants. Conversely, a positive effect on the catalyst
activity was observed when higher H2/CO molar ratio was employed. Furthermore, the performance
of catalysts calcined at higher temperature was observed to decrease.
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In another recent study, Co/SBA-15 and Co/SBA-16 catalysts with 20 wt % Co loading were
prepared by conventional incipient wetness impregnation method [107]. Additional vacuum and
US treatments were performed after the synthesis. N2 physisorption, small angle XRD (SAXRD),
wide angle XRD, SEM and energy dispersive X-ray spectroscopy (SEM/EDX), TEM, and TPR were
employed to characterize the catalysts. It was observed that Co dispersion on the SBA-15 support
was enhanced upon such post-synthesis treatments, due to the decrease of the metal crystallite size.
The presence of Co3O4 and of different various CoxOy species was detected. Both post-impregnation
treatments affected the metal-support interaction, increasing the activity in the CO2 hydrogenation.
It was observed that the vacuum treatment gave rise to a material in which crystalline cobalt oxide
was located in the inner pores, whilst cobalt oxide agglomeration at the outer surface took place upon
the US treatment.

A series of 0.5–5.0% Ru catalysts supported on Al2O3 for the selective methanation of CO in
H2-containing streams were investigated with the aim to clarify the influence of process parameters,
such as the metal loading, the temperature of calcination, the chlorine ions content, and the space
velocity, on the catalytic performances [108]. Careful characterization by XRD, Thermal Gravim-
etry/Differential Thermal Gravimetry (TG/DTG), and SEM was performed. A number of laboratory
experiments were performed to clarify the influence of process parameters (Ru loading, calcinations
temperature, space velocity, and chlorine ions content) on the activities of catalysts. It was observed
that by carrying out the synthesis of the catalysts by US-assisted impregnation, the catalytic activity
was significantly improved, and the impregnation time was significantly reduced. In particular,
agglomeration accompanied by non-homogeneous distribution of Ru deposits on Al2O3 were observed
when the catalysts were prepared by wetness impregnation method. Conversely, US impregnation
strongly decreased the particle size and improved the distribution of Ru during the impregnation.
The best results were achieved by the catalyst containing 2 wt % Ru on Al2O3 calcined at 400 ◦C.
Long-term tests demonstrated high activity and stability under realistic reaction conditions.

4. The Role of Mechanochemical Activation in the Synthesis of Nanostructured Catalysts

4.1. General Principles of MC

MC induces chemical transformations by mechanical action (compression, shear or friction)
that allows breaking intramolecular bonds and further chemical reactions. More in detail, radical
species are mechanochemically produced due to the breaking of weak bonds and to the extreme
surface plasma conditions generated by the mechanical impact. Mechanochemical activation processes
have a long history, and their importance does not decrease with time, because many solid-phase
reactions (with stoichiometric amount of reactants) can be quantitatively and rapidly promoted
under solvent-free conditions [109]. Therefore, the mechanochemical mixing process can be an
environmentally advantageous alternative to conventional chemical syntheses, in which solvents
often play a key role in energy dispersion and chemicals solvation and transportation [110].

The preparation of nanomaterials for advanced applications by mechanochemical synthesis is
among the most suitable alternative routes because of its simplicity and high reproducibility. Indeed,
such methodology is also environmentally advantageous in comparison to conventional preparation
procedures, since it is often solvent-free, and it is carried out under mild reaction conditions and
involving short reaction times.

4.2. MC as a Tool for the Synthesis of Catalysts

The MC synthesis of heterogeneous catalysts strongly affects their catalytic properties. Indeed,
the excess of potential energy produced during grinding, together with shear and friction forces,
can deeply modify the materials by producing a large variety of defects, hence improving or modifying
the reactivity [109,111].
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A variety of heterogeneous catalysts, ranging from supported NPs to nanocomposites has been
obtained by using MC synthesis, as summarised in Scheme 9 [109].

 

Scheme 9. Pictorial representation of different types of MC synthesized (nano)materials.
From supported metal NPs, composite nanomaterials to metal oxide NPs and metal organic frameworks
(MOFs) including covalent organic frameworks (COF). Examples of relevant materials include
zinc-based ZIF-8 structures (BIT-11), Cu(INA)2, and Cu-containing HKUST-1, as well as supported
noble metals on aluminosilicates, graphene, etc. Reprinted from Ref. [109]. Copyright 2015 with
permission of the Royal Society of Chemistry.

MC catalyst activation has been successfully applied for many years. Mori et al. [112] investigated
the influence of the mechanical milling of MgO-mixed catalysts of Ru, Ni, Fe, or their combinations
at temperatures ranging from 80 to 150 ◦C under initial pressures of 100 Torr CO2 and 500 Torr H2

on the hydrogenation of CO2 to CH4. They found that the CH4 yield was related to the nature of
the catalyst (Ru/MgO gave the best yield, whilst Ni/Fe showed the worst activity). Interestingly,
the MC activation produced catalysts with improved CH4 production rate and significantly lowered
the reaction activation energy. Indeed, an apparent activation energy of 39 kJ mol−1 and kJ mol−1

was accomplished for Ni-Fe-MgO and Ru-MgO catalysts, respectively, upon the milling activation.
Such values were almost halved with respect to the same systems produced without mechanical
activation. Interestingly, the authors found that the catalysts submitted to further milling activation
pre-treatment did not shown any improvement in the activity, suggesting that the milling during
reaction played the major role. SEM revealed an increased number of larger particles at increasing
milling time, due to small particle agglomeration during milling. However, no significant increase of
surface area was observed. Electron probe microanalysis (EPMA) results revealed uniform distribution
and aggregation of Ni, Fe, and MgO particles during milling, indicating that the activity had to be
ascribed to changes in the surface structure rather than to increased surface area.

In the same years, another study reported on the influence of the MC activation of several
traditional catalysts such as Ni, Zr, Zr-Ni-containing materials, Zr hydride, and different Zr-Ni
hydrides employed in the hydrogenation of CO and of CO2 [113]. Inactive NiO and ZrO2 were also
investigated for comparison purposes. In particular, the study underlined the difference between the
traditional catalytic hydrogenation and the mechanically induced hydrogenation to CH4. The study
was carried out by employing a flow-milling vial as a catalytic reactor. The authors found that Zr and
Zr-Ni hydrides were the most active in CH4 production, despite the fact the hydrogen present in the
mixture had a negative effect, since it overcame the CH4 formation. On the contrary, Ni-based catalysts
were unable to produce CH4, but were active in CO disproportionation. Zirconium hydride was the
only one that showed activity for CO2 hydrogenation. Unexpectedly, the production of CH4 was
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observed on NiO and ZrO2. The differences in activity were ascribed to the structural transformations
of the metal and hydride catalysts under milling, i.e., to the presence of low-coordinate centers upon
MC treatment that were able to efficiently activate CO.

MC synthesis was also proven to be effective for obtaining nanophase carbides by facile ball
milling of elemental iron and carbon powders at room temperature. Such catalysts were tested in the
hydrogenation of CO2 and showed superior activity and selectivity with respect to Fe/C mixtures and
coarse-grained conventionally synthesized carbides [114]. It was proposed that nanocrystalline iron
carbides with sizes ranging between 8 and 16 nm were the catalytically active species. The presence of
defects and/or highly active sites, strained regions, and grain boundaries formed during the grinding
guaranteed effective hydrocarbons chain propagation. Interestingly, also a commercial cementite
powder displayed some activity upon the ball-milling activation.

Re–Co/Al2O3 catalysts were synthesized via ball milling by using tungsten carbide balls in
a tungsten carbide container [115]. In contrast to the preparation of catalysts containing noble metal
NPs, in which an oxide precursor or a metal salt are usually employed, the preparation of catalysts
with transition metal involves the direct milling of the metal precursors. The obtained bimetallic
Re–Co-containing catalysts were more active in the CH4 conversion than in the CO hydrogenation,
whilst the activity of the catalysts prepared by incipient wetness impregnation was exactly the opposite.
Such difference was explained by assuming that crystallinity in MC prepared material was introduced
upon the activation heat treatment at 650 ◦C. Indeed, X-ray powder diffraction indicated the presence
of disordered Re–Co phases before the heat treatment.

Similar systems, such as Co–Fe and Ni catalysts supported on ZrO2 and TiO2, were also prepared
by ball milling and showed enhanced catalytic activity in CO hydrogenation [116]. It is worth noting
that upon mechanical treatment of TiO2 in the anatase form, the authors observed the transition
to brookite and rutile already at room temperature. The activity was ascribed to Co50Fe50 and Ni
domains with average size of about 30 and 50 nm, distributed on the supports. XRD measurements
confirmed that the mechanochemical dispersion of the Co50Fe50 and Ni phases on TiO2 and ZrO2

prevented the Co, Fe, and Ni oxidation by reaction with the supports. Oxidation of such species
usually takes place during calcination during preparation of the catalysts.

Among the most effective and economic materials able to hydrogenate CO2 to CH3OH,
Cu–Zn-based catalysts have been extensively studied [117–121]. Usually, commercial Cu–Zn catalysts
are prepared by co-precipitation on Al2O3 support: such method implies several steps (precipitation,
aging, filtration, drying, calcination, and reduction). Along with specific surface area and CuO and
ZnO distribution, such steps have a strong influence on the activity of the final catalyst [122–125].

In particular, the distribution of CuO and ZnO has pivotal relevance during the aging,
because the ion exchange between Cu2+ in malachite (Cu2CO3(OH)2) and Zn2+ in hydrozincite
(Zn5(OH)6(CO3)2) occurs, and the formation of zincian malachite ((Cu,Zn)2CO3(OH)2) and/or
aurichalcite ((Cu,Zn)5(OH)6(CO3)2) hydroxy carbonate precursors are extremely sensitive to pH,
duration, temperature, and stirring [126–128].

To overcome such problem, very recently a new mechanical-force-driven, solid-state ion-exchange
procedure has been refined [129]. It was found that the mutual substitution between Cu2+ and Zn2+

was improved with increasing mechanical ball-milling speed from 200 to 400 rpm, leading to significant
enhancement of the catalytic activity. The XRD characterization shown in Figure 18 provided evidence
of the presence of peaks related either to the CuO phase or the ZnO phase. Such peaks become broader
and at the same time decrease in intensity upon the increase of the milling speed, indicating a decrease
in crystallinity and crystal size. The absence of the peaks related to the presence of the Al2O3 phase
was explained by the alumina change into an amorphous state after ball-milling [126,129].

The results of TEM measurements performed on the CZA400 catalyst reported in Figure 19
indicated a close cross-distribution of CuO and ZnO due to the occurrence of the solid-state ion
exchange, in which ZnO NPs act as spacers, thereby avoiding the CuO agglomeration (as shown
in Figure 19b).
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Figure 19. TEM (a) and HRTEM (b) images of CuO/ZnO/Al2O3 catalyst prepared at 400 rpm.
Reprinted from Wu, W.; Xie, K.; Sun, D.; Li, X.; Fang, F. CuO/ZnO/Al2O3 Catalyst Prepared by
Mechanical-Force-Driven Solid-State Ion Exchange and Its Excellent Catalytic Activity under Internal
Cooling Condition. Ind. Eng. Chem. Res. 56, 8216–8223. Copyright (2017) American Chemical Society.

Such alternation of CuO and ZnO NPs represents the result of the complete ion exchange between
Cu2+ and Zn2+ in the precursors. For the CZA400 catalyst, impressive 59.5% CO2 conversion and
73.4% CH3OH selectivity were obtained at 240 ◦C and 4 MPa, resulting in a noticeable yield to CH3OH
of 43.7%. Therefore, this mechanical-force-driven, solid-state ion-exchange method proved to be
a valuable alternative to synthesizing CZA catalysts with improved practical application potential for
chemical hydrogenation of CO2 to CH3OH.

In another very recent study, Au clusters were directly deposited onto a functionalized support by
newly developed, milling-mediated solid reduction procedure [130]. The proposed method involved
the use of HAuCl4 as Au precursor, which was pre-adsorbed on the Schiff base modified silica surface
by electrostatic interaction in water. After grinding the dried carrier with solid NaBH4, according to
Scheme 10, the Au precursor can be reduced in situ by atomic H coming from the NaBH4 reducing
agent in the solid state. Depending on the gold loading, highly dispersed clusters and isolated Au
atoms can be obtained by solid grinding.

Scheme 10. Illustration of the in situ construction of ultrafine Au clusters on a nitrogenous carrier
using the solid reduction method. Reprinted from Ref. [130]. Copyright 2018 with permission of Wiley.

Following such activation, it was found that the Au species were dispersed as 1.0 nm nanoclusters
(Figure 20a), as determined by the aberration-corrected, HAADF-STEM (high-angle annular dark-field
scanning transmission electron microscopy) analysis. At the same time, a lot of isolated Au atoms
were detected, even if as a minor fraction of the total metal content. It was proposed that such Au
subnanoclusters were effectively stabilized by the Schiff base groups present on the silica surface
by providing strong electronic interaction. Differently, a variety of Au shapes and sizes were
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observed on the support (Figure 20b) when an Au-containing solution was reduced by NaBH4.
The obtained statistical particle size distributions were in agreement with the L3-edge extended
X-ray absorption fine structure (EXAFS, Figure 20c), revealing an increase in intensity of the peak
related to the first shell, as well as in the Au coordination number when the conventional wet method
was employed. In addition, a decrease in the white line intensity compared with the Au foil in
the X-ray absorption near-edge structure (XANES) spectra obtained for the Au NPs (Figure 20d)
is an indication that the functionalization of the silica surface with nitrogen allowed one to optimize
the Au d-electron density [131].

Figure 20. Aberration-corrected HAADF-STEM images of Au/SiO2-Schiff prepared by (a) solid
reduction method and (b) wet chemistry method, respectively. The NPs, subnanoclusters, and isolated
Au atoms were indicated by white circles, triangles, and squares, respectively. (c) Fourier transform
of k3-weighted EXAFS spectra and (d) normalized Au L3-edge XANES spectra of Au/SiO2-Schiff
catalysts prepared by wet chemistry and solid reduction method, respectively. Reprinted from Ref. [130].
Copyright 2018 with permission of Wiley.

These features put in evidence that the opportunity to use the solvent-free solid reduction
synthesis allows the prevention of Au growth; indeed, crystal nucleation was hampered, giving
rise to either subnanoclusters or single-atoms, depending on the Au content. The catalysts were tested
in the hydrogenation of CO2 to formate, and a marked dependence on the Au size, due to the different
electronic structure of the metal species, was observed. The authors claimed that the milling-mediated
solid reduction procedure could be considered as a general methodology to achieve basic knowledge
ion the catalysis by Au, providing new insights for supported catalyst design for reactions involving
the CO2 transformation.

5. Final Remarks

The main purpose of this review was to point out the possibilities offered by microwave,
ultrasound, and mechanochemical protocols in materials engineering at a nanoscale level for
catalytic applications.

Summarising, concerning the synthesis of CO2 reduction catalysts, assistance of microwave,
ultrasound, and mechanochemistry allows one to obtain highly dispersed active sites and controlled
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particle dimension, and in most cases reinforces the active site/support interaction, giving rise to
synergistic effects that help CO2 reduction and improve catalyst stability. The procedures reported are
usually simple, and require relatively short reaction times (minutes) without implying many steps.
Moreover, stronger and/or more abundant basic sites occurring at the support surface favour CO2

adsorption, a key step for its further reduction. Complex systems (hierarchical structures, composites,
bi-functional catalysts, etc.) may be obtained by relatively simple methods.

Finally, a further crucial aspect concerns the effect of microwave irradiation during reaction,
whilst carbon deposition usually leads to catalyst deactivation, under microwave the same carbon
deposits may act as hot spots per se favouring the reaction.
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Abstract: The photoreduction of CO2 is an intriguing process which allows the synthesis of fuels and
chemicals. One of the limitations for CO2 photoreduction in the liquid phase is its low solubility in
water. This point has been here addressed by designing a fully innovative pressurized photoreactor,
allowing operation up to 20 bar and applied to improve the productivity of this very challenging
process. The photoreduction of CO2 in the liquid phase was performed using commercial TiO2

(Evonink P25), TiO2 obtained by flame spray pyrolysis (FSP) and gold doped P25 (0.2 wt% Au-P25)
in the presence of Na2SO3 as hole scavenger (HS). The different reaction parameters (catalyst
concentration, pH and amount of HS) have been addressed. The products in liquid phase were mainly
formic acid and formaldehyde. Moreover, for longer reaction time and with total consumption of
HS, gas phase products formed (H2 and CO) after accumulation of significant number of organic
compounds in the liquid phase, due to their consecutive photoreforming. Enhanced CO2 solubility
in water was achieved by adding a base (pH = 12–14). In basic environment, CO2 formed carbonates
which further reduced to formaldehyde and formic acid and consequently formed CO/CO2 + H2 in
the gas phase through photoreforming. The deposition of small Au nanoparticles (3–5 nm) (NPs)
onto TiO2 was found to quantitatively influence the products distribution and increase the selectivity
towards gas phase products. Significant energy storage in form of different products has been
achieved with respect to literature results.

Keywords: CO2 reduction; photoreduction; Titania; photocatalysis; high pressure photocatalysis

1. Introduction

Carbon dioxide (CO2) is one of the most important greenhouse gases emitted in the atmosphere
and one of the main sources of global warming. According to the Intergovernmental Panel on Climate
Change (IPCC 2001) Earth surface temperature has risen by approximately 0.6 ◦C in the past century.
Accordingly, the Paris Agreement within 195 nations reached at COP21 in December 2015 was a major
milestone capping more than two decades of global negotiations aimed at averting dangerous climate
change and investments towards a low carbon, resilient and sustainable future.

Several studies have been focused on the activation of the very stable CO2 molecule coming
from carbon-capture and storage technologies (CCS) and converting it into useful chemicals for
its valorisation [1]. The most interesting methods attempt the conversion of CO2 into other useful
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compounds, for example, regenerated fuels or chemicals, through chemical reactions [2], catalytic [3]
and photocatalytic processes [4].

CO2 is a relatively inert and stable compound, therefore its reduction by H2O to form
hydrocarbons is an “uphill” (ΔG > 0) and strongly endothermic process, requiring a considerable
amount of energy [5]. Photocatalysis seems to represent a valid and green method, which may exploit
solar energy for the sustainable reduction of CO2 using H2O as both an electron donor and a proton
source at a low temperature and its conversion to useful products such as carbon monoxide (CO),
formate, methanol, methane and oxygen (O2) (Scheme 1) [6].

There are three main factors which play an important role in the photocatalytic process: solar light
harvesting, separation of the photoproduced charges and surface reaction. Significant improvements
have been achieved for optimization of the first 2 steps since they are based on the same issues as
the widely studied for other photocatalytic applications, for example, solar driven water splitting.
The major difference is the surface reaction of charge carriers [7,8]. In case of CO2 photoreduction,
the surface reaction is very challenging due to severe competition with hydrogen evolution reaction
(HER) in the presence of water, which is more abundant and preferentially adsorbed onto the catalyst
surfaces than CO2 [9,10]. Hence, design and fabrication of efficient photocatalysts for CO2 reduction is
the aim of several studies [7,10–13].

TiO2, as a low-cost semiconductor, resistant to photo-corrosion, has been widely studied for
the adsorption, photoinduced activation and reduction of CO2 [14–17]. He et al. proved that the
anatase (101) facet played a critical role in CO2 adsorption and assisting the electron transfer from
the surface of TiO2 to CO2 in the photoreduction process [18,19]. Besides, TiO2, shows favourable
behaviour toward generating and separating electron–hole pairs during photoexcitation [16]. However,
in order to improve the catalyst efficiency, decreasing the band gap and the fast recombination rate
of holes and electrons generated during the irradiation process are the main concerns. To overcome
this problem, various approaches have been developed: (i) noble metals addition to TiO2 acting
as electron sinks (e.g., Au, Cu, Ag, Pd) [20,21], (ii) the use of organic or inorganic hole scavengers
(HS) to donate electrons to the valence band of the semiconductor preventing the accumulation of
holes [11]. Even though the use of HS has been shown to enhance the rate of the photocatalytic
process, the by-products forming in their presence have to be also considered [22]. Sodium sulphite
was chosen because of its ability to be oxidized into sulphate by the photogenerated holes and because
it is considered as a non-harmful, widely abundant compound [23].

The photoreduction reaction involves multiple proton-coupled electron transfer reactions and can
lead to the formation of many different products, either in liquid phase: HCOOH, HCHO, CH3OH
or in the gas phase: H2, CO, CH4, depending on the reaction pathways, which makes this process
rather complex (Scheme 1). A comparative study has been also carried out between the reaction in
gas or liquid phase, the latter being the most promising [24] and leading to a promising route for the
storage of solar energy in form of organic molecules [25]. We have already reported an innovative
high pressure photoreactor, operating up to 20 bar [26,27] to successfully improve CO2 solubility.
In that investigation, we have demonstrated that the solubility of CO2 in water is greatly enhanced
at increasing pressure. Furthermore, a significant increase of activity can be achieved by increasing
temperature, likely speeding up the dark steps of the reaction. Of course, the increase of temperature
decreases the concentration of dissolved CO2 but the effect of pressure is by far more significant, so that
operation at 7 bar, 80 ◦C leads to ca. 0.1 mol% CO2 in liquid phase, whereas in ambient conditions the
value is more than ca. 5 times lower [24]. According to the higher solubility, the increase of pressure
boosted the productivity of liquid phase products (HCOOH, HCHO and CH3OH, depending on
catalyst formulation and conditions). Too high pressure depressed the productivity in the gas phase.
Thus, operation at intermediate pressure (ca. 7 bar) allows to evidence the effect of the operating
parameter on the whole spectrum of products.

This work reports a comprehensive study on CO2 photoreduction according to several variables.
The reaction pathways and, thus, the control on products formation can be tuned by acting on different
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reaction parameters (e.g., pH, catalyst concentration and the amount of HS). Furthermore, improving
the light harvesting capacity of TiO2 by doping with Au nanoparticles, which also act as electron sinks,
affected both productivity and products distribution. The photocatalytic activity of TiO2 samples
obtained by different preparation routes has been also investigated.

The specific configuration of the photoreactor suites the appropriate light distribution in the whole
area. The very high productivity of H2 and HCOOH even with bare P25 photocatalyst, with respect to
previous studies on TiO2 base photocatalyst, confirms the efficiency of our photoreactor.

Scheme 1. Schematic illustration of different possible photocatalytic products formation during CO2

photoreduction with H2O over a heterogeneous photocatalyst and standard reduction potentials (V).

2. Results and Discussion

2.1. Materials Characterization

The XRD pattern (Figure 1) of TiO2 sample obtained by flame pyrolysis shows a mixture of the
crystalline phases of anatase and rutile with similar composition and particle size with respect to P25
samples (Table 1). All the diffraction features were identified by comparison with the standard JCPDS
spectrum of rutile (file 88-1175) and anatase (file 84-1286) [28]. The phase composition and the average
particle of each sample have been estimated from the intensity ratio between the reflection of anatase
and rutile planes at (101) and (110) respectively (Table 1) [29]. The particle size of TiO2 samples has
been calculated by using the Scherrer’s equation [30].

The BET SSA (Brunauer-Emmett-Teller Specific Surface Area) and pore volume have been
determined based on N2 adsorption/desorption isotherms, collected at −196 ◦C for P25 and FSP
samples, previously outgassed at 150 ◦C for 4 h (Figure 2). Micropore volume was calculated according
to the t-plot method (Table 1). Both P25 and FSP samples show a type II isotherm with H1 hysteresis
loop, representing the agglomerates or spherical particles arranged uniformly with high pore size
uniformity and facile pore connectivity [31]. FSP samples, however, show higher surface area and pore
volume with respect to P25, which may positively affect its catalytic performance. The surface area
was not depressed by Au addition, given its very low amount. On the contrary, a slight increase of
surface area even occurred during the chemical treatment of deposition, with a parallel increase of the
total porosity of the sample with loss of microporosity.
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Figure 1. XRD patterns of P25 (1), 0.2 wt% Au-P25 (2) and FSP (3). A and R stand for anatase and rutile
phases, respectively.

Table 1. Some relevant properties of the samples, as derived by N2 sorption isotherms at −196 ◦C,
XRD patterns and Band gap calculation from DR UV-Vis data elaborated according to Tauc plots.

Sample P25 FSP 0.2 wt% Au-P25

Anatase/Rutile (%) 78/22 69/31 78/22
Crystallite size (nm) a 15 20 15

BET Surface area (m2·g−1) b 45 67 55
Total pore volume (cm3·g−1) c 0.12 0.14 0.27

t-Plot micropore volume (cm3·g−1) c 0.01 0.02 0.005
BJH Adsorption average pore width (nm) 22 20 31

Band Gap energy (eV) d 3.36 3.36 3.17
a Crystallite size quantification from XRD data through the Scherrer equation. b as calculated from N2
adsorption/desorption isotherms, collected at −196 ◦C. c as calculated by applying the t-plot. d as calculated by the
Tauc equation to DR-UV-Vis spectra.

Figure 2. N2 adsorption/desorption isotherms collected at −196 ◦C over samples outgassed overnight
at 150 ◦C, P25 (squares), FSP (triangles).

According to UV absorption spectra (Figure 3a), both TiO2 and Au-TiO2 samples show an intense
absorption in the spectral range between 240–380 nm, due to electron transfer from the 2p valence
band orbital of O to the 3d conduction band orbital of Ti [32,33]. The spectra of un-doped TiO2 samples
show the cut-off at shorter wavelengths, with respect to the doped samples. The main reason for the
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observed bathochromic shift in transition and the visible light absorption is due to changing of the
energy levels of the semiconductor band gap through a charge transfer between the metal conduction
band and the valence band or the d–d transition in the crystal field [30].

In addition, the Au-TiO2 sample exhibits significantly enhanced light absorption in the visible
region showing a broad band located between 450 and 600 nm typical of the Surface Plasmonic
Resonance (SPR) of Au nanoparticles (NPs) (inset of Figure 3a). The broad visible light absorption
range is possibly due to wide size distribution of Au-NPs and the maximum of the SPR band (λmax)
intensity is mainly related to the size and content of Au particles.

Figure 3. DR UV-Vis spectra (a) and corresponding Tauc plots (b) of P25 (black curve) and promoted
with Au (0.2 wt%; red curve).

The optical band gap energy Eg was determined according to the Tauc equation [34].
According to the Eg calculations (Figure 3b and Table 1) by promoting the TiO2 samples with Au,

the absorption has been extended to longer wavelengths and the band gap energy reduced [32,35].
Au particle size distribution was determined from HRTEM and STEM images. Representative

images are reported for 0.2 wt% Au-P25 with the respective histogram in Figure 4, revealing very small
particles with a fairly narrow size distribution. Mean Au particle size was 3.6 nm.

  

c 

Figure 4. Representative HRTEM (a) and STEM (b) images; particle size distribution (c). Sample
0.2 wt% Au-P25.
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2.2. CO2 Photo-Reduction

2.2.1. Effect of pH

The photoreduction of CO2 may lead to a broad spectrum of products depending on photocatalyst
formulation and reaction conditions, due to occurrence of many parallel and consecutive reaction
steps [26,27,36].

The productivity and selectivity of products on P25 has been studied at pH 7.5 and 14 in the
presence of 1.66 g L−1 HS (Figure 5). The productivity of the main products, HCOOH and H2, increased
in basic pH in fair agreement with previous observations [26,37]. Increasing the pH improves the CO2

solubility by forming CO3
− or HCO3

−, which further reduced to HCOOH or HCHO in a series of
subsequent reactions (Scheme 2). Furthermore, the formed liquid products may evolve to gas phase
products (H2 and CO) due to the consecutive step of photo-reforming (Scheme 2) [26,37]. According to
Ao et al. [38] in studies at basic pH, the back-oxidation of HCHO to HCOOH is more likely.

No methane formation has been observed, since P25 as a photocatalyst is likely to produce CO or
HCOOH and is not likely to generate highly reduced hydrocarbons [39–42]. However, CO can be the
precursor of methane formation following an alternative hydrogenation pathway [43].

Blank tests with the catalyst without irradiation and by irradiating without any catalyst revealed
undetectable productivity to any species. A further photoreduction tests without pre-saturation
with CO2, pressurizing with N2, led to nil concentration of organic products in liquid or gas phase,
with a hydrogen productivity of 134.6 mmol H2 kgcat

−1 h−1 due to the contribution of the direct water
splitting, promoted by the presence of the hole scavenger. Therefore, it should be firmly remarked that
the products formed in liquid phase are genuinely due to the reduction of CO2.

Figure 5. Influence of pH over productivity. Reaction conditions: 0.5 g L−1 of P25, 1.66 g L−1 HS.
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Scheme 2. Consecutive pathways for CO2 photoreduction and photoreforming occurring at basic
pH [37].

2.2.2. Effect of Catalyst Amount

Optimization of catalyst amount has been performed halving progressively the catalyst
concentration (0.5, 0.25, 0.125, 0.064 and 0.031 g L−1) in the photoreactor by using the bare P25 catalyst.
According to Figure 6, lower catalyst concentration increased productivity mainly due to better light
distribution through the whole reactor. The productivity of the gas phase products (H2 and CO) and
of HCOOH, either normalized per mass of catalyst (Figure 6a) or not (Figure 6b) allowed to assess the
best catalyst concentration in the slurry. 0.031 g L−1 of P25 returned the highest amounts of H2 and
HCOOH (Figure 6) per mass of catalyst. All the productivities decreased when increasing catalyst mass,
as quite obvious due to the normalization on catalyst mass itself. When looking at the data without
normalising against catalyst mass, the highest yield in HCOOH was obtained with the highest catalyst
amount and progressively decreased with decreasing catalyst concentration. In a symmetric way,
hydrogen and CO yields decreased progressively with increasing catalyst concentration (Figure 6b).
Therefore, this parameter can be chosen to tune the process towards the maximisation of liquid or gas
phase products, depending on process goals.

0.031 g L−1 of catalyst was here taken as reference for further testing, so focusing on the highest gas
phase productivity. Indeed, looking at the products distribution and intending this process as a mean to
store solar energy by turning a waste greenhouse gas into useful compounds, we calculated the amount
of energy stored in chemical form considering the different products we have obtained. We have taken
as basis for calculation the enthalpy of combustion of HCOOH, H2 and CO and made the calculation
for the two extreme cases of catalyst concentration 0.031 and 0.5 g L−1 (Table 2). The amount of energy
that is stored is slightly higher for the highest catalyst concentration and increases progressively with
this parameter. However, the form of storage is different, as well as the easiness of separation and
exploitation, which is likely better in the case of gas products than for the diluted liquid product.
It is therefore possible to operate obtaining the highest yield of gaseous products, at low catalyst
concentration, or to increase the liquid product yield with higher catalyst amount. In the following,
we selected to use the lowest catalyst concentration, since it is more amenable for scale up and it leads
to a balanced production of gas and liquid phase compounds, that allow to highlight the effect of the
other operating parameters on reactivity.
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Table 2. Amount of stored energy (kJ h−1) in the form of different reaction products.

Chemically Stored Energy (kJ h−1)

HS = 1.66 g L−1 HS = 6.68 g L−1

P25 FSP 0.2 wt% Au/P25 P25

Heat comb.
(kJ mol−1)

Cat = 0.031 g L−1 Cat = 0.5 g L−1 Cat = 0.031 g L−1 Cat = 0.031 g L−1 Cat = 0.031 g L−1

HCOOH 254 0.036 0.066 0.069 0.066 0.372
H2 286 0.034 0.011 0.018 0.021 0.005
CO 283 0.003 0.001 0.002 0.003 0.0003

Total - 0.073 0.079 0.089 0.090 0.377

Based on the maximum amount of energy stored as calculated in Table 2 and on the measured
irradiance in the UVA region (104 W/m2), we calculated approximately 2–3% energy storage efficiency.

Figure 6. Effect of catalyst concentration on productivity (a) and absolute product formation (b) with
the P25 as a catalyst (1.66 g L−1 HS and at pH = 13/14).

2.2.3. Effect of the Hole Scavenger (HS)

The efficiency of the photocatalyst is limited by the slow charge transfer, subsequent reactions of
the photo-excited holes and the high charge recombination rates. In fact, consumption of conduction
band electrons must be efficiently balanced by holes reduction. This process occurs in the presence of
electron donor species; otherwise reaction rate is highly depressed.

Sodium sulphite (Na2SO3) was chosen as inorganic HS, added in different concentration
(ca. 1.66, 3.34, 6.68 g L−1) and its consumption was determined after reaction by iodometric titration.
Negligible productivity has been observed without HS addition. Sodium sulphite is an inorganic and
non-competing species, with a high performance in photocatalytic reactions [23]. Moreover, sodium
sulphite can be industrially employed due to its low cost.
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Figure 7 reports that increasing the HS concentration from 1.66 to 6.68 g L−1 (4-fold increase)
increases the HCOOH productivity up to 9 times, whereas clearly decreasing the formation of gas
products (H2 and CO). The results of our previous studies already demonstrated that the formation of
the gas phase products (H2, CO, CH4) starts after the consumption of the HS. Indeed, in absence of the
sulphite the organic compounds accumulated in the reaction medium start acting as hole scavengers
themselves through a consecutive photoreforming path (Scheme 2). Sulphites titration confirms the
total consumption in 24 h of the base-case concentration 1.66 g L−1 (Figure 8). However, 24 h of reaction
time were not enough for the total consumption of the HS when loaded in higher quantity (3.34 and
6.68 g L−1), which in turn inhibits the formation of gaseous products and favours the formation of
HCOOH (Figure 8). This study supports the above proposed mechanism of the reaction and the role
of HS (reaction time) on the selectivity to the different products.

Moreover, according to Table 2, the boosted productivity to HCOOH, which is unprecedented
in previous reports on this reaction, allows to tune also HS concentration, in addition to catalyst one,
to address the reaction towards the desired products. It may be noticed, indeed, that the test with the
highest HS concentration led to the highest amount of stored energy, which increased by one order
of magnitude the stored energy amount even by increasing its concentration by a factor of 4, only.
The choice of its use should be determined on the basis of the desired reaction path. The increase of HS
makes photoreduction essentially more effective when leading to HCOOH. Its further transformation
to H2 is inhibited until the complete consumption of the HS, leading to liquid phase products, only.
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Figure 7. Effect of HS concentration on productivity. Reaction time: 24 h. P25 as a photocatalyst (0.031
g L−1) and at pH = 13/14.

Figure 8. Sulphite conversion vs. their initial concentration after 24 h of reaction. P25 as a photocatalyst
with 0.031 g·L−1 loading and at pH = 13/14.
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2.2.4. Comparison between Different Photocatalysts

Flame spray pyrolysis allows the synthesis of titanium dioxide nanoparticles characterized by
high surface area and high thermal stability [43–46]. Due to the abundance of oxygen and high
temperature in the FSP reactor, the nanoparticles produced by FSP are typically fully oxidized and
highly crystalline. The simple synthesis procedure permits the rapid and continuous production of
the catalyst.

FSP titanium dioxide prepared in our lab has been tested for comparison with the commercial
P25 titania. The samples were compared using 1.66 g L−1 of HS, with the selected catalyst loading
(0.031 g L−1) at 2 different pH conditions (Figure 9). Also in this case the conditions were selected to
obtain significant amounts of products in both liquid and gas phase to check the effect of the other
variables on both the mechanisms.

The results confirm also for the FSP titania a very limited productivity at neutral pH and a good
productivity at basic pH. Slightly higher productivity of FSP has been partly attributed to its higher
surface area (67 m2 g−1 for FSP, 45 m2 g−1 for P25), which increases the surface reactions rate, though
being almost indifferent as for the main photochemical steps. Furthermore, the quite high activity
of FSP and P25 catalysts has been attributed to the enhanced charge separation at the anatase-rutile
interface which acts as charge traps (hence higher capacitance). This effect is much more remarkable
for FSP at low catalyst loading, compared to the commercial TiO2 catalysts. According to previous
studies [43,46], short flame residence time in extreme conditions, arising from high temperatures,
may produce a metastable phase and also a small concentration of defect states in the bandgap due
to a Ti4+ stoichiometry deficiency, thus, enabling electron-hole pair generation as well as acting as
photocharge trap defects [47]. The enhanced photocatalytic performance of FSP catalyst has been
confirmed when varying catalyst concentration, which may result in smaller average primary particles
and agglomerates and decreases light scattering (Figure 10) [45]. These results imply that the flame
spray pyrolysis is a promising technique to produce catalyst that can be employed industrially for
this application. TiO2 P25 is also prepared through a flame synthesis, which however makes use of
a different precursor and particle formation mechanism.

Figure 9. Influence of pH over productivity (0.031 g L−1 of FSP and 1.66 g L−1 HS).

Metals addition is a common strategy to improve visible light harvesting and to enhance the
separation of photogenerated charges. We have investigated the performance of gold nanoparticles
on the productivity and selectivity of products. 0.2 wt% Au loading was selected based on previous
screening [37]. Au-P25 has been tested maintaining a fixed value of HS 1.66 g L−1, basic conditions
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(pH 13/14) and, also in this case, variable catalyst amount. Figure 10 reports the overall comparison of
productivity of all the tested photocatalysts.

The comparison of different catalysts maintaining the highest catalyst concentration in the reactor
(0.5 g L−1), demonstrates that adding gold to P25 increases the selectivity towards secondary products
(hydrogen and CO) with respect to bare P25 and even FSP. The gold doped catalyst is characterized by
higher visible light absorption, which positively affects the light harvesting ability and consequently
the overall productivity. Furthermore, gold may act as electron trap to improve the charge separation
efficiency. This increases the photocatalyst effectiveness for all the reaction steps depicted in the
reaction schemes (vide supra).

CO can be either obtained by (i) direct photoreduction of CO2, or (ii) as a product of
photoreforming of the organic compounds obtained in liquid phase by CO2 photoreduction, or even
(iii) by catalytic reduction of CO2 by using the photogenerated H2. The productivity trend of CO and
H2 are so similar to suggests that both species are produced by photoreforming of the primary organic
products of photoreduction accumulated in the liquid phase.

On the contrary, for 0.2 wt% Au-P25 decreasing the catalyst concentration results in decreasing
selectivity towards hydrogen production with respect to P25, balanced by a significant increase of the
productivity to HCOOH (Figure 10). The enhancement of productivity is due to the strong electric
fields created by the surface plasmon resonance of the Au nanoparticles, which excite electron-hole
pairs locally in the TiO2 and produce a number of additional photocatalytic reaction products at a rate
several orders of magnitude higher than the normal incident light [47]. In this wavelength range,
both the excited electrons in Au and TiO2 contribute to the reduction of CO2 with H2O [47].

Overall, by calculating the amount of energy stored as in Table 2, there is no appreciable difference
between the use of the FSP catalyst and the 0.2 wt% Au/P25 one, both being more efficient than P25
from this point of view.

Finally, Table 3 gives a comprehensive comparison of the different TiO2 based photocatalysts
used for CO2 photoreduction and their productivity and selectivity, in comparison with the present
work. The comparison with the relevant literature reports confirm the validity of the presently adopted
high pressure photoreduction apparatus, which is able to outperform most results by various orders
of magnitude.

Figure 10. Products productivity with respect to different catalysts in different loadings with HS = 1.66
g L−1 and at pH = 13/14.
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Table 3. Comparison of the photocatalytic performance for CO2 photoreduction of TiO2-based
photocatalysts obtained with different techniques.

Strategy Photocatalysts Synthesis Method Reaction Conditions Activity Ref

Increasing
Surface area

Anatase TiO2 with
co-exposed (001) and

(101) facets

Adjusting HF amounts
in the solvothermal

method

10 g L−1 catalysts; 300 W Xe
arc lamp CO2 and H2O

vapour were in-situ
generated by the reaction of
NaHCO3 and HCl aqueous

solution

The highest CH4 generation
rate was 1.35 μmol g−1 h−1 [47]

Surface
Defects

Cu(I)/TiO2−x
nanoparticles

Precipitation followed
by thermal treatment

50 mg catalysts under 2 mL
min−1 CO2 flow; 150 W
solar simulator (B90 mW

cm−1)

Cu(I)/TiO2−x exhibited the
maximum CO production
rate of 4.3 μmol g−1 h−1

[48]

Surface basic
sites

NaOH–TiO2 composites Impregnation method

Gas phase photoreduction
with 80 mg catalysts in 80
kPa CO2 in the presence of

H2O vapour; 300 W Xe lamp

Maximum CH4 productivity
8.7 μmol g−1 h−1 [49]

Pt–MgO/TiO2
Photo deposition and

impregnation

20 mg catalyst on Teflon
holder, in 2.0 MPa CO2 with
H2O vapour; 100 W Xe lamp

(λ = 320–780 nm)

Pt-1.0 wt% MgO/TiO2
exhibited the highest CH4

amount of 11 μmol g−1 h−1
[50]

Amine-functionalized
TiO2 by using

monoethanolamine
(MEA)

Solvothermal method 20 mg catalysts in 0.1 mL
H2O; Xe lamp

CO and CH4 66.7 and 8.61
ppm h−1, respectively [51]

Surface noble-
metal

co-catalysts
3.0 wt% CuO/TiO2

Impregnation and
sonication

300 mg catalysts in 300 mL 1
M KHCO3; CO2 bubbled for
30 min to reach saturation;

10 W UV lamp

Methanol 442.5 μmol g−1

h−1 [52]

Pd–TiO2
Photochemical

deposition

150 mg catalysts in 1.5 mL
H2O; 500 W Hg lamp with a

filter (λ > 310 nm)

Pd–TiO2 exhibited a
preferential generation of

CH4 instead of CO for bare
TiO2

[53]

Pt–TiO2 columnar films Aerosol chemical vapour
deposition

CO2 and water vapour 3 mL
min−1; 400 W Xe lamp in

the UV range (250–388 nm)

Selective formation of CH4
as a main product with a

yield of 1361 μmol g−1 h−1
[54]

0.2 wt% Au-TiO2 P25 Impregnation
precipitation

0.031 g L−1 catalyst with
medium-pressure 125 W Hg
vapour lamp with a range of
emission 254 ≤ λ ≤ 364 nm

HCOOH, CO and H2 6980,
84 and 2018 μmol g−1 h−1,

respectively
This work

Semiconductor
Systems

Rutile TiO2 nanoparticle
modified anatase TiO2
nanorods (TiO2-RMA)

Synthesis

Dispersion solution of
catalyst and water with

bubbling CO2 until
saturation point; 300 W Hg

lamp

CH4 2.36 μmol g−1 h−1 [55]

CoPc-TiO2

Improved sol–gel
method using a
homogeneous

hydrolysis technique

The suspension of catalyst
powder in NaOH solution
with CO2 bubbling until

saturation; 500 W
tungsten–halogen lamp

HCOOH 28 μmol g−1 h−1

as a main product
[56]

Cu-TiO2 Sol–gel process

Suspension of catalyst
powder in NaOH solution
with CO2 bubbling until

saturation; Hg lamp (254 nm
UVC or 365 nm UVA)

CH3OH yield under UVC
600 μmol gcat

−1.
Under UVA 10 μmol gcat

−1
[57]

Cu-TiO2

Sol–gel method using a
homogeneous

hydrolysis technique

Suspension of catalyst
powder with 2.0 wt% in
NaOH solution and CO2

bubbling until saturation; 8
W Hg lamp with max

emission at 254 nm

CH3OH 19.6 μmol g−1 h−1 [58]

TiO2 powder

0.8 g L−1 TiO2 powder with
CO2 up to 9 MPa with Xe
lamp 990 W, and the light

intensity of 0.96 kW m−2 for
5 h

HCOOH 1.8 μmol g−1 h−1 [59]

Rh-TiO2 Impregnation method

CO2 (150 mmol) and H2 (50
mmol) at 25 kPa. 500 W

ultrahigh-pressure mercury
lamp

CO/CH4 5.2 μmol g−1 h−1 [60]
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Table 3. Cont.

Strategy Photocatalysts Synthesis Method Reaction Conditions Activity Ref

TiO2-P25

TiO2 powder suspended
in iso-propyl alcohol

solution as a hole
scavenger and irradiated

with a Xe lamp.

CH4 1.3 μmol g−1 [61]

TiO2-P25

0.031 g L−1 catalyst with
medium-pressure Hg
vapour lamp with a

range of emission 254 ≤
λ ≤ 364 nm

HCOOH and H2 4499
and 4000 μmol g−1 h−1 This work

TiO2-FSP Flame spray pyrolysis

0.031 g L−1 catalyst with
medium-pressure Hg
vapour lamp with a

range of emission 254 ≤
λ ≤ 364 nm

HCOOH and H2 7433
and 1613 μmol g−1 h−1 This work

3. Experimental

3.1. Materials Preparation

TiO2 samples were prepared in dense nanoparticles form by FSP [44,62] and compared with
a commercial P25 sample supplied by Evonik (code P25).

The FSP samples was prepared using a home-developed apparatus, composed of a burner which
is co-fed with the titania precursor solution and 5 L/min of oxygen and the flame is ignited and
sustained by a ring of flamelets (0.5 L/min CH4 + 1 L/min of O2). The solution of the oxide precursor
in organic solvent is fed through a syringe pump at constant feeding rate of 2.5 mL/min in to the
burner. The Titanium Isopropoxide (Sigma Aldrich, pur. 97%, St. Louis, MO, USA) as TiO2 precursor
was dissolved in o-xylene and Propionic acid (Sigma Aldrich, pur. 97%, St. Louis, MO, USA) with
a 0.4 M concentration and injected through the burner. The pressure drop at the burner nozzle was
1.5 bar.

The gold doped TiO2 samples (Au-P25) were prepared by a modified deposition-precipitation
method using urea and a chemical reductant. 1 g of commercial TiO2 (Degussa P25, 45 m2 g−1)
was dispersed in distilled water (100 mL) then 5 g of urea (Aldrich, >99%, St. Louis, MO, USA).
NaAuCl4·2H2O solution (Aldrich, 99.99%, St. Louis, MO, USA) was added to the suspension and
left under vigorous stirring for 4 h at 80 ◦C. The catalyst was filtered and washed several times
with distilled water. The collected sample after first washing was suspended in distilled water
and a freshly prepared solution 0.1 M of NaBH4 (Fluka, >96%, Bucharest, Romania) was added
(NaBH4/Au = 4 mol/mol) under vigorous stirring at room temperature. The sample was filtered,
washed and dried at 100 ◦C for 4 h. Atomic Absorption Spectroscopy (AAS) analysis (Perkin Elmer
3100 instrument, Champaign, IL, USA) was performed to assess the final composition of Au-P25
catalysts: 0.2 wt% Au-P25, which proved the most active in a preliminary catalyst screening [63].

3.2. Materials Characterization

X-ray diffraction (XRD) analyses were performed by the Rigaku D III-MAX horizontal-scan
powder diffractometer (Tokyo, Japan) using Cu-Kα radiation with a graphite monochromator on the
diffracted beam.

N2 adsorption and desorption isotherms of samples were collected with a Micromeritics
ASAP2020 apparatus (Norcross, GA, USA).

Diffuse Reflectance (DR) UV-Vis spectra of samples were measured on a Cary 5000 UV-Vis-NIR
spectrophotometer (Varian instruments, Santa Clara, CA, USA) in the range of 200–800 nm.

TPR analysis was carried out on a bench scale apparatus by flowing 40 mL/min of a 10 vol%
H2/N2 mixture, while heating the sample by 10 ◦C/min up to 700 ◦C. The gas outflowing the quartz
reactor was analysed with a TCD detector after entrapping the possibly formed water.

The TEM specimens were prepared by dispersing the catalyst powder on TEM grids coated with
holey carbon film. They were examined in a FEI Titan 80–300 electron microscope equipped with CEOS
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image spherical aberration corrector, Fischione model 3000 high angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) detector (Portland, OR, USA).

3.3. Photoreactor and Testing Conditions

All the experimental activity tests have been performed using an innovative pressurized batch
photo-reactor which has been discussed in detail elsewhere [37,64,65]. The cylinder-shaped reactor
made of AISI 316 stainless steel can operate up to 20 bar at temperatures up to 90 ◦C. The temperature
is kept constant through a double-walled thermostatic system. The internal capacity of the reactor
is ca. 1.3 L, filled with ca. 1.2 L solution. Continuous stirring inside the reactor is provided by
a magnetic stirrer placed underneath up to 400 RPM to ensure the optimal dispersion of the catalyst in
the liquid phase.

The radiation source is a medium-pressure 125 W Hg vapour lamp with a range of emission
between 254 nm ≤ λ ≤ 364 nm, with maximum emission at this latter wavelength. An air circulation
system has been used to cool the lamp. The power of irradiation directly depends on the flow rate of
the cooling pressurized air. Therefore, the best cooling condition for the optimum lamp lifetime with
the maximum irradiation power has been selected. The emitted power was periodically measured by
means of a photoradiometer (Delta OHM HD2102.2, Padua, Italy) and corresponds to ca. 104 W m−2

at the bottom of the source.
For the optimization of the best amount of catalyst, several concentrations have been chosen

(ca. 0.5, 0.25, 0.125, 0.064, 0.031 g L−1). The catalysts have been loaded with a suspension of bi-distilled
water in the reactor. The best saturation condition has been settled overnight with the CO2 saturation
pressure of 7 bar and temperature of 80 ◦C, based on previous studies [26,37]. Testing was carried out
under the same conditions, if not otherwise specified. Such a pressure and temperature allow to obtain
a broad products spectrum both in gas and liquid phase, so they were set as optimal to investigate the
effect of other parameters on productivity and selectivity to all the products.

Na2SO3 has been used as HS in different amounts (ca. 1.66, 3.34, 6.68 g L−1) to understand its
effect on productivity and selectivity to the various products. As expected, negligible productivity
both in the liquid and in the gas phase has been observed without its addition. The photoreaction has
been started by switching on the lamp for the 24 h of the reaction time.

Liquid products have been analysed by taking samples at the end of the reaction. For analysing the
liquid products, HPLC (Agilent 1220 Infinity, with a column Alltech OA-10308, 300 mm_7.8 mm, Palo
Alto, CA, USA), equipped with both UV and refractive index (Agilent 1260 Infinity, Palo Alto, CA, USA)
detectors have been used. Aqueous H3PO4 solution (0.1 wt%) was used as the eluent. The gas products
were collected in the headspace of the photoreactor and analysed by a gas chromatograph (Agilent
7890, Palo Alto, CA, USA) equipped with a TCD detector with the proper set up configuration for the
quantification of H2, CH4 and polar/non-polar light gases.

4. Conclusions

The high pressure photoreduction of CO2 in water has been studied under different operating
conditions, investigating the role of catalyst concentration, varying the amount of hole scavenger and
the effect of adding gold on productivity and selectivity. A comparison between different flame-based
techniques for the preparation of TiO2 was also done, that is, TiO2 prepared by FSP and P25.

The hole scavenger plays a crucial role in the selective formation of gas products (CO and H2)
in the course of reaction time. In the presence of HS, photoreduction has been obtained in the liquid
phase by formation of HCOOH as a main product. The consumption of the HS, instead, results in
the consecutive photoreforming of the organic compounds accumulated in the liquid phase, with
formation of secondary products, H2 and CO, in the gas phase.

0.2 wt%-Au-P25 and TiO2-FSP showed higher productivity for HCOOH with respect to TiO2-P25.
The method of synthesizing FSP nanoparticles may results in formation of metastable phase and
defects which can further enhance the electron-hole pair generation and increasing the lifetime of
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photogenerated charges. Instead, the surface Plasmon resonance effect by doping Au on P25 can
be considered as a main reason for higher HCOOH productivity in the presence of 0.2 wt%-Au-P25,
with respect to bare TiO2 P25.

Overall, appreciable amounts of energy per unit time have been stored through this reaction.
The operating conditions should be tuned in order to drive the reaction towards the maximization of
energy storage (high catalyst and HS concentrations) or the selection of the desired products.
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Abstract: An in-situ dehydrating system built in a continuous flow fixed-bed bubbling reactor for
direct synthesis of dimethyl carbonate (DMC) was designed. 3A molecular sieve (MS) was selected as
the ideal dehydrating agent and the water trapping efficiency was studied. The effect of dehydrating
agent/catalyst ratio, the dehydrating temperature and pressure, as well as the space velocity on the
direct DMC synthesis catalyzed by K2O-promoted Cu–Ni was further investigated. These results
demonstrated that 3A MS could effectively dehydrate the reaction system at the optimal conditions
of 120 ◦C and 1.0 MPa with gas space velocity (GHSV) of 600 h−1, thereby greatly shifting the
reaction equilibrium toward high DMC yield. Higher DMC yield of 13% was achieved compared
with undehydrated reaction. Moreover, the catalyst can be highly stabilized by 3A MS dehydration
with stable performs over 22 h.

Keywords: alkali promoter; dimethyl carbonate; catalysis; carbon dioxide; dehydration

1. Introduction

The environment-friendly dimethyl carbonate has aroused great interest in fuel additives, polar
solvents, and methylating and carbonylating agents [1–3]. It has been produced worldwide by several
commercial methods such as ester exchange process [4,5], methanolysis of phosgene [6], and gas-phase
oxidative carbonylation of methanol [7]. Recently, some green and economic dimethyl carbonate
(DMC) synthesis routes have been studied all over the world. In these routes, DMC was directly
synthesized from CH3OH and CO2 instead of using toxic, corrosive, flammable, and explosive gases
such as phosgene, hydrogen chloride, and carbon monoxide as feedstock [8,9].

Over the last decades, improving the yield of DMC from the direct synthetic route has been mainly
focused on catalyst development and optimization of reaction conditions. A large number of examples
have been devoted to the direct synthesis of DMC from CO2 and CH3OH using organometallic
compounds [10], CeO2 [11], CeO2-ZrO2, Ce0.5Zr0.5O2, Co1.5PW12O40 [12–14], or H3PO4–V2O5

catalyst [15], modified Cu–Ni bimetallic catalyst [8,16–19], ionic liquid [20], etc. The direct synthetic
route of DMC was represented as follows:

2CH3OH + CO2 → CH3OCOOCH3 + H2O (1)

Catalysts 2018, 8, 343; doi:10.3390/catal8090343 www.mdpi.com/journal/catalysts59
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The drawback of this strategy is the low methanol conversion, which is ascribed to the
thermodynamic limitations and/or catalyst deactivation by the water byproduct that hydrolyze
the formed DMC, the high bond energy of CO2, the reversible nature of the reaction, and the inability
to utilize physical absorption agents of water such as zeolites, CaCl2, and molecular sieves due to high
operating temperatures and pressures, but no report had addressed these problems. Since the reaction
is nonspontaneous (Equation (1)) and the reaction equilibrium is quickly established, the dehydrating
agent can enhance the yield of DMC by shifting the equilibrium toward higher DMC yields.

For batch reaction, the dehydrating additives such as trimethyl orthoacetate [21],
2,2-dimethoxypropane [22], acetonitrile [23], butylene oxide [24], and a recyclable dehydrating tube
packed with molecular sieves 3A [25] can improve the yield of DMC by shifting the equilibrium.
However, the economy of this process, the activity of the catalyst, the separation of product and
by-product become the new subjects for further research. For continuous flow reaction, these obstacles
were evidently cleared away. Herein, a concept of in-situ water removal via the addition of an
inorganic dehydrating agent during the direct DMC synthesis from methanol and CO2 catalyzed by
K2O-promoted Cu–Ni is presented. The 3A MS is selected as the optimal dehydrating agent effects of
the mass ratio of dehydrating agent and catalyst, the dehydrating temperature and pressure, together
with the space velocity on the catalytic performance for direct synthesis of DMC were investigated
and discussed.

2. Results and Discussion

2.1. Selection of the Dehydrating Agent

There have been many previous attempts to remove the water from the reaction of direct synthesis
of DMC using MgSO4, Na2SO4, CaCl2, etc. as inorganic dehydrating agents, however, no successful
result was obtained because of high reaction temperatures and pressures. In this paper, low-cost and
readily available molecular sieve of 3A, 4A, and 5A are chosen as the dehydrating agents. Prior to
use, the three molecular sieves were treated at 500 ◦C for 6 h, and then allowed to fully hydrate under
saturation pressure of water vapor (25 ◦C), followed by dehydration from 50 to 600 ◦C. The weight
loss of the samples was recorded by Thermogravimetric analyses (TGA). As shown in Figure 1,
3A molecular sieve shows 11 wt. % of water escaped out at the reaction temperature of 120 ◦C,
indicating that the 3A molecular sieve is the best candidate in this issue.

Figure 1. Thermogravimetric analyses (TGA) traces of molecular sieves (3A, 4A, and 5A) saturated by
water vapor (1 atm, 25 ◦C).
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2.2. Characterization of the Catalyst

In our previous work [26], it is investigated that the incorporation of alkali is conducive to the
preparation of the catalysts precursor by decreasing the decomposition and reduction temperatures,
which is favorable for the formation of a Nano-scale dispersion of bimetallic particles on the surface of
supports. The well-dispersed characteristic in turn endows the catalyst with more lattice drawbacks
and a polarized Cu-Ni lattice. It is proved that alkali doping can significantly improve the catalytic
efficiency of Cu-Ni composites. Based on this, Cu-Ni-K2O/diatomite catalysts are employed in
this work. Temperature-programmed reduction and desorption (TPR, NH3–TPD, CO2–TPD) of the
sample are all included in Figure 2. It can be seen that the catalyst precursor can be fully reduced
below 450 ◦C with two closely combined peaks attributed to the reduction of CuO–NiO–K2O solid
composite. The NH3–TPD and CO2–TPD of the catalyst both exhibit one desorption peak around
200 ◦C, indicating that the catalyst has only one type of medium acid center and basic center, which are
essential for direct catalytic synthesis of DMC. Figure 3 presented the powder X-ray diffraction of the
samples. The reduced catalyst clearly shows four typical diffraction peaks of Cu, Ni or Cu–Ni alloy
(2θ = 43.62 (111), 51.06 (200), 74.94 (220), and 91.04 (311)). Compared with 15%(2Cu–Ni)/diatomite
(i.e., 15 CN/diatomite), the characteristic diffraction peaks of 15CN2K/diatomite became obviously
broader than the undoped catalyst, which implies that the K-doped catalyst has better dispersion
and smaller particle size than 15%(2Cu–Ni)/diatomite catalyst. According to Scherrer equation
(D = Kλ/βcosθ, λ= 0.15406, and K = 0.89), the partical size of 15%(2Cu-Ni)/diatomite is about 22 nm
and which of 15CN2K/diatomite is about 30 nm. Figure 4 displayed the SEM (a) and TEM (b)
observation results of 15CN2K/diatomite. It shows that the Cu–Ni–K2O composite homogenously
covered the support and the single particle size of the catalyst is less than 50 nm.

Figure 2. TPR, CO2–TPD and NH3–TPD of 15CN2K/diatomite.

Figure 3. Powder X-ray diffraction patterns of the samples.
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Figure 4. SEM (a) and TEM (b) of 15CN2K/diatomite catalyst.

2.3. Effect of Dehydration on Properties of the Catalyst

2.3.1. Effect of Mass Ratio of 3A MS and 15CN2K/Diatomite on the Activity of the Catalyst

As shown in Figure 5, the mass ratio of 3A MS and 15CN2K/diatomite ranges from 0 to 5.
The average value of 4-h methanol conversion climbs from 7.55 to 8.41% and the corresponding DMC
selectivity fluctuates from 90.3 to 89.9%. The optimal methanol conversion of 8.27% with highest DMC
selectivity of 91.2% has been achieved with 3/1 of 3A MS and the catalyst. The results indicated that
3A MS can effectively dehydrate the reaction system and shift the reaction equilibrium toward high
DMC yield. The mass ratio of 3/1 is most preferable for this reaction from the economic point of view.

Figure 5. The effect of mass ratio of 3A MS and 15CN2K/diatomite on performance of 15CN2K/diatomite.

2.3.2. Effect of Dehydrating Temperature and Pressure on Properties of the Catalyst

The effect of dehydrating temperature on DMC synthesis was exhibited in Figure 6, the methanol
conversion of this reaction is enhanced with the increase of temperature under the set pressure and
space velocity. Moreover, the in-situ dehydrated catalyst performs superiorly to the catalyst without
dehydration in methanol conversion. Nevertheless, DMC selectivity dropped dramatically over 140 ◦C
due to the intensified side reaction of dimethyl ether (DME) and formic acid formation. Furthermore,
the DMC selectivity of dehydrated catalyst collapsed more quickly at high temperature because 3A
MS gradually fails to dehydrate the catalyst at high temperature, and 3A MS may serve as the catalyst
for DME production. So 120 ◦C is chose in the reaction.
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Figure 6. The effect of temperature on performance of catalyst with or without dehydration.

The effect of dehydrating pressure on DMC synthesis is presented in Figure 7. The methanol
conversion is obviously improved with the increase of reaction pressure at fixed temperature and
space velocity, and it levels off over 1.0 MPa. Compared with the undehydrated catalyst, the in-situ
dehydrated catalyst shows higher activity, suggesting that the increased pressure is more favorable for
dehydrating this reaction. The DMC selectivity keeps closely around 90% for undehydrated catalyst.
For the dehydrated catalyst, it shows a little increase under 0.8 MPa and leveling off under 1.0 MPa,
which implies that in-situ dehydration can produce more active sites for DMC catalytic synthesis.
In general, the optimum conditions for effective dehydrating this reaction system are 120–140 ◦C and
1.0 MPa from the economic angle. Herein, 1.0 MPa is used in the following reaction.

Figure 7. The effect of pressure on performance of catalyst with or without dehydration.

2.3.3. Effect of Space Velocity on Dehydrating the Catalyst

At fixed 120 ◦C and under 1.0 MPa, the methanol conversion of undehydrated catalyst is evidently
lower than dehydrated catalyst. The methanol conversion of dehydrated catalyst decreases from 6.25
to 4.51% with increasing gas space velocity (GHSV) from 300 to 1500 h−1 (Figure 8). However,
the methanol conversion of dehydrated catalyst goes up a little at first with increasing GHSV from
300 to 600 h−1, and then it decreases gradually from 8.35 to 6.19% with increasing GHSV from 600 to
1500 h−1. As for the two catalytic reaction processes, space velocity seems no effect on DMC selectivity
which keeps around 90%. So 600 h−1 is chose in the reaction.
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Figure 8. The effect of gas space velocity (GHSV) on performance of catalyst with or without dehydration.

To summarize, the optimal condition is that the mass ratio of 3/1 (3A MS and 15CN2K/diatomite),
temperature of 120 ◦C, dehydrating pressure of 1.0 MPa with GHSV of 600 h−1. In this condition,
the DMC selectivity is 89.2%, and methanol conversion of 6.49%. Regarding the pathway of the
catalysis, which is similar to our previous work [17,19]. In general, there are three types of active
centers: Cu-Ni metal sites, Lewis acid sites and Lewis base sites. Firstly, Horizontal adsorption
state of CO2 can be formed under the synergistic action of Lewis acid sites and metal sites and this
adsorption state is reactive. The addition of K2O additive is more conducive to the adsorption of CO2

on the catalyst surface [26]. Secondly, dissociated adsorption states of CH3OH could be formed in the
association of Lewis acid sites and Lewis base sites. After that, adsorption state of CO2 reacts with
dissociated adsorption states of CH3OH to form DMC. The main product of CO2 and CH3OH on the
surface of catalyst is DMC.

2.3.4. Effect of In-Situ Dehydration on Stability of the Catalyst

The effect of in-situ dehydration on stability of the catalyst is evaluated within 22 h at 120 ◦C and
under 1.0 MPa with GHSV of 600 h−1 (Figure 9). The methanol conversion of the reaction without
dehydration increases to 7.55% at the beginning, and then gradually decreases to 6.18% within 8 h,
after that it sharply collapses and deactivates at the end of the evaluation. The methanol conversion of
reaction with dehydrating process keeps around 8% within 10 h, followed by decreasing to 1.84% at
the end. The DMC selectivity of the reaction without dehydration decreases slowly from 88% to 83%,
thereafter rapidly falls down to about 71%. However, the DMC selectivity with dehydration maintains
over 88% within 13 h; and finally decreases to 78% at the end of the evaluation. By comparison, it is
apparent that the catalyst dehydrated by 3A MS exhibited much higher activity and longer stability
than the catalyst without dehydration, which indicated 3A MS can effectively dehydrate this catalytic
reaction system at lower temperature and pressure. The main reason for the deactivation of the catalyst
is that the chemical environment of the active species on the surface of the catalyst changes after a
period of catalytic reaction, which means that the active site of the catalyst is gradually deactivated
during the reaction, resulting in a decrease in the yield of DMC. The reasons for the deactivation of
catalysts are believed to result from the reaction between the catalyst with formed water, followed by
the oxidation of catalyst.
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Figure 9. Stability study of the catalyst evaluated with or without dehydration.

3. Experimental

3.1. Catalyst Preparation

Natural diatomite was pretreated by calcining at 500 ◦C for 3 h, soaking in 5% hydrochloric acid for
24 h, washing by deionized water and drying overnight at 110 ◦C. Cu–Ni–K/diatomite nano-catalysts
were prepared by wetness impregnation method. Firstly, Cu(NO3)2·3H2O, Ni(NO3)2·6H2O and KNO3

were dissolved in ammonia solution with stirring, then the diatomite was dispersed in metallic
ammonia solution. The resulting mixture was stirred at room temperature for 24 h, ultra-sonicated for
another 3 h, followed by rotary evaporation to remove the solvent. Thereafter, it was dried at 110 ◦C
overnight. The fully dried solid was calcined at 550 ◦C for 5 h and further reduced by mixed gas of
H2 (10%)/N2 at 550 ◦C for 6 h. 3A MS was pretreated by calcining at 500 ◦C for 6 h, and then cooled
down to room temperature, placed in a vacuum-desiccator for further use.

3.2. Catalyst Characterization

The surface area of the samples was detected in liquid N2 by Brunauer-Emmett-Teller (BET)
approaches using a Micromeritics ASAP 2010 (Micromeritics, Norcross, GA, USA) instrument.
Thermogravimetric analyses (TGA) of samples were performed on a PerkinElmer Pyris Diamond SII
thermal analyzer (high-purity N2, 20 ◦C/min, PerkinElmer, Waltham, MA, USA). The morphologies of
the samples were examined using a scanning electron microscopy (SEM) (JSM-5600LV system of JEOL
(JEOL, Tokyo, Japan) equipped with an energy dispersive X-ray spectrometer (EDX) (JEOL, Tokyo,
Japan) to check the components of the catalysts. The phase structure of the samples were determined
by X-ray diffraction (XRD) (Rigaku Corporation, Tokyo, Japan) on a D/Max-IIIA power diffractometer
using Cu (Kα) (0.15406 nm) radiation source. X-ray photoelectron spectrum (XPS) of the catalysts
was obtained by ESCALAB 250 (ThermoFisher Scientific, Waltham, MA, USA) analyzer using the
monochromatized Al (Kα) radiation source. Temperature programmed reduction (TPR)/Temperature
programmed desorption (CO2/NH3-TPD) experiments of the samples were detected by Quantachrom
ChemBET 3000 apparatus (Quantachrom Instruments, Boynton Beach, FL, USA) equipped with a
thermal conductivity detector (TCD) [23].

3.3. Catalyst Evaluation

The evaluation of the catalysts was performed in a continuous tubular fixed-bed micro-gaseous
reactor with 5 g of the fresh 15%(2Cu–Ni)-2%K2O /diatomite (marked as 15CN2K/diatomite) catalyst
and set mass ratio of the selected 3A MS as dehydrating agent. (3A/catalyst = 0/5, 5/5, 10/5, 15/5,
20/5, 25/5). The filling of the catalyst and 3A MS was stacked layer by layer alternatively and the top
layer was the dehydrating agent, that is, each layer of the catalyst was sandwiched by two layers of

65



Catalysts 2018, 8, 343

dehydrating agent to ensure highly dehydrated. The methanol was bubbled into the reactor by N2 and
the molar ratio of CH3OH and CO2 was controlled by N2 flux and the bubbling temperature (Scheme 1).
The reaction was carried out at different temperatures, pressures and space velocity. The product
was analyzed by GCMS-QP2010 Plus (SHIMADZU CORPORATION, Tokyo, Japan) and on-line GC
(GC7890F) (TECHCOMP CORPORATE, Shang Hai, China) equipped with a flame ionization detector
and thermal conductivity conductor. The final results were calculated by the following equations:

CH3OH conversion (%) =
[CH3OH reacted]
[CH3OH total]

× 100% (2)

DMC selectivity(%) =
[DMC]

[DMC + Byproduct]
× 100% (3)

DMC yield(%) = CH3OH conversion × DMC selectivity × 100% (4)

Scheme 1. Schematic diagram of the bubbling apparatus for direct synthesis of dimethyl carbonate (DMC).

4. Conclusions

An in-situ dehydrating process for the direct synthesis of DMC from methanol and CO2 in a
continuous flow fixed-bed bubbling micro-gaseous reactor was introduced, in which a sandwich
structure of catalyst and 3A MS layer by layer was filled up. The effect of the mass ratio of 3A MS to
catalyst, the dehydrating temperature and pressure, as well as the space velocity on the performance
of the catalyst was investigated. The experimental results demonstrate that 3A MS can effectively
dehydrate the catalytic reaction system at the optimal conditions of 120 ◦C, 1.2 MPa, with a GHSV
of 600 h−1. The in-situ dehydrating methodology enhances the methanol conversion and selectivity
when compared with the dehydrating reaction system. Compared with the chemical dehydrating
agents such as 2,2-dimethoxypropane [22], butylene oxide [24], etc., 3A MS is easily recyclable and they
do not produce byproducts. Compared with the catalytic reaction system using a tin catalyst, a batch
reactor separated from the recyclable dehydrating tube packed with 3A MS [25], this dehydrating
reaction system using highly active K2O-promoted Cu–Ni catalyst sandwiched by 3A MS was more
preferable from the practical viewpoint. This report opens up a new way to circumventing the
thermodynamic limitations of direct DMC synthesis, and would greatly prompt the researchers to
design new dehydrating system for improving the efficiency of DMC synthesis directly from methanol
and CO2.
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Abstract: Sorption-enhanced methanation has consequent advantages compared to conventional
methanation approaches; namely, the production of pure methane and enhanced kinetics thanks
to the application of Le Châtelier’s principle. In this paper, we address the question of the
long-term stability of a sorption-enhanced methanation catalyst-support couple: Ni nanoparticles
on zeolite 5A. Compared to most conventional methanation processes the operational conditions of
sorption-enhanced methanation are relatively mild, which allow for stable catalyst activity on the
long term. Indeed, we show here that neither coking nor thermal degradation come into play under
such conditions. However, a degradation mechanism specific to the sorption catalysis was observed
under cyclic methanation/drying periods. This severely affects water diffusion kinetics in the zeolite
support, as shown here by a decrease of the water-diffusion coefficient during multiple cycling.
Water diffusion is a central mechanism in the sorption-enhanced methanation process, since it is
rate-limiting for both methanation and drying.

Keywords: CO2 methanation; catalysis; water sorption; water diffusion

1. Introduction

The key issues of intermittency and dispersion of primary renewable electricity sources find an
answer in power-to-gas (P2G) strategies, where the excess of renewable electricity is converted into
synthetic gas fuels, using hydrogen produced by water electrolysis as a primary reactant [1]. Renewable
methane is produced from renewable hydrogen and carbon dioxide with a high efficiency (Sabatier
reaction). This process can be implemented on a large scale [2], namely because renewable methane
plants are based on relatively simple chemical reactors using earth-abundant Ni-based catalysts located
near areas of renewable electricity production, abundant CO2 sources such as biogas production and
access to the natural gas grid.

Established methanation processes [3,4] involve fixed-bed, fluidized-bed and three-phase reactors
with classic metal-support catalyst systems. Although other elements are studied at a fundamental
level (e.g., Ru [5], Co [6], Mo [7] and Fe [8]), nickel remains the most suitable active metal (and
by far the most widely used in commercial applications) when considering activity, selectivity and
price [3,9]. However, the reaction temperature is above 250 ◦C, resulting in a thermodynamically
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limited conversion yield of less than 96% [10], which is further reduced by finite kinetics. Although
the latter may be improved by appropriate catalysts, the thermodynamic limit can only be overcome
by modifying thermodynamic conditions. A straightforward possibility is to increase the reaction
pressure, which comes with an additional energy cost. The thermodynamic equilibrium is also shifted
by the active removal of the water product from the catalyst reaction centers by adsorbing it in the
water affine catalyst support such as zeolites in order to improve the reaction yield and kinetics (i.e.,
making use of the well-known Le Châtelier’s principle) [11,12]. We have shown that this process runs
optimally with specific parameters, notably with gas hourly space velocities (GHSV) which are lower
by orders of magnitude than processes used in classic catalyzed methanation (i.e., on the order of
100 h−1 [13]). The reason for this is that, under certain gas flow conditions, moisture evolves in the
reactor as a stable water front. As long as this front does not reach the reactor outlet (sorption-enhanced
mode), pure methane is produced. When the zeolite support is saturated with water, a drying step is
required. Specific criteria also come into play in terms of reactor temperature: an optimum needs to be
found between the zeolite support water sorption capacity and the metal catalytic activity. In the case of
Ni nanoparticles on zeolite 5A, the optimum is 300 ◦C at atmospheric pressure [13]. The need for a fine
optimization of sorption-enhanced processes was also recently shown by numerical simulations [14].

Similar to normal methanation conditions, nickel is facing durability issues when used as a
sorption catalyst that simultaneously affect the process performance, cost and environmental impact.
Depending on the process considered and on the methanation conditions—GHSV, temperature,
pressure, stoichiometry, and reactant purity—different deactivation mechanisms can potentially
occur [3,15]: poisoning [16], fouling (coking) [17], thermal degradation [18], mechanical degradation
(attrition, crushing) [19] and corrosion (leaching) [16,20]. Despite their differences, these mechanisms
all affect the concentration of active sites on the catalyst surface, in turn lowering the apparent rate
constant for methanation. The development of effective solutions to these deactivation issues is a crucial
research topic for future applications [9,15]. Another emerging field is the synergy between the catalyst
and its support [9,21], which can affect the system performance in many ways. There was concern that
the Ni sorption catalyst is particularly sensitive to coking due to the low water concentration at the
catalytically active centers [10,16,19]. We show in this publication that the degradation of the catalytic
activity relevant during the reaction phase of a sorption catalyst is negligible at optimized conditions.
We attribute this to the encapsulation of the Ni-particle in the inner of the zeolite structure, preventing
irreversible carbon growth, but allowing exchange of reactants and products to and from the active
surface, respectively. However, we observe a diminution of the water diffusion, a process relevant
only in sorption catalysts during the regeneration (drying) phase.

In this paper, a focus is made on the long-term performance of the catalyst-support couple
under optimum conditions for sorption-enhanced methanation, the latter of which were determined
elsewhere [13], using nickel nanoparticles as the active metal and zeolite 5A as the support. The choice
of zeolite 5A is justified elsewhere [22,23]. In short, the most important parameters for the choice
of a sorption enhanced support are (i) the pore size, which allows manipulating the reaction path
towards the desired reaction intermediates and products—because of the differences in product kinetic
diameters, pore sizes ≥5 Å favor CH4 formation while pore sizes ≤3 Å favor CO formation—and (ii)
the water sorption capacity at the catalyst operation temperature, which determines the extent of Le
Châtelier’s effect.

The performance of this system was studied by means of a thermogravimetric method;
i.e., with specimens under the gas stream in a magnetic suspension balance. This approach allows
for both equilibrium and kinetic analyses through real-time monitoring of the specimen mass change.
This reflects the evolution of the Sabatier reaction, because water is one of its products and is entirely
adsorbed on the zeolite support as long as the reaction is sorption-enhanced. We also used this
experimental approach to measure the equilibrium CO2 and H2O uptake capacity at conditions
relevant for methanation. Methanation and drying have been studied over long periods of time,
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both in steady-state and multiple-cycling conditions. The evolution of the performance was then
linked to the catalyst surface chemistry, crystal structure and water desorption kinetics.

2. Results and Discussion

The catalyst-support couple after reduction is as follows: Ni particles with sizes in the 20–30 nm
range are present on the zeolite surface as well as in the bulk. The cube-like zeolite crystallites
are typically between 2 and 5 μm in size, exhibiting flat facets over which the Ni particles are
homogeneously distributed (see inset of Figure 1a). The fracture surface shown in Figure 1a is
representative of the pellet bulk, as well as the surface, on which no noticeable difference was observed.
The XRD data of the as-prepared specimen shown in Figure 1b confirms the Ni and zeolite crystallite
sizes, as well as crystal structures.

 

Figure 1. (a) Representative SEM image of the fracture surface of a Ni-impregnated 5A zeolite pellet
after reduction. (b) X-ray powder diffraction patterns of the catalyst as prepared and after methanation
under different conditions.

Continuous methanation experiments were carried out at different temperatures. In such
experiments, the catalyst was simply subjected to a stoichiometric H2/CO2 ratio for a given time

71



Catalysts 2018, 8, 341

period. We will first focus on the catalyst performance, illustrated by the normalized CH4/CO2 ratio in
Figure 2. One should note here that this ratio is only a relative estimation of the catalyst performance
because part of the gas stream is bypassing the catalyst (see experimental section). It cannot be used to
quantitatively assess the catalyst performance, e.g., by deducing the process methane yield. Although
experiments up to 75 h were performed with in-situ gravimetric measurements, it should be noted that
the operation time with in-situ IR measurements was currently limited to about 30 h. As explained
above, the outlet gas line was heated to avoid water condensation, but still some water condensed in
the optical cell. After about 30 h, the IR background was affected by the water signal and did not allow
for a quantitative evaluation of the data. Alternative solutions are currently being studied in order to
improve the setup.

 

Figure 2. Evolution of the normalized CH4/CO2 ratio calculated from in-situ IR data during long-term
methanation experiments at different temperatures. The solid lines are guides for the eye.

Relatively small performance drops were observed at 320 ◦C and at 360 ◦C, with a normalized
CH4/CO2 ratio losing about 10% of its original value (i.e., at the start of the experiment, immediately
after introduction of CO2 into the system) in 30 h of operation in the optimum region for
sorption-enhanced methanation. The performance drop was significantly higher at 500 ◦C, where a
decrease of the CH4/CO2 ratio of 30% was observed after 30 h operation. This is an important result,
which encourages the development of the still recent sorption-enhanced methanation strategy, because
the latter exhibits mild operation conditions compared to most classic methanation catalysts [3,4].
One might indeed expect either Ni crystallite growth, catalyst poisoning or catalyst coking to
be favored at higher operation temperatures. In the present study, poisoning can be ruled out
because only pure commercial gases were used. Nickel crystallite growth is a possible scenario,
especially at 500 ◦C. However, the XRD diffractograms in Figure 1 indicate there was no reduction
in the peak width after 72 h of catalyst operation at any of the three temperatures considered here.
This does not exclude fine changes in the microstructure of the nanoparticles. Studies on thermal
degradation of classic methanation catalysts indicate that temperatures above 500 ◦C should generally
be avoided [3]. The excellent stability of the catalyst activity in the optimal region for sorption-enhanced
methanation (around 300 ◦C [13]) is encouraging. However, such materials are operated in alternating
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methanation/drying phases. The main challenge of the current study is the evaluation of the catalyst
stability under such phases, which imply a focus on reversible water evolution in the zeolite support.

Figure 3a shows the evolution of the specimen mass as a function of time in a methanation/drying
experiment performed at 360 ◦C. The steep early-stage kinetics is due to the sorption-enhanced effect,
which results in fast methane production, and simultaneously, fast water uptake by the zeolite support.
As water uptake approaches the zeolite saturation point, the sorption-enhanced effect becomes weaker,
as shown by the slower late-stage kinetics. When the zeolite is saturated with water, the catalyst still
produces methane, behaving like a classic methanation catalyst, where the system reflects the sole
activity of the Ni nanoparticles. One must note here that the mass change shown in Figure 3a could
not be exclusively the result of water adsorption by the zeolite support. As will be discussed later,
the possibilities of specimen coking and CO2 adsorption will be considered as well. Such phenomena
would explain why the specimen mass was still significantly higher than the baseline acquired before
methanation, even after 10 h drying.

 
Figure 3. (a) Evolution of the mass of a Ni-impregnated 5A zeolite catalyst measured by a magnetic
suspension balance during methanation (6 h) and drying (10 h) at 360 ◦C with stoichiometric H2/CO2

feed ratio. H2 is always present in the inlet gas stream, and t = 0 s corresponds to CO2 introduction
into the system. (b) Evolution of the IR peak areas of CH4, CO2, H2O, and CO in the outlet gas stream.
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Figure 3b shows the peak areas of CO2, CH4, H2O and CO as measured by IR spectrometry
(one spectrum was recorded every 30 min). No IR peaks were observed before CO2 introduction,
as expected, since H2 is not IR-active. As soon as the second reactant came into play, both CH4 and
H2O products were observed, together with small amounts of CO, a well-known intermediate of the
Sabatier reaction [22]. Small water peaks are readily observed because the system is not designed
as a catalyst bed. It has previously been shown that pure methane can be produced only as long as
the catalyst bed at the outlet consists of dry zeolite [13]. When the so-called water front reaches the
outlet, a dynamic equilibrium state is reached between water on the zeolite surface and water in the
gas stream. Here, water could escape the specimen at any time, even when the Sabatier reaction was
still sorption-enhanced. Although no clear trends can be distinguished from the evolutions of the
H2O and CO peak areas, the trend observed in Figure 2 (i.e., a decreasing CH4/CO2 ratio) is already
visible in a shorter experiment, such as in Figure 3b. When drying was initiated, water progressively
desorbed from the zeolite, while the other gas species immediately dropped to zero. To corroborate
the hypothesis of water being the origin of the mass change observed by gravimetry, we performed
adsorption equilibrium measurements. Figure 4 shows the equilibrium uptake of CO2 and water
at fixed partial pressures and various temperatures, including the temperature range relevant for
methanation. The CO2 partial pressure of 200 mbar corresponded to that used in the methanation
experiments, while the partial water pressure used for adsorption experiments was significantly lower
than that expected to occur during methanation: at 50% CO2 conversion, a water partial pressure of
200 mbar was reached, while the adsorption experiments were limited to a water partial pressure of
15.8 mbar for technical reasons (humidification of the carrier gas had to take place at room temperature).
Still, the equilibrium water uptake exceeded that of CO2 by a factor of five; the mass change observed
during drying can thus be attributed to water. Apart from confirming the hypothesis of water being
the origin of the mass change, the experiments yielded important information for the development
of materials for sorption-enhanced methanation. The uptake curves match literature data [24] of the
pure 5A zeolite over the full investigated temperature range, if scaled by a factor of around five (see
Figure 4). This means that when anticipating performance data of sorption catalysts, it is possible to
refer to reference data for the zeolite host with a “correction factor”. This factor is due to the increased
weight from the additional catalyst added to the sorption material (about 6 wt %), and partial blocking
of adsorption sites due to the impregnation process (in a previous study on the same materials, we
showed the effect of Ni loading on the catalyst BET surface area [22], e.g., the addition of 6 wt % Ni
decreases the latter from 460 m2g−1 to 330 m2g−1). The maximum uptake of the host sorption material
determines the performance of the sorption catalyst. As pure zeolite 13X has a higher water uptake
capacity than 5A catalysts, a better performance by it as the host material for the sorption catalyst is
expected [13] and was found (the duration of the sorption enhanced mode is multiplied roughly by a
factor of three when switching from 5A to 13X [23]). Furthermore, thermodynamic parameters, such as
the heat of adsorption, relevant for the methanation and drying process remain unchanged. For energy
balance calculations of the process, one may thus rely on reference data of the pure zeolites. As the
energetics of the water-zeolite system remains unchanged, we can thus safely assume that the kinetic
properties, such as the diffusion of the sorption catalyst, also reflect that of the pure host material.

Crank developed a model based on Fick’s second law of diffusion for the evolution of water in
porous solids [25], describing it as a water vapor diffusion process. The following expression accounts
for the evolution of the average water content in a porous solid under the hypothesis of a uniform
surface water concentration [26]:

mt,
meq

= 1 − 6
π2 ∑∞

n=1
1
n2 e−

Dn2π2t
R2 (1)

where mt and meq, are the masses adsorbed at time t and at equilibrium, R is the average zeolite
crystallite radius and D is the diffusion coefficient. Equation (1) is valid for both water adsorption and
desorption [26] and can therefore be used to fit a water uptake mechanism such as sorption-enhanced
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methanation (Figure 3a) but also for zeolite drying [27], i.e., the two fundamental steps of the
sorption-enhanced methanation process [13]. This means that in both cases, meq is the water uptake
capacity of the zeolite support at the reaction temperature. In the case of methanation, it is the mass
of water taken up by the zeolite; in the case of drying, it is the mass of water desorbed from the
zeolite. A simplified expression of Equation (1) accounts for late-stage kinetics (long term asymptote,
mt/meq > 0.75) [26]:

ln
(

1 − mt

meq

)
= ln

(
6

π2

)
− π2Dt

R2 (2)

 

Figure 4. Equilibrium uptake of CO2 and water at fixed partial pressures for various temperatures.
The partial pressures are 200 mbar CO2 and 15.8 mbar H2O, respectively, in the carrier gas He. Literature
data on pure zeolite 5A24 is included for comparison. The literature data matches that for the sorption
catalyst if scaled by a factor of five.

According to Equation (2), Figure 5 shows a logarithmic plot of the fractional mass uptake as a
function of time from the data of Figure 3a. One can conclude from this plot that the methanation
reaction is limited by water diffusion. However, on the one hand, choosing R as the zeolite crystallite
radius does not result in realistic values of D. On the other hand, choosing R as the zeolite pellet
size (R = 0.075 cm) results in D = 7.6 ± 0.1 × 10−8 cm2/s, in good agreement with literature [28].
This indicates that the rate-limiting step of sorption-enhanced methanation is water diffusion through
the pellet bed rather than intracrystalline diffusion. The same analysis could be performed in the
early-stage kinetics, for which a simplified expression of Equation (1) also exists [26], but this stage
is too fast compared to the minimum time resolution of the magnetic suspension balance, so that no
reliable quantitative analysis could be performed.
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Figure 5. Evolution of the fractional mass uptake of a Ni-impregnated 5A zeolite catalyst during
methanation at 360 ◦C with stoichiometric H2/CO2 feed ratio. The red line represents Equation (2).

The possibility of coking was studied by means of specimen melting in pure oxygen and
subsequent quantitative infrared analysis (see experimental details). The methanation experiments
described in Figure 1 were repeated with different operation times in order to evaluate the carbon
concentration in the related specimens (shown in Figure 6). First, the carbon content increased roughly
by a factor of four between the as-prepared specimens and the specimens that had been utilized for
catalytic screening. Classical coking on the surface of the catalytic Ni particles is expected to increase
with time as well as temperature [19]. The carbon content was influenced neither by the methanation
time, nor by the reaction temperature, although the catalytic performance decreased at very high
temperatures. It remained at an average of 0.11 ± 0.01 wt %; i.e., there was no significant carbon uptake
by the sorption catalysts during catalysis. Therefore, the results from the performance tests, as well
as the carbon analysis, demonstrate a very robust behavior of the catalysts, in particular at typical
operation temperatures. This observation is in line with studies on coking of classic methanation
catalysts [3], which indicate that coking is not an issue with operation temperatures under 500 ◦C.

 

Figure 6. Gravimetric carbon content in Ni-impregnated 5A zeolite specimens subjected to continuous
methanation experiments (red, blue and green dots, average of the latter shown by the grey line) and
multiple methanation/drying cycles (orange).
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Apart from water, zeolites adsorb CO2 [29,30], CO, and various other carbon-containing side
products, such as carbonates and higher hydrocarbons. For example, adsorbed CO2 could remain
in the zeolite pores even at zero CO2 partial pressure [29], i.e., also during specimen transport in air
between the methanation experiments and melting in the tubular oven, but this amount would not
increase with reaction time. Since diffusion of CO2 in the pores of zeolite 5A is relatively fast [30],
other adsorbed carbon-containing intermediates may contribute to the total carbon content. Again,
these compounds would not accumulate during the course of the reaction. With concentrations as
low as 0.1 wt %, the chemical analysis of these compounds is a challenge. Diffusive reflective infrared
Fourier transform spectroscopy (DRIFTS) can identify most of possible adsorbates on a catalyst
surface. These DRIFTS measurements on Ni-zeolite showed the presence of three well-known reaction
intermediates in the Sabatier process: CO as well as the formate and carbonate ions [22]. As the latter
ones may also be formed on the zeolite surface, their diffusion to the catalytic Ni surfaces may be
slightly slower than their formation, and thus cause accumulation in the zeolites. This hypothesis
is underlined by the measurement of the carbon uptake of a cycled sorption catalyst. The sequence,
consisting of a methanation step of 30 min and a drying step of 1 h, was repeated 39 times, for a
total methanation time of 19.5 h. Here, the carbon content was higher than in the specimens that had
undergone continuous methanation experiments, even with longer methanation times at the same
temperature (see Figure 6). During drying, any carbonaceous species was no longer adsorbed in
competition with water, which eased its adsorption in the zeolite, and may have blocked some pores.
We believe that the special degradation phenomenon described above was taking place preferentially
on a dry, rather than a wet, surface.

This phenomenon is quantitatively assessed here through a study of the zeolite drying kinetics of
each methanation/drying cycle in the multiple cycling experiment described above. Figure 7a shows
that the drying kinetics is clearly slowed from cycle to cycle. As in the methanation kinetics shown
in Figure 5, the fractional mass loss can be fitted with Equation (2) in the late stage [27]. Here again,
realistic values of the diffusion coefficient were obtained by using R as the pellet size, confirming the
above hypothesis that water evolution in the impregnated zeolite is limited by diffusion in the pellets.
Figure 7b shows the evolution of D as a function of the cycle number. The order of magnitude is in
agreement with the above-calculated value of D in the methanation regime. Moreover, it decreased by
about 40% after 39 cycles, indicating a deterioration of the water-diffusion properties. Such a trend
was not visible in the continuous methanation experiments, which points again towards a degradation
mechanism taking place preferentially during the drying process.

The degradation phenomenon investigated here is specific to sorption-enhanced methanation.
It takes place during the drying phases, where the CO2 adsorbed on the zeolite surface during
the methanation phases is converted to intermediates, such as carbon monoxide, formates,
and carbonates [22]. There is an indication that this adsorption takes place preferentially in dry
conditions. This means that here, catalyst degradation is not associated to a decrease of the catalyst
activity (i.e., catalyst deactivation). Despite the fact that the Ni nanoparticles maintain their activity
throughout long sequences of methanation and drying, the diffusion properties of the water adsorbing
zeolite host matrix are significantly affected, which in turns affects the process performance rather than
the catalyst performance itself. Carbon containing adsorbates will affect the water adsorption kinetics
and equilibrium [31] by a partial blocking of pores in the zeolite and hinder the Le Châtelier’s effect in
the sorption-enhanced methanation process. At higher temperatures, additional phenomena cannot
be excluded: namely, the performance drop observed at 500 ◦C (see Figure 2) could be the result of
hydriding of the Ni nanoparticles. Such particles embedded in a support could undergo important
microstructural [32] and stress [33] effects, which in turn could strongly affect the distribution and
mobility of hydrogen on the Ni surface. These possibilities will also be investigated in the future.
An important outcome of the paper is the finding that the water diffusion path length is of the order
of mm (Equation (2)). This is relevant for regeneration (drying) only: during methanation water
diffuses from the catalytic reaction centers to the neighboring zeolite crystallites (i.e., of the order of
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10−8 . . . 10−6 m); for regeneration, water has to leave the catalyst pellet, i.e., diffusion path lengths
of 10−3 m (see Figure 8). This explains why the catalyst degradation affects the regeneration mode,
while the catalytic performance during methanation is nearly unaffected.

 

 

Figure 7. (a) Evolution of the fractional mass loss of a Ni-impregnated 5A zeolite catalyst during
drying at 360 ◦C in a multiple cycling experiment. t = 0 s corresponds to CO2 removal from the
system. (b) Diffusion coefficient as a function of cycle number, calculated from fitting Equation (2) to
the late-stage region of drying curves. The solid line is a guide to the eye.

Sorption-enhanced methanation enables the production of pure methane from CO2 and hydrogen
based on the active removal of water from the catalytically active (Ni-) centers. In a previous study,
we showed that sorption-enhanced methanation catalysts indeed show better performances than
commercial methanation catalysts with similar nanostructures operated in the same experimental
conditions [11]. The reaction steps, which are enhanced, involve the formation of water, i.e.,
the detachment of oxygen from the intermediates (see, e.g., Shi et al. [34]). The subsequent reaction
steps responsible for the hydrogenation of the carbons remain untouched. An unwanted side reaction
is the formation of carbon deposits on the active catalyst, which will be enhanced if the hydrogenation
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of carbon is the rate-limiting step [19]. Thus, there are methanation concepts using a high water partial
pressure preventing the accumulation of carbon on the catalyst [10]. The lower methanation yield of
the single reaction is overcome by repeating the reaction in serial reactors [35]. Our reaction concept,
based on a low water partial pressure, may thus be vulnerable to catalyst coking. We demonstrated in
this paper that classical coking, i.e., carbon deposition on Ni, does not take place. However, due to a
more complex materials system (sorption catalyst) and the specific operation conditions, an additional
degradation mechanism was found to lead to reduced water diffusion in the sorbent. However, this
problem can find solutions in the zeolite drying step, i.e., by making it a catalyst regeneration step as
well. As a matter of fact, it was shown that drying in oxidizing atmosphere leads to better catalytic
activity in the sorption-enhanced mode, even if it oxidizes the active metal at its surface (an increase
of the duration of the sorption enhanced mode of 26% was observed when using air as a drying gas
instead of hydrogen [23]). Oxidizing atmospheres can also be used in order to clean carbon compounds
from the catalyst surface. Additionally, the simple fact that drying takes place in oxidizing conditions
hinders the reduction of carbon oxides on the surface, and thereby the formation of coke. Of course,
such oxidizing drying steps need to be balanced with reducing environments in order to limit oxidation
of the active Ni surface.

 

Figure 8. Sketch to illustrate the different length scale of diffusion: water diffusion is a local
phenomenon during methanation (from the catalytic reaction centers to the neighboring zeolite
crystallites, i.e., of the order of 10−8 . . . 10−6 m); for regeneration, water has to leave the catalyst
pellet, i.e., diffusion path lengths of 10−3 m.

3. Experimental Details

As stated above (see introduction), this study starts from a fully optimized process [13] with
known catalyst microstructure and properties [11,23], from which the question of the long-term
stability of the related catalyst arises. The metal-support system was prepared as follows: nickel nitrate
hexahydrate (Ni(NO3)2, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in deionized water.
Pellets of zeolite 5A (Linde Type A, cylindrical shape, 1.5 mm diameter, 3 mm length) were
immersed in this solution for 24 h at room temperature. Ni partly ion-exchanged with alkali/alkaline
earth elements from the zeolite structure (zeolite 5A formula: CanNa12−2n[(AlO2)12(SiO2)12]·xH2O),
while non-impregnated Ni could also remain in the zeolite pores after immersion. Therefore,
the present synthesis is a combination of liquid ion exchange and impregnation. Washing of the
pellets was omitted in order to avoid producing toxic Ni waste. The pellets were then dried at 100 ◦C
for another 24 h, and reduced in hydrogen flow for 2 h at 650 ◦C. In these conditions, Ni atoms
incorporated in the zeolite structure cluster and form nanoparticles on the surface as well as in the
bulk, for a Ni loading of about 6 wt % [13].

This catalyst was characterized by the following methods: scanning electron microscopy (SEM)
images of the zeolite surface were acquired using a Nova NanoSEM 230 FEI (Thermo Fischer Scientific,
Waltham, MA, USA) with a 20 kV acceleration voltage. SEM observations were conducted at
pellet surfaces and fracture surfaces without noticeable difference. The crystal structure of the
specimens was investigated by X-ray powder diffraction (XRD) with a Bruker D8 diffractometer
(Bruker, Billerica, MA, USA) with Cu-Kα radiation in a 2θ range of 5◦–90◦ and a step size of 0.017◦
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(pattern PDF codes: 01-077-1335 (zeolite 5A) and 01-071-4740 4-850 (Ni)). Topas software (v. 5.0,
Bruker AXS, Karlsruhe, Germany, 2014) was used for determination of crystallite sizes (Scherrer
equation). Carbon concentrations were determined by melting the specimens in pure oxygen (with
a slight overpressure compared to atmosphere) in a tubular oven at 1350 ◦C (IRF 1600 from SYLAB,
Metz, France) and measuring the CO2 emitted by carbon combustion in real time with nondispersive
infrared spectrometry (Infrared Analyzer CSbox from SYLAB, with a resolution of 0.1 ppm).

The catalyst specimens were studied in-situ in a magnetic suspension balance (Rubotherm,
Bochum, Germany) modified in order to encapsulate the specimen holder in a gas stream.
This system is shown schematically in Figure 9. The outlet gas stream was connected to an infrared
spectrometer (Alpha from Bruker, Billerica, MA, USA, equipped with an 8-cm gas cell, resolution:
0.9 cm−1). The specimen could be heated up to 500 ◦C. The bucket-shaped specimen holder
was micrometrer-sized meshed—any gas species could penetrate easily without undesirable flow
effects. The gas connections were made with Swagelock tubing (Swagelock, Solon, OH, USA), and the
gas flows controlled by thermal-based mass flow controllers (EL-FLOW Select series from Bronkhorst,
Ruurlo, The Netherlands). The latter could be programmed with a LabVIEW interface. The outlet
gas line was heated to 100 ◦C with a heating band in order to avoid water condensation in the
optical cell. The main advantage of this system is the robustness of the magnetic suspension balance
measurements. Reliable data could be acquired for days, either by continuous methane production
or by repeated methanation/drying cycles. Apart from kinetic measurements, the system was used
to acquire equilibrium data for the uptake of water and CO2 as a function of temperature. For these
experiments, the catalyst was exposed either to a 4:1 He/CO2 gas mixture at 1 bar, or to humidified He
gas corresponding to a water partial pressure of 15.8 mbar (50% humidity at 25 ◦C).

 

Figure 9. Schematic representation of the experimental setup used in this study for sorption-enhanced
methanation and drying.

The specimen mass change during sorption-enhanced methanation and drying was monitored
in this system, providing quantitative insight into the kinetics and equilibrium behaviors of the
catalyst-support couple. The specimen mass was in the range 2.5–3 g. Both methanation and drying
were performed at atmospheric pressure with a total flow of 250 mL/min and a stoichiometric H2/CO2

ratio. It should be noted that this setup is not a catalyst screening setup. No gas hourly space velocity,
and thereby no catalyst turnover frequency, could be deduced from the total gas flow because the
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specimen holder was hanging in empty space, and therefore could not be considered as a catalyst
bed. A significant CO2 signal was always observed because the inlet gas species could easily bypass
the specimen. Additionally, water could escape the specimen at any time and from any region.
Consequently, the long-term performance of the catalyst will be discussed in terms of in-situ IR signal
ratio between gas species, rather than absolute gas composition.

In the methanation experiments considered here, the specimens were permanently subjected
to a H2 flow; the CO2 flow was then switched on to trigger methanation and simply switched
off to trigger drying. In order to discuss the long-term catalyst performance in both classic
and sorption-enhanced methanation, temperatures between 320 and 500 ◦C were considered; i.e.,
by screening the catalyst activity from the sorption-enhanced methanation optimum of 300 ◦C
described by Borgschulte et al. [13] up to more commonly encountered temperatures for classic
catalytic methanation [3,4].

4. Conclusions

Sorption-enhanced methanation catalysts allow for relatively mild operational conditions
compared to conventional methanation; namely, in the case of Ni nanoparticles distributed on
5A zeolite, the active nanoparticles under operational conditions shows practically no long-term
deactivation close to the sorption-enhanced methanation optimum, as coking and thermal degradation
are excluded in the present study. However, sorption-enhanced methanation requires alternating
methanation/drying periods. Water diffusion in the zeolite pellet bed is the rate-limiting step in both
cases. A comparison of the equilibrium adsorption data of CO2 and H2O suggests that thermodynamic
properties such as diffusion may be estimated from that of the pure zeolite, for which much more data
exist. For equivalent methanation times, specimens screened under such cyclic treatments exhibited
carbon contents about 55% higher than specimens subjected to continuous methanation conditions.
This suggests a degradation phenomenon specific to sorption-enhanced methanation, which does not
directly affect the catalytic activity of the active metal. In this sense, this degradation phenomenon is
not a deactivation phenomenon. Reaction intermediates and products in the zeolite formed during
methanation phases block pores in the sorbent during drying phases. The consequence of this was a
decrease in the water diffusion coefficient of 40% observed after 39 cycles. The decrease in diffusion
hardly affects the catalytic performance but has a considerable impact on the regeneration due to the
much longer water diffusion path lengths. Further investigations are necessary in order to determine
the mechanism of the reduction of diffusion, as well as the factors that influence the adsorption of
reaction intermediates and products in the zeolite under dry conditions. Catalyst drying in oxidizing
conditions is a good solution to this degradation phenomenon. More generally, we believe that the
sorption-enhanced methanation strategy could be adapted to other power-to-fuel processes in the
future (e.g., methanol synthesis, Fischer–Tropsch process).
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Abstract: Alkali-adopted Cu-Ni/diatomite catalysts were designed and used for the direct synthesis
of dimethyl carbonate (DMC) from carbon dioxide and methanol. Alkali additives were introduced
into Cu-Ni/diatomite catalyst as a promoter because of its lower work function (Ni > Cu > Li >
Na > K > Cs) and stronger electron-donating ability. A series of alkali-promoted Cu-Ni/diatomite
catalysts were prepared by wetness impregnation method with different kind and different loading
of alkali. The synthesized catalysts were fully characterized by means of X-ray diffraction (XRD),
scanning electron microscope (SEM), temperature-programmed reduction (TPR), and NH3/CO2-TPD.
The experimental results demonstrated that alkali adoption can significantly promote the catalytic
activity of Cu–Ni bimetallic catalysts. Under the catalytic reaction conditions of 120 ◦C and 1.0 MPa;
the highest CH3OH conversion of 9.22% with DMC selectivity of 85.9% has been achieved when
using 15%(2Cu-Ni) 2%Cs2O/diatomite catalyst (CuO + NiO = 15 wt. %, atomic ratio of Cu/Ni = 2/1,
Cs2O = 2 wt. %).

Keywords: diatomite; alkali oxide; dimethyl carbonate; catalysis; carbon dioxide

1. Introduction

Carbon dioxide, the main greenhouse gas, can be converted into useful hydrocarbons rather than
viewing it as waste emission [1]. Dimethyl carbonate (DMC), an environment-friendly building block,
has attracted much attention as methylating and carbonylating agents, fuel additives, as well as polar
solvents [2–5]. Direct catalytic synthesis of DMC from carbon dioxide and methanol has attracted much
interest recently, which is industrially and environment-friendly compared to conventional commercial
processes such as methanolysis of phosgene [6], ester exchange process [7,8], and gas-phase oxidative
carbonylation of methanol [9]. Therefore, direct synthesis of DMC from CH3OH and CO2 is highly
desired as it is environment-benign by nature [2]. However, highly efficient utilization of CO2 is still a
significant challenge because of its in-built thermodynamic stability and kinetic inert.

Many kinds of catalysts for the direct synthesis of DMC from CO2, and CH3OH has
been reported, including organometallic compounds [10], potassium methoxide [11], ZrO2,
Ce0.5Zr0.5O2, H3PW12O4-CexTi1−xO2, H3PO4-V2O5, Co1.5PW12O40, and Rh/Al2O3 catalysts
etc. [12–23]. Nevertheless, the performance of these catalysts has a long way to go. Therefore,
a high-efficiency catalyst combined activation of CO2 and methanol is under study. Some interesting

Catalysts 2018, 8, 302; doi:10.3390/catal8080302 www.mdpi.com/journal/catalysts84
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investigations disclosed introducing a copper and nickel composite for the direct synthesis
of DMC. S. H. Zhong et al. investigated the catalysts Cu-Ni/ZrO2-SiO2, Cu-Ni/MoO3-SiO2,
and Cu-Ni/V2O5-SiO2 for this catalytic reaction [24–27]. In our previous studies, X.L Wu et al.
further optimized the preparation conditions and catalytic process of the Cu-Ni/VSO catalyst. In order
to enhance the yield of DMC [28], X.J Wang et al. reported the similar Cu-(Ni,V,O)/SiO2 catalysts with
UV irradiation and pushed DMC yield close to 5% [29]. Following the progress of peers, a significant
enhancement in catalytic activity and stability was achieved by J. Bian et al. [20–35].

Although the catalysts above-mentioned offer different advantages over others, considerable
shortcomings still exist, such as a complicated preparation process, expensive support materials,
and bleak prospects for large-scale preparation; moreover, some environment-destructive agents such
as H2SO4, HF, and K2MnO4 were introduced during the process. Therefore, the investigation on the
catalysts containing Cu-Ni bimetal, low-cost support, and high catalytic performance are much more
meaningful from a practical point of view. In our previous work, a series of diatomite-immobilized
Cu–Ni bimetallic nanocatalysts were prepared for the direct synthesis of dimethyl carbonate. The Cu-Ni
bimetallic components supported on conductive carbon materials were reported [36]. It is found that
the bimetallic composite is effectively alloyed and well immobilized inside or outside the pore of
diatomite. Under the optimal conditions of 1.2 MPa and 120 ◦C, the prepared catalyst with loading
of 15% exhibited the highest methanol conversion of 6.50% with DMC selectivity of 91.2% as well as
more than 10 h lifetime [36].

Alkali additives are known to improve many industrially catalytic reactions such as ammonia and
Fisher–Tropsch synthesis [37], CO oxidation and hydrogenation [38], and water-gas shift reaction [39,40].
It can induce a strong promotional effect on the performance of the catalysts such as enhanced
activity and selectivity, suppression of undesirable reactions and improved catalyst stability. In this
contribution, alkali-doped Cu-Ni/diatomite and pure Cu-Ni/diatomite bimetallic catalysts were
prepared and characterized. The promotional effect of alkali on the dispersion, reduction, and activity
of the catalyst are investigated in detail.

2. Results and Discussion

2.1. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of Diatomite

The FTIR spectrum of diatomite was recorded on an Analect RFX-65A type FTIR
spectrophotometer with KBr matrix in region 450–4000 cm−1. And the results are shown in Figure 1.
The adsorption signature of -OH antisymmetric stretching vibration was exhibited at 3445 cm−1.
The -OH group was affected by the hydrogen bond coming from the adsorbed water on the surface,
including pore water, and water bonded to the surface hydroxyl group. A broadband absorption
signature at 1091 cm−1 and a shoulder absorption signature at 1200 cm−1 are attributed to Si-O
antisymmetric stretching vibration. The absorption band at 471 cm−1 is attributed to the antisymmetric
bending vibration of O-Si-O in SiO4 tetrahedron. These spectrum features are consistent with
amorphous SiO2, which reflects the vibration characteristics of the SiO4 tetrahedron of amorphous
samples [41]. The hydroxyl groups existing on the surface and in the voids of the diatomite are
extremely important for the infiltration of the precursor in and impregnated solution, and the
adsorption and dispersion of the precursor on/in the diatomite.

2.2. Decomposition and Reduction Study of the Catalyst Precursor

The as-prepared Cu-Ni-M ammonia complex precursors were firstly investigated by
thermogravimetric analysis (TGA) as shown in Figure 2. All the precursors exhibited clearly two-step
decomposition. However, it is obvious that the decomposition temperature of alkali doped precursors
is lower than that of the undoped precursor, which may result from the effect of distribution and
induction of alkalis. It indicates a little lag around 300 ◦C at the end of the second decomposition
step, which could be ascribed to the more difficult decomposition of alkali nitrate. Moreover,
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the decomposition completes much earlier with the increase of basicity and the decrease of potassium
content for potassium doped precursors.

Figure 1. Fourier-transform infrared spectroscopy (FTIR) spectrum of diatomite.

 

Figure 2. Thermogravimetric analysis (TGA) traces of catalyst precursor.

The calcined catalysts precursors were reduced by 5% H2 purging (Figure 3). The CuO-NiO/diatomite
shows two obvious overlapped reduction peaks of CuO (~303 ◦C) and NiO (~344 ◦C), respectively.
The precursors doped with alkalis show one obvious combined reduction peak rather than overlapping
combined reduction peaks, and all of them could be fully reduced below 400 ◦C. This may originate
from the effect of distribution strongly promoted by alkali and the stronger reducibility induced
by oxygen bridge bond between alkali and CuO/NiO (M-O-Cu/Ni) because of its much stronger
adsorptive ability to H2 [24]. Furthermore, it shifts to a slightly higher reduction temperature due
to the less electron-accepted ability of the oxygen bridge bond with the increase of alkali basicity.
The main reduction temperature increases from 309 ◦C to 325 ◦C with the increase of alkali basicity
under the same content of alkali oxides (Figure 3b).
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Figure 3. Temperature-programmed reduction (TPR) (a) and corresponding fitting curves (b) of
calcined catalyst precursor.

2.3. Textural Investigation of the Catalyst

The powder X-Ray diffraction (XRD) study of alkali-doped and undoped Cu-Ni/diatomite are
presented in Figure 4. All catalysts show four typical diffraction peaks of Cu-Ni alloy or Cu/Ni
around 2θ value of 43.75 (111), 50.88 (200), 74.98 (220), and 91.13 (311) with very few diffraction
peaks of CuO/NiO. Moreover, the weak diffraction peaks of 200, 220, and 311 become weaker and
broader with increasing the basicity of alkali due to the alkali-promoted effect of lattice destruction
and grain refinement, especially for cesium-doped catalyst, indicating that much stronger basicity of
alkali is more favorable for the stabilization of the nano-particles. The same trend was also observed
with increasing amount of K2O, which resulted from the effect of potassium-promoted physical
distribution. The effect of grain refinement may attribute to alkali as the nucleation agent for Cu-Ni
precursor crystallization.

 

Figure 4. Powder X-ray diffraction (XRD) of the samples.

The morphology observation was conducted using scanning electron microscope (SEM) as
shown in Figure 5. Figure 5a shows the natural diatomite and Figure 5b the treated diatomite,
while Figure 5c shows the Cu-Ni/diatomite, Figure 5d–g shows the Cu-Ni/diatomite doped with
2% of LiO2, Na2O, K2O, and Cs2O in turn; the particle sizes of these catalysts decrease with the
increase of the alkali basicity. Finally, the catalysts doped with 0.5% K2O in Figure 5h and 5% K2O in
Figure 5i, compared with Figure 5f, evince that the particle size decreases with increasing the amount
of K2O, which is consistent with the result of XRD patterns. It indicates that the alkali doped Cu-Ni
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catalyst can facilitate the decomposition and reduction of Cu-Ni catalyst precursors at a much lower
temperature. In addition, the alkali clusters dispersed in Cu-Ni crystallites could prevent the adjacent
Cu-Ni grains from excessive growth at high temperature and thus stabilize the Cu-Ni crystallites.
Consequently, more active sites of Cu-Ni surface containing alkali are exposed on the surface of
reactant molecules, which favorites the catalytic reaction. A Transmission electron microscopy (TEM)
image of 15%(2Cu-Ni)-2%K2O/diatomite catalyst is shown in Figure 6; it can be seen that the catalyst
particles are evenly dispersed on the diatomite support, and the particle size of the catalyst is about
20 nm. It could provide a high specific surface area and result in high utilization.

 

Figure 5. Scanning electron micrographic images of the samples.

Figure 6. Transmission electron microscopy (EM) image of 15%(2Cu-Ni)-2%K2O/diatomite catalyst.
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2.4. Adsorptive Behavior of the Catalyst

The adsorptive properties of the catalyst samples were examined by CO2-TPD
(Temperature-Programmed Desorption) and NH3-TPD, respectively. As shown in Figure 7,
the catalysts doped with alkali exhibit much stronger CO2 desorption than the undoped catalyst.
In addition, the desorption peak slightly shifts to a higher temperature with the increase of alkali
basicity, from a 157 ◦C increase to 223 ◦C, which increases from 199 ◦C to 231 ◦C with the increase
of K2O content, respectively. According to Figure 7 and Table 1, it gradually shows a trend of two
peaks with the increase of alkali basicity. This indicates a greater ability of CO2 activation, due to
the well-dispersed alkali clusters in Cu-Ni. Figure 8 presents the NH3-TPD curves of as-prepared
catalyst samples. The samples doped with alkali exhibit a little higher desorption temperature than
the undoped catalyst (from 186 ◦C increase to 207 ◦C), but which decrease slightly with the Cs2O
doping. The details could be seen from Figure 8 and Table 2. It demonstrates that the introduction of
alkali into Cu-Ni composites intensified the NH3 desorption. Presumably, this is due to the effect of
alkali-promoted dispersion and alkali-induced electron distributions of Cu-Ni bimetal. This provides
more unsaturated complex centers for the adsorption of NH3 and the activation of CO2.

Figure 7. CO2 Temperature-programmed desorption curves (a) and their fitting curves (b) of the samples.

Table 1. Quantification of the CO2-TPD profiles of as-prepared catalysts.

Samples T a (◦C) Amount b (μmol gcat −1) Total c

Diatomite — — —

15%(2CuO-NiO)/diatomite 157 5.45 5.45

15%(2CuO-NiO)-2%Li2O/diatomite 162 7.61 7.61

15%(2CuO-NiO)-2%Na2O/diatomite 164 8.39 8.39

15%(2CuO-NiO)-2%K2O/diatomite
138 4.75

14.54206 9.79

15%(2CuO-NiO)-2%Cs2O/diatomite 223 9.71 9.71

15%(2CuO-NiO)-0.5%K2O/diatomite
133 3.75

11.84199 8.09

15%(2CuO-NiO)-5%K2O/diatomite
171 4.40

12.25231 7.85
a Peak temperature of fitting curves; b Amount of absorption NH3 (μmol) per gram catalyst according to each peak;
c Total amount of absorption NH3 (μmol) per gram catalyst.
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Table 2. Quantification of the NH3-TPD profiles of as-prepared catalysts.

Samples T a (◦C) Amount b (μmol gcat −1) Total c

diatomite — — —

15%(2CuO-NiO)/diatomite
134 1.87

5.64186 2.36
243 1.41

15%(2CuO-NiO)-2%Li2O/diatomite 200 6.60 6.60

15%(2CuO-NiO)-2%Na2O/diatomite 202 9.96 9.96

15%(2CuO-NiO)-2%K2O/diatomite 207 11.3 11.3

15%(2CuO-NiO)-2%Cs2O/diatomite 185 11.2 11.2
a Peak temperature of fitting curves; b Amount of absorption NH3 (μmol) per gram catalyst according to each peak;
c Total amount of absorption NH3 (μmol) per gram catalyst.

Figure 8. NH3 Temperature-programmed desorption curves (a) and their fitting curves (b) of the samples.

2.5. Effect of Alkali on the Activity of Catalyst

As listed in Table 3, 15%(2Cu-Ni)/diatomite doped with different kinds and different amounts of
alkali were prepared and studied. For the catalyst doped with Li2O, the methanol conversion decreases
from 6.11 to 2.77% with an increase of the Li2O content. This is probably due to the destruction of the
Cu-Ni alloy composite and the formation of the Cu-Li alloy. As for the catalysts doped with Na2O,
K2O, and Cs2O in turns, the catalytic activity increases with alkali dopant loading and reaches the
highest value at 2wt % doping content (7.92 mol %). The highest doping content of 5wt % results in the
lowest activity, likely owing to the excessive dopant surfacing on Cu-Ni, which can poison the active
center of the Cu-Ni composites. Moreover, it seems that the catalytic activity is increased by increasing
the basicity of dopant. It is believed that Na2O, K2O, and Cs2O are solidified together with CuO-NiO
during calcination when preparing catalysts. As a result, Na, K, and Cs can then immigrate into the
lattice of the Cu-Ni alloy composite. Thus Cu-Ni-alkali (Na, K, and Cs) can be partly alloyed on the
interface of the alkali oxide and Cu-Ni during the process of reduction. In conclusion, the introduction
of alkalis into Cu-Ni lattice can promote the polarization of Cu-Ni lattice and speed up the electron
transformation from Cu-Ni to CO2, which in turn activates the reaction between methanol and CO2.
Compared with V-doped Cu-Ni catalyst [31], this method provides an effective and economic way for
the direct synthesis of DMC, and would trigger much more interest in peer work.
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Table 3. Influence of alkali loading on catalytic performance of 15% (2Cu-Ni)/diatomite.

Catalyst a Methanol Conversion
(mol %) b,c

DMC Selectivity
(mol %) c DMC Yield (mol %) c

15%(2Cu-Ni)/diatomite 6.50 91.2 5.93
15%(2Cu-Ni)-0.5%Li2O/diatomite 6.11 88.2 5.39
15%(2Cu-Ni)-2%Li2O/diatomite 5.68 83.2 4.73
15%(2Cu-Ni)-5%Li2O/diatomite 2.77 85.1 2.36
15%(2Cu-Ni)-0.5%Na2O/diatomite 6.68 83.3 5.56
15%(2Cu-Ni)-2%Na2O/diatomite 7.02 84.5 5.93
15%(2Cu-Ni)-5%Na2O/diatomite 3.97 81.7 3.24
15%(2Cu-Ni)-0.5%K2O/diatomite 6.81 89.2 6.08
15%(2Cu-Ni)-2%K2O/diatomite 7.55 90.3 6.82
15%(2Cu-Ni)-5%K2O/diatomite 3.68 84.8 3.12
15%(2Cu-Ni)-0.5%Cs2O/diatomite 7.17 90.7 6.50
15%(2Cu-Ni)-2%Cs2O/diatomite 9.22 85.9 7.92
15%(2Cu-Ni)-5%Cs2O/diatomite 5.65 80.4 4.54

a Molar ratio of CuO/NiO is 2/1, all metal contents are calculated by mass of corresponding metal oxide; b DMC
yield is calculated based on the amount of methanol; c Reaction conditions: 120 ◦C; 1.0 Mpa; CO2 flux (15 mL/min).

3. Experimental

3.1. Catalyst Preparation

Cu-Ni-M/diatomite (M = Li, Na, K, Cs) nanocatalysts were prepared by the wetness impregnation
method. Firstly Cu(NO3)2·3H2O, Ni(NO3)2·6H2O and alkali nitrate were dissolved in ammonia
solution with stirring, and then natural diatomite was dispersed in metallic ammonia solution.
The resulting mixture was stirred at room temperature for 24 h, ultrasonicated for another 3 h, followed
by rotavaporation to remove the solvent. Thereafter, it was dried at 110 ◦C overnight. The fully dried
solid was calcining at 500 ◦C for 3 h and further reduced by 5% H2/N2 mixture at 550 ◦C for 6 h.

3.2. Catalyst Characterization

TGA of samples were performed on a PerkinElmer Pyris Diamond SII thermal analyzer
(high-purity N2, 20 ◦C/min). The morphologies of the samples were characterized using a
SEM (JSM-5600LV, JEOL, Tokyo, Japan) equipped with an EDX to check the components of the
catalysts. The phase structure of the samples was determined by XRD on a D/Max-IIIA power
diffractometer (Rigaku Corporation, Tokyo, Japan) using Cu (Kα) (0.15406 nm) radiation source.
Temperature programmed reduction (TPR) and Temperature programmed desorption of ammonia
(NH3-TPD)/carbon dioxide (CO2-TPD) experiments of the samples were detected by Quantachrom
ChemBET 3000 apparatus (Quantachrom Instruments, Boynton Beach, FL, USA) equipped with a
thermal conductivity detector (TCD) [31].

The evaluation of the catalysts was performed in a continuous tubular fixed-bed micro-gaseous
reactor with 2 g of the fresh catalyst and set molar ratio of CH3OH bubbled into the reactor by CO2

(30 mL/min flux). It was carried out under set conditions of 120 ◦C and 1.2 MPa. The products were
analyzed by on-line GC (GC7890F) (TECHCOMP CORPORATE, Shang Hai, China) equipped with
a flame ionization detector and GCMS-QP2010 Plus (SHIMADZU CORPORATION, Tokyo, Japan).
The final results were calculated by the following Equations (1)–(3):

CH3OH conversion(mol %) =
[CH3OH]reacted
[CH3OH]total

× 100% (1)

DMC selevtivity(mol %) =
[DMC]

[DMC] + [Byproduct]
× 100% (2)

DMC yield(mol %) = CH3OH conversion × DMCselevtivity (3)
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4. Conclusions

Based on the SEM, TPR/TPD investigation of the activity and stability evaluation of the
alkali-doped catalyst, we can conclude that the incorporation of alkali is conducive to the preparation
of the catalysts precursor by decreasing the decomposition and reduction temperatures, which is
favorable for the formation of a nano-scale dispersion of bimetalic particles on the surface of supports.
The well-dispersed characteristic in turn endows the catalyst with more lattice drawbacks and a
polarized Cu-Ni lattice. This effect becomes more obvious with increasing the basicity of alkali.
The catalytic activity of the alkali-promoted catalyst is enhanced with the increase of alkali basicity,
except lithium oxide, indicating alkali doping can significantly improve the catalytic efficiency of
Cu-Ni composites. This preliminary study provides a new practical way to improve the efficiency of
DMC synthesis, which will promote related research and peer distribution in this hot research area.
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Abstract: Metal–carbon–carbon nanofibers composites obtained by catalytic pyrolysis of urban plastic
residues have been prepared using Fe, Co or Ni as pyrolitic catalysts. The composite materials have
been fully characterized from a textural and chemical point of view. The proportion of carbon
nanofibers and the final content of carbon phases depend on the used pyrolitic metal with Ni being
the most active pyrolitic catalysts. The composites show the electro-catalyst activity in the CO2

reduction to hydrocarbons, favoring all the formation of C1 to C4 hydrocarbons. The tendency
of this activity is in accordance with the apparent faradaic efficiencies and the linear sweep
voltammetries. The cobalt-based composite shows high selectivity to C3 hydrocarbons within
this group of compounds.

Keywords: carbon dioxide; CO2 electro-reduction; metal-carbon-CNF composites; plastic waste;
carbon-based electrodes; carbon nanofibers

1. Introduction

The increase of CO2 concentration in the atmosphere is thought to be one of the main causes of
global climate change [1]. In particular, the CO2 emission from the use of fossil fuels contributes to the
increasing concentration because it establishes a continuous net increase in the natural cycle of the
tropospheric carbon.

There are different strategies proposed to control this issue [2] being the most extended the CO2

storage, and the CO2 transformation to other valuable products, together with the implementation of
renewable energies.

On the other hand, renewable energy sources are supposed to be a replacement, but nowadays
they are not producing the constant currents that fossil fuels provide. For this reason, the storage of
surplus electrical energy produced during the peak production periods, and its release during peak
demand periods, should be crucial. In this manner, extensive research effort has focused on battery
storage [3]. However, battery manufacturing requires a lot of resources, reducing their contribution to
controlling CO2 emission, and its life is relatively limited. Furthermore, recycling of their components
is also a challenge.

One possible option to address the problem of temporary storing and local surplus of renewable
energy is the electro-catalytic reduction of CO2 to hydrocarbons in water [4]. In this process, the water
is split to provide the required hydrogen atoms, which react with CO2 to form hydrocarbons that
can be used directly in the existing infrastructure of fuel transportation as well as in storing the
renewable energy.
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The direct electrochemical reduction of CO2 in aqueous solution has been typically studied with
metal electrodes like Cu, Au, or Sn during the past few decades [5–10]. Copper electrodes have been
found to be quite good in the reduction of CO2 to hydrocarbons, although the Faradaic efficiency was
still low as a result of the dissociation of H2O to H2 [9]. More recently, metallic electrodes derived
from corresponding metal oxides, like SnOx, seemed to show promising results in certain catalytic
performance for CO2 reduction [11–13], and only a few transition-metal oxides such as TiO2, FeOx and
Cu2O have been reported as potential electro-catalysts for this application [14].

Alternatively, the application of carbon materials in electro-catalytic CO2 reduction process is
a plausible option, which has been tested with platinum catalysts supported on carbon nanotubes,
carbon cloth or carbon black [15,16], and even metal-free carbons [17]. Centi et al. [15] showed for the
first time the possibility of electro-catalytically converting CO2 to hydrocarbons with carbon chains >C5,
and with product distributions which do not follow the Anderson–Schulz–Flory distribution model
typical for Fischer-Tropsch synthesis. Li et al. [17] addressed nanoporous S-doped and S,N-codoped
carbons as catalysts for electrochemical reduction CO2 to CO and CH4, where the negative charge on the
pyridinic nitrogen groups promotes electron–proton transfer to CO2 leading to COOH* intermediates,
which are further reduced to CO.

Carbon gels doped with transition metals have also shown activity in this reaction [18,19].
Although this CO2 reduction mechanism is still being studied [20], the products obtained in the direct
electrochemical reduction of CO2 to hydrocarbons can achieve several carbon atoms [21]. Regarding
the hydrocarbon selectivity, recently [22,23], a high selectivity to C3-hydrocarbons among the detected
products has been reported using Co- and Fe-carbon electrodes. Moreover, Fe-carbon electrodes
have shown a well-fitted linear correlation between the average crystal sizes of iron and the faradaic
efficiencies: the smaller the crystal size, the higher the faradaic efficiency [23].

On the other hand, the large amounts of plastic residue is also a very important environmental
problem, and the out-of-control combustion method should not be an option, because it would increase
the CO2 atmospheric and cause other environmental pollution problems [24]. Within these materials,
polyethylene (HDPE or LDPE) based plastic bags represent a significant proportion. There are several
propositions for the recycling of plastic waste, as their transformation in fuels [25], the recovering
of valuable components [26] of their transformation in carbon-based materials or composites [27].
However, the direct application of carbon-metal composites, obtained from real world plastic waste
as CO2 electro-catalysts have not been reported yet. One important advantage of these composite
materials as electro-catalysts compared to other proposed carbon based electro-catalysts is the low
cost of the raw material since they can be obtained directly from the plastic waste. Therefore, with this
proposal, we are focusing our actions on the CO2 problem twice, (i) researching in its electro-catalytic
transformation to hydrocarbons; and (ii) proposing a way for the transformation of LDPE based
residues in valuable products.

In the present work, we demonstrate the application of metal-carbon-carbon nanofibers
composites obtained from real world plastic waste as promising electrodes in the electro-catalytic
reduction of CO2 to hydrocarbons.

2. Results and Discussion

2.1. Textural and Chemical Characterization of the Composites

Table 1 summarizes the surface areas and pore volumes of the composites. These materials show
apparent surface areas between 44 and 80 m2 g−1, and an extremely low microporosity, in fact, their
N2 adsorption isotherms show typical type IV shapes.

SEM images of the composites are collected in Figure 1. The morphology consists in a mixture of
carbon particles pseudo-flats, overlapped among them from where carbon-nanofibers (CNF) emerge.
These CNF are clearly visible in sample PNi, where they are longer than in the other composites,
although by HRTEM (Figure 2) the presence of CNF has been detected in all the samples being these
CNF clearly hollow and maintaining the metal particle inside of them in most cases. Moreover,
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the main metal particles Fe, Co or Ni are very well dispersed throughout the carbon matrix (Figure 2),
showing a wide range of sizes but all within the nanometric scale.

Table 1. Name, surface area and pore volumes of the composites.

Sample SBET (m2 g−1) W0 (cm3 g−1) L0 (nm) V0.95 (cm3 g−1)

PFe 44 0.01 2.08 0.100
PCo 80 0.02 2.16 0.189
PNi 44 0.01 2.18 0.149

Figure 1. SEM microphotographs showing the morphology of the different composites. Red circles
indicate CNF in sample PCo.

Figure 2. (a–e) High-resolution transmission electron microscopy (HRTEM) images of the composites;
(f) scanning transmission electron microscopy (STEM) image, using a high angle annular dark field
(HAADF) detector of the PNi sample.
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Regarding the metal chemical composition of the composites, Table 2 collects the ICP analysis
of the samples. Firstly, it is observed that the content of the pyrolitic catalyst is not the same among
the composites which denote a different catalytic behavior and, therefore, indicates different yield in
carbon phases. In this line, composite PFe shows the highest metal loading, followed by PCo and lastly
by PNi. Thus, small amounts of Fe, Co or Ni are present in all the samples which are in agreement with
other studies where the metal content of commercial plastic bags have been analyzed [28]. Much more
significant are the relatively high contents of Ca and K; these metals are typical additives of the
commercial plastic bags to enhance stiffness and mechanical properties [29].

Table 2. Metal content of the composites determined by inductively coupled plasma optical emission
spectrometry (ICP-OES).

Sample CaICP (wt. %) CoICP (wt. %) FeICP (wt. %) KICP(wt. %) NiICP(wt. %)

PCo 2.31 9.93 0.36 2.56 0.12
PFe 3.75 0.07 15.92 4.68 0.43
PNi 1.56 0.02 0.29 2.02 6.52

On the other site, Fe, Co, and Ni nanoparticles are mainly reduced in zero oxidation state (Figure 3)
and situated in both of the carbon phases. This conclusion results from the corresponding XRD peaks
that are clearly visible at 44.7◦, 44.4◦ and 44.5◦ for Fe, Co, and Ni, respectively, while practically
negligible amounts of these metals were detected by XPS (Table 3). Moreover, the aforementioned Fe,
Co or Ni nanoparticles situated in the amorphous carbon phase are covered by graphitic clusters as
it has been observed by HRTEM (Figure 2c), which is due to the fact that these metals are also the
catalytic metals of graphitization [30,31].

Figure 3. XRD patterns of the composites.

Table 3. Superficial chemical content of the composites determined by XPS.

Sample C (wt. %) O (wt. %) K (wt. %) Ca (wt. %) Co (wt. %) Fe (wt. %) Ni (wt. %)

PCo 87.71 6.93 2.05 2.97 0.34 0.00 0.00
PFe 82.21 8.53 5.35 3.81 0.00 0.10 0.00
PNi 89.84 4.12 3.91 1.98 0.00 0.00 0.15
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Nevertheless, the case of Ca and K are very different, also between them: Ca particles are clearly
Ca(II) forming part of Ca(OH)2; XRD peaks at 18 and 34◦ seem to confirm it (Figure 3) and the Ca2p3/2
XPS peak at 348.4 eV as well (Figure 4). However, K particles have not been detected by XRD, which
means that its sizes should be lower than 4 nm approx., however, K(0) peaks have been clearly detected
by XPS at 293.7 eV (Figure 4; only XPS spectra of PNi has been included in this Figure being the
corresponding PCo and PFe XPS spectra very similar to this one). A plausible explanation would be
that K(0) nanoclusters or atoms could be mainly inserted between the graphenic layers, as it is only in
this situation that they could they keep the zero oxidation state after the final washing treatment of
the samples. Finally, it should be noted that both data of chemical analysis, ICP and XPS are in good
agreement: PNi is the composite with the lowest transition metal content obtained by ICP analysis and
with the highest carbon content determined by XPS, while in the case of PFe, opposites occur. On the
other hand, both K and Ca are homogeneously distributed throughout the composite since similar
contents are obtained from both techniques.

Figure 4. XPS spectra of composite PNi.

2.2. Electro-Reduction of CO2

The three composites were used as a cathode in the electro-catalytic reduction of CO2. A graphite
sheet with dimensions of 50 mm × 8 mm was also tested as a blank cathode in the electro-catalytic
reduction of CO2. The products analyzed in the gas phase of the reactor were the following: methane
(CH4), ethane (C2H6), ethene (C2H4), propane (C3H8), propene (C3H6), propyne (C3H4) and n-butane
(C4H10); Figure 5 shows the evolution of these compounds vs. the reaction time.

The molar production has also been described regarding C1, C2, C3 and C4 hydrocarbons, 1 to
4 being the number of carbon atoms in the molecules to simplify the discussion about the reaction
selectivity. Nevertheless, methane was the major product in all of the cases, and minor amounts
of other detected products (probably C4 isomers, or C5, hydrocarbons) have not been quantified.
Thus, it is necessary to clarify that when an electrolyte free from dissolved CO2 was used (that is,
carrying out the reaction under Ar-saturated solution), hydrocarbons, CO or CO2 were not detected in
any cases. Similarly, in the presence of CO2 (normal experimental reaction conditions) and using only
the pure graphite cathode, no hydrocarbons were detected. Regarding the molar production, although
the surface area and pore volume of the composites were relatively low, the adsorption of a part of the
product in the porous structure of the carbon phases could never be ruled out.
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Figure 5. Product distribution (ppm) vs. reaction time.

Data of the total molar productions of hydrocarbons in the reactor are collected in Figure 6;
from this Figure, an adequate comparison of the electro-catalytic behavior of these composites is
not straightforward because they do not present similar textural characteristics or metal contents.
On the other side, we can see that the rate of hydrocarbon formation tends to decrease after ~100 min
of reaction for PNi and PFe, and somewhat later for PCo. This type of catalytic behavior has been
previously observed [22] and explained by a high formation of H2 and O2, which can provoke a dilution
effect of the hydrocarbon formation in the gas phase of the reactor [32]. In any case, the following
catalytic tendency can clearly be observed: PCo > PNi > PFe, which is in accordance with the apparent
faradaic efficiencies calculated at 95 min of reaction time (Table 4). It is important to clarify that that
only the detected hydrocarbons (nor H2 neither O2 formation) have been included in the faradaic
efficiencies calculations. Faradaic efficiencies of this order have been previously obtained with Fe and
Co doped carbon gels [22,23].

Figure 6. Molar production vs. time obtained with the electro-catalysts.

100



Catalysts 2018, 8, 198

Table 4. Mean crystal particle size (dXRD), and apparent faradaic efficiencies (F.E.) for the electro-catalytic
CO2 reduction determined at 95 min of reaction time at −1.65 V vs. Ag/AgCl.

Composite dXRD * (nm) F.E. (%)

PCo 13.6 0.46
PNi 20.7 0.40
PFe 39.4 0.06

(*) Co, Ni or Fe, respectively.

Therefore, the current findings demonstrate that all composites work as electro-catalysts in
this reaction and that they are able to produce the CO2 transformation to at least C4 hydrocarbons.
Moreover, the composite PCo exhibits high selectivity to C3 products (Figure 7) within this group
of detected products, which is in accordance with a recent finding with another type of Co doped
carbon materials [22]. On the other hand, although PNi is mainly selective to CH4, the amount of
C3 produced was also higher than C2. Finally, composite PFe was the least active catalyst, and it
was also least selective to long chain hydrocarbons, despite it having the highest metal loading
(Table 2). As previously reported, this behavior is most likely due to its large mean crystal size of Fe
(Table 4) [23]. In this line, it should be noted that this composite has a mean metal particle size much
larger than the other samples. Figure 8 compares the LSV curves of CO2 reduction obtained with all
the electro-catalysts. The strong increase of the current values at −1.65 V of the composite PFe denotes
a low electro-catalytic capacity of this cathode in comparison with the other two samples.

Figure 7. Product distribution (%) in terms of carbon selectivity in gas phase products after 200 min of
reaction time.

Figure 8. Linear sweep voltammetries obtained from the equilibrium electrode potential to a negative
electric potential of −2.00 V vs. Ag/AgCl. Scan rate: 5 mV/s. Fresh electrodes in CO2 saturated
0.1 M KHCO3.
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Finally, all these cathodes were used in a second run of reaction, renovating the electrolyte
and saturating with CO2; all of them again showed similar profiles from those collected in Figure 6.
After drying, no significant weight differences were detected between the cathodes after the first and
the second runs. Transition metal leaching in the liquid solutions was studied in all cases by ICP-OES;
the detected metal concentrations in the liquids always being lower than 100 ppb.

This work shows that the preparation of CO2 electro-catalyst from real world plastic waste is
achievable and although both the preparation method and the electro-chemical application still needs
improvement and/or optimization for a real application, the obtained results are very promising.
To our knowledge, the direct application of metal-carbon-CNF composites obtained from the real
world plastic waste as CO2 electro-catalysts has not been reported yet.

3. Materials and Methods

Three different composites of metal-carbon-carbon nanofibers (-CNF) were prepared by
a catalyzed pyrolysis of urban plastic residues which were thermally pre-treated in a closed reactor.
These residues were plastic bags that were used in several well-known supermarkets in Spain, in which
the polymer composition mainly consisted of low-density polyethylene (LDPE). Firstly, 10 g of the
above-mentioned plastic bags were dissolved in 100 mL of o-xylene at 80 ◦C, and then 2 g of the
catalysts precursor was added. The catalyst precursors were the corresponding hydroxides of Fe,
Co and Ni, and the resulting mixture was stirred for 4 h. After that, the o-xylene was evaporated,
and the solid was heat treated at 350 ◦C in a closed reactor (Parr Instrument, Moline, IL, USA)
(reactor ref. A1828HC2) for four hours. Finally, the so pre-treated solid was pyrolised under N2 flow
(300 mL min−1) at 900 ◦C. Before the characterization, the composites were washed with cool water
several times. The obtained composites were named as PFe, PCo and PNi, being Fe, Co and Ni the
pyrolitic catalyst, respectively.

The metal contents of the composites were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) using an ICP-OES PerkinElmer OPTIMA 8300 spectrometer
(PerkinElmer, Madrid, Spain).

The samples were texturally characterized by physical adsorption of nitrogen, scanning electron
microscopy (SEM), high resolution transmission electron microscopy (HRTEM), and chemically
characterized by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) Linear sweep
voltammetries (LSV) were also carried out.

N2 adsorption was carried out at −196 ◦C. Prior to this measuring process, the samples were
outgassed overnight at 110 ◦C under high vacuum (10−6 mbar). The BET equation was applied to
the N2 adsorption data obtaining the apparent surface area, SBET. The Dubinin-Radushkevich (DR)
equation was applied to the N2 adsorption data to obtain the corresponding micropore volume (W0)
and micropore mean width (L0). Total pore volumes (V0.95) were calculated from N2 adsorption
isotherms at −196 ◦C and at 0.95 relative pressure.

SEM was carried out using a Zeiss SUPRA40VP scanning electron microscope (Carl Zeiss AG,
Oberkochen, Germany), equipped with a secondary electron detector, back-scatter electron detector
and by using an X-Max 50 mm energy dispersive X-ray microanalysis system. All the samples were
crushed before performing this analysis.

HRTEM was performed using a FEI Titan G2 60–300 microscope (FEI, Eindhoven, The Netherlands)
with a high brightness electron gun (X-FEG) operated at 300 kV and equipped with a Cs image
corrector (CEOS), and for analytical electron microscopy (AEM) a SUPER-X silicon-drift window-less
EDX detector.

XRD analysis was carried out BRUKER D8 ADVANCE diffractometer (BRUKER,
Rivas-Vaciamadrid, Spain) using CuKα radiation. JCPDS files were searched to assign the
different diffraction lines observed. Diffraction patterns were recorded between 10◦ and 70◦ (2θ)
with a step of 0.02◦ and a time per step of 96 s. The average crystal size was determined using the
Scherrer equation.
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XPS measurements of the metal-carbon-CNF composites were performed using a Physical
Electronics ESCA 5701 (PHI, Chanhassen, MN, USA) equipped with a MgKα X-ray source
(hυ = 1253.6 eV) operating at 12 kV and 10 mA and a hemispherical electron analyzer. The obtained
binding energy (BE) values were referred to the C1s peak at 284.7 eV. A base pressure of 10−9 mbar was
maintained during data acquisition. The survey and multi-region spectra were recorded at C1s, O1s,
Fe2p, Co2p, Ni2p, K2p and Ca2p photoelectron peaks. Each spectral region was scanned enough times
to obtain adequate signal-to-noise ratios. The spectra obtained after the background signal correction
were fitted to Lorentzian and Gaussian curves to obtain the number of components, the position of
each peak, and the peak areas.

Electro-catalytic reduction of CO2 to hydrocarbons was carried out in a three-electrode cell,
working in batch mode at ambient temperature and pressure. The cell has 300 cm3 of total capacity.
A Biologic VMP multichannel potentiostat (Bio-Logic Spain, Barcelona, Spain) was used to induce
and control the electro-catalytic reaction by applying the selected potential differences over the
electrodes. A platinum electrode was used as a counter electrode and Ag/AgCl as a reference
electrode. The used electrolyte was 150 cm3 of CO2-saturated 0.1 M potassium bicarbonate aqueous
solution. The setup was used in potentiostatic mode at −1.65 V, reproducing the voltage conditions
of previous works [19]. Prior to the electro-catalytic CO2 reduction, the liquid phase was saturated
through bubbling with CO2 for 3 h. After saturation, the pH of the solution was 6.7. The CO2

feed and exit lines were closed off and the reactor was operated in the batch mode. The amount
of composite used in the cathode as electro-catalyst (working electrode) was 80 mg which was
homogeneously pasted on both faces of a graphite sheet with dimensions of 50 mm × 8 mm. In the
preparation of the cathode, the metal-carbon-CNF composite was mixed with the corresponding
amount of polytetrafluoroethylene (PTFE) in a weight ratio of (80:7) using a PTFE (60%) water solution.
All working electrodes were kept in 0.1 M potassium bicarbonate aqueous solution overnight before
being used in the electro-reactor. The samples were also tested as electro-catalysts carrying out the
reaction under Ar-saturated solution and, therefore, using electrolytes free of CO2.

The samples were also characterized by LSV (Bio-Logic Spain, Barcelona, Spain). The cathodic
sweep analysis was conducted from the equilibrium electrode potential to negative electric potential
of −2.0 V vs. Ag/AgCl, with a scan rate of 5 mV s−1, using the same experimental conditions and
reactor set-up for the electro-catalytic reduction of CO2.

The hydrocarbons produced by the electro-chemical reduction of CO2 were analyzed from the
gas phase using a gas chromatograph (GC) (Bruker Española, Rivas-Vaciamadrid, Spain), where the
gases were directly injected into the GC column using a gas recirculating pump for low flows. The GC
(carrier gas: He, column: Chrompack Poraplot Q, 50 m × 0.53 mm) was equipped with a FID and TCD
detectors. The distribution of gaseous products can be expressed in terms of the carbon selectivity as
the amount of carbon atoms (from CO2) in a specific product relative to the total amount of carbon
atoms in the detected hydrocarbons.

SCi (%) =
i · nCi

∑
i

i · nCi

× 100%

Here nCi represents the mol of product Ci, and i the number of carbon atoms in that product.
The liquid phase was also analyzed by Headspace Gas Chromatography-Mass Spectrometry

using another GC equipped with a HP-INNOWax 30 m × 0.25 mm × 0.25 μm column, which was
coupled to a MS-Triple quadrupole. The presence of carboxylic acids or alcohols of one to four carbon
atoms were not detected.

4. Conclusions

Metal-carbon-CNF composites have been obtained from the urban plastic waste. The amount and
type of carbon nanofibers and final carbon contents depend on the pyrolitic used metal: Fe, Co or Ni.
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Ni catalysts yield the major amount of CNF and carbon phases in the composites. On the other hand,
significant contents of Ca and K are also present in the composites, however, while Ca is forming part
of Ca(OH)2, K atoms could be embedded inside the carbon phases as K metallic. The composites have
been tested as electro-catalyst in the CO2 reduction to hydrocarbons, and all of them promoted the
formation of C1 to C4 hydrocarbons with different activity: PCo > PNi > PFe, which is in accordance
with the apparent faradaic efficiencies. It should be highlighted that PCo shows high selectivity to C3
products within this group of compounds.
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Abstract: The methanation of CO2 within the power-to-gas concept was investigated under
fluctuating reaction conditions to gather detailed insight into the structural dynamics of the catalyst.
A 10 wt % Ni/Al2O3 catalyst with uniform 3.7 nm metal particles and a dispersion of 21% suitable
to investigate structural changes also in a surface-sensitive way was prepared and characterized
in detail. Operando quick-scanning X-ray absorption spectroscopy (XAS/QEXAFS) studies were
performed to analyze the influence of 30 s and 300 s H2 interruptions during the methanation of CO2

in the presence of O2 impurities (technical CO2). These conditions represent the fluctuating supply of
H2 from renewable energies for the decentralized methanation. Short-term H2 interruptions led to
oxidation of the most reactive low-coordinated metallic Ni sites, which could not be re-reduced fully
during the subsequent methanation cycle and accordingly caused deactivation. Detailed evaluation
of the extended X-ray absorption fine structure (EXAFS) spectra showed surface oxidation/reduction
processes, whereas the core of the Ni particles remained reduced. The 300-s H2 interruptions resulted
in bulk oxidation already after the first cycle and a more pronounced deactivation. These results
clearly show the importance and opportunities of investigating the structural dynamics of catalysts
to identify their mechanism, especially in power-to-chemicals processes using renewable H2.

Keywords: CO2 methanation; dynamic reaction conditions; operando XAS; quick-EXAFS; surface
oxidation-reduction; H2 dropout

1. Introduction

The power-to-chemicals concept is an important strategy for future renewable energy systems
based on chemical energy storage. The splitting of water to produce H2 and the catalytic conversion
of CO2 to methane, alkanes, methanol or higher alcohols are the main steps to generate a chemical
energy carrier [1–4]. Both steps need to withstand fluctuations in supplied electricity from wind and
solar plants, which occur temporarily and fluctuate on a time scale of seconds to days. When using
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a small or even no H2 reservoir, these fluctuations are transferred to the catalytic reactor imposing a
varying supply of H2 used to hydrogenate CO2 [5–8].

Methane (synthetic or substitute natural gas) as one possible chemical energy carrier can be
distributed easily and unlimitedly in the existing natural gas grid. The dynamics in the methanation
originating from fast load changes of the H2 supply are a key challenge [5] and are therefore the subject
of present research. The catalytic methanation of CO2 is well-known, and numerous articles can be
found in the literature reporting CO2 conversion and CH4 selectivity under optimized and steady state
conditions [9,10]. Ni-based catalysts generally achieve good activity. In addition, due to the low cost
and high activity, Ni catalysts have emerged as the most commonly-used methanation catalysts [11–18],
since more active Ru catalysts [19,20] suffer from the high price of the noble metal. The most relevant
catalyst support material in industrial methanation reactions is reported to be γ-Al2O3 with a high
surface area [19,21,22].

Methanation under transient reaction conditions has been performed to gain a better
understanding of the mechanism, investigating the adsorbed species while switching between different
gas mixtures [23,24]. Simulations of dynamic methanation reactors have been conducted to gain kinetic
data and to address problems such as overheating during the transient process [25,26]. Other systems
that have been studied under transient reaction conditions are, e.g., the Fischer–Tropsch reaction,
where the influence of unsteady state conditions on the process itself was investigated [7,8,27].
Various spectroscopic, microscopic and diffraction techniques applied under reaction conditions
revealed different structural changes of catalysts used in processes operated under changing reaction
atmospheres [28–33].

Previous studies have shown that during the dynamic methanation of technical CO2, a fast partial
oxidation of Ni-based catalysts occurred in a less reducing atmosphere after a H2 dropout, which
caused a deactivation in the following methanation sequence due to the presence of inactive NiO on
the metallic catalyst [22]. Further deactivation occurred over cycles, but the initial catalytic activity
was recovered using reactivation in H2 at elevated temperatures [34]. In general, interruptions in the
H2 feed must be prevented in methanation processes using CO2 with traces of oxygen (technical CO2),
since otherwise reactivation is required to retrieve high catalytic performance. Hence, methanation
reactors have to be kept under a reducing atmosphere during stand-by operation [6]. Within this
study, we provide a more detailed insight into the kinetics and mechanisms of the redox processes in
methanation applications using CO2 directly produced from biogas plants or exhaust gas from power
plants containing traces of oxygen [35,36]. Based on these considerations, highly time-resolved operando
XAS (quick-EXAFS (QEXAFS)) experiments were performed to evaluate the sensitivity of the catalyst
towards deactivation. Furthermore, experiments including fast switches of the gas atmospheres were
performed to obtain insights into blocking of active sites under fast load changes and thus mechanistic
aspects in the methanation of CO2.

2. Results and Discussion

2.1. Preparation, Characterization and Catalytic Performance

A catalyst featuring uniform and rather small Ni particles was essential to determine the structural
changes both of the surface and the bulk of the Ni particles during dynamically operated methanation.
The homogeneous deposition-precipitation method was chosen to obtain a Ni/Al2O3 catalyst with
these properties. Elemental analysis using optical emission spectroscopy with an inductively-coupled
plasma (ICP-OES) confirmed a catalyst loading of 10 wt % Ni/Al2O3. The specific surface area of
the catalyst was 200 m2/g, and the mean pore diameter was 11 nm. X-ray diffraction (XRD) was
not suitable to analyze the catalyst, since the Ni and NiO reflections were either superimposed by
the signals of the support, the particles were too small to create reflections or the phases were X-ray
amorphous, respectively (cf. the Supplementary Materials, XRD patterns in Figure S1).

107



Catalysts 2017, 7, 279

As shown in Figure 1, electron microscopy revealed a homogeneous dispersion of the particles on
the support resulting in small Ni particles with a diameter of 3.7 ± 1.2 nm, a narrow size distribution
and a Ni dispersion of 21%. These values are comparable with those reported in the literature for
supported Ni catalysts that were prepared using the same preparation technique [37,38].

 

Figure 1. Scanning transmission electron microscopy (STEM) images and particle size distribution
(top left) of the 10 wt % Ni/Al2O3 catalyst prepared by homogeneous deposition-precipitation.

As an additional characterization tool, temperature programmed reduction (TPR) experiments
were used, which showed H2 consumption in a small temperature range (peak maximum at 565 ◦C,
cf. Figure S2), confirming the uniform particle size and the absence of agglomerates or larger particles.
Furthermore, the Ni particles were reduced at lower temperature compared to other Ni/Al2O3 catalysts
reported in the literature (peak maxima between 680 and 800 ◦C [39–41]), which suggests a weaker
metal-support interaction in the catalyst prepared in this study due to the synthesis method.

The catalyst was applied in the methanation of CO2 and showed high conversion and selectivity
with CO being the only by-product (Figure 2). As the carbon balance was almost closed and therefore
the calculation of the conversion according to Equations (1) and (2) (cf. Section 3) was similar, the
formation of other products in significant amounts can be excluded. In Figure 2, the values obtained
from Equation (1) are shown.

Figure 2. Conversion of CO2 (black), yield of CH4 (red) and yield of CO (blue), as well as selectivity of
CH4 (green) for the 10 wt % Ni/Al2O3 catalyst; conditions: stainless steel tubular fixed-bed reactor,
150 mg catalyst, H2/CO2 = 4, 75% N2, p = 1 atm, T = 200–450 ◦C, gas hourly space velocity (GHSV) of
26,700 h−1 and weight hourly space velocity (WHSV) of 12,000 mLCO2 /(gcat·h).
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The formation of CH4 started between 200 and 250 ◦C, and the conversion of CO2 increased with
rising temperature, reaching the highest value of 69% at 400 ◦C at a maximum selectivity towards
CH4 of 95%. At 450 ◦C, the conversion of CO2 declined, and the selectivity shifted more toward CO
due to the endothermic back reaction and the reverse water-gas shift reaction, which are preferred at
higher temperatures [42]. The results are comparable with reports in the literature using Ni/Al2O3

catalysts treated under related reaction conditions [19,43]. The turnover frequency (TOF) at 250 ◦C
was calculated as 0.02 s−1 or as 0.08 s−1 at 300 ◦C. The TOFs for Ni/Al2O3 methanation catalysts
reported in the literature cover a broad range between 0.69 s−1 [11], 0.10 s−1 [18], 0.041–0.097 s−1 [12]
and 0.5 × 10−3–2.4 × 10−3 s−1 [17]. The achieved TOFs correspond to typical dimensions; however,
it is difficult to compare the results due to the diverse reaction conditions applied in these studies.
In conclusion, the catalyst used in this study can be regarded as a representative methanation catalyst,
which is well suited for our experiments to evaluate the effects of fluctuating reaction conditions on
the structure of the active component and their impact on the catalyst activity.

2.2. Operando QEXAFS Studies under Transient Reaction Conditions

Operando X-ray absorption spectroscopic (XAS) studies were performed to gather information on
the oxidation state and the atomic structure of nickel during methanation conditions and, especially,
during short periods of hydrogen dropout. In previous studies, we observed a significant oxidation of
nickel particles, when H2 was withdrawn from the reaction feed, leading to a lower catalytic activity
during the subsequent methanation cycle [22,34]. In those studies, however, the hydrogen feed was
interrupted for long periods of time (approximately 1 h) since conventional XAS methods were used,
which require relatively long acquisition times per spectrum (approximately 5 min). Therefore, in the
present study, we applied the quick-scanning EXAFS (QEXAFS) technique [44–46] to obtain data even
in the sub-second regime for studying the impact of short hydrogen dropouts (30–300 s).

The methanation of technical CO2 containing traces of oxygen and the simulation of the H2

dropouts were performed at 400 ◦C (highest conversion and selectivity, compare Figure 2) and the
same weight hourly space velocity (WHSV) applied in the activity measurements. Before each
experiment, the catalyst was reduced in 50% H2/He at 500 ◦C. To simulate a short dropout of H2,
caused for example by fluctuations in the hydrogen feed or by an unexpected change of the operation
mode, hydrogen was switched on and off. The results of the experiment are presented in Figure 3.

Figure 3. Methanation of CO2 during dynamic operation, switching every 30 s between methanation
conditions (H2/CO2 = 4) and CO2 at constant WHSV of 12,000 mLCO2 /(gcat·h) and GHSV of 71,700 h−1.
The figure shows the valve signal in the upper part (black), the CH4 signal of the mass spectrometer
(m/z 15) in the middle part (green) and the fraction of reduced (blue) and oxidized (red) Ni from LCA of
the X-ray absorption near edge structure (XANES) spectra. The numbers in circles count the H2 dropouts.
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First, the fully-reduced catalyst was exposed to methanation conditions (H2/CO2 = 4; 75% He).
After several minutes of operation and a stable mass spectrometer (MS) signal of methane, the catalyst
was subjected to a period of fluctuating H2 feed for 15 min. During this modulation, the feed was
switched every 30 s between 5% CO2/He and methanation conditions (H2/CO2 = 4). Finally, the
catalyst was again exposed to steady state methanation conditions. The applied feed composition
expressed as the signal of the valve position is depicted in the upper part of Figure 3. The product
gas was monitored during the entire experiment; all analyzed components are shown in the
Supplementary Materials (Figure S14). The methane production was monitored by mass spectrometry
(m/z 15), and the resulting signal is presented in the middle part of Figure 3. Throughout the
experiment, X-ray absorption spectra were recorded with an acquisition rate of 44 spectra/s. The X-ray
absorption near edge structure (XANES, exemplary sequence, see Figure 4) spectra were evaluated
with linear combination analysis (LCA, details, cf. the Supplementary Materials) to monitor the Ni
oxidation state during transient conditions. The results are plotted in the bottom part of Figure 3.

Figure 4. Section of the X-ray absorption near edge structure (XANES) spectra during the 30-s H2

dropout modulation (dropout Nos. 6–10 according to Figure 3).

The Ni particles were reduced during the methanation of CO2 (H2/CO2 = 4), and an intense
signal assigned to methane was observed in the mass spectrometer data. Short H2 cut-offs, however,
strongly affected the catalyst and its activity. As H2 was switched back on the stream after a 30-s
period of a less reducing atmosphere without H2 (0–0.5 min), a slightly decreased methane signal was
observed. The methane production decreased further with each H2 dropout. However, no significant
change of the Ni oxidation state was monitored during the first 5 min of the experiment. During the
sixth H2 free period (after 5.5 min), a first slight oxidation of Ni to a fraction of 6% was observed,
which was still accounted to be negligible. Fast and significant oxidation of Ni during the seventh
H2 dropout (at 6–6.5 min) was observed by XAS, indicated by the increasing intensity of the white
line. As discussed later in this paper, the oxidation of Ni in the absence of H2 was caused by the
traces of oxygen present in the technical CO2. The oxidation stopped at 29% oxidized Ni according
to LCA when H2 was switched back to the feed at 6.5 min. Even though the catalyst was exposed
to the H2 containing atmosphere for 30 s (at 6.5–7 min), it did not regain its initial state, and 9% of
the Ni atoms remained oxidized. The percentage of oxidized Ni species increased steadily during
the subsequent modulation until the 12th H2 dropout, during which approximately 65% of the Ni
atoms were oxidized. In the following oxidation and reduction events (between 11 and 15 min), a
marginal but no significant increase in the percentage of oxidized Ni was observed, and the fraction of
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oxidized Ni remained at a constant level altering between 65% and 50% over cycles. Nevertheless, the
deactivation of the catalyst continued steadily as shown by the decreasing MS signal of methane.

During the ensuing 10 min of modulation, the changes of the catalyst (altering
oxidation/reduction and continuous deactivation) followed the same trend and are therefore not
shown here (full range experiment, see Figure S5). After the period of fluctuating operation (25 min
in total), a sequence of steady state methanation was performed during which the oxidation state
of the catalyst and structure was further monitored. During a 30-min measuring period, significant
reduction of Ni was observed over time. This process, however, was very slow, and even after 30 min
(final 5 min of this sequence shown in Figure 3), the initial oxidation state was not regained and 30%
still remained oxidized. Consequently, the catalyst was less active and showed a similar methane
production and oxidized fraction as observed after the ninth H2 dropout. This supports a correlation
between the oxidized fraction of Ni and the formation of methane [22]. Obviously, the temperature
of 400 ◦C was too low to reduce Ni completely, which would have necessitated a re-activation of the
catalyst at elevated temperatures [34].

The active catalyst state was obviously very sensitive towards oxidation, and already, a short
exposure to a less reducing atmosphere was sufficient to initiate oxidation of Ni resulting in lower
activity. Therefore, the full extended X-ray absorption fine structure (EXAFS) spectra were further
evaluated to extract information on the local structural changes of the Ni catalyst during fluctuating
conditions. In Figure 5a, Fourier-transformed (FT) EXAFS spectra are presented along with best fitting
parameters obtained by fitting the first two coordination shells (Figure 5b). The EXAFS evaluation of
the cycles 6–8 is shown in Figure 6; the structural parameters and the fully analyzed dataset are listed
in Table 1; more details are shown in the Supplementary Materials.

(a) (b) 

Figure 5. (a) Fourier-transformed extended X-ray absorption fine structure (FT EXAFS) data
(k: 3–11 Å−1; k2-weighted, not phase corrected) during 30-s H2 dropouts (starting at the methanation
sequence before the seventh H2 dropout (Meth-6)); (b) Results of the EXAFS fitting analysis during the
30-s modulation. The final spectra of each sequence (methanation sequences labeled as “Meth”) were
analyzed (details, cf. the Supplementary Materials). The coordination numbers (N) of neighboring
atoms are presented: Ni-O and Ni-Niox correspond to O and Ni coordination numbers, respectively, in
oxidized nickel and Ni-Nired to the coordination number of the first nickel shell in reduced nickel.
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Figure 6. Experimental and simulated FT EXAFS data (magnitude, not phase shift corrected) of the
Ni catalyst during 30-s modulation, in addition, the estimated Ni coordination numbers (Cycles 6–8),
k-range 3–9 Å−1, k-weight = 2 (for details, see the Supplementary Materials).

Table 1. Structural parameters of the local Ni atomic environment extracted from the best fitting
EXAFS spectra shown in Figure 6. k range = 3–9 Å−1, R range = 1.2–3.2 Å, Nind = 6, Nvar = 5,
a = fitted uncertainty 0.01 or lower, f = fixed during fit, N = number of neighboring atoms, R = distance,
σ2 = mean square deviation of interatomic distance, R factor = misfit between experimental data and
theory (for details, see the Supplementary Materials).

Cycle Atom N R (Å)a σ2·10−3 (Å2) E0 (eV) R Factor (%)

Meth-6
O 1.6 ± 0.2 2.03 ± 0.2 8.3 f

9.0 ± 1.5 0.27Ni 4.4 ± 0.3 2.49 ± 0.1 11.8 f

Dropout-7
O 2.4 ± 0.2 2.02 ± 0.03 8.3 f

7.6 ± 2.9 0.25Ni 2.0 ± 0.6 2.48 ± 0.02 11.4 f

Ni 3.4 ± 0.9 2.96 ± 0.03 11.8 f

Meth-7
O 1.8 ± 0.2 2.01 ± 0.2 8.3 f

6.4 ± 2.2 0.23Ni 3.2 ± 0.4 2.48 ± 0.1 11.4 f

Ni 1.9 ± 0.6 2.95 ± 0.3 11.8 f

Dropout-8
O 3.0 ± 0.2 2.04 ± 0.02 8.3 f

8.9 ± 2.1 0.14Ni 1.3 ± 0.6 2.48 ± 0.03 11.4 f

Ni 4.4 ± 0.7 2.97 ± 0.03 11.8 f

Meth-8
O 2.2 ± 0.2 2.02 ± 0.03 8.3 f

6.8 ± 2.9 0.23Ni 2.3 ± 0.6 2.48 ± 0.01 11.4 f

Ni 3.1 ± 0.9 2.96 ± 0.03 11.8 f

For the first six cycles, no significant changes in the EXAFS spectra were observed. The spectra
were dominated by a feature at about 2 Å, predominantly originating from Ni neighbors in reduced Ni.
The evaluated interatomic distance of 2.49 Å was similar to the one in metallic Ni. The O contribution
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determined in the reduced state may originate from the oxide support or incomplete reduction of
the Ni particles. Including a Ni-Niox (the Ni-Ni backscattering contribution in nickel oxide) bond
pair led to a worse fit and was therefore not considered in Meth-6. During the seventh H2 dropout,
when significant oxidation was observed for the first time (cf. LCA in Figure 3), changes in the FT
EXAFS data were observed, indicating substantial changes in the structure of the Ni nanoparticles.
During oxidation, the feature at 2 Å in the EXAFS spectra resulting from reduced Ni-Ni coordination
disappeared quickly and was replaced by two peaks related to the O and Ni neighbors in a NiO-like
structure. The evaluation of the final EXAFS spectra of each sequence (methanation atmosphere or less
reducing atmosphere, respectively) facilitated monitoring the evolution of the respective coordination
shells during fluctuating operation. The respective coordination numbers are therefore plotted in
Figure 5b for this purpose. The data revealed the transformation from a reduced Ni particle to a
partially-oxidized Ni particle. Even though the Ni particles were very small, they did not get fully
oxidized due to the short duration of H2 dropout indicating that a core of reduced Ni remained
(coordination number NNi-Ni,red > 1). After the 12th dropout, predominantly a reversible oxidation and
reduction was observed, in accordance with the LCA discussed earlier, and the core of the particles
remained reduced.

The following steady state methanation operation (full-range experiment, see Figure S5) slowly
transformed the catalyst back into its reduced state. However, even after 30 min in the methanation
atmosphere, still, a significant fraction of nickel remained oxidized, also shown by the coordination
numbers (NNi-O = 2.2, NNi-Ni,red = 2.4, NNi-Ni,ox = 3.0, cf. Table S3). During this methanation experiment,
only slight sintering was observed by an increase in the coordination number of reduced Ni by 0.2.
This is within the accuracy of the evaluation; however, the Ni coordination number increased by 0.5
after repeating the whole experiment of 30-s modulation three times further (see Table S2). Note that
the evaluated Ni coordination was not adjusted to the fraction of the particles in the Ni/NiO mixture,
and no conclusion on the correlation between coordination number and particle size was drawn.

The delayed start of the Ni oxidation as observed in Figure 3 was rationalized when the spatial
conditions of the experiment were considered [32,47]. XAS spectra were recorded in the middle
of the catalyst bed with a 200 μm-sized X-ray beam and correlated to the integral activity data.
Catalyst oxidation therefore probably started at the reactor inlet and propagated through the catalyst
bed. We speculate that the oxidation was caused by the O2 background present in the CO2 feed
(cf. the estimation in the later part of the paper), which oxidized a small amount of Ni at the reactor
inlet in the short 30-s period in a less reducing atmosphere and was thereby completely consumed.
Significant oxidation by CO2 was ruled out, as CO2 was present in excess and should then also have
oxidized Ni in the middle of the reactor already at the beginning of the experiment (cf. Figure 3;
oxidation started at the sixth switch). Furthermore, an additional experiment in the total absence
of O2 using short and thin stainless steel tubing and a CO2 (99.998%) bottle directly placed next to
the mass flow controllers showed that no catalyst deactivation occurred during 60 s H2 dropouts
(see Figure S17). Catalyst deactivation occurred during 300-s cycles when 300 ppm and 500 ppm O2

were added to the gas mixture, which was more pronounced with increasing O2 content (Figure S18).
Finally, the oxidation of Ni by CO2 is thermodynamically unfavorable (ΔG > 0). Estimations of the
amount of O2 present in the spectroscopic experiment based on the formation of NiO showed that an
amount of around 1000 ppm was sufficient for the oxidation (for details, cf. the discussion of Figure S7
in the Supplementary Materials). Reduction of the whole catalyst bed was not achieved within the
following 30 s during methanation at 400 ◦C. Therefore, the overall fraction of oxidized Ni increased
during fluctuating operation, causing the steady decrease in catalytic activity. The methane production
decreased continuously, even after Ni reached a stable oxidized fraction at the monitored position
(after the 12th H2 dropout), since Ni oxidation kept propagating towards the end of the catalyst bed.

To provoke a faster oxidation through the catalyst bed and to investigate the oxidation and its
kinetics in a longer cycle duration, the catalyst was exposed to H2 dropout events to an extended
period of 300 s in a subsequent experiment using the same catalyst sample. In this experiment
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(Figure 7), oxidation was observed immediately during the first dropout event. However, there was a
significant delay (approximately 80 s; details, see Figure S7) between the switch of the gas atmospheres
and the oxidation observed in the XANES spectra, due to the gradual oxidation of the Ni along
the catalyst bed. Again, oxidation was found to be fast, resulting in 91% of NiO at the end of the
300-s cycle. Switching to methanation conditions after 300 s led to a re-reduction of the Ni particles
and methane formation. About 38% of oxidized nickel remained on the catalyst and changed the
overall catalyst composition resulting in a decreased catalytic activity in the second methanation
cycle. Reduction occurred approximately 20 s after the gas switch and, therefore, seemed to propagate
faster than the oxidation due to the much higher concentration of the reducing agent in the feed.
In the following H2 dropout cycles, the maximum oxidized fraction in the less reducing atmospheres
remained at approximately 95%. Therefore, a 300-s H2 dropout led to a (nearly) complete oxidation of
the catalyst. A slowly-progressing reduction of the catalyst was observed during the 30-min period of
steady state methanation at the end of the experiment, reaching a final value of a 48% reduced fraction.

Figure 7. Methanation of CO2 during dynamic operation switching every 300 s between methanation
conditions (H2/CO2 = 4) and CO2 at constant WHSV of 12,000 mL CO2 /(gcat·h) and GHSV of 71,700 h−1.
The figure shows the valve signal in the upper part (black), the CH4 signal of the MS (m/z 15) in the
middle part (green) and the fraction of reduced (blue) and oxidized (red) Ni from LCA of the XANES
spectra. The numbers in cycles count the H2 dropouts.

Similar to the 30-s modulation, the estimated amount of O2 based on the formed NiO showed a
value around 1000 ppm. Additional experiments with a quantified amount of O2 (Figure S18) showed
a full Ni oxidation after a few 300-s H2 dropouts applying 500 ppm O2. Consequently, we assumed an
O2 content between 500 and 1000 ppm present in the QEXAFS experiments. This small quantity is
ideal to oxidize the most reactive sites and block in fact those Ni sites for methanation.

The FT EXAFS spectra collected during the 300-s modulation and the coordination numbers
from the best fits of the EXAFS spectra are shown in Figure 8a,b, respectively. As already observed
during the 30-s modulation, the FT EXAFS spectra in the reduced state were dominated by one signal
at 2 Å, which was assigned to Ni-Ni coordination in reduced Ni. Note that the NNi-Ni,red of 5.1 was
slightly higher than the one determined from the EXAFS evaluation during the 30-s modulation
(NNi-Ni,red = 4.4). This can be explained by sintering of the Ni particles since the same sample was
used for all experiments and three additional 30-s modulation experiments (not shown here) were
performed before the 300-s modulation experiment (see Table S2). Applying the 300-s modulation, the
maximum of the Ni-O path was already reached during the first H2 dropout. A bulk oxidation of the
Ni particles occurred during the absence of H2 indicated by the NNi-Ni,red, which decreased to zero.
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The oxidation state reached its steady state after the first cycle, while the amount of receded Ni during
the methanation periods decreased until the fourth cycle.

Reduced Ni particles with a NNi-Ni,red of 5.1 were transformed into oxidized Ni particles with a
NNi-Ni,ox of 7.6. This can be either explained by incomplete reduction of the Ni particles contributing
to the apparently lower coordination in reduced Ni and a higher coordination after oxidation.
Another explanation for the difference in the coordination numbers can be a wetting effect of the
flat reduced particles, increasing the contact with the oxidic support material, whereas the oxidized
particles are more spherical with a higher average Ni-Ni coordination [30].

(a) (b) 

Figure 8. (a) FT EXAFS data (k: 3–11 Å−1; k2-weighted) during repeated 300-s H2 dropouts; (b) Results
of the EXAFS fitting analysis during the 300-s modulation. The final spectra of each sequence
were analyzed. The coordination numbers of neighboring atoms are presented: Ni-O and Ni-O-Ni
correspond to O and Ni coordination numbers, respectively, in oxidized nickel and Ni-Ni to the
coordination number of the first nickel shell in reduced nickel.

The direct comparison of the MS signals of both modulation experiments (Figure S16) showed that
the deactivation was more distinctive during 300-s switches, where a significantly lower CH4 signal
was detected after the second cycle up until the end of the experiment. Furthermore, in the experiments
with 30-s modulation, the catalyst was much more active during steady state methanation after the H2

dropout sequence. This observation clearly emphasized the correlation of the Ni oxidation state and
the methanation activity. Comparing the results of the LCAs from both experiments, full oxidation
was interrupted during the 30-s cycles due to the fast switching. During the 300-s modulation, the
oxidation state reached a plateau indicating the complete oxidation process. Thus, the impact of the
short cycles on the catalyst deactivation was less severe.

Figures 9 and 10 show schemes of the Ni particles during the dynamic methanation of CO2.
Short-term H2 dropout (Figure 9) first led to an oxidation of the most reactive sites such as low
coordinated Ni atoms located at step sites, defect sites or at the interface to the support material [48–52].
Particularly, the interface sites appear important for the methanation of CO2, since the key steps of the
hydrogenation are speculated to take place at the interface of the metal particle and support [53,54].
Furthermore, step sites are more reactive in CO dissociation compared to plane facets [51,55].
NiO islands may form and grow to NiO structures of several layers [56,57]. Diffusion of oxygen
into the bulk did not occur due to the short period of less reducing atmosphere. Full oxidation of the
Ni particles was interrupted, and NiO planes were reduced partly in the methanation atmosphere.
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Figure 9. Scheme of the structural changes of supported Ni particles during the 30-s dropout
modulations. Blue represents reduced Ni, whereas red describes oxidized Ni.

The highly active lower coordinated Ni sites remained oxidized under these reaction conditions
due to their higher stability. Hence, the methanation of CO2 could only take place at the reduced Ni
plane sites resulting in lower activity. This supports earlier studies in the literature [48–50,58] that
selective blockage of the low coordinated Ni edge or corner sites leads to differed or deteriorated
catalytic properties. Similar structure sensitivity due to easier oxidation of low-coordinated sites was
also observed during CO oxidation on Pt catalysts [59,60]. For example, oxidation of low coordinated
Pt atoms located at edge and corner sites during CO oxidation was found by XAS resulting in an
irreversible CO adsorption on PtO [61]. Cluster models show that metal particles of our size or
dispersion contain 4% edge sites [62–65]. This value correlated with the remaining oxidized fraction
(10%) in the methanation sequence after the first oxidation during the seventh H2 dropout when
additional sites at the interface, as well as corner and defect sites, would have been taken into account.

The schematic structural changes of Ni particles during 300-s modulations are illustrated in
Figure 10. Compared to the short-time H2 dropouts, the longer 300 s H2 dropouts resulted in a
less reducing atmosphere enabling a complete oxidation of the Ni particles, which then suffer from
insufficient re-reduction during the reducing methanation atmosphere.

Figure 10. Scheme of the structure of the supported Ni particles exposed to H2 dropout modulations at
a duration of 300 s.

3. Materials and Methods

3.1. Catalyst Preparation

A 10 wt % Ni/Al2O3 catalyst was prepared via homogeneous deposition-precipitation using
urea as the precipitating agent [66–68]. Al2O3 support (Alfa Aesar, Karlsruhe, Germany, 1/8 inch
pellets, crushed to fine powder, calcined at 600 ◦C (5 K/min) for 4 h) was suspended in a solution
of 0.03 mol/L Ni(NO3)2·6H2O (Merck, Darmstadt, Germany, ≥99%) in water. Five equivalents of
urea (Carl Roth, Karlsruhe, Germany, ≥99.6%) were added to the mixture and stirred for 1 h at room
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temperature, where a pH value of 5 was observed. The suspension was then heated to 90 ◦C and
stirred under reflux for 18 h, cooled to room temperature and stirred for another hour, resulting in a
final pH value of 7–8. The solid was filtered, washed with deionized water, dried over night at 110 ◦C
and calcined for 4 h at 500 ◦C (5 K/min). Typically, 2 g of the catalyst were prepared in one batch
containing 1.80 g Al2O3, 1.00 g Ni nitrate, 1.04 g urea and 115 mL water.

3.2. Characterization

The chemical composition was determined via optical emission spectroscopy with an
inductively-coupled plasma (ICP-OES) using an Agilent (Waldbronn, Germany) 720/725 emission
spectrometer. The specific surface area of the catalyst was determined using N2 physisorption at
−196 ◦C according to the Brunauer–Emmet–Teller (BET) method via multipoint measurements using
a BELSORP-mini II (MicrotracBEL, Osaka, Japan). X-ray diffraction (XRD) patterns were recorded
in the range 2 θ = 20–80◦ (step size 0.017◦, 0.51 s per scan step) using a rotating sample holder
containing catalyst powder and a PANalytical (Almelo, The Netherlands) X’pert PRO diffractometer
with Ni-filtered Cu-Kα radiation (1.54060 Å). Scanning transmission electron microscopy (STEM)
images were recorded using a FEI (Hillsboro, OR, USA) Titan 80-300 microscope operated at 300 kV and
a Fischione Model 3000 high-angle annular dark-field (HAADF-STEM) detector. The measurements
were conducted using reduced catalyst powder dispersed on a gold grid covered with holey carbon
film. The Ni particle size was determined with ImageJ software (1.48v, National Institutes of Health,
Rockville, MD, USA, 2016) measuring the mean diameter of 965 marked particles using ellipsoid
shapes. The Ni dispersion was calculated using the mean diameter of the Ni particles, the area occupied
by a Ni surface atom and the volume occupied by a Ni atom in the bulk metal assuming spherical
particles [69]. A Micromeritics (Aachen, Germany) AutoChem II 2920 chemisorption analyzer was
used for temperature programmed reduction (TPR) experiments. One hundred milligrams of the
catalyst sample (100–200 μm) were placed in a U-shaped quartz tube and fixed with quartz wool plugs.
First, the catalyst was heated to 500 ◦C (10 K/min) in 10% O2 followed by the TPR between 40 and
900 ◦C (10 K/min) using 10% H2. The H2 consumption was recorded using a thermal conductivity
detector (TCD).

3.3. Catalytic Performance

The catalytic activity in the methanation of CO2 was tested in a continuous flow laboratory setup
with a stainless steel reactor filled with a fixed-bed of 150 mg catalyst sample (300–450 μm, diluted
in SiC) operated in down-flow. The reactor was heated by a custom-made oven (HTM Reetz, Berlin,
Germany), and the temperature was controlled using a thermocouple placed in front of the catalyst
bed inside of the reactor and regulated by a Eurotherm 2416 PID controller. Gas dosing was adjusted
using individual mass flow controllers (Bronkhorst, Ruurlo, The Netherlands). First, the catalyst was
reduced in situ in 50% H2/N2 (600 mL/min) at 500 ◦C (10 K/min) for 2 h. Then, the reactor was
cooled to 200 ◦C, and the gas atmosphere was switched to H2/CO2 = 4 in 75% N2 (600 mL/min total
flow), resulting in a gas hourly space velocity (GHSV) of 26,700 h−1 (concerning total gas flow and
catalyst volume) or a weight hourly space velocity (WHSV) of 12,000 mLCO2 /(gcat·h) (concerning
gas flow of CO2 and catalyst mass), respectively. The methanation reaction was performed between
200 and 450 ◦C in 50 ◦C steps to determine the optimum reaction conditions. Reactant and product
gas compositions were analyzed by a Thermo Scientific (Waltham, MA, USA) C2V-200 micro gas
chromatograph (microGC) equipped with a molecular sieve (5 Å) and a QS-BOND column and a
thermal conductivity detector (TCD). Conversion, yield and selectivity were calculated as follows:

Conversion: X(CO2) =

(
1 − CO2,out

CO2,out + CH4,out + COout

)
× 100% (1)

or including N2 as the internal standard:Conversion:
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Conversion: X′(CO2) =

(
1 − CO2,out × N2, in

N2,out × CO2,in

)
× 100% (2)

Yield: Y(CH4 or CO) =
CH4,out or COout

CO2,out + CH4,out + COout
× 100% (3)

Selectivity: S(CH4) =
Y(CH4)

X(CO2)
× 100% (4)

The turnover frequency (TOF) was calculated as moles of CH4 produced per moles of Ni surface
atoms per second using the inlet flow of CO2, the molar gas volume V(m) and the catalyst mass:

TOF =

.
V(CO2, in)× Y(CH4)

V(m)× N(Ni, sur f )× m(cat)
(5)

The number of Ni surface atoms per gram catalyst N(Ni, surf ) was determined using the dispersion
from TEM analysis [69].

3.4. Operando XAS Experiments

Quick-scanning X-ray absorption spectroscopy (QEXAFS) [70,71] was performed at the SuperXAS
beamline at the Swiss Light Source (SLS) synchrotron facility (Paul Scherrer Institute, Villigen,
Switzerland), which operates in top-up mode at 400 mA and 2.4 GeV. The measurements were
performed at the Ni K-edge (8333 eV) in transmission mode. The polychromatic X-ray beam
was collimated using a Si-coated mirror at 2.5 mrad located in front of the monochromator.
The monochromatized beam was focused to a beam size of 200 μm × 200 μm at the sample position
using a Rh-coated mirror at 2.5 mrad. A channel-cut Si(111) monochromator oscillating at 22 Hz was
used together with N2-filled gridded ionization chambers both dedicated for fast data acquisition,
where a Ni foil was measured simultaneously with the data for absolute energy calibration. In each
oscillation of the monochromator, two spectra were recorded, one with increasing energy, another one
with decreasing energy. With this system operando X-ray absorption spectroscopy (XAS) data were
recorded with 44 spectra/s.

For the operando XAS experiments the catalyst sample was diluted with Al2O3 (1:1) and placed into
a 1.5-mm quartz glass capillary (100–200 μm sieved fraction, 10 mg, 10 mm catalyst bed) and fixed with
quartz wool plugs [72]. Spectra were acquired at the middle of the catalyst bed. The capillary-based
reactor was connected to the gas dosing system equipped with individual mass flow controllers
(Bronkhorst, Ruurlo, The Netherlands) and heated using a hot air blower (FMB Oxford GSB-1300,
Oxford, UK) [73]. The total gas flow was adjusted to 20 mL/min using similar compositions as in the
laboratory experiments (reduction: 50% H2/He, methanation: 25% reactants (H2/CO2 = 4) in He).
The same WHSV of 12,000 mLCO2 /(gcat·h) as in the laboratory was used resulting in a higher GHSV of
71,700 h−1 due to the different dimensions of the reactor. Fast switches of the gas atmosphere were
realized using a micro-electric VICI (Schenkon, Switzerland) 4-way valve. The gas composition was
analyzed by a Pfeiffer Vacuum (Aßlar, Germany) ThermoStarTM GSD 320 mass spectrometer (MS)
equipped with a quartz capillary and a C-SEM/Faraday detector.

The measurement of 44 spectra/s allowed detection of changes with a time resolution of 23 ms.
However, it was found that a 1-s time resolution was sufficient to monitor the structural changes of
the catalyst, and thus, the spectra could be averaged for 1 s each to improve data quality. Matlab®

(v8.6, The Mathworks Inc., Natick, MA, USA, 2015) routines were used for merging QEXAFS data
to 1 s/spectrum, energy calibration to a metallic Ni foil, normalization and for conducting linear
combination analysis (LCA). For the latter, a linear combination of reference spectra was fitted to the
sample spectra in the XANES region (from −30 eV to +50 eV). The spectrum of the reduced catalyst in
50% H2/He atmosphere and of the oxidized catalyst in 5% O2, both acquired at 400 ◦C, were used as
reduced and oxidized reference, respectively (see Figure S3).
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EXAFS data analysis was performed using Athena and Artemis of the IFEFFIT software package
(v1.2.11, Chicago, IL, USA, 2008) [74] on spectra collected during steady state conditions and on selected
spectra during fluctuating operation. In this case, 220 spectra were averaged, as this was sufficient
to monitor the structural changes and improve the data quality (5 s/spectrum). The theoretical data
was adjusted to fit the experimental spectra by a least square method in Fourier-transformed (FT)
EXAFS spectra (with k1-, k2- and k3-weighted EXAFS functions, FT EXAFS spectra, k and R range, as
well as fixed and varied parameters are shown in the Supplementary Materials) considering metallic
Ni (ICSD: 64989) and NiO (ICSD: 9866). Corresponding backscattering amplitudes and phases were
calculated with Feff 6.0 [75]. Amplitude reduction factors (S0

2) were obtained on metallic and NiO bulk
references (more details, cf. the Supplementary Materials). Coordination number (N), bond distance
(R) and energy alignment between theoretical and experimental data (ΔE0) were refined for each
spectrum. The mean square deviation of interatomic distances (σ2) was obtained by simultaneously
refining spectra of the sample in similar conditions and at the same temperature (cf. the Supplementary
Materials).

4. Conclusions

Experiments with periodically changing atmospheres during the methanation of technical
CO2 simulated as H2 dropouts were performed and resulted in detailed insights into the catalyst
deactivation mechanism. During H2 interruptions, catalyst deactivation occurred due to oxidation
of the most active surface Ni sites in the presence of O2 impurities (500–1000 ppm) in technical CO2.
Thirty-second short-term H2 dropouts showed surface oxidation and reduction occurring after the
seventh modulation cycle monitored in the center of the catalyst bed. The core of the Ni particles
remained reduced, since full oxidation was interrupted. Nevertheless, catalyst deactivation occurred
already after the first dropout since the oxidation of the active sites propagates stepwise through the
catalyst bed starting from the reactor inlet. This gives important insight into the mechanism of the
methanation reaction and, obviously, even short interruptions in the H2 feed, and thus, slight oxidation
of the most active Ni sites cannot be tolerated by the catalyst. Therefore, it is important to prevent H2

dropouts in industrial methanation applications, where traces of O2 might be present. This can also
be transferred to other power-to-chemicals processes using renewable H2. A higher impact on the
deactivation was observed during 300-s modulation, where a bulk oxidation was observed even in the
first H2 dropout, which resulted in a higher fraction of oxidized Ni remaining on the catalyst during
the methanation sequence and, thus, an even lower CH4 production.

The presence of small amounts of oxygen in the CO2 stream can already block a small fraction of
most active Ni sites, which had a strong influence on the CO2-methanation activity. This “titration” of
active sites may be further used in future to understand the methanation of CO2, but also other CO2

hydrogenation mechanisms in more detail.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/9/279/s1,
Figure S1: XRD patterns of the γ-Al2O3 support and the 10 wt % Ni/Al2O3 catalyst in its oxidized and reduced
state. Figure S2: H2-TPR profile of the 10 wt % Ni/Al2O3 catalyst. Figure S3: Reference XANES spectra of the bulk
materials (recorded at room temperature) and in situ oxidized and reduced spectra of the catalyst (measured at
400 ◦C) for linear combination analysis (LCA). Figure S4: XANES and FT EXAFS spectra of the reduced catalyst in
H2/He at room temperature (RT) and at 400 ◦C and in He atmosphere at 400 ◦C. Figure S5: Full-length experiment
of the 30-s H2 dropout modulations during methanation of CO2. Figure S6: Zoom of the first 6 min during the
30-s modulation. Figure S7: Zoom of the first 14 min during the 300-s H2 dropout modulation. Figures S8–S13:
Experimental and simulated EXAFS data. Figures S14 and S15: Full MS dataset recorded during the 30-s and 300-s
H2 dropout modulations, respectively. Figure S16: Comparison of the MS signals of CH4 (m/z 15) during the
30-s and 300-s H2 dropout modulations. Figure S17: Sixty-second H2 modulation in an oxygen-free experiment.
Figure S18: Series of 300-s H2 dropout periods during the methanation of CO2 containing 300–500 ppm O2.
Tables S1–S5: Structural parameters of the local Ni atomic environment extracted from the EXAFS spectra.
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