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This article presents and discusses several hot topics and current trends for Catalytic

Remediation in processes of significant environmental and energy importance. These

topics seem to have the potentiality to guide future endeavors and synergistic interactions

of several scientific disciplines, not limited to the chemists’ and chemical engineers’

communities, toward a common goal of great importance that is “Toward a cleaner

(green) and sustainable future.” Under this context, the following main topics and

grand challenges are addressed here: (i) Further in-depth understanding and fine-tuning

surface chemistry, catalytic activity, promotion, and stability, (ii) Current Advances and

future perspectives in catalytic remediation of mobile and stationary sources’ emissions

(elimination of NOx, N2O, VOCs, CO, soot, etc.)–“Emissions Control Catalysis,” (iii)

Clean energy production related catalytic reactions – H2 production and purification,

(iv) Catalytic CO2 hydrogenation (CO2 utilization/recycling), (v) Photo-electro-Catalysis:

Managing the effects of co-existence and mixtures of multiple pollutants in realistic

conditions; understanding the interfacial reaction mechanism between reactants

and photocatalysts; selectivity enhancement and intermediates/byproducts inhibition;

development of catalysts with abundant and stable electrochemical active sites; precise

identification of the time-resolved reaction information at the interface. Several sub-topics

between them are also highlighted.

Keywords: emissions control catalysis, nanocatalysis, catalysts promotion, steam or dry reforming of methane,

fuel cells, CO2 hydrogenation, oxidative coupling of methane, photo-electro-catalysis in wastewater pollutants

removal

INTRODUCTION

Catalysis was essentially introduced in industrial technology growth in the 1960s, mostly focusing
in refinery and petrochemical processes (Lanzafame et al., 2017). During the last two decades,
catalysis recorded extraordinary growth rates, and was recognized as a multidisciplinary science,
not limited in the chemists’ and chemical engineers’ scientific community but currently involving
synergistic interactions between many other scientists, e.g., materials, electronic, and mechanical
engineers, physicists, biologists, physicians, etc. (Derouane, 2001; Lanzafame et al., 2017). Catalysis
has been (and continues to be) utilized in the vast majority of chemical transformations
for manufacturing commodity chemicals and added-value products from raw materials and
mineral resources, green chemistry, fine chemicals and pharmaceuticals production, hydrocarbons
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processing, wastewater treatment and water cleaning, gas
pollutant emissions control, photo-electrochemistry and fuel
cell technologies, and numerous other agriculture, food, energy,
and environmental applications. Thus, catalysis has strongly
contributed to human well-being as a result of the concomitant
great advances achieved over the last years in industrial,
agricultural, energy technologies, and health. Howbeit, rapid
global industrialization together with population growth and
the concomitant increase in energy consumption have caused
a great threat to the environment due to a massive increase
in the production and venting of poisonous and hazardous
pollutants. Photochemical smog, stratospheric ozone depletion,
acid rain, global warming, and finally climate change being
the most well-known major issues resulting from the variety
of pollutants emitted by human activities. Evidences reveal
that we are already at a tipping point, which might lead to
sudden environmental change on a global scale. In the face
of these threatening environmental problems and concerns,
the global community has raised awareness of the issue
on several levels (individuals, local authority corporations,
international organizations, and governments). Recently, the
United Nation’s Sustainable Development Goals and the EU’s
Environmental Action Plan included calls to action and priority
objectives to protect life on land and water and tackling
climate change, in an attempt to ensure that “we live well,
with the planet’s ecological limits” (European Commission,
2014; United Nations: Sustainable Development Goals, 2019).
In this context, catalysis is once again at the forefront of
grand challenges for the development of sustainable and
clean energy generation technologies, green chemical synthesis
methodologies, as well as tools and techniques for monitoring,
protection, and improvement of the environment, ensuring that
our achievements must not adversely affect our environment
and at the same time we must mitigate any damage that has
already occurred.

Since the discovery of photocatalysis technology by Fujishima
and Honda (1972), the utilization of solar energy for the
emerging environmental issues and energy crisis has attracted
massive research interest. Various photocatalytic environmental
and energy applications have been developed such as wastewater
treatment, air purification, water splitting, and CO2 reduction.
Within the rapid development of photocatalysis technology
in the last half century, extensive studies have been carried
out, which enriched the understanding of photocatalytic
materials, light absorption capacity and carrier separation,
and transfer properties. A structure-activity correlation has
been widely reported in current literature however, except
for the novel design and modification of photocatalysts,
the study of mechanism-activity correlation remains a
great challenge.

The so-called “Environmental Catalysis” (e.g., Centi et al.,
2002; Ertl et al., 2008) provides, and continuously develops new,
efficient and cost-effective “Catalytic Remediation” strategies
and tools, and apparently gathers all the necessary expertise,
powerfulness and flexibility in order to play a pivotal role as
a leading technology toward a sustainable future and a clean
environment, further improving the quality of life. In this

context, the following highly challenging representative research
topics could be highlighted:

• Further in-depth understanding of catalytic chemistry and
promotion phenomena; development of cost-effective, ultra-
active, selective, and durable catalysts; toward nano- or even
single-atom catalysis.

• Further improvement in catalytic remediation of mobile
and stationary sources emissions (e.g., abatement of NOx,
N2O, VOCs, and gasoline-diesel-lean burn-natural gas
engines emissions).

• Steps toward renewable and sustainable energy; H2 energy;
fuel cells technology.

• Advanced eco-friendly management of natural gas, biogas,
and CO2; CO2 capture, utilization, and storage; renewable
fuels production;

• Photo-electro-catalytic materials and processes for wastewater
and air pollution remediation.

• Managing the effects of co-existence and mixtures of multiple
pollutants in realistic conditions.

• Understanding the interfacial reaction mechanism between
reactants and photocatalysts.

• Selectivity enhancement and intermediates/byproducts
inhibition in photocatalysis.

• Development of catalysts with abundant and stable
electrochemical active sites.

• Precise identification of the time-resolved reaction
information at the interface.

TAILORING CATALYSTS’
PHYSICOCHEMICAL PROPERTIES AND
MORPHOLOGY AT NANOSCALE;
IN-DEPTH UNDERSTANDING AND
FINE-TUNING SURFACE CHEMISTRY,
CATALYTIC ACTIVITY, AND STABILITY

Thanks to the ongoing progress in nanotechnology—that
provides efficient approaches and advanced methods for the
rational design of nano-structured multi-component materials
subjected to specific nano-morphologies (in shape, size, and
composition)—great advances have been achieved in developing
novel, ultra-active, selective, durable, and cost-effective catalyst
formulations for environmental and energy applications. The
simultaneous immense progress of state-of-the-art, in situ, high
resolution, and fidelity characterization techniques has highly
contributed toward these goals. Indeed, the employment of
advanced operando characterization techniques, such as the in
situ diffuse reflectance infrared Fourier transform spectroscopy
(in situ DRIFTS) (Koukiou et al., 2007; Matsouka et al.,
2008), the in situ X-ray Diffraction (in situ XRD) (Saraev
et al., 2017), the in-situ transmission electron microscopy (in
situ TEM) (Simonsen et al., 2010; deLaRiva et al., 2013),
the in situ near-ambient pressure XPS (Mewafy et al., 2019;
Zhong et al., 2019), among others, have tackled past difficulties
for an in-depth understanding of complex surface chemistry
and promotion phenomena involved, thus enabling catalysts
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performance optimization (Vayenas et al., 1994; Vayenas et al.,
1992; Yentekakis et al., 2000; Koukiou et al., 2007;Matsouka et al.,
2008; Simonsen et al., 2010; deLaRiva et al., 2013; Saraev et al.,
2017; Kampouri and Stylianou, 2019; Mewafy et al., 2019; Zhong
et al., 2019; Kyriakou et al., 2020).

Promotion of catalytic performance was and continues to
be a grand topic in heterogeneous catalysis. Surface-induced
and/or support-mediated catalysts’ promotion methodologies
for enhancing catalytic performance by using proper promoter
species in catalysts’ synthesis are routinely employed. Our
knowledge of the mechanisms of promotion and of the mode
of action of specific promoter species has been substantially
improved—thus it is now possible to say that the appropriateness
of a promoter species in a specific catalytic reaction and
conditions could be in many cases qualitatively or even
quantitatively predictable (Vayenas et al., 1992, 2001; Brosda and
Vayenas, 2002; Brosda et al., 2006; Yentekakis et al., 2019a).
Involved metal-metal and metal-support interactions—that play
critical role in intrinsic catalytic performance—give advantages
for tailoring physicochemical properties, thus fine-tuning local
surface chemistry toward a successful and effective promotion
(e.g., Papadakis et al., 1996; Pliangos et al., 1997; Nicole et al.,
2001; Vayenas et al., 2003; Konsolakis et al., 2012; Vernoux et al.,
2013; Yentekakis et al., 2018, 2019a,b).

Nanocatalysis, restricting the active phases to the nanoscale
thus maximizing both (i) the number of active catalytic sites
and (ii) the interaction area between the active phase and
the supports (undercoordinated sites), is currently among the
most important trends in heterogeneous catalysis (Turner et al.,
2008; Flytzani-Stephanopoulos and Gates, 2012; Yang et al.,
2013; Jones et al., 2016; Grillo et al., 2017, 2018; Datye and
Wang, 2018; Akri et al., 2019; Amsler et al., 2020). The former,
(i), provides efficient utilization of scarce and expensive noble
metals (common active phases in catalyst formulations), besides
the fact that many catalytic reaction systems are structure
sensitive appearing non-linear dependence of catalytic activity
on particle size; sharp size threshold in catalytic activity
over particles with a small critical value of size (ca. 2 nm)
above which were completely inactive, has also been reported
(Turner et al., 2008). The latter, (ii), often leads to beneficial
promotional effects on catalytic performance resulting from
the increased metal-support interactions due to the higher
number of undercoordinated sites. Several new or optimized
traditional catalyst synthesis methodologies, enabling dispersion
of nanoparticles with a very narrow particle size distribution,
even to the level of atomic dispersion, give major advantages in
nanocatalysis (e.g., Jones et al., 2016; Grillo et al., 2017, 2018;
Datye and Wang, 2018; Akri et al., 2019; Goula et al., 2019;
Yentekakis et al., 2019b; Amsler et al., 2020; Kyriakou et al., 2020).

However, long-term catalytic stability under typical operating
conditions or during regeneration procedures is not less
important in industrial catalysis than the intrinsic activity
and particle dispersion issues (Moulijn et al., 2001; Argyle
and Bartholomew, 2015). Thermal agglomeration, also called
“sintering,” is a leading cause of the deterioration of catalytic
performance of industrial catalysts operating at elevated
temperatures, and still remains a key problem that receives

much attention for reasons of fundamental significance and
economical importance (Moulijn et al., 2001; Hansen et al.,
2013; Argyle and Bartholomew, 2015; Goodman et al., 2017; Dai
et al., 2018). Design of remarkably active thermal aging tolerant
(the so-called “sinter-resistant”) catalysts is a hotspot issue in
heterogeneous catalysis, involving in particular environmental
and energy important catalytic processes (e.g., Papavasiliou et al.,
2011; Yentekakis et al., 2015, 2016; Goodman et al., 2017; Goula
et al., 2019). It is worth noting that besides the aforementioned
advantages of nanocatalysts, they typically provide more stable
and in situ regenerable formulations (Jones et al., 2016; Datye
andWang, 2018; Goula et al., 2019) due to intraparticle repulsive
electrostatic forces originated from metal-support interactions
(Goula et al., 2019) in combination with immobilization
of catalyst atomic species on support “trapping” sites
(Jones et al., 2016; Datye andWang, 2018; Yentekakis et al., 2018;
Goula et al., 2019).

The use of catalysts that restrict the active phase to the
nanoscale (up to single-atom) and at the same time are
durable during operation, is a long-term goal of large-scale
industrial catalysis for obvious reasons (improved yield, cost-
effective, environmentally friendly processes). The huge increase
in knowledge and new findings in the past few years on this issue
is expected to be rapidly adopted and implemented in industrial
catalytic processes giving new prospects and value.

In this context, the following high challenging representative
research topics could be highlighted:

• Implementation of advanced operando characterization
techniques in heterogeneous catalysis.

• Implementation of new or optimized traditional catalysts
synthesis methodologies for tailoring nanostructure
morphology and physicochemical properties of catalysts.

• Developing of sinter-resistant catalysts; further understanding
sintering mechanism.

• Implementation of new promotion methodologies; further
understanding promotion in catalysis; metal-metal, metal-
support interactions and structure—activity relationships.

• Steps toward nano-clusters and single-atom catalysis.

ADVANCES IN CATALYTIC REMEDIATION
OF MOBILE AND STATIONARY SOURCES’
EMISSIONS (CATALYTIC ELIMINATION OF
NOX, N2O, VOCS, CO, SOOT ETC.)-
“EMISSIONS CONTROL CATALYSIS”

The technology of three-way catalysis (and its product three-
way converter, TWC) for the simultaneous abatement of
carbon monoxide (CO), unburned hydrocarbons (HCs) and
nitrogen oxides (NOx =NO+NO2) emissions of stoichiometric
gasoline engines, successfully records nearly 40 years of
application. Commercial three-way converters (TWCs) typically
use formulations of Pt/Rh, Pd/Rh, or even Pt/Pd/Rh dispersed
on γ-Al2O3; the latter were usually stabilized against high
temperature degradation by incorporation of low levels of
alkaline earth and/or rare earth oxides, such as BaO, CeO2,
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La2O3. This constitutes the so-called “washcoat,” which is coated
on metal foil or ceramic (cordierite) monolithic substrates
in order to provide proper in size (∼1–2 L) and rheology
performance devices. Ce-based mixed oxides with particular
emphasis to Ce-Zr-O into the γ-Al2O3 washcoat have been found
to offer enhanced thermal stability and were already employed by
the mid-1990s (“fourth generation” TWCs). Nowadays, TWCs
containing Ce-Zr-O composites and related systems represent a
well-established technology and in particular the most advanced
technology for the control of cold-start emissions through
the concept of close coupled catalysts (CCCs) (Yentekakis
and Konsolakis, 2016). Besides thermal stabilization of the
washcoat, pronounced effect of Ce-based oxides on noble
metals dispersion and their intrinsic activity should be further
accounted for.

Learning from this long period of TWCs application
the following major and challenging aspects are still open
(Yentekakis and Konsolakis, 2016): (i) Broadening the operating
air/fuel ratio window (λ-window) for more tolerant systems
to the lean-rich swings in engine exhaust gas composition
during engine operation. (ii) Promoting intrinsic activity of
the noble metals in an attempt to increase the efficiency of
TWCs and simultaneously reduce the required noble metal
loading (cost-effective TWCs) (Yentekakis et al., 2007). (iii)
Minimizing (if possible, completely eliminating), the use of
the rare and expensive Rh from the bi- or tri-metallic
(Pt/Rh, Pd/Rh, Pt/Pd/Rh) formulations by promoting the
De-NOx efficiency of Pt or Pd—a process for which Rh
is the key TWC’s component. Simple mono-metallic, cost-
effective, and readily recycling TWC formulations can then be
available (e.g., Papadakis et al., 1996; Yentekakis et al., 2000,
2007; Matsouka et al., 2008, 2011; Wang et al., 2010). (iv)
Minimizing the formation of N2O undesirable by-products in
TWCs (Yentekakis et al., 1999; Matsouka et al., 2011).

Regarding (iv), it is worth noting that improving selectivity
toward N2 (instead of N2O) during NOx reduction still remains
a major point in three-way catalytic chemistry, since commercial
TWCs have been found to produce a small but notable
amount of N2O as an undesired byproduct. However, N2O is a
greenhouse gas with a global warming potential (GWP) ∼300
times higher than that of CO2, and furthermore its harmful
impact on the stratospheric ozone layer has been well-recognized
(Ravishankara et al., 2009; Wuebbles, 2009). Therefore, its
elimination from TWCs out-streams and several other industrial
emissions (e.g., stationary combustion processes, use of fertilizers
in land cultivation, production of adipic, and nitric acid) is
an urgent need—an additional grand challenging aspect for
Environmental Catalysis (Yentekakis et al., 1999, 2016, 2018,
2019a; Konsolakis et al., 2012; Yentekakis and Konsolakis, 2016).

Numerous high value and promising research findings in
monometallic (Pt-only or Pd-only) TWC formulations, in
which the noble metal phase is optimally promoted by cheap
alkali additives (e.g., Matsouka et al., 2008; Papavasiliou et al.,
2011; Yentekakis and Konsolakis, 2016), providing TWCs that
meet all the above requirements, are already available in the
open literature. The prospect of incorporating these innovative
technological findings and knowledge into the next generation

TWCs could be particularly lucrative in both environmental and
economic terms.

Recent studies have also demonstrated that perovskite-
type materials in combination with noble metals provide very
promising catalytic formulations for TWCs. A novel, self-
regenerating, noble metal-perovskite TWC has already been
developed and applied in cars (Nishihata et al., 2002, 2005;
Tanaka et al., 2006a,b). Further progress on the use of
perovskite-based materials in TWCs and other environmental
and energy processes is expected due to their adjustable solid-
state properties, in particular their oxygen storage capacity (OSC)
and O2− ion mobility characteristics that are often beneficial in
redox reaction schemes.

The development of catalytic converters for the energy
privileged diesel and lean-burn engines, offering adequate
activity and selectivity, at the excess O2 conditions which
they need to operate, capable to satisfy emission regulations
is a long shoot goal in emissions control catalysis; the
competitive role of NOx and O2 as oxidizing agents and
its control is of fundamental importance here (Granger and
Parvulescu, 2011). Although a remarkable progress has been
achieved to this direction, further improvements are necessary.
Another challenging topic in emissions control catalysis is the
development of suitable catalytic converters specialized on the
emissions of liquefied natural gas fueled vehicles (LNG-NGV)
(Zheng and Farrauto, 2017, Farrauto et al., 2019). The topic is
new and the research is mainly focusing to tackle the well-known
difficult catalytic activation of methane (i.e., its low adsorption
propensity (Yentekakis et al., 1998).

The vehicles industry is currently facing a growing desire for
a quantum leap toward hydrogen fuel cell vehicles or battery
electric vehicles (Farrauto et al., 2019). The transition to these
non-fossil fuel zero emissions vehicles and their extended use
may not be so far. In the case of H2-fueled vehicles, which are
based on low temperature polymer electrolyte membrane fuel
cells (PEM-FCs), the cost-effective procurement of H2 fuel is a
critical aspect of this technology. The required clean hydrogen
fuel will be produced either via water splitting electrochemical
systems envisaging an ideal eco-friendly and cost-effective
integrated process exploiting renewable energy resources (wind
or solar energy), or via hydrocarbon (mostly methane from
natural gas or biogas) reforming processes toward H2+CO
(syngas). In both cases catalysis is called to play a key role
(Farrauto et al., 2019). Due to the importance of the subject,
further discussion is provided below.

Besides applications in automobiles, non-renewable fossil
fuels (carbon, oil, natural gas) continue to remain the dominant
source of energy in power plants and heat production units in
industry and buildings to satisfy ever-growing energy demands.
In addition, combustion processes are increasingly established in
order to manage and combat the huge amount of solid wastes
produced. All these activities are related with the emission of
huge amounts of atmospheric pollutants, in particular NOx,
owing to the high temperature combustion operation with excess
air as oxidizing agent. Based on the fact that such stationary
processes are not practically facing with space limitations several
catalytic remediation technologies are available to reduce NOx
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emissions by using NH3, urea, H2 or hydrocarbons as reducing
agents (Macleod et al., 2004; Konsolakis et al., 2006; Costa
and Efstathiou, 2007; Kalamaras et al., 2017; Damma et al.,
2019). Among them, the selective catalytic reduction of NOx

with NH3 (NH3-SCR) has been widely applied due to its high
NOx abatement efficiency (Damma et al., 2019). The research
activity on the SCR of NOx process remains between the top
subjects in heterogeneous catalysis, and the challenges are to
reduce the operating temperature, to broaden the temperature
window and to increase the selectivity of the process toward N2

by developing novel catalytic materials and/or using alternative
reducing agents (Macleod et al., 2004; Konsolakis et al., 2006;
Costa and Efstathiou, 2007; Kalamaras et al., 2017; Damma et al.,
2019).

Regarding the above, the following high challenging
representative research topics could be mentioned. Figure 1

illustrates the last 20 years research activity on some of
these topics.

• Development of improved three-way catalytic converters
(TWCs) for stoichiometric gasoline engine emissions;
monometallic Pt- or Pd-only cost-effective and readily
recyclable TWCs

• Development of efficient catalytic converters for lean-burn,
diesel and LNG engine emissions.

• Development of efficient catalysts for low temperature CO
oxidation and VOCs removal.

• Improving electrocatalytic activity, energy efficiency, and CO
tolerance of low-temperature PEM fuel cells; extending the
operating temperature widow of PEMs to higher temperatures.

• Development of effective catalytic materials for DeN2O and
SCR DeNOx processes; lowering of the working temperature.

• Simultaneous abatement of N2O and NO x.

CLEAN ENERGY PRODUCTION RELATED
CATALYTIC REACTIONS—H2

PRODUCTION AND PURIFICATION

Much attention has been recently focused toward renewable
energy, owing to the increasing demand for energy, the
diminishing fossil fuel resources, as well as to the urgent need
of actions to protect life on land and water and tackling
climate change, under the general belief “we live well, with
the planet’s ecological limits.” Converting solar, wind, and
geothermal renewable energy recourses into chemical fuels that
can be stored and transported is a highly attractive vision. Under
this view, the most proper fuel seems to be H2; among others, H2

is related to zero emissions during reacquisition of the “stored”
chemical energy via its consumption. The hydrogen evolution
reaction (HER), the half reaction of water splitting in electricity
or sunlight driven water electrolysis cells, is crucial in the
aforementioned energy cycle (Safizadeh et al., 2015; Gong et al.,
2016; Mahammed-Ibrahim and Sun, 2019). The development
of novel highly effective and stable electrocatalysts containing
proper promoter species in order to expedite reaction kinetics
in alkaline media via fine-tuning of their surface properties
and chemistry is currently an important objective of numerous

research groups worldwide (Safizadeh et al., 2015; Gong et al.,
2016; Mahammed-Ibrahim and Sun, 2019).

Hydrocarbons, in particular methane, as the main component
of natural gas and biogas, are also an abundant source of
hydrogen. Methane reforming to syngas (H2+CO) achieved
either by its reaction with steam (methane steam reforming,
MSR), or with CO2 (dry reforming of methane, DRM) or even
by its partial oxidation with O2 (oxy-reforming of methane,
ORM) is the first step for H2 production via this resource
(Verykios, 2003; Angeli et al., 2014; Lavoie, 2014; Pakhare and
Spivey, 2014; Aramouni et al., 2018), which is then followed
by purification processes of the reformate gas in order to
obtain H2 fuel with very low CO-content suitable for transport
applications. Regarding the reforming reaction, novel catalyst
formulations with high reforming efficiency, low propensity
for carbon formation/accumulation and long-term stability -
owing to sinter-resistant catalytic particles at the typically high
operating temperatures used (ca. 750–800◦C) and beneficial
metal-support interactions—are issues attracting significant
research interest (e.g., Nikoo and Amin, 2011; Yentekakis et al.,
2015, 2019b; Goula et al., 2017; Charisiou et al., 2018; Akri
et al., 2019). Development of catalysts providing adequate
reforming efficiency at a lower temperature operating window
(ca. 550–750◦C) is also a challenge for the subject (e.g., Angeli
et al., 2014; Yentekakis et al., 2019b). It is also worth noting
that between the aforementioned three alternative reactions for
methane reforming, the case of its dry (CO2) reforming (DRM)
is currently attracting resurgent interest (Verykios, 2003; Lavoie,
2014; Pakhare and Spivey, 2014; Aramouni et al., 2018; Akri
et al., 2019; Yentekakis et al., 2019b). Among others, this reflects
the fact that both reactants (CO2 and CH4) are important
greenhouse gases. Moreover, compared to steam reforming
(MSR) or partial oxidation (ORM), DRM reaction provides a
route for direct utilization of biogas (consisting mainly of 50–
70% CH4 and 25–50% CO2) produced via anaerobic microbial
digestion or fermentation of biomass (Yentekakis and Goula,
2017). Furthermore, internal reforming of biogas by means of
DRM enables its use in directly-fuelled solid oxide fuel cells,
which are efficient and eco-friendly devices for the generation
of electrical power (Yentekakis, 2006; Yentekakis et al., 2008;
Papadam et al., 2012; Barelli and Ottaviano, 2014).

Highly dispersed, low Pt-group metal loading (ca. 0.1–1
wt%) catalysts supported on mixed oxide supports with high
oxygen storage capacity and lability seems to satisfy the desirable
criteria of high reforming activity and stability performance
(Ashcroft et al., 1991; Pakhare and Spivey, 2014; Goodman et al.,
2017; Yentekakis et al., 2019b). On the other hand, among
non-noble metal catalysts, Ni-based catalysts are very active
for methane reforming; however Ni shows high propensity for
carbon formation and particles sintering. The use of active
supports and/or dispersingNi in atomic-scale particles was found
to improve Ni performance characteristics against such problems
(Goula et al., 2017; Charisiou et al., 2018; Akri et al., 2019).

A significant portion of the reformate gas (syngas: H2+CO)
produced via methane reforming typically comprises feedstock
for the Fischer-Tropsch industry (e.g., Jahangiri et al., 2014),
where syngas is converted into hydrocarbons, or alternatively,
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FIGURE 1 | Last 20 years literature search on automobile and stationary sources emissions control related topics (Source: Scopus).

FIGURE 2 | Literature search for the last 20 years papers production on methane reforming and reformate purification toward clean H2 fuel topics (Source: Scopus).

intomethanol or even ammonia. If H2 production is desired from
the reformate gas CO elimination, it is demanded to be at the
level of 20–50 ppm, in order to satisfy the CO-contamination
limitations for its use in low temperature polymeric electrolyte
membrane fuel cells (PEM-FCs) developed for transport utilities.
To this line, the water gas shift reaction (WGS: CO + H2O
→ CO2 + H2) is of significant importance, able to reduce
the undesirable CO content, simultaneously enriching the net
H2 production rate (Panagiotopoulou and Kondarides, 2009;
LeValley et al., 2014; Pal et al., 2018). However, further CO
removal of the obtained gas is required in order to obtain
the necessary very low CO-content (20–50 ppm) for PEM-FCs
operation—CO is a strong poison for low temperature PEM -
FCs. The preferential CO oxidation reaction (CO-PROX) is of
great importance for this goal (Avgouropoulos and Ioannides,
2003). Alternatively, the selective methanation of CO can be

used as the final purification step of re-formate gas for the
generation of hydrogen-rich gas streams suitable for PEM fuel
cell applications (Panagiotopoulou et al., 2009, 2011). Research
on all these specific topics is currently hot in heterogeneous
catalysis (Figures 2, 3). Besides them, other important subjects
related to the application of H2-fueled vehicles technology are
apparently the H2 transport safety and its storage and dispersed
availability; advances on these issues will substantially contribute
upon making zero emissions cars application a close reality.

The production of H2 via methane reforming is an
industrially applied process. Currently, this large-scale process
is mainly based on the steam reforming reaction and Ni-
based catalysts, which are known to be prone to deactivation
due to carbon deposition and Ni agglomeration. However, the
great research interest on the dry (CO2) reforming process due
to environmental issues and the current development of low
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FIGURE 3 | Literature search for the last 20 years papers production on electrochemical hydrogen and energy production issues (Source: Scopus).

loading (<0.5 wt%) and cost noble metal based catalysts, which
are resistant to carbon deposition and particles agglomeration
opens up new prospects for the H2 production industry, by
turning its interest to the noble metal catalyzed dry reforming
of methane process.

Regarding all the above, the following high challenging
representative research topics could be mentioned.

• Steam reforming of methane; dry (CO2) reforming of
methane; partial oxidation of methane; natural gas and biogas
valorization; Syngas production; H2 production.

• Reformate gas purification; water gas shift reaction;
preferential oxidation of CO (CO-PROX).

• Electrochemical water splitting-electrochemical hydrogen (or
oxygen) evolution.

• Polymeric electrolyte membrane fuel cells (PEM-FCs); direct
biogas fuel cells; direct hydrocarbon-fueled fuel cells.

CATALYTIC CO2 HYDROGENATION

Despite the target and efforts for essential replacement of carbon-
based fossil fuels (coal, oil, and natural gas) with eco-friendly
renewable energy sources, owing to the high energy needs of
modern life, fossil fuels utilization unfortunately continues to
increase. This results in the emission of enormous quantities
of CO2 in the atmosphere—the most contributing to global
warming molecule. Scientific community currently searches
new energy models with small environmental footprint that
can also be combined with the so called cyclic economy and
bio-refinery strategies. CO2 utilization/recycling through its
catalytic conversion to added-value products and fuels (involving
methane, methanol, higher hydrocarbons, alcohols, dimethyl
ether, and formic acid) is nowadays among the approaches
that receive intense research and technological interest (Wang
et al., 2011; Yang et al., 2017; Yentekakis and Goula, 2017;
Liu et al., 2019; Ye et al., 2019). Depending on the nature of

the catalyst and conditions used, CO2 hydrogenation selectivity
can be manipulated toward the desired product, mostly CH4

or methanol (Centi and Perathoner, 2009; Wang et al., 2011;
Ganesh, 2014; Jadhav et al., 2014; Saeidi et al., 2014; Yang
et al., 2017; Yentekakis and Goula, 2017; Liu et al., 2019; Ye
et al., 2019). In general, elevated pressures and Cu, Cu-Zn,
or Co-Ni based catalysts lead to the formation of methanol
(Wang et al., 2011; Ganesh, 2014; Jadhav et al., 2014; Saeidi
et al., 2014), while atmospheric pressure conditions and PGM,
Ni, Fe, and Co based catalysts lead to the formation of
methane, the so-called CO2 methanation or Sabatier reaction
(Saeidi et al., 2014; Pal et al., 2018).

There are, however, both chemical and engineering problems
to be solved in regard to CO2 hydrogenation processes toward
methanol or methane. From a thermodynamic viewpoint both
cases are exothermic and involve a reduction in volume; therefore
are thermodynamically favored at low temperatures and elevated
pressures. But low temperatures decrease reaction rates. The goal
is, therefore, to develop catalysts that are sufficiently active and
selective at low temperatures and, if possible, at atmospheric
pressure and low, near to stoichiometry, H2/CO2 feed ratios
thus saving expensive hydrogen. Given the possibility that H2

demand for CO2 hydrogenation towardmethane can be provided
by means of a carbon-neutral solar- or wind-powered water
electrolysis plant, the overall process, called power-to-gas (P2G)
process (Estermann et al., 2016; Mazza et al., 2018) can be
considered as a highly convenient strategy for energy storage
and distribution. On the other hand, the produced methane
can follow an alternative and more attractive route, which is
its utilization for ethylene (C2H4) production, via the catalytic
oxidative coupling of methane (OCM) reaction (Keller and
Bhasin, 1982; Ito and Lunsford, 1985). A highly effective, one-
step OCM process, capable to lead up to 85% C2H4 yields has
been already proposed, which gives significant advantages for
industrial application (Jiang et al., 1994; Yentekakis et al., 1995,
Yentekakis et al., 1996). Overall, catalytic CO2 hydrogenation

Frontiers in Environmental Chemistry | www.frontiersin.org 7 July 2020 | Volume 1 | Article 5

https://www.frontiersin.org/journals/environmental-chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-chemistry#articles


Yentekakis and Dong Catalytic Remediation in Environmental and Energy Applications

is currently a priority research topic in environmental catalysis
(Figure 4); surface- and/or support-induced promotion of the
active phases and nano-structured catalyst architectures can be
critical tailoring factors upon catalysts design for fine-tuning
their activity and selectivity.

Besides the conventional heterogeneously catalyzed thermal
CO2 hydrogenation, remarkable research efforts have been
devoted for the photocatalytic and/or electrocatalytic reduction
of CO2 into hydrocarbons or oxygenates as well (Kondratenko
et al., 2013; de la Peña O’Shea et al., 2015; Qiao et al.,
2016; Francke et al., 2018; Zhang et al., 2018; Ali et al.,
2019; Albero et al., 2020; Zhu et al., 2020). This constitutes a
promising approach toward the production of a variety of value-
added products or fuels, such as methane, ethylene, methanol,
formaldehyde, formic acid, carbon monoxide, using intermittent
renewable energy sources (Francke et al., 2018; Wang et al.,
2018; Zhang et al., 2018). An extremely large number of studies
on this approach of CO2 utilization can be found in open
literature (Figure 4), where several classes of promising materials
as electrocatalysts are involved including metals and metal-
alloys, inorganic metal compounds, metal-organic or metal-
carbon molecular scaffold (e.g., g-C3N4) complexes with noble
metal (Ru, Re, Pd, Au) centers -currently shifted toward earth-
abundant metals (Ni, Co, Mn, Fe, Cu) (Riplinger and Carter,
2015; Jiao et al., 2017; Cao et al., 2018; Francke et al., 2018;
Zhang et al., 2017, 2018; Hong et al., 2019; Yamazaki et al.,
2019; Zhu et al., 2020). The use of organic ligands or carbon-
based molecular scaffolds allowing for appropriate electronic
modification of active metal centers acting cooperatively toward
further tuning of the catalytic behavior and has recently become a
well-established tool for catalyst performance optimization (e.g.,
Jiao et al., 2017; Francke et al., 2018; Zhang et al., 2018; Hong
et al., 2019; Yamazaki et al., 2019; Zhu et al., 2020).

Nevertheless, aiming to the industrialization of the
above approaches of CO2 utilization/recycling, substantial
improvements of electrode performance and electrochemical
cell designs are still required in the case direct electrocatalytic
reduction in order this to become cost-attractive, while in the
case of photo-electro-reduction approach a number of issues
involving the low stability and/or efficiency of the photo-
electro-catalysts, the limited energy efficiency, the unmanageable
selectivity and a better understanding of the reactionmechanisms
still remain challenging subjects and justify the intensive research
interest and effort (Figure 4).

The intense interest in the CO2-hydrogenation reaction as
a chemical and fuel production process is relatively recent.
On the contrary, the CO-hydrogenation for this purpose
through the use of synthesis gas (syngas: CO+H2) is a process
that has been industrially applied for many years; the well-
known Fischer-Tropsch industry. Due to the similarities on the
reaction pathways and the catalytic materials used by these two
reactions, it seems to be a valuable prospect of this industry to
incorporate both feedstock (CO2 and syngas) and the current
research finding obtained for the former reaction, thus gaining
multiple merits.

Regarding to the above, the following high challenging
representative research topics could be mentioned.

• CO2 hydrogenation toward methane, methanol, and other
oxygenated products

• Electrocatalytic CO2 reduction into hydrocarbons
and oxygenates.

• Photocatalytic and photo-electro-catalytic CO2 reduction.

PHOTO-ELECTRO-CATALYSIS

Managing the Effects of Co-existence and
Mixtures of Multiple Pollutants in Realistic
Conditions
Photocatalysis has been widely developed in energy and
environmental related fields (Figure 5). photocatalytic
remediation technology is extensively applied for air purification
and wastewater treatment, which are commonly on the basis
of the activity evaluation against a single target component.
However, a multitude of pollutants are present simultaneously
in real-world conditions. The mechanisms of mutual effects
between different pollutants are highly delicate to seek for their
optimal degradation and mineralization. Taking volatile organic
compounds (VOCs) as case studies, typical VOCs include
hydrocarbons, aldehydes, alcohols, and aromatics, which are
commonly distributed in petroleum refining, organic chemicals
production, textile dyeing, and other industrial occasions (He
et al., 2019). Although it has been proposed that photocatalysis is
an effective approach to eliminate VOCs, which were normally
investigated under the protocol of removing single component
pollutants to testify the novelty of photocatalytic materials.
The mutual effect between different VOCs plays a key role in
achieving efficient and safe environmental remediation.

As described above, it is encouraged by the author that the
following research topics should be considered for pollutants
mixture degradation and in order to drive photocatalysis a step
closer to the real application in environmental remediation:

• Competitive adsorption pattern of pollutants and reactants on
catalyst surface.

• Potential mutual promotion effect and molecular interaction
between multiple pollutants.

• Concentration and flow rate for pollutantsmixture in a specific
emission occasion.

Understanding the Interfacial Reaction
Mechanism Between Reactants and
Photocatalysts
Photocatalytic reactions can be divided into photophysical
(light absorption and charge separation) and photochemical
(surface/interfacial chemical reactions) process. Based on the
advances in material science and nanotechnology, photophysical
processes have been widely studied. Numerous catalyst
systems and electronic structure construction have been
developed to strengthen the redox ability of photocatalysts.
Nevertheless, as a chemical reaction, the interfacial reaction
mechanism in photocatalysis cannot be neglected. With rational
regulation of the reaction pathways and reaction rates, a
mechanism-activity correlation can be established, which could
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FIGURE 4 | Literature search for the last 20 years papers production on CO2 conversion to added-value chemicals and fuels topics: heterogeneous catalytic

hydrogenation, photo- and/or electro-catalytic reduction (Source: Scopus).

FIGURE 5 | Literature search for the last 20 years papers production on photocatalytic environmental and energy application topic (Source: Scopus).

greatly elevate the photochemical kinetics and enhance the
photocatalytic efficiency.

Based on this consideration, advanced research methods are
required for reaction mechanism investigation. It is suggested
that the in situ characterization technologies for reaction species
detection should be primarily focused on revealing detailed
reaction coordinates (Li et al., 2018a, 2020). Moreover, by
conducting micro theoretical calculations, reaction rate, and
activation energy can be clarified (Li et al., 2018b, 2019a). The
development of combined in situ characterization technologies
and theoretical calculations is a promising approach to surveying
photochemical process and provide molecular insights to
advance photocatalysis for environmental remediation and
green energy.

Selectivity Enhancement and
Intermediates/Byproducts Inhibition
For general environmental remediation technologies, the target
pollutants are required to be completely mineralized into
CO2 and H2O for their innocent treatment. However, the
unexpected partial oxidation of pollutants is always observed,
which leads to the generation of some intermediates and
byproducts (Weon et al., 2019). For example in photocatalytic
NO oxidation reaction, the potential concomitant production
of intermediated NO2 and N2O4 is undesirable. These
intermediates are more stable and toxic than NO itself and
their uncontrolled release causes severe secondary pollution
(Cui et al., 2017; Li et al., 2019b). To address this problem,
intermediates and byproducts generated during photocatalytic
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FIGURE 6 | Literature search for the last 20 years papers production on

electrocatalytic environmental remediation (Source: Scopus).

remediation should be determined and quantified. Subsequent
development of novel photocatalytic reactors and catalyst
deposition technologies may then be helpful to prolong the
retention time of pollutants and enhance the activation and
transformation of intermediates, effectively impeding the
accumulation of intermediates/byproducts and elevating
mineralization rates.

As for the large scale application of photocatalysis, the stability
and reusability of chosen photocatalysts should be principally
considered. Continuous working, for months or even years of
the photocatalytic system is required to guarantee the catalytic
efficiency and reduce the cost of catalyst reactivation. Besides,
other vital factors such as synthesis methods for mass production
of photocatalysts, selectivity for specific reaction and rational
design of photocatalytic reactor will contribute greatly to the real
application of photocatalysis.

Development of Catalysts With Abundant
and Stable Electrochemical Active Sites
Electrocatalysis is one promising alternative technology for
environmental remediation (Figure 6), especially in treatment of
the wastewater contaminated by persistent chemical pollutants
(halogenated organics, antibiotics and NH+

4 ) or oxyanions
(ClO−

4 , BrO
−

3 , NO
−

3 , and NO−

2 etc.) (Garcia-Segura et al., 2018;
Chaplin, 2019).

It thus shows its potential use in the safety guarantee of
the urban drinking water quality, the pollution remediation in
the natural surface/ground water, as well as the purification
of the wastewater from agriculture, pharmaceuticals, and
polymer industry.

In comparison to the well-established biological/chemical
methods, the redox reactions in electrocatalysis are driven
by the renewable electric energy, which thus require little
maintenance (little chemicals addition and no sludge
production) and can be potentially automated or remotely
controlled, endowing this technology with high energy
efficiency and environmental compatibility. In spite of

these merits, there are several challenges that need to be
addressed before scalable application of electrocatalysis in
environmental remediation.

In the electrocatalytic system, the catalyst on the electrode
is the vital part, which serves to adsorb, activate, and transfer
the electrons from electrode to the pollutants (Fu et al.,
2019). However, the development of the catalysts with
abundant and stable electrochemical active sites remains
a challenge. Nowadays, nanotechnology has significantly
advanced electrocatalytic efficiency and reaction selectivity, but
the durability of the nanocatalyst are usually questioned for
their practical application (Li et al., 2019c; Peng et al., 2019;
Su et al., 2019). In the current publications, the scenario of
migration, aggregation, and corrosion of the nanoparticles
(NPs) on electrode during the long-term reactions, and the
interactions between the NPs and the surrounding chemicals
(existing ions/molecules in water body or the intermediate
products) are given less attention. As a result, it is difficult
to evaluate the potential of the nanocatalysts in practical
environmental remediation.

Precise Identification of the Time-Resolved
Reaction Information at the Interface
Electrocatalysis proceeds via interfacial reactions. Thus,
understanding the interactions of the pollutants, intermediate
products and active sites at a catalyst surface should be
one crucial gateway to the understanding of the reaction
pathway and mechanism. However, due to the complexity
of the reaction system, as well as the short lifetime of
the intermediate products, the precise identification of
the time-resolved reaction information at the interface
is challenging. Recently, in situ analytical technologies,
including the in situ Raman, FTIR and Mass spectrometry,
have been rapidly developed and applied in some catalytic
systems for mechanistic studies, which provided the
opportunity (Duca et al., 2011; Ebbesen et al., 2011; Cui
et al., 2017). The Catalytic Remediation section of Frontiers
in Environmental Chemistry would like to stimulate such
investigations with the tools of time-resolved surface analytical
technology to reveal the detailed reaction information at
the interface.

Faced with the complex and harsh wastewater conditions,
electrocatalysis technology might sometimes become inefficient,
especially when the pollutants are of a very low concentration
or poor transportability. In this case, an extra technology
is highly desired to improve or eliminate the weakness
of the electrocatalysis. For instance, membrane technology
has recently been integrated with electrolysis, and various
electrocatalytic membrane reactors have been developed to
promote the mass transfer of the low-concentrated pollutants
around electrode, leading to the high energy efficiencies
(Gayen et al., 2018; Zhu and Jassby, 2019). To improve the
electrocatalysis efficiency, as well as its adaptability to the
various/complex wastewater system, the authors were highly
encouraged to combine the electrocatalysis with other wastewater
treatment technologies.
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CONCLUSIONS

This brief report on current and future trends and major
challenges of catalysis in environmental and energy applications
highlights the important role that environmental catalysis plays
and will continue to play in the direction of a cleaner and more
sustainable future for our planet.

The authors believe that by overcoming these great challenges
it is possible to achieve a breakthrough for catalytic remediation
and green energy. By publishing high quality articles containing
not only materials design and fabrication, but also fundamental
insights into the reaction nature of catalytic processes at
molecular level, catalytic technology can be advanced into real
utilization dealing with environmental issue and energy crisis.
The Catalytic Remediation section of Frontiers in Environmental
Chemistry will serve as a new platform to stimulate and

discuss the scientific output in the highlighted here topics and
related fields.
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