Chapter 9 ®)
Biomass and CO;-Derived Fuels R
Through Carbon-Based Catalysis.

Recent Advances and Future Challenges

Andreia F. Peixoto ®, Diana M. Fernandes(®, Ana B. Dongil ©®,
Elodie Blanco @, and Cristina Freire

Abstract Liquid transportation fuels from biomass and CO, are considered a
promising strategic alternative to simultaneously reduce greenhouse gas emissions
and fulfill the massive energy demands. Pyrolysis allows the transformation of ligno-
cellulosic biomass into bio-oil (liquid fraction) which can be further upgraded to
hydrocarbon fuels by well-known methodologies including catalytic hydrodeoxy-
genation (HDO) and steam or aqueous phase reforming to transform bio-oil into
hydrocarbons and H, as promising alternatives to fossil fuels in forthcoming future.
The efficient conversion of CO; to fuels and useful chemicals is an essential step
toward reducing the atmospheric concentration of CO,. (Electro)chemical catalytic
CO; reduction is a promising route to convert CO, back into valuable chemicals
and fuels. The use of carbon materials for biomass and CO, transformation has
gained impact as an alternative to conventional oxides due to their excellent features
including high surface area, electroconductivity, and low cost. This chapter describes
the recent works reported in the literature on the use of carbon-based catalysts
to convert biomass and CO, into sustainable biofuels. An overview of the most
promising carbon-based catalysts and processes will be presented, including the main
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challenges to improve carbon-based catalysts’ performance and to reduce costs to
make biomass and CO,-derived fuels an effective alternative for future mobility.

Keywords Biomass valorization - CO, conversion + Carbon-based catalysts -
Renewable fuels

9.1 Introduction

Alternative fuels are extremely important to the future of energy and transportation
sectors which play an important role in today’s economy and society with a huge
impact on growth and employment. Modern industry depends on fossil resources
for producing fuels and chemicals and the forecasts for 2050 rely on emissions
of about 200 million tons of CO, produced from the massive used of these fossil
feedstocks contributing to cumulative greenhouse gas emissions and environmental
issues (De Luna et al. 2019). Concerning this topic, the production of renewable
fuels from alternative resources is an extremely important request and, the growing
interest in new technologies for the valorization of renewable biomass and CO,, in
the last 10 years is well documented in literature reviews (Sudarsanam et al. 2018;
Kondratenko et al. 2013; Lu et al. 2021). Biomass is not only the major carbon-
containing sustainable resource for supporting the exponentially growing energy
demand but also prompts less greenhouse gas emissions. The best policy to compete
with fossil-based fuel refineries is the integration and upgrading of biomass-derived
feedstocks in a similar (bio)refinery approach. Biorefineries use several technologies
to convert different biomass feedstock into biofuels and bio-based chemicals, able to
replace a large fraction of industrial chemicals and materials currently derived from
fossil resources (Ruiz et al. 2013).

There is a large number of technologies to convert biomass into chemicals and
fuels including biological, thermal, and chemical processes (Sudarsanam et al. 2018).
Pyrolysis is a widely used process to sustainably convert biomass into liquid fuels.
The search for advanced fast pyrolysis processes has grown in the last years in order
to convert low-value biomass materials into bio-oil and numerous useful products
(Amenaghawon et al. 2021). However, bio-oil is a complex mixture of numerous
oxygenated compounds with a significant content of water, depending on the biomass
source.

Compared with traditional fossil energy sources, bio-oil presents unstable phys-
ical-chemical characteristics and low calorific value. In order to make bio-oil a vital
part of energy infrastructures, as a future transportation fuel, their upgrading through
oxygen removal and molecular weight reduction is imperative in order to simul-
taneously increase thermal stability and reduce volatility and viscosity (Jacobson
et al. 2013). There are several examples of bio-oil upgrading methods, Fig. 9.1,
although they present limitations to their large-scale application (Qu et al. 2021). The
hydrodeoxygenation (HDO) process is considered a fundamental strategy of biomass
upgrading to produce transportation fuels. The main challenge of HDO technology
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Fig. 9.1 Limitations and advantages of promising routes for (biomass) bio-oil upgrading and CO;
conversion. Adapted from (Grim et al. 2020; Panwar and Paul 2021)

implementation at the commercial scale is its dependence on high-pressure hydrogen,
expensive and mainly obtained from fossil resources and, the safety issues of the high
H, pressure. The use of hydrogen-free alternatives such as in-situ production using
bio-oil derivatives is an attractive option (Jin et al. 2019a).

Indeed, steam reforming allows converting the oxygenated and non-oxygenated
hydrocarbons from bio-oil by reaction with steam at high temperatures, to obtain
syngas (a mixture of hydrogen and carbon monoxide) and CO,. This route to bio-oil
upgrading has been extensively studied as illustrated in Fig. 9.1 (Tan et al. 2020),
where the main advantages and limitations are highlighted.

The quest for a more sustainable society and a cleaner environment grounded
based on green chemistry and engineering principles has prompted the development
of new studies combining CO, capture and its transformation into high-added-value
chemicals through catalytic or electrocatalytic reactions (Rafiee et al. 2018; Roy et al.
2018; Wu et al. 2017), Fig. 9.1. Currently, the typical thermochemical routes of CO,
conversion produce methanol, CO, dimethyl ether (DME), etc., (Rafiee et al. 2018)
and, even more advantageous, the electrochemical processes can provide valuable
or energy-dense chemicals such as formic acid and ethanol (Kumar et al. 2017).
CO, electrochemical reduction (CO,RR) has recently attracted huge attention as a
promising and clean technology to convert CO; into useful chemicals and low-carbon
fuels using electrons as reductants at mild conditions.

Lu et al. (2021) have published recently a review about the use of efficient single-
atom catalysts to convert biomass and CO, into renewable fuels and chemicals and
presented a scheme illustrating the integrated carbon cycle of both biomass and CO,
simultaneous conversion, Fig. 9.2 has a strategy to minimize CO, emissions and to
find alternative renewable feedstocks for the intensive future demands of renewable
energy and chemicals.
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Fig. 9.2 Proposed renewable carbon cycle with heterogeneous catalysts to convert biomass and
CO, into renewable fuels and chemicals simultaneously. Reproduced with copyright from (Lu et al.
2021)

The choice of the catalyst is a fundamental role in the upscaling and industrializa-
tion of biomass and CO, process conversion. Efficient catalysts have been designed
and used for both biomass and CO, valorization, although a technology at commercial
maturation is still a challenge due to the high costs of currently developed catalysts;
the low selectivity control toward the target products; and most importantly, the low
stability of the catalysts. The development of cost-efficient, highly active, and selec-
tive catalytic systems is essential to a significant step forward in this research topic,
Table 9.1.

Carbon-based (nano)materials are important building blocks for a multitude of
advanced applications including catalysis and energy conversion. Carbon materials
have been widely used as catalysts or catalyst support in several liquid and gas phase
reactions. Generally, carbon materials possess distinctive physicochemical properties
including high specific surface area, variable porosity, excellent stability and supe-
rior electronic conductivity, and interesting tunable surface functional groups for
incorporation of additional moieties. Also, the combination of these features with
their structure, interconnected pores, and heat stability make them key materials to
be used as catalysts or catalyst support for the conversion of biomass and CO, into
fuels (Gawande et al. 2020; Fernandes et al. 2019).

Carbon-based materials exist in different allotropic forms such as carbon black
(CB) and activated carbon (AC, including the biomass-derived materials), carbon
aerogel, diamond, fullerene, carbon nanofibers (CNF), carbon nanotubes (CNT),
graphite and graphene (Seelam et al. 2010; Lam and Luong 2014). The high surface
area, low cost, and availability of AC and CB make them the materials of choice to
support catalysts. Advanced engineering synthesis of various nanostructured carbon
materials including nanoparticles, nanotubes (one-dimensional materials), graphene
sheets (2D), and mesoporous carbons (3D) provide new opportunities for the devel-
opment of advanced carbon-based catalysts not only for fuel production but also
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Table 9.1 An overview of different technologies to convert bio-oil and CO» into derived fuels. The
typical catalysts and supports and the future challenges for commercialization

Method

Catalysts/supports

Future challenges for
commercialization

Hydrodeoxygenation
e Increases the heating value,
reduces the viscosity of bio-oil

* Sulphide transition metals
(W, Co, Ni, Mo);
* Reduced metals: Noble (Pd,

* studies use model
compounds; bio-oil stability is
an issue

Pt, Rh, Ru); and transition
metals (Ni, Co, Mo, W);
bimetallic (PtSn, Pt-Pd, RhPd, | ¢
NiW, NiMo, Co-Mo;

* Supports: SiOa,
SiOz—A1203, TiOz, ZrOz,
zeolites and carbon-based
materials

* Catalysts are prone to
deactivation in bio-oils
Economic viability is still a
problem: the cost of noble
metals prevents the
large-scale application
Alternatives to current harsh
conditions

Use low-cost metals
Improve water tolerance of
the low-cost active phase
(Ni, Co, Fe)

Reduce reaction temperature
to reduce thermal
requirement by for example
operating in the liquid phase
Improve TRL (currently at
stage 1-2)

Steam reforming
* Produces hydrogen by steam
reforming of bio-oil

Metal catalysts (base and
noble)-Ni, Rh, Pt, Pd, Co,
Cu, Ir, Fe

Supports: MgO,
MgO-Al,03, CeOy, ZrO»,
Calcite, Dolomite,

Alp O3 Zeolites-Y, ZnO and
carbon-based materials

Metal and metal oxide-based
catalysts: Cu/ZnO/Al; O3,
Fe304, Co/AlL O3,

Metal promoter molecules
such as K, Mn, Na, and Cu

Thermochemical reduction | ¢

* Produces low-carbon fuels
and methanol by CO,
hydrogenation .

Develop multifunctional
water and CO; tolerant
catalysts

Improve product selectivity
Improve catalysts
performance

Electrochemical reduction .

* Produces chemicals and .
low-carbon fuels using
electrons as reductants
under mild conditions

Noble metals: Pd, Pt, Ru
Transition metal elements
and related compounds
(metal oxides/metal
complexes): Cu, Fe, Co, Ni,
Cr, Mn

Economic viability is still a
problem: the cost of noble
metals prevents the large-
scale application
Electrocatalysts improve
performance: high activity
and stability

Reduce energy consumption
and increase the energy
efficiency of the process

for fine chemistry applications (Pérez-Mayoral et al. 2020). Graphene, one of the
most promising carbon-based materials, offers high stability in water media, in both
acid and basic conditions, which are typical conditions found in biomass feedstocks.
Moreover, their high surface area also allows better dispersion of the active phases
improving the efficiency of the catalysts in biomass and CO, upgrading and other
catalytic applications. For instance, surface functionalized of carbon support could
dramatically increase selectivity in HDO and significantly boost Faradaic efficiency
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toward CO and other valuable chemicals, such as CH3;OH, during electrochemical
CO; reduction (CO,RR). Carbon-based materials are also excellent hosts for metal-
nanoparticles, working as hybrid catalysts with multifunctionalities to be used in
biomass and CO, conversion.

There are several reviews recently published reporting the advances in biomass
conversion/bio-oil upgrading (Khosravanipour Mostafazadeh et al. 2018; Cordero-
Lanzac et al. 2021; Pujro et al. 2021; Attia et al. 2020) and on thermochemical
conversion/electrochemical reduction of CO, (Fernandes et al. 2019; Qiao et al.
2014; Feng et al. 2019; Wang et al. 2017; Xie et al. 2018; Zhu et al. 2016; Khezri
et al. 2017; Abdelkader-Fernandez et al. 2020; Handoko et al. 2018; Roy et al. 2018;
Esteve-Adell etal. 2017b); with a few examples focusing on the of using carbon-based
materials as catalyst support (Cordero-Lanzac et al. 2021; Lam and Luong 2014) and
several examples exploring the physico-chemical and textural properties and surface
functionalization methodologies and this is why we will not focus this topic in the
present chapter (Lam and Luong 2014; Benzigar et al. 2018; Pérez-Mayoral et al.
2020).

However in this chapter, we present the recent advances in the application
of carbon-based materials (including the ones prepared from biomass) to covert
biomass/bio-oil into fuels giving special emphasis to the most promising technologies
developed regarding their potential of industrialization as an alternative to the current
unsustainable fossil fuels energetic scenario. Considerable attention has focused on
the main technical challenges and future opportunities of bio-oil upgrading using
HDO and steam reforming (hydrogen production); and, electro-or thermo-catalytic
reduction of CO,, Fig. 9.3. The design of promising catalysts and their structure-
performance relationship are important points for future sustainable processes with
the main goal of lowering the production costs providing a viable alternative to
future mobility. The combination of carbon materials features with more sustainable
processes can be the key to revolutionize the production of fuels from biomass and
CO, although the limitations presented in Fig. 9.1 are still significant and struggle
the large-scale application. We will make an overview of the future challenges to
overcome these problems in the next sections.

9.2 Catalytic Carbon-Based Processes to Biomass-Derived
Fuels

Conversion of biomass into liquids fuels and chemicals has attracted considerable
interest in the last years. Several routes have been developed including pyrolysis
as a typical sustainable process to convert biomass into liquid fuels and one of the
most promising attempts to develop alternatives to energy production (Jin et al.
2019b; Carrasco et al. 2017). Fast pyrolysis is by far the most interesting industrial
approach (Amenaghawon et al. 2021). The resulting oil also called bio-oil is produced
under typical heating of 450-600 °C in the absence of oxygen (Dhyani and Bhaskar
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Fig. 9.3 Schematic representation of carbon-based catalysts’ role in the future of biomass and
CO;-derived fuels

2018). Bio-oil is a complex mixture of compounds comprising sugars, carboxylic
acids, hydroxyaldehydes, hydroxyketones, and phenolics. The presence of oxygen
(typically 40-50%) is one of the key differences between bio-oils and other hydro-
carbon fuels, causing lower heating value, thermal and chemical stability, higher
viscosity and immiscibility, higher acidity, and coke formation during processing
when compared with conventional fuels (Guo et al. 2018; Pang 2019). HDO and
steam reforming are examples of downstream bio-oil upgrading, Fig. 9.1. In the next
section special emphasis will be given to HDO reactions as the most promising and
effective method for bio-oil upgrading to hydrocarbons. The focus will be given on
the recent works employing carbon-based materials as a catalyst or catalyst support
and alternatives to the conventional H, from fossil fuels, the “H,-free” HDO reac-
tions, as a sustainable strategy for HDO industrial application. An overview of the
state of the art of HDO of real bio-oil upgrading will also be addressed. Furthermore,
due to the importance of H, production from alternative sources the steam reforming
of bio-oil to syngas (a mixture of hydrogen and carbon monoxide) will also discuss
as other interesting routes to bio-oil upgrading.

9.2.1 Hydrodeoxygenation of Bio-0il

Hydrodeoxygenation is an important catalytic reaction to transform biomass deriva-
tives into potential fuels (De et al. 2015). During HDO process bio-0il C—O bonds are
broken and by hydrogenation and/or dehydration eliminated decreasing the oxygen
content. The catalysts should be carefully designed to meet the key challenge of
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HDO processes and promote a high degree of oxygen removal under minimum
hydrogen consumption. Several processes have been intensively studied for the selec-
tive removal of oxygen from bio-oil, lignin, and other substrate models under high
pressure of hydrogen in the presence of a heterogeneous catalyst (Jacobson et al.
2013; Mortensen et al. 2011). In fact, and due to the complexity of the bio-oil
molecules, the use of model compounds is typically used to discern mechanistic
information, useful guidelines for the catalysts, and process design (Arora et al.
2020; Bjelic et al. 2019). The typical reaction routes for HDO of various model
compounds are summarized in Fig. 9.4 (Qu et al. 2021).
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Fig. 9.4 Reaction routes for HDO of various model compounds: a containing phenol, guaiacol, and
anisole; b acids and esters; and ¢ furan and furfural. DDO: deoxygenation; HYD: hydrogenation;
DME: demethylation; TMA: methyl transfer; ME: methylation. Reproduced from (Qu et al. 2021)
with permission from the Royal Society of Chemistry
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The HDO efficiency can be accessed by several reaction parameters including
temperature, hydrogen pressure, type of reactor, solvent, time, catalyst selection,
weight hourly space velocities (WHSV), etc. Among those, catalyst selection plays
a central role and typically a good HDO catalyst must have appropriate surface
oxophilicity to promote C—O bond cleavage, combined with moderate hydrogena-
tion ability and to reach a selective hydrogenation of the bio-oil derivatives to the
target products (Hita et al. 2020). The synergistic effect of support and the active
phase (metal) can be crucial to the efficiency of HDO catalysts playing a role in the
stabilization and dispersion of metallic particles. Moreover, the supports can also
have activity, can mediate reactants activation, and can facilitate the active phase-
reactant encounter enhancing metal-support interaction (Jin et al. 2019a). Carbon
materials arise in several biomass conversion processes, including in HDO reac-
tions, not only as promising catalyst supports, but also as a metal-free active phase
catalyst, due to their distinctive physicochemical, low cost, and lower affinity for
coke deposition compared to acidic supports (Mukundan et al. 2015).

The use of alternative HDO methodologies for bio-oil upgrade avoiding, for
example, the use of external Hy, is attaining a significant interest as a potential
economic approach to transform biomass into biofuels (Jin et al. 2019a). Due to the
growing interest in more sustainable processes, this discussion will be centered on
the performance of the use of carbon-based materials as catalyst support and the use
of H, alternative sources in an attempt to serve as a helpful guide toward the devel-
opment of efficient carbon-based catalysts and sustainable HDO processes and their
potential of industrialization. To date, the HDO processes use mainly external H,
and guaiacol is the mostly studied biomass derivative model. Noble metals (Pt, Pd,
Rh, Ru) (Santos et al. 2018; Thompson and Lamb 2018), transition metals (Ni, Fe)
(Guo et al. 2018) and metal sulfides, molybdenum carbides (Cai et al. 2017; Blanco
et al. 2020c) and rhenium carbides (Blanco et al. 2020b, 2021) are usually used as
metal active phases. Bimetallic multifunctional catalysts (Pd/Fe, Ru/Re) (Lee et al.
2020; Arora et al. 2020) and additive promotors can also act as an efficient catalyst
for HDO catalysis. CB and AC have been used as carbon-based supports for the
synthesis of efficient heterogeneous catalysts due to their low production cost and
high specific surface area. Nevertheless, the use of CNT, CNF and GO provide new
opportunities for the development of more efficient and stable catalysts. The use
of commercial carbon-supported noble metal catalysts for HDO reactions have also
been extensively explored (Bjelic et al. 2019; Thompson and Lamb 2018; Guo et al.
2018).

In a recent review, Sharma et al. (2020) presented a variety of carbon catalysts
to convert lignin and its derivatives models by HDO reaction as a powerful tool
for the generation of non-petroleum chemicals and fuels. The authors presented
structurally different carbon-supported metal catalysts and discussed the effect of
surface properties in mechanistic insights. Li and co-authors (2021) also focus their
studies on the progress effects of the microenvironment of carbon-based catalysts on
the HDO of biomass. The authors focus the review on the effects of the surface of
carbon support microenvironment (structure and functionalization) in the catalytic
performance and the mechanism of HDO reactions and concluded that carbon-based



232 A. E. Peixoto et al.

catalysts with mesoporous structure and high surface area favors the formation of
small particle size and consequently higher dispersion and distribution of metallic
active sites leading to high catalytic activity. They also found an effect of pore
size distribution on the adsorption of reactants and transport of products which also
affects the activity and selectivity of HDO reaction. These reviews represent a very
good overview of the work done in the last years in HDO reactions using carbon-
based materials and are important future guidance to the design and development
of efficient carbon-based catalysts for this type of reaction. However, must of the
published works use harsh reaction conditions, including (200400 °C) and high
H; pressure (4-20 MPa) in batch or fixed-bed reactors which means high energy
consumption. Furthermore, the current commercialize H, gas is typically produced
from fossil fuels which is an expensive and non-renewable source. Therefore, the
use of milder HDO processes is invariably desirable to design an economic way to
biomass conversion to fuels. Noble metal-supported carbon-based materials are the
mostly used in the works presented in the literature, although significant efforts are
being made to increase the economics of HDO technology motivating the transition
to non-noble metal catalysts and mild reaction conditions (low H, pressure and
temperature) to reach high selectivity for the desired products. The demonstrated
evidence of comparable catalytic activities to noble metal-based catalysts obtained
with some non-noble (Cu, Co, and Ni) metal-based catalysts is a promising signal to
the economic scale-up of this process (Kordouli et al. 2017; Guo et al. 2018; Feitosa
et al. 2019; Bjelic et al. 2019; Mendes et al. 2020; Lopez et al. 2020; Jin et al. 2021;
Blanco et al. 2020a).

In general, the surface area and the pore size distribution of carbon materials
play an important role in the particle size, dispersion, and distribution of metal
active phases increasing the accessibility to the reactants and consequently the HDO
conversion and selectivity.

9.2.1.1 “H,-Free” Alternatives

Jin et al. (2019a) presented novel approaches to avoid the external H, supply,
discussing the challenges and research trends of novel HDO technologies including
catalytic transfer hydrogenation (CTH) and the combination of reforming and HDO.
The development of hydrogen-free alternatives has been attracting the interest of the
catalysis community and, although a challenge, a variety of alternatives are available
at different degrees of maturity. Attempts to perform HDO at atmospheric H, pres-
sure afforded excellent results for the production of aromatic compounds (Wu et al.
2021). Nevertheless, the design of highly active and stable catalysts remains a chal-
lenge and a significant drawback to the implementation of biorefinery schemes. Other
“H,-free” HDO strategies use as an alternative to hydrogen sources alcohols, formic
acid (FA), and water-assisted in-situ HDO which is perhaps the most promising
from an economic point-of-view, due to the possibility of using the water content
of bio-oil as a source to generate the hydrogen in-situ. Seeking for economically
viable biomass upgrading alternatives, Reina and co-authors (Jin et al. 2019b, 2021;
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Parrilla-Lahoz et al. 2021) developed a novel in-situ HDO strategy using H,O as a
hydrogen source suppressing the external high-pressure hydrogen. The first approach
(Jin et al. 2019b) used a series of Ni-based catalysts supported on CeO, with/without
AC for the guaiacol HDO. The catalyst Ni/CeO,—C showed to be the most promising
reaching more than 20% conversion using only water as an H, source. Although the
low conversion, the suppression of the high-pressure H, evidenced the importance
to further optimize the design of the catalysts, reactor and operating conditions to
improve the results and develop a new and economically advantageous route for
HDO reactions.

More recently the same authors (Jin et al. 2021) used Ni supported nitrogen-
doped AC catalysts (Ni/N-AC) and water as a hydrogen donor for the in-situ HDO
of guaiacol. Nitrogen-doped carbons were more active than the undoped carbons
in the “H,-free” HDO process. The conversion of guaiacol increases by 8% when
Ni/N-AC was used (prepared using polyaniline as a nitrogen source) comparing with
non-doped Ni/AC catalysts. Therefore the excellent performance of Ni/N-AC was
ascribed by the authors to the acid-base properties and to the modified electronic
properties of the carbon support which favors the C—O cleavage, the water activa-
tion, and the dispersion of Ni particles on the catalysts’ surface. In order to develop
multifunctional catalysts able to activate water and the subsequent use of the in-
situ generated hydrogen, the authors also presented a sequence of efficient Pt and
Ni-based catalysts supported on N-doped graphene combined with ceria (Parrilla-
Lahoz et al. 2021). NiCeO,/GOr-N presented the best activity/selectivity balance
and it was elected as the most promising catalyst to conduct the “H,-free” HDO
reaction. The as-prepared non-activated Pt-based catalysts showed superior perfor-
mance than the Ni ones, although the reductive pre-treatment of the catalysts resulted
in a superior performance for NiCeO,/GOr-N with up to 30% conversion which
was attributed to the optimal properties and better metal dispersion obtained with N-
doped systems. Previously Yang et al. prepared a Co supported in an N-doped carbon
catalyst (Co@NC) (Yang et al. 2017) by one-pot carbonization of biomass-derived
glucose in the presence of melamine, as nitrogen source, and CoCl, as the catalyst
precursor. The optimized Co@NC-700 (pyrolyzed at 700 °C) shows the best activity
for vanillin HDO exhibiting 15.4 times higher activity than the non-doped Co/AC
with >95% vanillin conversion and 100% selectivity to 2-methoxy-4-methylphenol
(MMP) at 180 °C. The authors also compared the efficiency of Co@NC-700 catalyst
under molecular hydrogen concluding that this catalyst is more active and selec-
tive for MMP under FA than under H,. The superior performance of Co@NC-700
under H,-free (external) conditions could be assigned to N-derived defective sites on
carbon-based support, which potentially play a relevant role as base additive in FA
dehydrogenation and metal like active center for the hydrodeoxygenation of vanillin.

Although the use of noble metals is not very attractive from an economic point
of view, the fact of using milder conditions and other alternatives to molecular
hydrogen can be advantageous. Emphasizing the work done by Nie et al. (2017)
which prepared by one-pot carbonization of biomass-derived glucose, melamine as
nitrogen source and ZnCl, as porogen nitrogen-enriched highly mesoporous carbons
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(NMCs), with a specific surface area of 1017 m? g~! and mesopore volume propor-
tion of 92.1%. This NMC allowed a well-dispersed Pd catalyst and consequently
high activity (100% conversion), stability, and selectivity for HDO of vanillin to
MMP (>99%) in water phase with formic acid (FA) as hydrogen donor, at 150 °C
and 0.5 MPa N,. The excellent results were ascribed to the high mesostructure, N-
doped species on the surface of NMC, and their relationship with Pd particles. Pu
et al. (2020) prepared for the first time N-doped hierarchically porous carbons (HPC)
using MOF as a sacrificial template to control the material morphology and compo-
sition. The authors observed that by just varying the nitrogen precursors the HPC
morphology, hydrophilicity, and nitrogen configuration can be fine-tuned. Particu-
larly, a honeycomb-like morphology was obtained using dicyandiamide (DCD) as
a nitrogen source. The resulted PdA@HPC-DCD catalyst showed excellent activity
and stability to the HDO of vanillin in aqueous solution, using FA as hydrogen
source under 0.5 MPa N, at 140 °C with >99% yield of unsaturated hydrocar-
bons. The significant catalytic activity of PA@HPC-DCD in water was attributed
not only to its hierarchical structure, but also to the well-dispersion of Pd species,
even to the favorable hydrophilicity. De Luna et al. (2019) have previously presented
a bimetallic catalyst Pd—Ag supported on Fe;O4/nitrogen-doped reduced graphene
oxide (N-rGO) for HDO of lignin-derived compounds including vanillin with 100%
conversion and 99% selectivity for MMP at 130 °C, using FA as a hydrogen source
in water.

These published works showed that N-doped carbon materials are promising
supports to enhance the catalytic performance of HDO due to: Basicity and
hydrophilicity of the carbon-based supports which could improve the interaction
between substrate and support under the aqueous reaction conditions; N-dopants on
carbon matrix can be assumed as defects and anchoring sites favoring the particle
formation and to the reduction of their size (Jin et al. 2021).

9.2.1.2 Toward Real Biofuels

The economic limitations are the main drawbacks to the industrialization of HDO
and, in fact, HDO is only considered viable when renewable hydrogen is accessible
and cheap enough to be used in large quantities or when alternative H, sources
are employed. Recent publications have been using real bio-oil as feedstock and
carbon-based supports taking advantage of their physicochemical features in HDO
reactions, particularly on the conversion of bulkier and highly refractory compo-
nents (Hita et al. 2020; Cordero-Lanzac et al. 2020). Noble metal catalysts, such as
Ru, Rh, Pd, and Pt, showed high efficiency in the HDO of pyrolysis oil producing
upgraded oil with higher yield and quality. Carbon surface functionalization can also
improve the catalyst acidity contributing to their stability (Cordero-Lanzac et al.
2017, 2020). Cordero-Lanzac and co-authors promoted the HDO of real bio-oil
using a phosphorous-functionalized activated carbon (ACP) bifunctional Pt-Pd cata-
lyst. The authors observed that the presence of hydrothermally resistant acidic sites
allowed for high selectivity to aromatics yields, maintaining the catalyst stability
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(Cordero-Lanzac et al. 2020). However, the noble metal catalysts’ high prices and
their short-live when used for treating bio-oils due to sulfur poisoning (bio-oil gener-
ally contains sulfur) are unattractive for industrialization and clearly demonstrate the
importance to develop inexpensive and highly active non-noble catalysts for HDO.

Inexpensive activated carbon-supported nickel and cobalt phosphide catalysts
(varying the metal/P molar ratio) were prepared and applied in the HDO reaction of
wood-derived pyrolysis oil (Guo et al. 2018). The effect of phosphorus content on
HDO performance was investigated under 300 °C and 50 bar of H, for 3 h and it was
possible to observe that the properties of the upgraded bio-oils were significantly
affected. Both Ni and Co-based catalysts allow obtaining of upgraded bio-oils with
lower O/C and H/C ratios increasing P content (up to M/P = 3/2) suggesting that
the increasing of HDO activity is associated with the hydrogenation activity deterio-
ration. High-quality bio-oil products (similar to the obtained with the commercial 5
wt% Ru/C) were achieved with the addition of the small amount of Ru as a co-catalyst.
AC-supported NiP was selected as the most promising inexpensive catalyst allowing
comparable activities to the expensive Ru/C catalyst. The same authors compared
previously the activity of different catalysts under the same conditions presented
above and concluded that AC-supported NiP was the most promising regarding the
yields, the composition of upgraded oil, and the prices of the catalysts (Guo et al.
2016).

Mendes et al. (2020) prepared nickel phosphides supported in AC and mineral
charcoal and compared the effect of using these two types of carbon with carbon-
covered alumina (CCA) support (Mendes et al. 2020). HDO reactions were performed
using a commercial bio-oil under 150 and 250 °C and H, pressures between 50 and
100 bar. The effect of temperature and H, pressure on the efficiency of deoxygena-
tion and quality of bio-oil were evaluated. Ni,P-AC showed better performance at
150 °C than Ni,P on mineral charcoal and CCA, giving bio-oils with lower oxygen
content and consequently higher heating value. On other hand, at higher tempera-
tures (250 °C) Ni,P/CCA showed the best results compared with the other carbon-
based materials giving bio-oils with a lower O/C molar ratio and higher H/C molar
ratio. These differences were justified by a pore blocking of the non-covered carbon
supports. For the first time, Remon et al. (2021) evaluated the effect of the initial
H, pressure and temperature, reaction time, and catalyst/bio-oil ratio in the HDO
of bio-oil (lignocellulosic) using a Mo,C/CNF catalyst to produce liquid biofuels
and value-added chemicals. Process optimization revealed that using an initial H;
pressure of 40 bar and temperature of 350 Remon et al., and 0.19 g, g’lbio_oﬂ for
1 h, allowed to convert 65% of the organic content of the bio-oil into a liquid bio-fuel
which represents a deoxygenation degree of 70% and an energy efficiency of 62%.
The authors proposed a schematic representation for the composition of the upgraded
bio-oil and the potential reactions that contribute to the formation of solids (mainly
char), aqueous, and gaseous species through the upgrading process, Fig. 9.5.

It is noteworthy to mention the great progress already made in the area of bio-
oil upgrading contributing to enhance the knowledge about the potential use of
biomass/waste biomass as an energy source, in future bio-refineries. The use of
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“H,-free” processes combined with high efficient (non-noble)-carbon-based cata-
lysts with balanced acidity and basicity should be considered a key step to improve
HDO catalytic performance and a strategy to achieve the economic viability of the
industrial production of fuels from biomass. The use of low cost and renewable
precursors to prepare the carbon-based catalysts is also highly recommended (Santos
et al. 2020). Alcohols consider attractive alternatives to replace external H, supply
since they can act as hydrogen donor by releasing H, via reforming reactions. The
potential of H, production from steam reforming (SR) and aqueous phase reforming
(APR) of bio-oil will be discussed in Sect. 2.2.
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9.2.2 Steam Reforming of Bio-0il for Hydrogen Production

Hydrogen (H,) can be generated from biomass according to several processes
that involve thermochemical or biological processes. Among the thermochemical
processes, pyrolysis, liquefaction, and gasification are the main routes considered.
All these processes transform biomass into a mixture of gas containing H,, CO, CHy,
and other products. The gas phase can generally be enriched in H, using common
processes like methane steam reforming or decomposition, water gas-shift reac-
tion, or partial oxidation reaction. During pyrolysis, the bio-oil produced contains a
fraction of heavy aromatics, namely tar, which must be removed as they are quite
problematic for downstream equipment, causing clogging and blockage. Typically,
tar can be removed by reforming over biochar-based materials and has been widely
discussed in several reviews (Xu et al. 2020; Ren et al. 2021; Tan et al. 2020). On the
other hand, in hydrothermal liquefaction, a bio-oil is also produced together with an
aqueous phase that can be further upgraded by steam or aqueous phase reforming to
H,.

The general bottleneck of those processes is catalyst deactivation. The present
part will give a sample of several recent studies where carbon materials can be
employed to improve the H, production and/or catalyst stability from the bio-oil
fraction depending on the process considered.

Steam reforming is mainly employed in small oxygenates easily vaporizable like
methanol, ethanol, acetic acid, or glycerol. Methanol is not currently a bio-based
product, and thus, it will be omitted in this part.

Steam reforming generally involves metal-supported catalysts, and there are only a
few reports where carbon materials are employed as support (Ozkan et al. 2011; Janas
et al. 2015; Augusto et al. 2020; Seelam et al. 2010). The literature review displays
that one of the critical factors for hydrogen production is the metallic particle size.
Indeed, Silva et al. have reported that the turnover frequency (TOF) of H, production
was improved by decreasing the particle size of Co in the case of ethanol steam
reforming (ESR) (da Silva et al. 2014). Such behavior was explained by the presence
of the lower amount of terraces responsible for the coke deposition. Hence reducing
the particle size limited carbon deposition over the metal particle, enhancing the ESR
activity. Based on this study, Augusto et al. have evaluated the effect of the carbon
support for ESR in the case of Co-based catalysts (Augusto et al. 2020) and found that
the carbon support affects the dispersion of Co. The better dispersion was obtained
on carbon nanofibers (CNF) and AC, however, the latter suffer strong deactivation
due to particle sintering, while over CNF the particle size was maintained with a
slight deactivation due to partial oxidation of Co.

On the other hand, the use of carbon nanotube (CNT) as support was compared to
more traditional support, Al,O3 by Seelam et al. (2010) and found that higher activity
for ESR could be reached (Seelam et al. 2010).0n the other hand, CNT was compared
to graphite carbon as a support for Ni in the SRE, and results have shown that the
CNT was the best support for the generation of H, (Rautio et al. 2015). However,
the post-reaction analysis showed a significant carbon content increase after the
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reaction ascribed to CNF and CNT formation. Recently, a composite of CNT-silica
fiber (SF) was also evaluated in ESR (Prasongthum et al. 2017). The combination
of the fibrous structure of silica and the high surface area of CNT has been shown
to significantly improve Ni’s stability and metal dispersion, probably due to the
presence of oxygen-functional groups (OFG). Another strategy employed to prevent
Ni from sintering/oxidation was an encapsulation of the metal by a graphene shell
(Chen et al. 2019). In this study, the thickness of the graphene shell was optimized
and the resulting catalyst showed to enhance the H, yield product compared to a
classical Ni/Al,O3 catalyst, with no deactivation reported during the experiment.

In the case of acetic acid steam reforming (ASR), similar fibrous composite
platelet CNF-silica fiber (SF) was used as a support for Co and reported a higher
ASR activity and better long-term stability compared to Co/SF and Co/Q10 that was
ascribed to better metal dispersion and the unique structure (Natewong et al. 2018).

The effect of biochar activation was also evaluated in the case ASR over Ni
catalyst (Chen et al. 2018b; Wang et al. 2020c; Stasi et al. 2020; Di Stasi et al. 2021).
Indeed, it was reported that in the case of Ni supported over biochar, the activation
using KOH-HNO; provided the highest specific surface area, and therefore, the Ni
dispersion was enhanced (Chen et al. 2018b).

Interestingly authors also found that the activity could be improved by increasing
the sulfur content. Recently, activation of biochar by HNOj3 using different concen-
trations has been carried out and showed to affect the hydrophilicity of the resulting
support and the pore structure and the OFG, leading to a different particle size of Ni.
Among these aspects, hydrophobicity is the most relevant parameter for ASR. Indeed,
high hydrophobicity results in low activity and high coke formation while moder-
ated hydrophobicity improved adsorption of the reaction intermediate on C—O—C-
aliphatic OFG. In contrast, the gasification of reaction intermediates was proposed to
occur over carbonyl OFG (Wang et al. 2020c). Di Stasi et al. have activated biochar
using pure CO, at 700 °C and screened several metals in ASR and reported low
deactivation of the metal phase during the reaction (Stasi et al. 2020). However, in a
more recent study, they found that using a mixture of several pyrolysis bio-oil model
compound deactivation was observed due to metal poisoning of heavy products,
nevertheless such deactivation could be inhibited using bimetallic (Di Stasi et al.
2021). As far as glycerol steam reforming (GSR) is concerned, only a few reports
are using carbon-based materials (Veiga and Bussi 2017; Liu et al. 2018c; Chen et al.
2020b). Again it appears that the use of carbon material improves the metal disper-
sion essentially. For instance, in the case of Ni supported over AC) oxidation of the
support has been shown to enhance the Ni anchoring into smaller particle size (Veiga
and Bussi 2017), while in the case of CNT support, the well-dispersed metallic Ni
showed to promote the consecutive glycerol decomposition and the water gas-shift
reactions to hydrogen production (Liu et al. 2018c). Recently, the same strategy to
encapsulate Ni into a graphene shell and attached to a skeleton of SiO, was also
investigated for GSR protecting Ni from oxidation and sintering with a high yield
of Hy (ca. 5.09 mol Hy/mol glycerol) and stability (Chen et al. 2020b). Glycerol
reforming can take place in an aqueous phase and is generally a preferred process as
it occurs at a lower temperature (Fasolini et al. 2019).
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9.2.2.1 Aqueous Phase Reforming (APR)

APR was first introduced by Dumesic et al. as a promising process for producing H; in
an aqueous phase under moderated conditions compared to the gas phase (Davdaetal.
2005). In this respect, model compounds were often considered like glycerol, acetic
acid, ethylene glycol, etc. Carbon materials were mainly considered support due to
their high surface, variety of textural and structural properties, and good stability in
the aqueous phase. Furthermore, their surface chemistry can be easily modified by
introducing functional groups at the surface that can introduce hydrophilic properties
to the hydrophobic carbon (Lam and Luong 2014). For instance, it has been reported
that in the case of several ordered-mesoporous carbons (OMCs), the APR activity
of ethylene glycol was directly correlated to the metal dispersion (Pt), which was
affected by the different pore structures of the OMCs (Jeong et al. 2014). In this
sense, nano-sized OMCs displayed higher Pt dispersion than micro-sized OMCs,
and among the nano-sized OMCs, hollow-type framework configurations were better
than rod-type. On the other hand, recently, Ru-supported over N-doped mesoporous
carbon was investigated for glycerol APR (Gogoi et al. 2020). It was found that the
incorporation of N into the carbon could significantly enhance the catalytic properties.
Indeed N creates some basic sites over the support and improves anchoring over the
support preventing it from sintering. Recently, the use of graphene as a support to
Pt has shown to also allows narrow distribution of Pt particle size (1-5 nm) (Elias
Bamaca Saquic et al. 2021).

Over CNT, superior yields toward H, in glycerol APR compared to oxide
supports and associated with higher metal-support interactions (Rahman 2015). On
the other hand, the introduction of OFG by acidic treatment can improve Pt disper-
sion; however, a lower TOF was reported but could be recovered by annealing the
remaining OFG. Hence, it was proposed that OCG was detrimental when the reaction
occurs in a binary mixture with different hydrophilicity due to competitive adsorption
(Wang et al. 2010b). Similar conclusions could be obtained using bimetallic Pt—Co
supported on single-wall CNT (Wang et al. 2010a).

Metal-free carbon materials have also been considered for the production of H, by
APR (Esteve-Adell et al. 2017b, 2017a). Indeed a series of boron-doped graphene has
been active for glycerol and glucose APR (Esteve-Adell et al. 2017b). The same group
has also reported that ethylene glycol could be successfully decomposed into H, and
CO; over metal-free graphene obtained from alginate pyrolysis and proposed that
acid-base Lewis pairs act as the dehydrogenative center (Esteve-Adell et al. 2017a).

To summarize, the use of carbon-based material for improving the H, produc-
tion has been shown to be effective especially in limiting the deactivation of the
metallic site. In this respect, several strategies could be employed offering a myriad
of possibilities to limit the deactivation. For instance, in the case of deactivation by
particle sintering, the use of carbons with high surface area or specific morphology
(e.g., CNF) enhances the metal dispersion thus, delaying the deactivation, while in
some other cases, a graphitic shell prevents particles from sintering (Karapinar et al.
2019). On the other hand, the surface chemistry of the carbon is of great importance
and can be easily tuned by for example acidic-treatment (Jeong et al. 2014), thermal



240 A. E. Peixoto et al.

treatment, or doping with heteroatoms like N (Kibria et al. 2019), or B (Kumar et al.
2017). In this sense, the hydrophobicity can be adjusted as well as the acid-base
properties. All these parameters are essential in preventing deactivation.

9.2.3 Economic Analysis of Bio-0Oil-Derived Fuels

The main challenge of bio-oil upgrading is to produce economical alternatives to
light/heavy fuels for transport or heat generation. Recent tests on bio-oil combustion
at an industrial scale demonstrated that bio-oil is a suitable alternative to conven-
tional heavy fuel oil. The major issues affecting the bio-oil production/upgrading
costs are the low product yield and the feedstock/equipment (upgrading) high costs,
suggesting an expensive final upgraded bio-oil is still unable to be competitive as
a commercial liquid fuel (Kumar and Strezov 2021). The application of alternative
hydrogen sources is an effective strategy to decrease the high cost of HDO processes
since generally this process occurs at less severe operation conditions (Kumar and
Strezov 2021). H, produced from steam reforming of bio-oil is a clean and sustain-
able fuel as its combustion produces water and no harmful gases. In addition, it can
be also used in HDO of bio-oil, as an alternative to H, from fossil derivatives in a
biorefinery approach. Syngas can be further converted via Fischer-Tropsch process
for the production of hydrocarbons.

9.3 Catalytic Carbon-Based Processes to CO;-Derived
Fuels

9.3.1 Thermochemical CO, Hydrogenation Using
a Carbon-Based Catalyst

According to recent reports, around 50% of anthropogenic emissions can be absorbed
by oceans, land, and forests and close to 85% of the remaining 50% could be used
to obtain fuels and chemicals, the production of fuels being the main market (De
et al. 2020). The following subchapter summarizes the research published in the
last years, 2017-2021, on CO, hydrogenation using carbon-based catalysts through
thermocatalysis. Although CO; can be transformed into several useful products such
as CO, methane, formic acid, methanol, dimethyl ether, carbonates, lower olefins,
etc., the majority of the literature is found for methanol and formic acid given their
current interest as a hydrogen carrier. The information has been divided based on
the target product, namely, CO, to methanol/formic acid, CO, and hydrocarbons
(CHa, CO;L , » and olefins). Transformations involving CO, hydrogenation are highly
important especially for H, transportation and storage. However, the conversion
of CO, has some thermodynamic challenges. On the one hand, C-O bonds are
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more stable than C—H bonds and, on the other hand, the hydrogenation products are
normally liquids and, hence, entropically unfavored, since the transition from gas to
liquid decreases the entropy.

9.3.1.1 Hydrogenation to Methanol and Formic Acid

Hydrogenation of CO to methanol is a well-known process for which commercial
catalysts consist of Cu/ZnO. Based on this system, several research works have
appeared regarding CO, hydrogenation to methanol using Cu/ZnO or Cu/ZnO/ZrO,
in combination with different carbon structures. For example, Din et al. (2018)
reported the use of Cu/ZrO, supported on carbon nanofibers with several Cu loadings
(5-25 wt.%) prepared by deposition precipitation. The best catalytic results in the
liquid phase hydrogenation using a CO,/H, feed volume ratio of 1:3 was obtained
with a Cu loading of 15 wt.% reaching a methanol yield of 20 gkg~'cath~! at 180 °C
and 30 bar. The catalytic performance was correlated with the concentration of basic
sites and copper exposed area. The authors also studied CO, hydrogenation in the
liquid phase at 30 bar and 180 °C using Cu—ZrO,-carbon nanofibers-based catalysts
prepared by deposition precipitation (Din et al. 2019). The catalysts were promoted
with 1-4 wt.% ZnO which improved the activity and selectivity up to an optimal
value of 3 wt.%, for which the measured yield to methanol was 45 kg~!cat. h=! with
a methanol selectivity of 92% (vs. 78% without promoter). The increased yield to
methanol was due to the better selectivity compared to the unpromoted catalysts,
since the activity was indeed lower due to the worse dispersion of copper on the
ZnO-promoted sample.

Also, Witoon et al. (2018) studied the effect of adding graphene oxide into CuO—
Zn0O-ZrO,. Increasing GO loadings of 0.5-2.5 wt.% improved the yield of methanol.
However, higher loadings hampered the co-precipitation of mixed metal oxides, this
leading to the formation of isolated oxides nanoparticles and higher CuO particle
size, and lower yield to methanol compared to the catalyst without GO. Nevertheless,
the selectivity was still higher compared to the GO-free catalyst. The optimum GO
loading was found to be 1 wt.% at 200 °C and 20 bars. The positive effect of GO was
ascribed to the higher amount of active sites for CO, activation and to the hydrogen
spillover promoted by GO from the copper nanoparticles to the metal oxide particles.

Deerattrakul et al. (2018) employed a different synthetic method to prepare Cu—
Zn/reduced graphene oxide catalysts by impregnation of Cu and Zn on hydrothermal
reduced graphene oxide. The researchers assessed the effect of the hydrothermal
reduction temperature and found that 140 °C provided the highest surface area (458
m?g~!) among the tested temperatures. The catalysts with 15% weight loading of
Cu—Zn afforded the highest yield to methanol (94.53 mgMeOHgcat—1 h~!) at 250 °C
and 15 bar.

The role of nitrogen doped on carbon supports has been also addressed by several
authors on CO, hydrogenation to methanol and formic acid. For example, 10%Cu/Zn
catalysts were prepared over an N-doped reduced graphene oxide (N-rGO) previ-
ously prepared by chemical exfoliation of graphite with hydrazine (Deerattrakul et al.
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2017). Using in-situ X-ray absorption near-edge spectroscopy, the authors described
the influence of the reduction time which was found to be optimal, among the mate-
rials tested, at 90 min and 350 °C. The best methanol yield at 250 °C and 15 bar was
591 mg MeOH/g cat/h.

More recently, Deerattrakul et al. (2019) reported that pyridinic nitrogen was rele-
vant on the system CuZn/graphene to improve the metal dispersion, H, dissociation,
as well as the activation of CO; to produce methanol. Also, the synthesis using urea
as a nitrogen source provided the highest N-pyridinic among other N precursors
tested such as ammonia and hydrazine hydrate.

Using a different experimental approach Ma et al. (2019b) also evaluated the
effect of nitrogen-doped graphene. In this work, the authors synthetized several
catalysts by co-precipitation of nitrogen-doped graphene (NG) and Cu/ZnO/Al,03
with a different weight percentage of NG. The results showed that the addition of NG
improved both CO, conversion and CH3OH selectivity up to an optimal NG loading
of 10 wt.%. The results were correlated with the better CO, and H, adsorption
promoted by NG. Apparently, at low NG loading the system Cu/ZnO/Al,O3 is not
well dispersed, the dispersion improving upon increasing the NG content. Also, the
graphene is capable of transferring hydrogen to the copper particles forming copper
hydride, this being relevant in the hydrogen spillover mechanism which may occur
between the oxides and copper.

Additional theoretical calculations were performed by Esrafili et al. (2017) for
the CO, hydrogenation with Pt- and Ni-doped graphene for which a termolecular
mechanism was proposed. According to this mechanism, the H, molecule could be
activated by two preadsorbed CO, molecules, one H atom is then transferred to one
CO; molecule forming a —OCOH intermediate which would be then converted into
HCOOH. The formation of formic acid would be the rate-determining step, which
is more energetically favored over Pt than Ni. On the contrary, the bimolecular
mechanism is described by two steps, which start with the co-adsorption of both
reactants on the surface. Then, also a —OCOH intermediate is formed which finally
is transformed into formic acid through the creation of a C—H bond.

More recently, Gao et al. also studied the CO, hydrogenation to formic acid by
DFT, on Pty cluster doped single-vacancy graphene (Xu et al. 2020). Among the
reactions mechanism studied, Langmuir-Hinshelwood, Eley-Rideal, and termolec-
ular Eley-Rideal, the activation energy results also suggested that the most favored
reaction path was the termolecular Eley-Rideal.

Also by DFT, Yodsin et al. (2019) investigated the platinum supported on defec-
tive carbon nanocones (Pt/dCNC) during CO, hydrogenation to formic acid. The
calculations suggested that formic acid yield depended on the concentration of Hy,
and that dissociation of H, followed by H spillover is more energetically favorable,
while the desorption of formic acid is the rate-determining step.

Some investigations evaluated the potential of Cu single metal atoms on C,N
monolayer for the CO, hydrogenation to formic acid using first-principles calcula-
tions (Ma et al. 2019a). The results indicated that two main mechanisms can take
place. While the path I start with the co-adsorption of H, and CO,, path Il is initiated
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by the adsorption of H,. The latter path is more energetically favored and the reaction
could even take place at room temperature.

Sredojevi¢ et al. (2018) also studied CO, hydrogenation to formic acid by DFT
using Ru and Cu single atoms trapped in graphene sheets. The calculations showed
that a high activation energy is required to transfer hydrogen atoms to CO,. Alter-
natively, the pre-dissociation of H, may occur on the metal surface before CO,
adsorption, this being preferred energetically for Ru catalyst. For this system, the
formic acid desorption is the rate-limiting step. However, for the Cu-based catalyst
the strong affinity of H atoms for defective graphene hinders the transfer of the H
atom to CO,.

Molybdenum carbide supported on carbon materials has also been tested in CO,
hydrogenation to formic acid and methanol as a low-cost catalyst with similar
properties to noble metals. Examples in the liquid and gas phases can be found.
Both theoretical and experimental results showed that the use of nitrogen-doped
carbon creates an interface between molybdenum carbide and the support which
enhances the adsorption and activation of CO, and H, (Wang et al. 2020a). The best
system of those reported that MoC@N5.6C provided a turnover frequency of 8.20
molFAmolMoC~! h~! at 140 °C and 20 bar, in the liquid phase hydrogenation.

More recently, Dongil et al. (2021) evaluated Cu-molybdenum carbide systems
supported on commercial high surface area graphite. The authors reported the
synthesis of molybdenum carbide through the carbothermal method using the support
as the hydrogen source. The formation of both molybdenum oxycarbide and carbide
was confirmed by X-ray absorption near-edge spectroscopy. Deuterium desorption
thermal experiments also showed that molybdenum hydride species were formed.
The formed hydride species were suggested to be the reason for transformations
involving MoO,C,H; < B-Mo,C. Also, the formation of metallic Mo when the
synthesis was performed at 70 °C under Hj, resulting in less active and selective
catalysts. The addition of copper improved the catalytic performance, acting as a
promoter since monometallic Cu was not active in the studied system.

9.3.1.2 RWGS and Methanation (or Hydrogenation to C2")

Ni and Ru single metal atoms supported on carbon nanotubes have also been tested
by Rivera-Carcamo et al. (2020) for CO, hydrogenation at atmospheric pressure and
340 °C. The results indicated that while nickel-based catalysts were selective to CO,
ruthenium-based catalysts were more selective to CHy. In addition, for ruthenium
catalysts a relationship between selectivity and electronic properties was observed,
so that electron-rich particles were more selective to CHy, while electron-deficient
were more selective to CO.

The effect of nitrogen has been studied by some authors. For example, Liu et al.
(2018b) used zeolitic imidazolate frame-works (ZIFs) as precursors to obtain N-
doped carbon supports. Two catalysts were prepared by pyrolyzing Fe and Fe/K
modified ZIF and they were employed on the hydrogenation of CO, at 320 °C and
30 bar with an H,/CO, ratio of 3. Results were also compared with carbon spheres
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(CS) and AC. While conversion was just slightly higher on the Fe-ZIF catalysts
(26.8-29.3%) and higher for the K-doped Fe(K) (34%), the selectivity obtained
with the Fe/Zn-NC and Fe(K)Zn-NC was remarkable, reaching 22.1-27.4% to C5+
(compared to just 0.4—5.4% obtained with CS and AC) and 30-32% to C,—C4 olefins
(compared to <3% reached with CS and AC).

Potassium-doped iron catalysts supported on SWCNT and MWCNT were also
tested for CO, hydrogenation to hydrocarbons at 613 K, 20 bar, and H,/CO, =
3 (Wang et al. 2020b). The different results with both types of CNT highlight the
importance of the electronic properties of carbon materials. The authors reported
high selectivity to olefins (C5+) being 39.8% and 21.8% for SWCNT and MWCNT
respectively. However, the different conversions reported should also be considered
when comparing the data since the value obtained with SWCNT was also higher
(52.7%) compared to MWCNT (43.6%). The authors also reported that FeK/IMWNT's
catalyst favored the formation of light olefins (C2—-C4 = selectivity, 30.7%) and that
FeK/SWNTs catalyst led to low concentration of the unwanted products CO and
CH,4 which resulted in an outstanding yield to of heavy olefins of 27.6 umolCO,
gFe~! s!. The better selectivity of FeK/SWCNTs to heavy olefins (C5+ selectivity
= 39.8%) was explained by the effect of the higher electron concentration on the
outer surface of SWCNT, larger proportion of Higg carbide and the ability to interact
strongly with light olefins. Apparently, the electron donation of SWCNT due to their
larger curvature, given by the lower diameter of SWCNT compared to MWNTs, i.e.,
0.47 versus 2.2 nm, favors the scission of the C—O bond, this also promoting the
formation of carbon monomers and the optimal carbon to hydrogen surface ratio to
obtain olefins.

On the other hand, Wu et al. (2018) have investigated FeK supported over novel
honeycomb-structure graphene and have observed that the support was able to
confine the Fe particle preventing them from agglomerates, while the mesoporous-
microporous architecture could reduce effectively mass transfer limitation achieving
73 w mol CO, g~! s7! yield of light olefins (C2-C4 selectivity = 59%).

N-doped graphene synthetized by pyrolysis in argon of chitosan at 900 °C proved
to be active and selective to methane at temperatures of about 500 °C with estimated
turnover frequencies of 73.17 s~! (Jurca et al. 2018). The better catalytic performance
of this system compared to other doped graphenes catalysts seem to be related to
the presence of N-pyridinic atoms which are able to adsorb CO, forming carbamate
adsorbed species.

Also, Wang et al. (2018a) studied Ni supported on nitrogen-doped carbon
nanotubes for CO, methanation at atmospheric pressure and several temperatures.
The catalyst offered around 80% conversion and 100% selectivity to CH4 at 360 °C
using an H,:CO; ratio of 4 and proved to be stable for more than 24 h.

Lietal. (2018) studied the promotion of Ni/CNT catalysts with manganese on CO,
methanation and the effect of oxygen surface functionalization. The experimental and
theoretical results indicated that, as calcination temperature increased from 350 to
550 °C, the amount of oxygen groups and, hence, the strength of interaction with
metallic nanoparticles decreased.
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The increase of calcination temperature from 350 to 550 °C had a negative impact
on activity and was even more pronounced on the selectivity to CH,. The presence
of a larger proportion of defects (corner, edge, or terrace) on the catalyst prepared
at 550 °C was given as an explanation for the less significant effect on the activity
since these sites contribute to the activity.

Also, the addition of Mn as a promoter improved activity due to the better CO,
adsorption as also confirmed by the CO,-temperature programmed desorption and
transient response experiment. The best catalysts of those tested were those promoted
with Mn and calcined at the lowest temperature, 350 °C, which also proved to be
stable during 140 h of operation.

Nitrogen doping carbon materials have also been tested on CO, hydrogenation
to CO and CHy. Unfortunately, it is difficult to find a comparison with analogous
undoped systems or different carbon nanostructures.

Sikora et al. (2018) synthetized bamboo-like carbon nanotubes (BCNTs) by
catalytic chemical vapor deposition which were oxidized by acid treatment to prepare
calcium alginate-gelled BCNT spheres. After thermal treatment, Pd, Rh, and Ni
nanoparticles supported on BCNT spheres were tested in CO, hydrogenation at
200-600 °C. Pd supported BCNT was more selective to CO while Ni favored the
formation of CHy.

Cobalt (1.5-35 wt%) supported on different carbon structures, i.e., nanotubes,
nanofibers, low-layered graphite (LGF) as well as carbon nanotube-Nb,O5 compos-
ites were evaluated and compared with Nb,Os (Tursunov and Tilyabaev 2019). The
CNT-Nb,Os composites were synthetized by decomposing methane at 650 °C for 5 h
in the presence of Nb,Os which had been previously impregnated with a solution of
cobalt nitrate. Overall, the catalysts are 100% selective to CH4 and CO, the selectivity
is dependent on the metal loading. At 3 wt.% Co loading CNT, CNF, and LGF were
selective to CO reaching 78%, 23%, and 64%, respectively, while at higher loadings
the catalysts offered exclusively CHy. Also, using specific Co loadings on CNT (3
wt% of Co) and LGF (1.5 wt% of Co), resulted in inactive catalysts apparently due
to the amorphous nature of the cobalt particles of those samples. The stability and
catalytic performance of the catalysts could be enhanced by incorporation nitrogen
atoms into graphene sheets through reaction with the oxygen surface groups of the
carbon structures.

The hydrogenation of CO, has also been tested under supercritical conditions,
enhancing mass transfer and H, solubility. For example, Bogdan et al. (2019) evalu-
ated Co and Ni supported on CNT which showed great activity on CO, hydrogena-
tion, cobalt being the most active and selective catalyst with 25-26% conversion
and 100% selectivity to CHy4 at 300—-450 °C. The authors also reported that under
supercritical conditions the space—time yield to the product increases significantly
(by 5-8 times) compared with the reaction in the gas phase.

Chernyak et al. (2020) used spark plasma sintered Fe/CNT catalysts and evaluated
the effect of the sintering temperature on the structure and performance of the cata-
lysts as well as the stability of the materials during supercritical conditions (85 bar
and 350 °C) and different CO,:H; ratio. Spark plasma sintering (SPS) is one of the
techniques to obtain bulk CNT materials along with hot pressing or pressing with
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binder. SPS consists of applying high pressure and pulsed current, leading to fast
sample heating (up to 1000 °C/min) which allows to preserve the CNT structure. In
this work the synthesis starts by producing the multi-walled CNTs by chemical vapor
deposition of hexane over the Co-Mo/MgO catalyst at 750 °C. Then a specific equip-
ment for SPS is employed in which the samples were sintered under the pressure of
30 MPa at 800 and 1200 °C under vacuum for 5 min. The activity was similar at
both tested sintering temperatures and similar to a catalyst prepared by impregnation
and reduction in H,. Also, the catalysts displayed a quite similar selectivity using a
CO;,:Hj; ratio of 1:2, to CO (18-22%) CHy4 (34-36%), C,—C4 (33-35%), and Cs +
(9-12%).

The effect of nitrogen doping in CNT on the RWGS and FT synthesis has been
reported by Williamson et al. (Williamson et al. 2019) and described that the C-N
dipoles in the support when CO, and CO were adsorbed were more relevant than the
particle-support interactions.

9.3.2 Electrocatalytic CO; Reduction Using Carbon-Based
Catalysts

The CO,RR has been attracting considerable attention over the last years as it
provides a valuable pathway for renewable production of fuels as well as renewable
energy storage. Additionally, it offers further advantages, like fully controlled elec-
trochemical process by applying external electrolytes and potentials, the possibility to
reduce the whole cost and the consumption of chemicals through the reuse of the elec-
trolytes, and the operation under ambient conditions. In addition, the numerous possi-
bilities for the selection of components of electrocatalytic reaction system combined
with the multiple assemblage combinations and the fact that electrochemical setups
are generally modular and compact and the scale-up can be simpler (Fernandes et al.
2019).

As for all reactions related to energy like oxygen and hydrogen reactions, here
electrocatalysts (ECs) play a critical role in the electro-kinetics, mechanism, and
product distribution. The major challenge is the design and successful preparation
of highly efficient, low-cost, selective, and stable Ecs capable of addressing the
kinetically slow CO, process. Various review papers have been published regarding
the application of homogeneous and heterogeneous Ecs for the CO, electroreduction
(Qiao et al. 2014; Kuhl et al. 2012; Feng et al. 2019; Liu et al. 2018a; Zhu et al. 2016;
Wang et al. 2017; Xie et al. 2018; Khezri et al. 2017; Abdelkader-Fernandez et al.
2020; Fernandes et al. 2019). Exhaustive reviews addressing the electroreduction
of CO, from a mechanistic/theoretical perspective have been published recently
(Kibria et al. 2019; Handoko et al. 2018; Zhang et al. 2017), even though the CO,RR
complexity involving multiple possible pathways surely will continue to stimulate
scientists to look for further insights on this topic.
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Nonetheless, here we present an up-to-date review of the recent advances in the
last 5 years involving carbon-based materials for the electrochemical transformation
of CO; into selected fuels (methane, methanol, ethanol, and syngas).

Carbon-based materials are interesting materials for electrocatalysis, mainly
owing to their mechanical and physicochemical properties which include electron
conductivity, thermal stability, large surface area, and corrosion resistance. Owing
to its surface chemistries and tailorable porous structures apart from the proper-
ties already referred to above, carbon-based materials have been largely applied
both as a support for metal-based electrocatalysts as well as versatile heterogeneous
metal-free electrocatalysts itself. Carbon-based materials’ electrocatalytic activity is
intrinsically related to their structures, chemical surfaces, and defects. Porous carbons
display large porous structures, leading to a high transfer of mass and larger surface
areas with a greater concentration of active sites per mass of catalyst. Additionally,
the incorporation of heteroatoms, in particular nitrogen, portrays a valuable func-
tionalization at a molecular level modulating the electronic and physicochemical for
targeted purposes like CO, electroreduction.

9.3.2.1 About CO; Reduction Reaction (CO,RR)

The CO, molecule is a chemically inert and thermodynamically stable molecule
that presents low electron affinity and consists of 2 C=0 bonds, each with a bond
dissociation energy of 750 kJ mol~! (Ma et al. 2019c). Considering other bond
dissociation energy values namely of C—-C (336 kJ mol~"), C-H (441 kJ mol™1),
and C-O (327 kJ mol™!) is clear why CO,RR reduction is more difficult to occur
compared to the reduction of other organic molecules (Fan et al. 2018; Ma et al.
2019c). In addition, the CO,RR is more challenging when the electrolyte is water
due to the fact that CO, is weakly dissolved (& 0.33 mol dm~3 at 25 °C, 1 atm),
(Fan et al. 2018) in acidic and neutral solutions and due to possible occurrence of
the hydrogen evolution reaction (HER).

The CO,RR happens at electrode/electrolyte boundaries and the process involves
three main steps. The first comprises the CO, chemical adsorption on the surface of
the electrocatalyst, and the second is the electron transfer and/or proton migration
to break C-O bonds and/or form C-H bonds. The third and last one involves the
rearrangement of product species, their desorption from the electrode, and diffusion
into the electrolyte.

CO;RR is a thermodynamically challenging process but it also presents innumer-
able kinetic problems. Generally, the CO,RR proceeds thru distinct multi-step paths
with the involvement of electrons (2—18) resulting in various products. Parameters
like the type of ECs, electrolytes, pH, pressure, temperature, and CO, concentration
greatly influence the number and type of paths (Mao and Hatton 2015). Various
reduction products can be formed such as formic acid (HCOOH, acid medium),
carbon monoxide (CO), formate (HCOO™, basic medium), methane (CH,4), methanol
(CH30H), ethanol (C,HsOH), formaldehyde (CH,O), oxalic acid (H,C,0y4, acid
medium), oxalate (C,042~, basic medium), and ethylene (C,H,4) among others.
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9.3.2.2 Production of Methane

Currently, few examples can be found in the literature regarding electrocatalysts that
can maintain high and stable methane selectivity. Among them, transition metals,
particularly Cu, exhibit the most excellent catalytic performance on the selectivity
of methane (Guo 2021). The protonation of adsorbed CO is the most decisive step
considering the overpotential. Therefore, strong bonding with CHO or COH interme-
diate is critical for the electrocatalyst surface to increase the potential of the protonate
CO. Additionally, the competition of HER is a tricky problem due to the similarity
of standard potential.

Sun et al. (2016) reported the CO,RR to methane by N-doped carbon (graphene-
like) material (NGMs) coated onto carbon paper electrodes and using ionic
liquids as the electrolyte. The authors used distinct bases containing nitrogen (3-
pyridinecarbonitrile, 3-hydroxypyridine, 4-dimethylaminopyridine, benzimidazole,
and 1-vinylimidazole) to prepare them, which resulted in different percentages of
nitrogen species ranging from 4.8 to 1.8%. The FEemane decreased from 93.5% to
20.8% from 3-pyridinecarbonitrile to 1-vinylimidazole. According to the authors,
the active sites were pyridinic-N and pyridinic-/pyrrolic N species. The strong inter-
action between the electrode and the adsorbed CO prevents its escape, facilitating the
hydrogenation reaction to yield CH4. Wang et al. (2018b) developed perfluorinated
covalent triazine framework (CTF) derived hybrids and applied them as CO,RR
electrocatalysts. Their studies suggested that the edge-gN and edge-2gN on the CTF
hybrid acted as the electrocatalytic sites to obtain CH4 with a FE of 99.3%. When
both F and N-dopants were introduced, F regulated the N to enhance the adsorption
of the key intermediate “CO and “CHj,.

Following their primary studies on CO,RR on N-doped graphene quantum dots
(NGQDs) (Wuetal. 2016), Yakobson and co-workers reported a vast work on compu-
tational simulations to identify the underlying mechanisms regulating the process
of CO,RR using this type of materials (Zou et al. 2017). In previous works, the
same authors have shown that NGQDs are able to convert electrochemically the CO,
molecule into different hydrocarbons and oxygenates, like CH,4, C,Hy, and C,HsOH,
making them valuable alternatives to Cu for CO,RR (Wu et al. 2016). The reduc-
tion of CO,—CO is promoted by the N-doped edges on NGQDs which results in the
enhancement of their bonding with *COOH (Zou et al. 2017).

9.3.2.3 Production of Methanol

Methanol generation using CO,RR is tricky due to its 6e- and 6H* transfer processes
which require higher selectivity (Fernandes et al. 2019). First, CO; is reduced to CO
which is adsorbed on the electrocatalyst surface then, the CO is then reduced to
CHO", CH,0", and CH;0". Finally, the products are eventually desorbed from the
electrocatalysts surface to produce methanol (Liang et al. 2021; Yang et al. 2019;
Zhao and Lu 2019). Theoretical calculations have suggested that surface geometry
could modulate the total energy of metal-free sites via strain effects (Zhou et al.
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2019), thus possibly tuning the production of methanol by CO,RR on curvature
carbon-based catalyst surfaces. In fact, Chai and Guo (2016) demonstrated that N-
doped CNT with a certain degree of curvature (6.0) could produce methanol whereas
the graphene electrocatalysts without curvature produced CO/HCOOH.

Mou et al. (2019) suggested that an increasing difficulty in CH, O and CO produc-
tion would lead to CH3OH production using boron phosphide nanoparticles as elec-
trocatalysts. This catalyst achieved a high FE ethanot 0f 92.0% at —0.5 V versus RHE.
DFT calculations disclosed that P and B promote the binding and activation of CO,
molecules, and the “CO + “OH to “CO + “H,O process is the rate-determining
step (AG = 1.36 eV). Additionally, CO and CH,O products are not easily generated
on the boron phosphide (111) surface, which is responsible for the high selectivity
and activity for methanol production. These studies emphasized that the production
of methanol depends on the chemical state of the reactant and on the electrocat-
alyst surface properties. A proper surface curvature combined with an optimized
heteroatom doping configuration will be favorable as the metal-free site for CO,RR—
CH;OH conversion. Partially oxidized Co nanoparticles on a single-layer nitrogen-
doped graphene were reported by Wang and co-workers (Huang et al. 2018a) with a
FEethanol 0f 71.4% at —0.90 V versus. SCE with a current density of 4 mA cm~2 and
high yield of 1.10 mmol dm~* h~!. Higher faradaic efficiency of 97.0% at —0.98 V
versus. SCE was obtained over urchin-like Co(CO3)o5(OH)-0.11H,0 (Huang et al.
2018b). Yang et al. (2019) described the preparation and application of CO,RR—
CH;3O0H electrocatalyst of N-doped carbon nanofibers involving Cu single atoms.
The electrocatalyst was produced by a scalable 3-step strategy involving the pyrolysis
of polyacrylonitrile (PAN) fibers-integrated Cu?*/ZIF-8 nanoparticles. To guarantee
only the presence of Cu single atoms (Cu—N4 moieties) as the main active sites, the
material was washed with H, SO, solution after carbonization. This step was impor-
tant to remove residual Zn atoms and Cu aggregates. The final electrocatalyst was
capable of producing methanol with an outstanding FE of 44% at —0.9 V versus
RHE. Another MOF-derived carbon obtained thru the carbonization of HKUST-1
([Cu3(BTC),(H,0)3],, BTC = trimesic acid) was applied as CO,RR electrocata-
lyst with high methanol selectivity (Zhao et al. 2017). The oxidation degree and
size of carbon-embedded Cu-containing NPs were controlled using different pyrol-
ysis temperatures (900, 1000, and 1100 °C). The authors noticed that the carbon
produced at 1000 °C, exhibited the highest proportion of Cu* in form of Cu,0, the
lowest average NP size, and the optimal relation between charge and mass transfer
resistances, showing the best selectivity toward methanol with FE = 43.2% at —
0.3 V versus. RHE and even formed ethanol (FE¢yan0 = 34.8% at —0.5 V vs. RHE).

9.3.2.4 Production of Ethanol

The reduction of CO; to ethanol is highly desirable due to its considerable industrial
applications but its 12-electron process, with the equilibrium potential of 0.084 V
versus. RHE requires higher selectivity to be achieved (Mohamed et al. 2020). Similar
to other multi-carbon (C?*) products, the majority of electrocatalysts reported for the
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production of C;HsOH are based on copper since Cu metal allows the dimerization
of CO, which is a vital step for the production of molecules with more than one
carbon. However, only a small number of examples can be found in the literature
regarding electrocatalysts that are able to produce ethanol with FE > 30%, as other
competing C?* products, especially ethylene, are also formed (Hoang et al. 2018;
Chen et al. 2018a; Mi et al. 2019; Kim et al. 2021).

Non-metal electrocatalysts have also been reported, with outstanding selectivity
for C,HsOH production (FE >90%) when a B and N co-doped nanodiamond (BND)
was used (Liu et al. 2017b). B and N-dopants induced reactive sites by regulating
the electronic state of the BND. Moreover, the B or N-doped BND presented higher
overpotential for HER than graphitic carbon materials, so the dopant-induced active
sites can favor CO,RR over HER in a broader potential window. However, this high
selectivity was achieved at a low current density of less than 2 mA cm™2 which
limits its practical applications. Lu and co-workers (Yuan et al. 2018) have also
reported the application of several functionalized graphene oxide (GO) surfaces with
different pyridine derivatives (pyridoxine, 4-hydroxypyridine, 4-aminopyridine, 8-
hydroxyquionoline, and 5-amino-1,10-phenanthroline) as CO,RR electrocatalysts.
The best results were achieved with GO sheets modified with pyridoxine (GO-VB6)
with a 2.32% N-pyridinic content. The GO-VB6 showed optimum CO, electro-
catalytic activity with an overall faradaic efficiency of 45.8% and a FEgu,no Of
37%.

Nitrogen-doped ordered cylindrical mesoporous carbon (c-NC) has also been
reported by Song et al. (2017) as a robust metal-free EC for CO,RR to ethanol.
The c-NC (Fig. 9.6a) was prepared by a soft template method via the self-assembly
of resol (C precursor), F127 (soft template), and dicyandiamide (N precursor). The
¢-NC electrocatalyst has distinctive cylindrical channels embedded in the carbon
bulk. The authors also prepared the inverse mesoporous N-doped carbon (i-NC) that
preserves similar pore parameters and tested it in the same conditions to highlight
the advantage of the cylindrical mesoporous structure. It is important to refer that the
N content of both materials was strictly controlled to be the same. The c-NC showed
100% selectivity and a high faradaic efficiency of 77% at —0.56 V versus RHE
(Fig. 9.6). The HER side reaction was greatly hindered, and CO generation was
completely suppressed during CO,RR in an aqueous solution. Both experimental
and theoretical studies demonstrated that the dimerization of key CO" intermediates
and the subsequent proton—electron transfers that led to the superior electrocatalytic
performance was facilitated by the synergetic effect of the nitrogen heteroatoms and
the cylindrical channel.

Later, the same group reported a hierarchical medium micropore-embedded
ordered cylindrical nitrogen-doped mesoporous carbon (MNC) prepared by a similar
method (Song et al. 2020). The desolvation induced by the medium micropores
uniformly embedded in the mesopore channel wall, led to the accumulation of elec-
trolyte ions, and enabled high local electric potentials. Consequently, the activation
of CO, molecules and the C—C coupling of the key intermediates were facilitated by
surface-active pyridinic and pyrrolic N sites with high electron density. As a result,



9 Biomass and CO;-Derived Fuels Through Carbon-Based Catalysis. ... 251

100+ c-NC I-NC

Em W EtOH
mE N CO
— "

< sof '

==

(&)

T 60

S

=

@

© 40

®

ye]

o

& 20}

0

-0.40-0.50 -0.56 -0.60 -0.70 -0.80 -0.90 -1.00
Potential (V vs. RHE)

Fig. 9.6 Illustration of c-NC and i-NC for CO, electroreduction (a) and FEs of CO; electroreduc-
tion products over c-NC and i-NC electrocatalysts at various applied potentials (b). Reproduced
with permission from (Song et al. 2017). Copyright 2017 Wiley-VCH

an ethanol production rate as high as 2.3 mmol gcat~! h™! was achieved as well as
a FE of 78%.

Recently, Cu single atoms/nanoparticles/clusters have been combined with
various carbon matrixes to prepare CO,RR electrocatalysts. The most commonly
used strategy is to use N-doped carbon materials to improve the interactions with
the metal ECs. For example, Karapinar et al. (2019) showed that Cu0.5NC produced
ethanol with high selectivity of 43% and with a current density of 16.2 mA cm~2 at
—1.2 V versus RHE if the single-atom Cu sites on N-doped graphene were reversibly
converted into Cu nanoparticles. Chen et al. (2020a) have also observed that N-doped
graphene quantum dots modified with Cu nanorods (Cu-nr) (NGQ/Cu-nr composite)
were able to produce C?* alcohols with FE of 52.4% a partial current density of
147.8 mA cm~2 at —0.9 V versus RHE (Chen et al. 2020a). Zhan et al. (2020b) have
also reported the CO, conversion to ethanol using Cu, O/Cu nanoparticles supported
on vertically ZIF-L coated N-doped graphene. The authors grew the 2D pseudopoly-
morph of ZIF-8 (ZIF-L), on graphene sheets, introduced a Cu precursor on this
nanocomposite and finally, pyrolyzed for 2 h at 1000 °C. The final electrocatalysts
resulted in a FEqqan01 of 70.52% at —0.87 V versus RHE.

9.3.2.5 Production of Syngas

Syngas (synthesis gas), a highly desirable feedstock for the production of value-added
chemicals by post-thermochemical processes, is a gas mixture of carbon monoxide
(CO) and hydrogen (H;). Since the CO,RR is usually performed in aqueous media,
the hydrogen evolution reaction (HER) from the reduction of water or protons (H") is
a competitive reaction of CO,RR (Hernandez et al. 2017). A considerable number of
attempts have been conducted to design electrocatalysts able to produce syngas with



252 A. E. Peixoto et al.

a controllable and specific H,/CO ratio which is crucial for maximizing the product
yield. However, obtaining a high activity while maintaining a desirable H,/CO ratio
(0.5-2) is not trivial. If the CO, supply rate does not reach the consumption rate
due to diffusion limitations, there is CO, deficient environment near the electrocat-
alytically active sites. This results in unsatisfactory “COOH intermediates, leading
to a dominant HER. Thus, the HER and CO,RR reaction rates must be adjusted
and balanced for the efficient production of syngas (Ramirez-Valencia et al. 2021;
Zhang et al. 2020a). This ratio is dependent on different parameters, like temperature,
pH, electrolyte feed rate, current density (applied potential), and the electrocatalyst
composition or particle size. Here we will focus on the electrocatalysts, namely, the
carbon-based ones.

In 2017, Liu et al. (2017a) grew N-CNTs in-situ on stainless steel under an inert
atmosphere, using melamine as both the nitrogen and carbon sources and applied it
as an electrocatalyst for the conversion of CO; into syngas. The integrated electrode
displayed efficient, robust, and controllable clean syngas production with a FEco of
75%. More importantly, the authors were able to tailor the H,/CO ratio in the clean
syngas products in the range between 1:3 and 3:1 by tuning the applied potential
or the pyrolysis temperature. Nitrogen-doped tubular carbon foam electrodes were
reported by Li et al. (2019) as both, gas diffusers and self-supported electrocatalysts
for CO,; transformation into syngas. The monolithic tubular electrodes were capable
of producing syngas over a wide potential range (—0.5 to —1.3 V vs. RHE) and its
ratio was tunable from 1:3 to 2:1 through the control of the N defect enrichment being
independent of the applied potential. Metal-free porous N-doped carbon prepared
using melamine and pentaerythritol as the N and C sources, respectively have also
been successfully applied for the production of syngas through CO,RR showing
good selectivity (FEco = 74%, FEg, = 18%, at —0.6 V) (Chen et al. 2021). More
importantly, the authors were able to adjust the syngas ratio from 0.24 to 5.25 with
good product selectivity by varying the applied potential from —0.4 to —1.0 V.

Apart from heteroatom-doped a considerable number of noble metal-free carbon-
based electrocatalysts have been reported for the syngas production from CO,RR in
the last 5 years. For example, Zhao et al. (2020) reported the generation of syngas
through CO,RR for a sequence of Fe—-N—C ECs. These were prepared by calcination
at high temperature utilizing transition metal Fe incorporated into urea-formaldehyde
resin precursor. The best Fe—-N—C electrocatalyst (3%, 950 °C) exhibited a FE close to
100% with no liquid phase product with an attractive activity of CO and H, generation
(FEco = 74%, FEy, = 25%) at a low overpotential of —0.6 V. More importantly,
the syngas (H,/CO) ratio from 4:1 to 1:3 can be controlled by adjusting the applied
potential with good long-term stability. Zhang et al. (2020a) prepared a series of
Ni,Fe, _,—NC single-atom catalysts (SACs), which enabled syngas production with
a wide range of CO/H; ratio (0.14-10.86). The authors concluded that Fe sites play
a crucial role in HER reaction, while the Ni sites in the CO,RR and that the fine
tuning of the Ni/Fe ratio they were able to control the product composition in a large
window from high CO end to high H; end.
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Recently, Atanassov and co-workers (Delafontaine et al. 2020) published an excel-
lent review on the metal-nitrogen-carbon EC for CO; reduction toward syngas gener-
ation. The authors highlighted the high potential of MNC electrocatalysts due to (i)
their versatility and tunable selectivity toward H, and CO generation by applying
distinct moieties and metal elements, and (ii) their carbonaceous nature which allows
a high degree of control of key parameters like hydrophilicity and porosity distribu-
tions. Furthermore, they pointed out the durability/robustness under operation as an
important aspect of real-like implementation.

9.3.3 Economic Analysis of COz-Derived Fuels

Given the early stage of the CO, to fuels technology, it is difficult to estimate the
future market. Nevertheless, the market will remain low in the short term.

In order to use COs,, it has to be captured, purified, and transported. Hence, the
cost of CO,-derived fuels will depend on the price of the energy, the technology, as
well as that of CO, and H; and other required materials such as catalysts. Also, while
CO; supply shortages can increase the costs of CO,, carbon taxes can encourage the
producers of CO; to use conversion technologies.

The prices of CO2 capture and purification are different depending on the source
of CO,, fluctuating from 15 to 60 $/tCO, for concentrated CO, streams, 40-80
$/tCO, for coal and gas-fired power plants, or above 100 $/tCO, for dilute point
sources (e.g., industrial furnaces). Obviously, direct CO, capture from the air is
the most expensive method, ranging from 94 to 232 $/tCO,, due to the required
energy to concentrate the stream sources (Keith et al. 2018). Nevertheless, technical
developments are expected to reduce costs.

It is also intuitive that the proximity between the source of CO, and the point
of use of the derived fuels would drastically decrease the costs, however, this is not
possible in every situation.

Some techno-economic analyses have been reported. For example, it is estimated
that the production costs of methanol and methane from CO, are 2—7 times higher
compared to fossil sources, electricity being the main associated cost, which repre-
sents 40-70% of the total expenses (Agency 2019). Under these conditions, the
production of methanol and its derivatives from CO, hydrogenation might be real-
ized in areas with low-cost renewable energy and available CO,, such as in North
Africa, Chile, or Iceland where there is already a facility, George Olah, that processes
over 5 k ton of CO; per year into methanol employing H; obtained using renewable
electricity.

There have been some recent publications that evaluate the costs of producing
gasoline from CO,. For example, Caballero et al. simulated a capture and one-stage
conversion system for CO, through Fischer Tropsch (Fernandez-Torres et al. 2022).
The authors considered different carbon capture (either directly from the air or from
other concentrated sources) as well as different hydrogen sources from methane
reforming to that renewable wind or solar. The associated costs of the produced
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gasoline varied from 1.8 to 2 $/1 for gas natural derived H, to 6-8 $/1 for electrolysis
derived H, using wind or solar renewable energy.

Also, Marchese et al. (2021) evaluated a system consisting of direct air capture
and then the conversion of CO; through the Fischer-Tropsch mechanism. The authors
considered different scenarios where the energy was supplied either by natural gas
or renewable sources. The estimated costs were 5-6.3 €/kg of wax depending on the
interests rate.

It is expected that production costs of CO,-derived fuels will decrease in the
future mainly due to the availability of low-cost renewable electricity. Nevertheless,
in the near future CO,-derived methane and CO,-derived liquid fuels will be too
expensive unless public taxes are applied. On the contrary CO,-derived methanol may
be competitive depending on the region (Marchese et al. 2021). The main advantages
are the climate benefits, hence the price can be linked to it provided public policies
are set.

9.4 Conclusion, Future Challenges, and Perspectives

The current challenges and research trends toward efficient carbon-based catalysts
for renewable fuels production from biomass/CO, were addressed in this review
aiming to inspire the broad community of scientists working toward a low-carbon
society where biomass renewable resources are the best choice. This review showed
the potential of biomass (bio-oil upgrading) and CO, conversion as a very promising
strategy to produce sustainable and cleaner fuels to reduce the massive dependence
on fuel from fossil resources. From this review paper it is possible to conclude that:

e Interms of the use of carbon-based catalysts, the published studies use commonly
activated carbon and biochar as support. These carbon materials and specially
biochar are easily tunable allowing materials with different physical and chemical
properties and exceptional pore structure and specific surface area which results
in catalyst better dispersion. Carbon nanotubes and graphene are also interesting
materials due to their unique structures (nanomaterials) providing a larger reaction
area and excellent electrical and thermal conductivity. In the future, the application
of modification methods will improve even more the pore structure and mechan-
ical strength of carbon-based catalysts and their ability to gradually become the
protagonist of biomass and CO, conversion into fuels. Low-cost carbon supports
are key factors to the potential of industrial scale bio-0il/CO,-based energy in the
future. The mechanical strength and the regeneration and recycling capabilities
of the catalysts are fundamental requirements for industrialization.

e N-dopants on carbon matrix can be assumed as crucial anchoring sites or defects
for particle formation and size reduction.

e HDO is one of the most extensively studied processes for the catalytic upgrading
of bio-oil to remove oxygen containing functional groups improving the bio-
oil quality including heating value and process efficiency. The development of
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cost-competitive non-noble metal catalysts, with high selectivity for C-O bonds
cleavage preserving simultaneously the C—C bonds at low Hj pressures, remains
a major challenge. Therefore, novel catalysts, sustainable solvents, and espe-
cially the adoption of an “H,-free” HDO process are key factors to overcome the
economic barriers of a potential commercial scale. Future work should also focus
on improving the understanding of bio-oil HDO reaction pathways. The commer-
cialization of bio-oil is not yet viable but can be in the near future, after reducing
the upgrading costs of bio-oil. Furthermore, some studies have prompted HDO as
a versatile route to produce jet fuel hydrocarbons from bio-oil. The development
of catalysts to efficiently eliminate oxygen under low levels of Hp/mild condi-
tions avoiding coke formation/catalyst deactivation is crucial to the sustainability
of bio-jet fuel production from bio-oil.

The steam reforming of bio-oil is an environmentally friendly route to produce
H; or syngas and can be considered an important process in the future although
the major challenge of these processes is catalyst deactivation. Carbon materials
have been shown to efficiently improve metal dispersion, and water resistance,
and limit metal sintering enhancing H, production and/or catalyst stability from
the bio-oil fraction depending on the process employed.

CO; thermochemical and electrochemical reduction has not only an economic
potential due to low-cost feedstocks but also contributes to the mitigation of
CO,; emissions through its utilization. The catalyst and the support play an impor-
tant role in this conversion. Carbon-based materials as a catalyst or catalyst
support showed to be efficient demonstrating that: the N-doped carbon materials
favor the CO, activation and the electronic properties of graphenic structures
may influence by changing the electronic properties of the metal-nanoparticles
promoting hydrogen transfer. While there are several works on CO, hydrogenation
to methanol and hydrocarbons, there is still much work to do on the transformation
to formic acid which is relevant to be coupled with intermittent renewable energy
generation sites. In a similar way, the CO; transformation through electrochemical
processes is favored by the presence of nitrogen in the electrocatalysts structure
regardless of the presence of metals. Results have shown that N-doping boosts
the electrocatalytic activity and that most likely the pyridinic-N sites represent a
key factor for this enhanced activity.

Despite significant advances in CO, and biomass conversion into fuels, the low
yields, the complexity (multi-step; difficulties in purification) of the processes, the
high costs, and the catalysts’ deactivation are hurdling the large-scale production
and the competitiveness of a CO,/biomass biorefinery.

From an overall view of these biomass/CO, conversion methodologies, it is clear
that a cost-effective and efficient catalytic process has not been developed so
far, so there are several opportunities for researchers to develop new catalysts
and catalysts supports, design reactors, and find alternative reaction conditions
(single-step catalytic conversions) to produce bio-oil biofuels from biomass and
CO,.
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e Life cycle assessment of bio-oil production and upgrading technologies and CO,
(electro)catalytic conversion is essential to bring the vision of the sustainability
of the processes and target products at an industry level.

Acknowledgements A. F. P, D. F, and C. F. thanks Fundagdo para a Ciéncia e a Tecnologia
(FCT/MCTES) funding through the projects UIDB/50006/2020, UIDP/50006/2020 and EXPL/BII-
BIO/0436/2021. A.F.P. and D. F. also thanks the work contract under the Scientific Employment
Stimulus (2020.01614.CEECIND/CP1596/CT0007 and 2021.00771.CEECIND/CP1662/CT0007).
A.B.D. acknowledges financial support from Fundacién General CSIC (Programa ComFuturo and
iLink project N° 20211 from CSIC (Spain)). E.B acknowledges financial support from ANID-
Millennium Science Initiative Program-NCN2021_090.

References

Abdelkader-Fernandez VK, Fernandes DM, Freire C (2020) Carbon-based electrocatalysts for CO»
electroreduction produced via MOF, biomass, and other precursors carbonization: a review. J
Coy Utiliz 42:18

Agency IE (2019); IEA (2019) Putting CO; to use, IEA, Paris. https://www.iea.org/reports/putting-
co2-to-use

Amenaghawon AN, Anyalewechi CL, Okieimen CO, Kusuma HS (2021) Biomass pyrolysis
technologies for value-added products: a state-of-the-art review. Environ Dev Sustain

Arora S, Gupta N, Singh V (2020) Improved Pd/Ru metal supported graphene oxide nano-catalysts
for hydrodeoxygenation (HDO) of vanillyl alcohol, vanillin and lignin. Green Chem 22:2018—
2027

Attia M, Farag S, Chaouki J (2020) Upgrading of oils from biomass and waste: catalytic
hydrodeoxygenation. Catalysts 10:1381

Augusto BL, Ribeiro MC, Aires FJCS, da Silva VT, Noronha FB (2020) Hydrogen production by the
steam reforming of ethanol over cobalt catalysts supported on different carbon nanostructures.
Catal Today 344:66-74

Benzigar MR, Talapaneni SN, Joseph S, Ramadass K, Singh G, Scaranto J, Ravon U, Al-Bahily
K, Vinu A (2018) Recent advances in functionalized micro and mesoporous carbon materials:
synthesis and applications. Chem Soc Rev 47:2680-2721

Bjelic A, Grilc M, Hus M, Likozar B (2019) Hydrogenation and hydrodeoxygenation of aromatic
lignin monomers over Cu/C, Ni/C, Pd/C, Pt/C, Rh/C and Ru/C catalysts: mechanisms, reaction
micro-kinetic modelling and quantitative structure-activity relationships. Chem Eng J 359:305-
320

Blanco E, Dongil AB, Escalona N (2020a) Synergy between Ni and Co nanoparticles supported on
carbon in guaiacol conversion. Nanomaterials 10:2199

Blanco E, Dongil AB, Garcia-Fierro JL, Escalona N (2020b) Insights in supported rhenium carbide
catalysts for hydroconversion of lignin-derived compounds. Appl Catal A 599:117600

Blanco E, Sepulveda C, Cruces K, Garcia-Fierro JL, Ghampson IT, Escalona N (2020c) Conversion
of guaiacol over metal carbides supported on activated carbon catalysts. Catal Today 356:376—
383

Blanco E, Diaz de Ledn JN, Garcia-Fierro JL, Escalona N (2021) Study of supported bimetallic
MoRe carbides catalysts for Guaiacol conversion. Catal Today 367:290-296

Bogdan VI, Pokusaeva YA, Koklin AE, Savilov SV, Chernyak SA, Lunin VYV, Kustov LM
(2019) Carbon dioxide reduction with hydrogen on carbon-nanotube-supported catalysts under
supercritical conditions. Energy Technol 7


https://www.iea.org/reports/putting-co2-to-use
https://www.iea.org/reports/putting-co2-to-use

9 Biomass and CO;-Derived Fuels Through Carbon-Based Catalysis. ... 257

Cai Z, Wang FM, Zhang XB, Ahishakiye R, Xie Y, Shen Y (2017) Selective hydrodeoxygenation
of guaiacol to phenolics over activated carbon supported molybdenum catalysts. Mol Catal
441:28-34

Carrasco JL, Gunukula S, Boateng AA, Mullen CA, Desisto WJ, Wheeler MC (2017) Pyrolysis of
forest residues: an approach to techno-economics for bio-fuel production. Fuel 193:477-484

Chai GL, Guo ZX (2016) Highly effective sites and selectivity of nitrogen-doped graphene/CNT
catalysts for CO; electrochemical reduction. Chem Sci 7:1268-1275

Chen CJ, Sun XF, Lu L, Yang DX, Ma J, Zhu QG, Qian QL, Han BX (2018a) Efficient
electroreduction of CO,—C, products over B-doped oxide-derived copper. Green Chem
20:4579-4583

Chen J, Wang M, Wang S, Li X (2018b) Hydrogen production via steam reforming of acetic acid
over biochar-supported nickel catalysts. Int ] Hydrogen Energy 43:18160-18168

Chen D, Wang W, Liu C (2019) Ni-encapsulated graphene chainmail catalyst for ethanol steam
reforming. Int ] Hydrog Energy 44:6560-6572

Chen CJ, Yan XP, Liu SJ, Wu YH, Wan Q, Sun XF, Zhu QG, Liu HZ, Ma J, Zheng LR, Wu HH,
Han BX (2020a) Highly efficient electroreduction of CO; to C2+ alcohols on heterogeneous
dual active sites. Angew Chem-Int Edn 59:16459-16464

Chen D, Wang W, Liu C (2020b) Hydrogen production through glycerol steam reforming over
beehive-biomimetic graphene-encapsulated nickel catalysts. Renew Energy 145:2647-2657

Chen KY, Deng J, Zhao J, Liu X, Imhanria S, Wang W (2021) Electrocatalytic production of
tunable syngas from CO; via a metal-free porous nitrogen-doped carbon. Ind Eng Chem Res
60:7739-7745

Chernyak SA, Ivanov AS, Stolbov DN, Maksimov SV, Maslakov KI, Chernavskii PA, Pokusaeva
YA, Koklin AE, Bogdan VI, Savilov SV (2020) Sintered Fe/CNT framework catalysts for CO;
hydrogenation into hydrocarbons. Carbon 168:475-484

Cordero-Lanzac T, Palos R, Arandes JM, Castano P, Rodriguez-Mirasol J, Cordero T, Bilbao J
(2017) Stability of an acid activated carbon based bifunctional catalyst for the raw bio-oil
hydrodeoxygenation. Appl Catal B-Environ 203:389-399

Cordero-Lanzac T, Rodriguez-Mirasol J, Cordero T, Bilbao J (2021) Advances and challenges in
the valorization of bio-oil: hydrodeoxygenation using carbon-supported catalysts. Energy Fuels
35:17008-17031

Cordero-Lanzac T, Hita I, Garcia-Mateos FJ, Castano P, Rodriguez-Mirasol J, Cordero T,
Bilbao J (2020) Adaptable kinetic model for the transient and pseudo-steady states in the
hydrodeoxygenation of raw bio-oil. Chem Eng J 400

da Silva ALM, den Breejen JP, Mattos LV, Bitter JH, de Jong KP, Noronha FB (2014) Cobalt particle
size effects on catalytic performance for ethanol steam reforming—Smaller is better. J Catal
318:67-74

Davda RR, Shabaker JW, Huber GW, Cortright RD, Dumesic JA (2005) A review of catalytic
issues and process conditions for renewable hydrogen and alkanes by aqueous-phase reforming
of oxygenated hydrocarbons over supported metal catalysts. Appl Catal B 56:171-186

De S, Saha B, Luque R (2015) Hydrodeoxygenation processes: advances on catalytic trans-
formations of biomass-derived platform chemicals into hydrocarbon fuels. Biores Technol
178:108-118

De S, Dokania A, Ramirez A, Gascon J (2020) Advances in the design of heterogeneous catalysts
and thermocatalytic processes for CO, utilization. ACS Catal 10:14147-14185

Deerattrakul V, Limphirat W, Kongkachuichay P (2017) Influence of reduction time of catalyst
on methanol synthesis via CO 2 hydrogenation using Cu—Zn/N-rGO investigated by in situ
XANES. J Taiwan Inst Chem Eng 80:495-502

Deerattrakul V, Puengampholsrisook P, Limphirat W, Kongkachuichay P (2018) Characterization
of supported Cu-Zn/graphene aerogel catalyst for direct CO, hydrogenation to methanol: effect
of hydrothermal temperature on graphene aerogel synthesis. Catal Today 314:154-163



258 A. E. Peixoto et al.

Deerattrakul V, Yigit N, Rupprechter G, Kongkachuichay P (2019) The roles of nitrogen species on
graphene aerogel supported Cu—Zn as efficient catalysts for CO, hydrogenation to methanol.
Appl Catal A 580:46-52

Delafontaine L, Asset T, Atanassov P (2020) Metal-nitrogen-carbon electrocatalysts for CO»
Reduction towards syngas generation. Chemsuschem 13:1688-1698

Dhyani V, Bhaskar T (2018) A comprehensive review on the pyrolysis of lignocellulosic biomass.
Renew Energy 129:695-716

De Luna P, Hahn C, Higgins D, Jaffer SA, Jaramillo TF, Sargent EH (2019) What would it take for
renewably powered electrosynthesis to displace petrochemical processes? Science 364:eaav3506

di Stasi C, Cortese M, Greco G, Renda S, Gonzélez B, Palma V, Manya JJ (2021) Optimization of
the operating conditions for steam reforming of slow pyrolysis oil over an activated biochar-
supported Ni—Co catalyst. Int J Hydrog Energy 46:26915-26929

Din IU, Shaharun MS, Naeem A, Tasleem S, Ahmad P (2019) Revalorization of CO, for methanol
production via ZnO promoted carbon nanofibers based Cu—ZrO; catalytic hydrogenation. J
Energy Chem 39:68-76

Din IU, Shaharun MS, Naeem A, Tasleem S, Rafie Johan M (2018) Carbon nanofibers based
copper/zirconia catalysts for carbon dioxide hydrogenation to methanol: effect of copper
concentration. Chem Eng J 334:619-629

Dongil AB, Conesa JM, Pastor-Pérez L, Sepilveda-Escribano A, Guerrero-Ruiz A, Rodriguez-
Ramos I (2021) Carbothermally generated copper—molybdenum carbide supported on graphite
for the CO» hydrogenation to methanol. Catal Sci Technol 11:4051-4059

Elias Bamaca Saquic B, Irmak S, Wilkins M, Smith T (2021) Effect of precursors on graphene
supported platinum monometalic catalysts for hydrothermal gasification of biomass compounds
to hydrogen. Fuel 290:120079

Esrafili MD, Sharifi F, Dinparast L (2017) Catalytic hydrogenation of CO; over Pt- and Ni-doped
graphene: a comparative DFT study. J Mol Graph Model 77:143-152

Esteve-Adell I, Bakker N, Primo A, Hensen EJM, Garcia H (2017a) Graphene as metal-free catalyst
for aqueous phase reforming of ethylene glycol. ChemistrySelect 2:6338-6343

Esteve-Adell I, Crapart B, Primo A, Serp P, Garcia H (2017b) Aqueous phase reforming of glycerol
using doped graphenes as metal-free catalysts. Green Chem 19:3061-3068

Fan Q, Zhang M, Jia M, Liu S, Qiu J, Sun Z (2018) Electrochemical CO; reduction to C2+ species:
Heterogeneous electrocatalysts, reaction pathways, and optimization strategies. Mater Today
Energy 10:280-301

Fasolini A, Cespi D, Tabanelli T, Cucciniello R, Cavani F (2019) Hydrogen from renewables: a
case study of glycerol reforming. Catalysts 9

Feitosa LF, Berhault G, Laurenti D, da Silva VT (2019) Effect of the nature of the carbon support
on the guaiacol hydrodeoxygenation performance of nickel phosphide: comparison between
carbon nanotubes and a mesoporous carbon support. Ind Eng Chem Res 58:16164-16181

Feng DM, Sun Y, Liu ZQ, Zhu YP, Ma TY (2019) Designing nanostructured metal-based CO»
reduction electrocatalysts. J Nanosci Nanotechnol 19:3079-3096

Fernandes DM, Peixoto AF, Freire C (2019) Nitrogen-doped metal-free carbon catalysts for
(electro)chemical CO, conversion and valorisation. Dalton Trans 48:13508-13528

Ferndndez-Torres MJ, Dednam W, Caballero JA (2022) Economic and environmental assessment
of directly converting CO; into a gasoline fuel. Energy Convers Manag 252:115115

Gawande MB, Fornasiero P, Zbofil R (2020) Carbon-based single-atom catalysts for advanced
applications. ACS Catal 10:2231-2259

Gogoi P, Kanna N, Begum P, Deka RC, CV V S, Raja T (2020) Controlling and stabilization of Ru
nanoparticles by tuning the nitrogen content of the support for enhanced Hy production through
aqueous-phase reforming of glycerol. ACS Catal 10:2489-2507

Grim RG, Huang Z, Guarnieri MT, Ferrell JR, Tao L, Schaidle JA (2020) Transforming the carbon
economy: challenges and opportunities in the convergence of low-cost electricity and reductive
CO,, utilization. Energy Environ Sci 13:472-494



9 Biomass and CO;-Derived Fuels Through Carbon-Based Catalysis. ... 259

Guo C, Tirumala Venkateswara Rao K, Reyhanitash E, Yuan Z, Rohani S, Xu C, He S (2016)
Novel inexpensive transition metal phosphide catalysts for upgrading of pyrolysis oil via
hydrodeoxygenation. AIChE J 62:3664-3672

Guo SB (2021) CO; electrochemical reduction to methane on transition metal porphyrin nitrogen-
doped carbon material M@d-NC: theoretical insight. Theor Chem Accounts 140:16

Guo C, Rao KTV, Yuan ZS, He S, Rohani S, Xu CB (2018) Hydrodeoxygenation of fast pyrolysis
oil with novel activated carbon-supported NiP and CoP catalysts. Chem Eng Sci 178:248-259

Handoko AD, Wei FX, Jenndy Yeo BS, Seh ZW (2018) Understanding heterogeneous electrocat-
alytic carbon dioxide reduction through operando techniques. Nat Catal 1:922-934

Hernandez S, Farkhondehfal MA, Sastre F, Makkee M, Saracco G, Russo N (2017) Syngas produc-
tion from electrochemical reduction of CO;: current status and prospective implementation.
Green Chem 19:2326-2346

Hita I, Cordero-Lanzac T, Kekalainen T, Okafor O, Rodriguez-Mirasol J, Cordero T, Bilbao J, Janis
J, Castano P (2020) In-depth analysis of raw bio-oil and its hydrodeoxygenated products for a
comprehensive catalyst performance evaluation. Acs Sustain Chem Eng 8:18433-18445

Hoang TTH, Verma S, Ma SC, Fister TT, Timoshenko J, Frenkel Al, Kenis PJA, Gewirth AA
(2018) Nanoporous copper silver alloys by additive-controlled electrodeposition for the selective
electroreduction of CO» to ethylene and ethanol. ] Am Chem Soc 140:5791-5797

Huang JZ, Guo XR, Yue GQ, Hu Q, Wang LS (2018a) Boosting CH3OH production in electrocat-
alytic CO; reduction over partially oxidized 5 nm cobalt nanoparticles dispersed on single-layer
nitrogen-doped graphene. ACS Appl Mater Interfaces 10:44403-44414

Huang JZ, Hu Q, Guo XR, Zeng Q, Wang LS (2018b) Rethinking Co(CO3)(0.5)(OH)center dot
0.11H(2)O: a new property for highly selective electrochemical reduction of carbon dioxide to
methanol in aqueous solution. Green Chem 20:2967-2972

Jacobson K, Maheria KC, Dalai AK (2013) Bio-oil valorization: a review. Renew Sustain Energy
Rev 23:91-106

Janas D, Kreft SK, Koziol KKK (2015) Steam reforming on reactive carbon nanotube membranes.
J Ind Eng Chem 25:222-228

Jeong K-E, Kim H-D, Kim T-W, Kim J-W, Chae H-J, Jeong S-Y, Kim C-U (2014) Hydrogen
production by aqueous phase reforming of polyols over nano- and micro-sized mesoporous
carbon supported platinum catalysts. Catal Today 232:151-157

Jin W, Pastor-Pérez L, Shen D, Sepiilveda-Escribano A, Gu S, Ramirez Reina T (2019a) Catalytic
upgrading of biomass model compounds: novel approaches and lessons learnt from traditional
hydrodeoxygenation—A review. ChemCatChem 11:924-960

Jin W, Pastor-Perez L, Villora-Pico JJ, Sepulveda-Escribano A, Gu S, Reina TR (2019b) Inves-
tigating new routes for biomass upgrading: “H-2-Free” hydrodeoxygenation using Ni-based
catalysts. Acs Sustain Chem Eng 7:16041-16049

Jin W, Pastor-Perez L, Villora-Pico JJ, Pastor-Blas MM, Odriozola JA, Sepulveda-Escribano A,
Reina TR (2021) In-situ HDO of guaiacol over nitrogen-doped activated carbon supported
nickel nanoparticles. Appl Catal A-General 620

Jurca B, Bucur C, Primo A, Concepcioén P, Parvulescu VI, Garcia H (2018) N-doped defective
graphene from biomass as catalyst for CO, hydrogenation to methane. ChemCatChem

Karapinar D, Huan NT, Sahraie NR, Li JK, Wakerley D, Touati N, Zanna S, Taverna D, Tizei
LHG, Zitolo A, Jaouen F, Mougel V, Fontecave M (2019) Electroreduction of CO; on single-
site copper-nitrogen-doped carbon material: selective formation of ethanol and reversible
restructuration of the metal sites. Angew Chem-Int Edn 58:15098-15103

Keith DW, Holmes G, Angelo DS, Heidel K (2018) A process for capturing CO;, from the
atmosphere. Joule 2:1573-1594

Khezri B, Fisher AC, Pumera M (2017) CO» reduction: the quest for electrocatalytic materials. J
Mater Chem A 5:8230-8246

Khosravanipour Mostafazadeh A, Solomatnikova O, Drogui P, Tyagi RD (2018) A review of recent
research and developments in fast pyrolysis and bio-oil upgrading. Biomass Convers Biorefinery
8:739-773



260 A. E. Peixoto et al.

Kibria MG, Edwards JP, Gabardo CM, Dinh CT, Seifitokaldani A, Sinton D, Sargent EH (2019)
Electrochemical CO, reduction into chemical feedstocks: from mechanistic electrocatalysis
models to system design. Adv Mater 31:24

Kim JY, Park W, Choi C, Kim G, Cho KM, Lim J, Kim SJ, Al-Saggaf A, Gereige I, Lee H, Jung
WB, Jung Y, Jung HT (2021) High facets on nanowrinkled Cu via chemical vapor deposition
graphene growth for efficient CO, reduction into ethanol. ACS Catal 11:5658-5665

Kondratenko EV, Mul G, Baltrusaitis J, Larrazabal GO, Pérez-Ramirez J (2013) Status and perspec-
tives of CO; conversion into fuels and chemicals by catalytic, photocatalytic and electrocatalytic
processes. Energy Environ Sci 6:3112-3135

Kordouli E, Kordulis C, Lycourghiotis A, Cole R, Vasudeyan PT, Pawelec B, Fierro JLG (2017)
HDO activity of carbon-supported Rh, Ni and Mo-Ni catalysts. Mol Catal 441:209-220

Kuhl KP, Cave ER, Abram DN, Jaramillo TF (2012) New insights into the electrochemical reduction
of carbon dioxide on metallic copper surfaces. Energy Environ Sci 5:7050-7059

Kumar B, Atla V, Brian JP, Kumari S, Nguyen TQ, Sunkara M, Spurgeon JM (2017) Reduced
SnO; porous nanowires with a high density of grain boundaries as catalysts for efficient
electrochemical CO,-into-HCOOH conversion. Angew Chem Int Ed 56:3645-3649

Kumar R, Strezov V (2021) Thermochemical production of bio-oil: a review of downstream
processing technologies for bio-oil upgrading, production of hydrogen and high value-added
products. Renew Sustain Energ Rev 135:110152

Lam E, Luong JHT (2014) Carbon materials as catalyst supports and catalysts in the transformation
of biomass to fuels and chemicals. ACS Catal 4:3393-3410

Lee JD, Wang C, Jin TF, Gorte RJ, Murray CB (2020) Engineering the composition of bimetallic
nanocrystals to improve hydrodeoxygenation selectivity for 2-acetylfuran. Appl Catal A-Gener
606

LiJ, Zhou Y, Xiao X, Wang W, Wang N, Qian W, Chu W (2018) Regulation of Ni-CNT Interac-
tion on Mn-promoted nickel nanocatalysts supported on oxygenated CNTs for CO; selective
hydrogenation. ACS Appl Mater Interfaces 10:41224-41236

Li HQ, Xiao N, Wang YW, Li C, Ye X, Guo Z, Pan X, Liu C, Bai JP, Xiao J, Zhang XY, Zhao SJ,
Qiu JS (2019) Nitrogen-doped tubular carbon foam electrodes for efficient electroreduction of
CO, to syngas with potential-independent CO/H-2 ratios. J] Mater Chem A 7:18852-18860

Li T, Li H, Li CL (2021) Progress in effects of microenvironment of carbon-based catalysts on
hydrodeoxygenation of biomass. ChemCatChem 13:1074-1088

Liang F, Zhang KW, Zhang L, Zhang YJ, Lei Y, Sun XL (2021) Recent development of
electrocatalytic CO; reduction application to energy conversion. Small 29

Liu KH, Zhong HX, Yang XY, Bao D, Meng FL, Yan JM, Zhang XB (2017a) Composition-tunable
synthesis of “clean” syngas via a one-step synthesis of metal-free pyridinic-N-enriched self-
supported CNTs: the synergy of electrocatalyst pyrolysis temperature and potential. Green
Chem 19:4284-4288

Liu YM, Zhang YJ, Cheng K, Quan X, Fan XF, Su Y, Chen S, Zhao HM, Zhang YB, Yu HT,
Hoffmann MR (2017b) Selective electrochemical reduction of carbon dioxide to ethanol on a
boron- and nitrogen-co-doped nanodiamond. Angew Chem-Int Edn 56:15607-15611

Liu GY, Thanh TP, Chen HJ, Tricoli A (2018a) A review of metal- and metal-oxide-based
heterogeneous catalysts for electroreduction of carbon dioxide. Adv Sustain Syst 2:13

Liu J, Sun Y, Jiang X, Zhang A, Song C, Guo X (2018b) Pyrolyzing ZIF-8 to N-doped porous
carbon facilitated by iron and potassium for CO, hydrogenation to value-added hydrocarbons.
J CO, Utiliz 25:120-127

Liu S, Yan Z, Zhang Y, Wang R, Luo S-Z, Jing F, Chu W (2018c) Carbon nanotubes supported
nickel as the highly efficient catalyst for hydrogen production through glycerol steam reforming.
ACS Sustain Chem Eng 6:14403-14413

Lopez M, Palacio R, Royer S, Mamede AS, Fernandez JJ (2020) Mesostructured CMK-3
carbon supported Ni—ZrO, as catalysts for the hydrodeoxygenation of guaiacol. Microporous
Mesoporous Mater 292



9 Biomass and CO;-Derived Fuels Through Carbon-Based Catalysis. ... 261

Lu Y, Zhang Z, Wang H, Wang Y (2021) Toward efficient single-atom catalysts for renewable fuels
and chemicals production from biomass and CO;. Appl Catal B 292:120162

Mal, Gong H, Zhang T, Yu H, Zhang R, Liu Z, Yang G, Sun H, Tang S, Qiu Y (2019a) Hydrogenation
of CO; to formic acid on the single atom catalysis Cu/C,N: a first principles study. Appl Surf
Sci 488:1-9

Ma Q, Geng M, Zhang J, Zhang X, Zhao T-S (2019b) Enhanced catalytic performance for CO,
hydrogenation to methanol over N-doped graphene incorporated Cu—ZnO-Al,O3 catalysts.
ChemistrySelect 4:78-83

MaT, Fan Q, Li X, QiuJS, Wu TB, Sun ZY (2019¢) Graphene-based materials for electrochemical
CO», reduction. J CO, Utiliz 30:168-182

Mao XW, Hatton TA (2015) Recent advances in electrocatalytic reduction of carbon dioxide using
metal-free catalysts. Ind Eng Chem Res 54:4033-4042

Marchese M, Buffo G, Santarelli M, Lanzini A (2021) CO; from direct air capture as carbon
feedstock for Fischer-Tropsch chemicals and fuels: energy and economic analysis. J CO, Utiliz
46:101487

Mendes FL, Da Silva VT, Pacheco ME, Pinho AD, Henriques CA (2020) Hydrotreating of fast
pyrolysis oil: a comparison of carbons and carbon-covered alumina as supports for Ni2P. Fuel
264

Mi YY, Shen SB, Peng XY, Bao HH, Liu XJ, Luo J (2019) Selective electroreduction of CO,—C;
products over Cu3N-derived Cu nanowires. ChemElectroChem 6:2393-2397

Mohamed AGA, Huang YY, Xie JF, Borse RA, Parameswaram G, Wang YB (2020) Metal-free
sites with multidimensional structure modifications for selective electrochemical CO» reduction.
Nano Today 33:18

Mortensen PM, Grunwaldt JD, Jensen PA, Knudsen KG, Jensen AD (2011) A review of catalytic
upgrading of bio-oil to engine fuels. Appl Catal A-Gener 407:1-19

Mou SY, Wu TW, Xie JF, Zhang Y, Ji L, Huang H, Wang T, Luo YL, Xiong XL, Tang B, Sun XP
(2019) Boron phosphide nanoparticles: a nonmetal catalyst for high-selectivity electrochemical
reduction of CO; to CH3OH. Adv Mater 31:6

Mukundan S, Konarova M, Atanda L, Ma Q, Beltramini J (2015) Guaiacol hydrodeoxygenation
reaction catalyzed by highly dispersed, single layered MoS2/C. Catal Sci Technol 5:4422-4432

Natewong P, Prasongthum N, Mhadmhan S, Reubroycharoen P (2018) Fibrous platelet carbon
nanofibers-silica fiber composite supports for a co-based catalyst in the steam reforming of
acetic acid. Appl Catal A 560:215-224

Nie R, Peng X, Zhang H, Yu X, Lu X, Zhou D, Xia Q (2017) Transfer hydrogenation of bio-fuel
with formic acid over biomass-derived N-doped carbon supported acid-resistant Pd catalyst.
Catal Sci Technol 7:627-634

Ozkan G, Gok S, Ozkan G (2011) Active carbon-supported Ni, Ni/Cu and Ni/Cu/Pd catalysed steam
reforming of ethanol for the production of hydrogen. Chem Eng J 171:1270-1275

Pang SS (2019) Advances in thermochemical conversion of woody biomass to energy, fuels and
chemicals. Biotechnol Adv 37:589-597

Panwar NL, Paul AS (2021) An overview of recent development in bio-oil upgrading and separation
techniques. Environ Eng Res 26:200382

Parrilla-Lahoz S, Jin W, Pastor-Perez L, Carrales-Alvarado D, Odriozola JA, Dongil AB, Reina
TR (2021) Guaiacol hydrodeoxygenation in hydrothermal conditions using N-doped reduced
graphene oxide (RGO) supported Pt and Ni catalysts: Seeking for economically viable biomass
upgrading alternatives. Appl Catal A-Gener 611

Pérez-Mayoral E, Matos I, Bernardo M, Ventura M, Fonseca IM (2020) Carbon-based materials
for the development of highly dispersed metal catalysts: towards highly performant catalysts for
fine chemical synthesis. Catalysts 10:1407

Prasongthum N, Xiao R, Zhang H, Tsubaki N, Natewong P, Reubroycharoen P (2017) Highly
active and stable Ni supported on CNTs-SiO, fiber catalysts for steam reforming of ethanol.
Fuel Process Technol 160:185-195



262 A. E. Peixoto et al.

Pu C, Zhang J, Chang GG, Xiao YY, Ma XC, Wu J, Luo TT, Huang KX, Ke SC, Li JX, Yang
XY (2020) Nitrogen precursor-mediated construction of N-doped hierarchically porous carbon-
supported Pd catalysts with controllable morphology and composition. Carbon 159:451-460

Pujro R, Garcia JR, Bertero M, Falco M, Sedran U (2021) Review on reaction pathways in the
catalytic upgrading of biomass pyrolysis liquids. Energy Fuels 35:16943-16964

Qiao JL, Liu YY, Hong F, Zhang JJ (2014) A review of catalysts for the electroreduction of carbon
dioxide to produce low-carbon fuels. Chem Soc Rev 43:631-675

Qu L, Jiang X, Zhang Z, Zhang X-G, Song G-Y, Wang H-L, Yuan Y-P, Chang Y-L (2021) A review
of hydrodeoxygenation of bio-oil: model compounds, catalysts, and equipment. Green Chem
23:9348-9376

Rafiee A, Rajab Khalilpour K, Milani D, Panahi M (2018) Trends in CO2 conversion and utilization:
areview from process systems perspective. ] Environ Chem Eng 6:5771-5794

Rahman MM (2015) Hy production from aqueous-phase reforming of glycerol over Cu-Ni
bimetallic catalysts supported on carbon nanotubes. Int ] Hydrog Energy 40:14833-14844

Ramirez-Valencia LD, Bailon-Garcia E, Carrasco-Marin F, Perez-Cadenas AF (2021) From CO,
to value-added products: a review about carbon-based materials for electro-chemical CO;
conversion. Catalysts 11:67

Rautio A-R, Seelam PK, Miki-Arvela P, Pitkdnen O, Huuhtanen M, Keiski RL, Kordas K (2015)
Carbon supported catalysts in low temperature steam reforming of ethanol: study of catalyst
performance. RSC Adv 5:49487-49492

Remon J, Casales M, Gracia J, Callen MS, Pinilla JL, Suelves I (2021) Sustainable production of
liquid biofuels and value-added platform chemicals by hydrodeoxygenation of lignocellulosic
bio-oil over a carbon-neutral Mo2C/CNF catalyst. Chem Eng J 405

Ren J, Cao J-P, Zhao X-Y, Liu Y-L (2021) Fundamentals and applications of char in biomass tar
reforming. Fuel Process Technol 216:106782

Rivera-Carcamo C, Scarfiello C, Garcia AB, Tison Y, Martinez H, Baaziz W, Ersen O, Le Berre
C, Serp P (2020) Stabilization of metal single atoms on carbon and TiO, supports for CO;
hydrogenation: the importance of regulating charge transfer. Adv Mater Interfaces 8

Roy S, Cherevotan A, Peter SC (2018) Thermochemical CO, hydrogenation to single carbon
products: scientific and technological challenges. ACS Energy Lett 3:1938-1966

Ruiz HA, Rodriguez-Jasso RM, Fernandes BD, Vicente AA, Teixeira JA (2013) Hydrothermal
processing, as an alternative for upgrading agriculture residues and marine biomass according
to the biorefinery concept: a review. Renew Sustain Energy Rev 21:35-51

Santos JL, Alda-Onggar M, Fedorov V, Peurla M, Erdnen K, Miki-Arvela P, Centeno MA, Murzin
DY (2018) Hydrodeoxygenation of vanillin over carbon supported metal catalysts. Appl Catal
A 561:137-149

Santos JL, Maki-Arvela P, Monzon A, Murzin DY, Centeno MA (2020) Metal catalysts supported
on biochars: part I synthesis and characterization. Appl Catal B-Environ 268

Seelam PK, Huuhtanen M, Sédpi A, Szab6 M, Kordds K, Turpeinen E, Téth G, Keiski RL (2010)
CNT-based catalysts for Hy production by ethanol reforming. Int J Hydrog Energy 35:12588—
12595

Sharma V, Getahun T, Verma M, Villa A, Gupta N (2020) Carbon based catalysts for the hydrodeoxy-
genation of lignin and related molecules: a powerful tool for the generation of non-petroleum
chemical products including hydrocarbons. Renew Sustain Energy Rev 133:110280

Sikora E, Prekob A, Halasi G, Vanyorek L, Pekker P, Kristaly F, Varga T, Kiss J, Konya Z, Viskolcz
B (2018) Development and application of carbon-layer-stabilized, nitrogen-doped, bamboo-like
carbon nanotube catalysts in CO, hydrogenation. ChemistryOpen 7:789-796

Song YF, Chen W, Zhao CC, Li SG, Wei W, Sun YH (2017) Metal-free nitrogen-doped mesoporous
carbon for electroreduction of CO; to ethanol. Angew Chem-Int Edn 56:10840-10844

Song YF, Wang SB, Chen W, Li SG, Feng GH, Wei W, Sun YH (2020) Enhanced ethanol production
from CO; electroreduction at micropores in nitrogen-doped mesoporous carbon. Chemsuschem
13:293-297



9 Biomass and CO;-Derived Fuels Through Carbon-Based Catalysis. ... 263

Sredojevié¢ DN, Sljivan¢anin Z, Brothers EN, Beli¢ MR (2018) Formic acid synthesis by CO5 hydro-
genation over single-atom catalysts based on Ru and Cu embedded in graphene. ChemistrySelect
3:2631-2637

Stasi CD, Cortese M, Greco G, Gonzdlez B, Palma V, Manya JJ (2020) Activated biochar-based
metal catalysts for steam reforming of pyrolysis bio-oil model compound. Chem Proc 2:18

Sudarsanam P, Zhong R, van den Bosch S, Coman SM, Parvulescu VI, Sels BF (2018) Functionalised
heterogeneous catalysts for sustainable biomass valorisation. Chem Soc Rev 47:8349-8402

Sun XF, Kang XC, Zhu QG, MaJ, Yang GY, Liu ZM, Han BX (2016) Very highly efficient reduction
of CO,—CHy4 using metal-free N-doped carbon electrodes. Chem Sci 7:2883-2887

Tan RS, Tuan Abdullah TA, Johari A, Md Isa K (2020) Catalytic steam reforming of tar for enhancing
hydrogen production from biomass gasification: a review. Front Energy 14:545-569

Thompson ST, Lamb HH (2018) Vapor-phase hydrodeoxygenation of guaiacol over carbon-
supported Pd, Re and PdRe catalysts. Appl Catal A-Gener 563:105-117

Tursunov O, Tilyabaev Z (2019) Hydrogenation of CO» over Co supported on carbon nanotube,
carbon nanotube-Nb, Os, carbon nanofiber, low-layered graphite fragments and Nby Os. J Energy
Inst 92:18-26

Veiga S, Bussi J (2017) Steam reforming of crude glycerol over nickel supported on activated
carbon. Energy Convers Manag 141:79-84

Wang X, Li N, Pfefferle LD, Haller GL (2010a) Pt—Co bimetallic catalyst supported on single-
walled carbon nanotubes: effect of alloy formation and oxygen containing groups. J Phys Chem
C 114:16996-17002

Wang X, Li N, Webb JA, Pfefferle LD, Haller GL (2010b) Effect of surface oxygen containing
groups on the catalytic activity of multi-walled carbon nanotube supported Pt catalyst. Appl
Catal B 101:21-30

Wang YH, Liu JL, Wang YF, Al-Enizi AM, Zheng GF (2017) Tuning of CO; reduction selectivity
on metal electrocatalysts. Small 13:15

Wang W, Duong-Viet C, Ba H, Baaziz W, Tuci G, Caporali S, Nguyen-Dinh L, Ersen O, Giambas-
tiani G, Pham-Huu C (2018a) Nickel nanoparticles decorated nitrogen-doped carbon nanotubes
(Ni/N-CNT); arobust catalyst for the efficient and selective CO, methanation. ACS Appl Energy
Mater 2:1111-1120

Wang YS, Chen JX, Wang GX, Li Y, Wen ZH (2018b) Perfluorinated covalent triazine frame-
work derived hybrids for the highly selective electroconversion of carbon dioxide into methane.
Angewandte Chemie-International Edition 57:13120-13124

Wang H-H, Zhang S-N, Zhao T-J, Liu Y-X, Liu X, Su J, Li X-H, Chen J-S (2020a) Mild and
selective hydrogenation of CO, into formic acid over electron-rich MoC nanocatalysts. Sci Bull
65:651-657

Wang S, Wu T, Lin J, Ji Y, Yan S, Pei Y, Xie S, Zong B, Qiao M (2020b) Iron-potassium on single-
walled carbon nanotubes as efficient catalyst for CO, hydrogenation to heavy olefins. ACS Catal
10:6389-6401

Wang Y, Zhang Z, Zhang S, Wang Y, Hu S, Xiang J, Hu X (2020c) Steam reforming of acetic acid
over Ni/biochar catalyst treated with HNO3: Impacts of the treatment on surface properties and
catalytic behaviors. Fuel 278:118341

Williamson DL, Herdes C, Torrente-Murciano L, Jones MD, Mattia D (2019) N-doped Fe@CNT
for combined RWGS/FT CO; hydrogenation. ACS Sustain Chem Eng 7:7395-7402

Witoon T, Numpilai T, Phongamwong T, Donphai W, Boonyuen C, Warakulwit C, Chareonpanich
M, Limtrakul J (2018) Enhanced activity, selectivity and stability of a CuO-ZnO-ZrO, catalyst
by adding graphene oxide for CO; hydrogenation to methanol. Chem Eng J 334:1781-1791

Wu JJ, Ma SC, Sun J, Gold JI, Tiwary C, Kim B, Zhu LY, Chopra N, Odeh IN, Vajtai R, Yu AZ,
Luo R, Lou J, Ding GQ, Kenis PJA, Ajayan PM (2016) A metal-free electrocatalyst for carbon
dioxide reduction to multi-carbon hydrocarbons and oxygenates. Nat Commun 7:6

Wu J, Huang Y, Ye W, Li Y (2017) CO; reduction: from the electrochemical to photochemical
approach. Adv Sci 4:1700194



264 A. E. Peixoto et al.

Wu T, Lin J, Cheng Y, Tian J, Wang S, Xie S, Pei Y, Yan S, Qiao M, Xu H, Zong B (2018)
Porous graphene-confined Fe-K as highly efficient catalyst for CO, direct hydrogenation to
light olefins. ACS Appl Mater Interfaces 10:23439-23443

Wu YJ, Sun Y, Liang KL, Yang ZG, Tu R, Fan XD, Cheng SC, Yu HP, Jiang EC, Xu XW (2021)
Enhancing hydrodeoxygenation of bio-oil via bimetallic Ni-V catalysts modified by cross-
surface migrated-carbon from biochar. ACS Appl Mater Interfaces 13:21482-21498

Xie H, Wang TY, Liang JS, Li Q, Sun SH (2018) Cu-based nanocatalysts for electrochemical
reduction of CO;. Nano Today 21:41-54

Xu D, Yang L, Ding K, Zhang Y, Gao W, Huang Y, Sun H, Hu X, Syed-Hassan SSA, Zhang S,
Zhang H (2020) Mini-review on char catalysts for tar reforming during biomass gasification:
the importance of char structure. Energy Fuels 34:1219-1229

Yang HH, Nie RF, Xia W, Yu XL, Jin DF, Lu XH, Zhou D, Xia QH (2017) Co embedded within
biomass-derived mesoporous N-doped carbon as an acid-resistant and chemoselective catalyst
for transfer hydrodeoxygenation of biomass with formic acid. Green Chem 19:5714-5722

Yang HP, Wu Y, Li GD, Lin Q, Hu Q, Zhang QL, Liu JH, He C (2019) Scalable production of efficient
single-atom copper decorated carbon membranes for CO; electroreduction to methanol. J Am
Chem Soc 141:12717-12723

Yodsin N, Rungnim C, Tungkamani S, Promarak V, Namuangruk S, Jungsuttiwong S (2019) DFT
study of catalytic CO, hydrogenation over Pt-decorated carbon nanocones: H, dissociation
combined with the spillover mechanism. J Phys Chem C 124:1941-1949

Yuan J, Zhi WY, Liu L, Yang MP, Wang H, Lu JX (2018) Electrochemical reduction of CO; at
metal-free N-functionalized graphene oxide electrodes. Electrochim Acta 282:694—701

Zhang L, Zhao ZJ, Gong JL (2017) Nanostructured materials for heterogeneous electrocatalytic
CO; reduction and their related reaction mechanisms. Angew Chem-Int Edn 56:11326-11353

Zhang M, Hu Z, Gu L, Zhang QH, Zhang LH, Song Q, Zhou W, Hu S (2020a) Electrochemical
conversion of CO; to syngas with a wide range of CO/H-2 ratio over Ni/Fe binary single-atom
catalysts. Nano Res 13:3206-3211

Zhang YY, Li K, Chen MM, Wang J, Liu JD, Zhang YT (2020b) Cu/Cu,O Nanoparticles supported
on vertically ZIF-L-coated nitrogen-doped graphene nanosheets for electroreduction of CO, to
ethanol. Acs Appl Nano Mater 3:257

Zhao ZL, Lu G (2019) Cu-based single-atom catalysts boost electroreduction of CO,—~CH3OH:
first-principles predictions. J Phys Chem C 123:4380-4387

Zhao K, Liu YM, Quan X, Chen S, Yu HT (2017) CO2 Electroreduction at low overpotential on
oxide-derived cu/carbons fabricated from metal organic framework. ACS Appl Mater Interfaces
9:5302-5311

Zhao J, Deng J, Han J, Imhanria S, Chen KY, Wang W (2020) Effective tunable syngas generation
via CO» reduction reaction by non-precious Fe-N-C electrocatalyst. Chem Eng J 389:7

Zhou WY, Shen HM, Wang Q, Onoe J, Kawazoe Y, Jena P (2019) N-doped peanut-shaped carbon
nanotubes for efficient CO, electrocatalytic reduction. Carbon 152:241-246

Zhu DD, Liu JL, Qiao SZ (2016) Recent advances in inorganic heterogeneous electrocatalysts for
reduction of carbon dioxide. Adv Mater 28:3423-3452

Zou XL, Liu MJ, Wu 1], Ajayan PM, Li J, Liu BL, Yakobson BI (2017) How nitrogen-doped
graphene quantum dots catalyze electroreduction of CO; to hydrocarbons and oxygenates. ACS
Catal 7:6245-6250



	9 Biomass and CO2-Derived Fuels Through Carbon-Based Catalysis. Recent Advances and Future Challenges
	9.1 Introduction
	9.2 Catalytic Carbon-Based Processes to Biomass-Derived Fuels
	9.2.1 Hydrodeoxygenation of Bio-Oil
	9.2.2 Steam Reforming of Bio-Oil for Hydrogen Production
	9.2.3 Economic Analysis of Bio-Oil-Derived Fuels

	9.3 Catalytic Carbon-Based Processes to CO2-Derived Fuels
	9.3.1 Thermochemical CO2 Hydrogenation Using a Carbon-Based Catalyst
	9.3.2 Electrocatalytic CO2 Reduction Using Carbon-Based Catalysts
	9.3.3 Economic Analysis of CO2-Derived Fuels

	9.4 Conclusion, Future Challenges, and Perspectives
	References


