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Abstract: Due to ever-increasing global warming, the scientific community is concerned with finding
immediate solutions to reduce or utilize carbon dioxide (CO2) and convert it in useful compounds.
In this context, the reductive process of CO2 methanation has been well-investigated and found to
be attractive due to its simplicity. However, it requires the development of highly active catalysts.
In this mini-review, the focus is on biochar-immobilized nanocatalysts for CO2 methanation. We
summarize the recent literature on the topic, reporting strategies for designing biochar with immo-
bilized nanocatalysts and their performance in CO2 methanation. We review the thermochemical
transformation of biomass into biochar and its decoration with CO2 methanation catalysts. We also
tackle direct methods of obtaining biochar nanocatalysts, in one pot, from nanocatalyst precursor-
impregnated biomass. We review the effect of the initial biomass nature, as well as the conditions that
permit tuning the performances of the composite catalysts. Finally, we discuss the CO2 methanation
performance and how it could be improved, keeping in mind low operation costs and sustainability.

Keywords: carbon dioxide utilization; methanation; reduction of CO2 emission; biochar; immobilized
nanocatalysts

1. Introduction

The inevitable combustion of fossil fuels releases massive amounts of greenhouse
gases (GHGs), especially CO2, which is the leading cause of global warming and climate
change [1]. CO2 alone contributes 20% of the emitted GHGs, which increased by more
than 15% in the last decade to reach nearly 30 billion tons, with a high expectation of this
number doubling by 2050 [2,3]. Thereby, it is crucial to reduce by 20 gigatons/year the
emitted CO2 within the coming thirty years to become near zero at the end of this century
in order to decrease the Earth’s temperature to 6 ◦C [4]. CO2 mitigation in the atmosphere is
investigated via two strategies: capture and utilization. CO2 can be captured by numerous
high surface porous materials [5] or converted into useful compounds and fuels, such as
dimethyl carbonate [6], or via dry reforming [7,8], CO2 hydrogenation to methanol [9], and
CO2 methanation [10]. Dry reforming reactions require high operating temperatures, as
CH4 and CO2 are thermally stable compounds, in addition to the fast coke formation, as
carbon originates from two sources (CH4 and CO2), which poisons the catalyst and blocks
the reactors [11–13]. In addition, the track of CO2 hydrogenation to methanol requires
severe operating conditions, such as high reaction temperatures and high applied pressures,
which results in high operational costs [14].
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The hydrogenation of CO2 to methane (Equation (1)) or to methanol (Equation (2))
represents possible pathways to the utilization of CO2; however, thermodynamically
speaking, more heat is released by CO2 methanation [15].

CO2 + 4H2 → CH4 + 2H2O ∆H298K = −165 kJ/mol ∆G = −141.9 kJ/mol (1)

2CO2 + 3H2 ⇌ CH3OH + H2O ∆H298K = −49.5 kJ/mol ∆G = 3.5 kJ/mol (2)

A simplified mechanism of CO2 methanation is displayed in Scheme 1; an example is
given for a supported nickel nanocatalyst. However, it should be noted that the mechanisms
could be affected by the nature of the support [16].
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Thus, among the CO2 applications, the methanation reaction is simple to conduct
under mild temperature conditions (in the 200–500 ◦C range); more importantly, such
a reaction can be accomplished at ambient pressure [17]. These salient features of CO2
methanation make it highly popular; Figure 1 shows the remarkable increase in publica-
tions on CO2 methanation in the last ten years. Yet, CO2 methanation requires efficient
catalysts, and in this regard, mono, bimetallic nanocatalysts and other metal/metal oxide
combined catalysts have been employed in the pure form or in the dispersed state. In
the latter case, high-surface-area catalyst supports are required, and numerous have been
employed, namely silica, zeolite, clay, MOF, and carbon allotropes. However, the emerging
high-performance material coined as “biochar” has just started to be investigated as a
nanocatalyst support for CO2 methanation.

Given the skyrocketing number of publications on biochar (about 5000–6000 publica-
tions yearly since 2021), it is clear that this support obtained by thermochemical treatment
of the biomass, mostly lignocellulosic waste, has much to offer; this is what has attracted
our attention. In the past two years, we have spent time and effort on the design of biochar
nanocatalysts from various lignocellulosic wastes for the degradation of dyes [18–21] and
the elimination of other emerging pollutants. Apart from de-pollution, and investigating
green and valuable methods to design biochar-based materials for the energy sector, we
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decided to invest time in the attractive and challenging process of CO2 methanation. It
is also important to draw the attention of material scientists and catalysis experts to the
growing role of biochar in this area. Although there is abundant literature on the design
of hybrid catalysts for CO2 methanation, our search using the Web of Science returned no
specific review focusing on biochar-immobilized nanocatalysts for CO2 methanation; hence,
the motivation for this contribution. Indeed, biochar has high potential in the coming years,
as it is converted from trash into valuable, functional material under various temperature
(300–1000 ◦C) and atmosphere conditions (N2, N2/H2, steam, CO2, etc.) [22]. Moreover,
biochar could be efficiently decorated with nanocatalysts in simple ways [23]. The transfor-
mation of precursors into nanocatalysts over biochar does not necessarily require “beaker
chemistry” as a protocol of biochar post-modification, but wet impregnation followed by
pyrolysis could lead to the biochar-supported nanocatalyst in one pot [23,24]. Nanocatalyst-
modified biochar has raised immense interest owing to its efficiency to catalyze organic
synthesis [25], biofuel production [26], electrochemical processes and energy storage [27],
and depollution, to name but a few applications [28]. Given the biodiversity, each region
has its own agro-wastes, which can be converted into functional biochar, therefore pro-
moting local/regional engineering and saving costs related to the transport and use of
commercially available chemicals for the fabrication of synthetic supports (e.g., mesoporous
silica). In this sense, biochar holds promise in terms of sustainable development and the
circular economy. As several chemical processes use biochar-supported nanocatalysts, one
could anticipate the rapid increase of investigations of their catalytic application to CO2
methanation.
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2. Biochar Catalyst Fabrication and Modification

Biochar serves as an ideal porous support for catalysts prepared by thermochemical
methods. Through the various pretreatments or loading of metal nanoparticles to tune its
physicochemical properties, the fabrication process results in promising biochar-based com-
posite materials. We present a comprehensive overview of biochar modification, focusing
primarily on physical modification, chemical modification, nanoparticle modification, and
sequence of wetness impregnation/pyrolysis (Figure 2).

2.1. Biomass Sources

Biochar is a solid product obtained by thermal decomposition of a diverse range of
biomass feedstocks in a limited oxygen atmosphere [29]. In order to achieve the goal of
biochar production with good physico-chemical properties, as well as reducing waste
emissions and increasing by-products during the biochar process, a large number of raw
feedstocks are considered, such as forestry residues, animal manure, aquatic plants, mu-
nicipal waste generated by human activities, factory waste and, particularly, agricultural
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lignocellulosic biomass residues [30]. Wan et al. studied the pyrolysis of various biomass
feedstocks into biochar; the biomass with higher lignin effectively produced more stable
biochar with aromatics [31]. Research by Bhakta et al. [32] showed that different biomasses
have different composition, which has a direct effect on the different morphologies of
biochar as well as nanoparticle shape and size. Of course, this in turn affects their catalytic
properties. For example, when four biomasses, namely sugarcane bagasse (Saccharum
officinarum), mandarin orange peels (Citrus reticulata), China rose petals (Rosa chinensis),
and algae (Phaeophyta), were considered, with the same conditions of impregnation and
pyrolysis, the shape and size of ZnO nanoparticles were different. This can be attributed to
the different cellulose, hemicellulose, and lignin compositions [32,33]. Also, hydrophobicity,
porosity, and hydrophilicity of biomass are important factors.
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2.2. Fabrication Process

Thermochemical methods have emerged as a promising technology for the conversion
of biomass into valuable products [34]. Herein, the focus is on biomass pyrolysis-derived
biochar-immobilized metal catalysts, presenting the carbonaceous materials as a popular
topic for environmentally friendly alternatives.

Pyrolysis is a common thermochemical technology; biomass undergoes carbonization
in inert or oxygen-limited conditions and is heated above its thermal stability limit without
combustion [35,36], resulting in more stable products and solid residues, including large
quantities of liquids (bio-oil), solids (biochar), and gases (biosyngas) [37]. Both in fast
pyrolysis and flash pyrolysis, biomass is rapidly heated to high temperatures within a
short residence time, resulting in dominant yields of oil and gas over charcoal [38,39]. In
contrast, slow pyrolysis, characterized by medium–high temperatures (500–900 ◦C), a slow
heating rate (5–10 K/min), and an extended residence time (≥10 min), provides an ideal
environment and sufficient duration for the production of solid carbonaceous materials,
particularly biochar-based materials.

2.3. Precursor Material Pretreatment

Common functional groups attached to the surface of biochar are determined by the
raw materials and the pyrolysis conditions. The pretreatment of the biomass with a biochar
precursor is a viable strategy to tailor the surface properties of composite catalysts. This
section will primarily discuss the impact of physical and chemical pretreatments.
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2.3.1. Physical Pretreatment

Physical pretreatment is a pivotal step in enhancing catalyst activity. Most physical
activation is performed on the obtained biochar during high-temperature carbonization in
an atmosphere of CO2, H2O2, NH2, or water vapor. Sun et al. [40] proposed a method for
the preparation of biochar-based catalysts through CO2 activation for impedance reduction.
They first heated the biochar to a set temperature under an N2 atmosphere (800–900 ◦C),
and then CO2 (500 mL/min) was injected to start the activation, which lasted 1 h. The
obtained biochar enhanced the graphitization to improve the electron transfer ability.

Iberahim et al. [41] prepared oil palm fiber-activated biochar at 753 ◦C for 73 min of
activation time with 497 mL/min of CO2 flow. The pH value of the activated biochar was
higher than pure biochar and increased as the activation temperature increased from 600
to 800 ◦C. The catalyst surface pH provides valuable insights into the adsorption of gas
molecules, combining consideration of the acidity and basicity of the target gas molecules.
As the biochar is activated under a CO2 atmosphere at high temperatures, this involves
oxidative treatment, effectively improving the structural characteristics, which enhances its
suitability for applications in catalysis [35].

Feng et al. [42], in their work, described H2O-activated biochar and ammonia-activated
biochar. They used corn straw as raw materials, and activated biochar was prepared by
NH3H2O activation and H2O activation to design biochar with hierarchical pore and O/N
functional groups. The N-containing functional groups on the ammonia-activated biochar
surface had greater adsorption energy for CO2 and NH3 than O-containing groups of H2O
activated biochar. This result also highlights the significance of chemical functionalities on
the catalyst surface in enhancing performance.

Ultrasonic pretreatment is a physical method that can improve the biochar properties
of biochar materials, which contributes to improving the nanoparticle dispersion over
biochar composite surfaces without changing the functional structures [43].

2.3.2. Chemical Pretreatment

Chemical pretreatment is another critical precursor material-activated method, involv-
ing activators including acids, bases, salts, and more. Based on the literature, employing
chemical activation methods for precursor treatment has been shown to develop the catalyst
properties, such as surface area, porosity, functional groups, and active sites, in order to
increase biochar reaction rates.

Tang et al. [44] used pine nut shells to obtain biochar through KOH pretreatment and
calcination methods. Its microporosity was 20 times higher than that of biochar without
KOH pretreatment, and its specific surface area was as high as 1850 m2·g−1, which is very
suitable for CO2 adsorption (CO2 uptake of 6.05 mmol·g−1 at 1 bar, 273 K).

African almond leaves were first treated with phosphoric acid (H3PO4), followed
by pyrolysis at high temperatures in an inert environment. Embedding phosphoric acid
functional groups (PO4

3−) on the surface through chemical pretreatment increases the ad-
sorption capacity of biochar and can remove >98% of MB dye molecules within 30 min [45].
Nguyen et al. [46] researched the pore-forming effect of ZnCl2 decomposition during ther-
mal treatment to improve the physicochemical properties of biochar. Biochar derived from
brown algal Ascophyllum nodosum was synthesized through hydrothermal carbonization
(HTC) coupling with ZnCl2 chemical activation at 700 ◦C. The activating process with
ZnCl2 changed the pyrolysis path of biochar and improved accessible binding sites, as
proved by TG and BET analyses; its acidic and basic groups on the biochar surface were
also modified.

2.4. Nanoparticle Loading

Metal loading is a crucial factor influencing the performance of composite catalysts.
Biochar materials can be functionalized or modified with the addition of nanoparticles
during thermal treatment or physical–chemical reactions, in which the generated com-
posites combine the properties of biochar and nanoparticles. This section will primarily
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discuss the impact of different metal loading methods. The relevant literature will be
summarized to illustrate the effects of various metal loading strategies on the catalytic
activity of composite catalysts.

Snoussi et al. [47] pretreated the biomass by maceration in a hydroalcoholic mixture
with ultrasonication assistance and then impregnated it with copper and silver nitrate salts
prior to pyrolysis at 500 ◦C under N2:H2 95%:5% for 1 h, leading to biochar-supported
Ag/Cu nanoparticles. Compared to pristine biochar, the biochar made out of the macerated
biomass exhibited a noticeable microporosity, with a more accessible and porous struc-
ture. N2-physisorption measurements proved the specific surface area of Ag/Cu-Biochar
increased by 20%, and its pore volume was increased 25-fold.

Prabhakaran et al. [48] proposed modification of the surface of biochar by introducing
iron oxide nanoparticles and elaborated on the synthesis process of wetness impregnation
for 1 h and the hydrothermal method at 180 ◦C for 12 h to prepare magnetic biochar
nanocomposites (Figure 3). The biochar-based iron oxide nanocomposite was ready for
reuse after separation and showed a high adsorption capacity for dye removal from aque-
ous solutions.
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Figure 3. Iron oxygen nanoparticles modified with biochar materials for methylene blue (MB)
adsorption. Adapted from [48] with permission of Elsevier.

He et al. [49] prepared bi-nanoparticles that were Co-N loaded onto biochar through
a two-step modification method. First, N-doped biochar materials were pretreated and
pyrolyzed; then, the Co-N biochar composite materials were synthesized by microwave
assistance and pyrolysis again, modifying the Co nanoparticles on the N-doped biochar
doped with different nitrogen sources to obtain bi-catalyst biochar composites. Maiti
et al. [50] modified highly porous biochar composites with the conductive polymer PANI
into binary composites through in situ polymerization for studying the capacitive prop-
erties. An activation process with HCl and the oxidizing agent ammonium persulfate
(APS) was also applied to increase the energy density and specific capacitance. It follows
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that a combination of multiple modifications is necessary to improve biochar, with the
desired properties.

2.5. Sequence of Wetness Impregnation/Pyrolysis

The wetness impregnation/pyrolysis method is the most commonly employed tech-
nique for the fabrication of biochar composites. This can be achieved either by the mod-
ification of biomass before pyrolysis (pre-pyrolysis modification) or by post-pyrolysis
modification of biochar. The stepwise loading of bi-catalysts onto biochar follows a similar
approach [49]. The order of wet impregnation and pyrolysis significantly influences the
physicochemical properties of the biochar composites, such as the pore structure and the
specific surface area. SEM analysis indicated that pre-treatment followed by pyrolysis
induces the catalyzed carbonization of the biomass and the formation of pores and leads to
a considerable surface area [51]. This contrasts with the post-treatment of the pyrolyzed
samples, containing less unevenly distributed inorganic particles/larger crystal clusters
and resulting in the blocking of pores and reductions in the specific surface area (Figure 4).
Wet impregnation modification facilitated the introduction of higher concentrations of
metals, leading to the formation of metal oxides on the biochar surface and an improve-
ment in the porous structure. Interestingly, this comparative study of the ecotoxicological
characteristics of Zn-decorated biochar prepared by either pretreatment of the biomass
or post-treatment of the biochar demonstrated that the final biochar Zn was found to
be distinctly different [51]. For example, post-treatment led to biochar Zn with a higher
content of polyaromatic hydrocarbons and thus more toxicity. It follows that a comparative
study of the method of preparation of reductive composite catalysts could be important
when considering CO2 methanation.
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der different conditions. Reproduced from [51] with permission of Elsevier. PR: pretreatment;
PS: post-treatment; PST: additional pyrolysis step. The numbers 500 and 700 represent the pyrolysis
temperatures.

In recent studies, some authors [21,47] reported the synthesis of biochar/bimetallic
nanocatalyst composites through mixing biomass into two metal nitrate solutions via a
wet impregnation method followed by pyrolysis. SEM results revealed a spacious, porous
structure, with metal nanoparticles uniformly dispersed on the surface. XRD analysis
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confirmed the presence of a bimetallic alloy, verifying the successful loading of metal
nanoparticles onto the biochar substrate.

2.6. Porous Properties of Biochar-Supported Materials

Biochar, derived from biomass conversion under oxygen-free conditions through py-
rolysis, significantly influences the porous properties of biochar supports. Table 1 presents
the compression pore properties between different biochar-based materials, including their
modified biochar and composite materials, considering the impact of preparation methods
on the morphological features of the biochar. It is notable that the biochar-based materials
offer larger specific surface areas and enriched pore structures. When biomass undergoes
pyrolysis, the water loss and volatile components released during the treatment process
contribute to the formation of the biochar pore structure and the development of primary
pores [52,53].

Table 1. Comparison of porous properties of biochar-supported materials derived different biomass.

Biomass Samples Synthesis Methods Surface Area (m2/g) Total Pore (cm3/g) Ref.

White tea waste

Fe3O4/BC Pyrolysis and
co-precipitation 52.2 0.118

[54]BC Pyrolysis 36.6 0.0123

White tea waste Biomass without any
treatment 0.196 0.0006

soybean protein
Activated BC pre-carbonization and

KOH activation 2788 1.65
[55]

BC pyrolysis 145 0.073

Peanut shell

SO3H modified
biochar-supported
MnO2

Sulfuric acid
pretreatment, pyrolysis,
and co-precipitation for
loading MnO2

52.27 0.56

[56]

SO3H modified biochar Sulfuric acid pretreatment
and pyrolysis 83.39 0.10

Biochar pyrolysis 32.27 0.03

Corncob-to-xylose
residue

BC/MgO Impregnation and
pyrolysis 407.7 -

[57]
BC pyrolysis 232.9 -

Rubber seed shell
MgAl/LDH-BC Impregnation and

pyrolysis 132.40 0.0732
[58]

BC pyrolysis 114.32 0.0617

Rice husks

BPC/nano zero-valent
iron

liquid-phase reduction of
BPC 1430.37 1.303

[59]
BPC KOH activation and

pyrolysis 1503.65 1.315

BC/nano zero-valent
iron

liquid-phase reduction of
BC 574.64 0.370

BC Pyrolysis 420.61 0.310

Balsa wood
powder

MBC Cu2O Impregnation of MBC 30.3436 0.070830

[60]MBC KOH activation and
pyrolysis 837.6070 0.430967

BC pyrolysis 492.2085 0.206011

Cu2O - 15.7583 0.040900
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Table 1. Cont.

Biomass Samples Synthesis Methods Surface Area (m2/g) Total Pore (cm3/g) Ref.

Eucalyptus
globulus leaves

Ni-Fe/Escott-BEA/BC
Impregnation and
pyrolysis

96 5.0

[61]
Ni-Fe/BEA/BC 97 5.1

Ni-Fe/Escott 107 0.17

BC Pyrolysis 74 4.8

Woody pulp

f-WPB
Water and Microwave
treatment followed by
pyrolysis and HNO3

31.38 0.0381

[62]
MoS2-NFs 27.02 0.0727

MoS2-NFs/f-WPB One-pot hydrothermal
method 15.95 0.0487

Avocado seeds

Biochar Pretreatment and
pyrolysis 12 0.03

[63]5 wt% Ca loaded

Precipitation method

28 0.04

10 wt% Ca loaded 16 0.04

20 wt% Ca loaded 253 0.19

α-cellulose S1-CF PC Microwave 61.045 0.060

[64]S1-CF C Microwave 27.320 0.032

S1-CF C500 Pyrolysis 42.420 0.053

BC: Biochar Escott/Clinoptilolite zeolite.

Zhang et al. proposed that, in the synthesis of biochar-based composite Fe3O4/BC,
the porosity was increased due to the reduction of organic content in biochar during the
formation of iron oxide/biochar hybrid particles during the pyrolysis process. However,
once excess nanoparticles are added to the biochar supports, the specific surface area may
be reduced, such as BPC/nano zero-valent iron [59] and BC/MgO [57]. From the per-
spective of nanoscale particles, isolated CuO2 exhibits a specific surface area of 15.7m2/g.
However, when loaded onto a biochar-based catalyst, the composite material’s specific
surface area can be significantly enhanced, reaching 30.3 m2/g [60]. Yan et al. proposed the
incorporation of Clinoptilolite zeolite (Escott) into a Ni/Fe bimetallic catalyst supported
on synthetic zeolite (BEA) [61]. The resulting composite material demonstrated enriched
mesoporous surface area and mesoporous volume through catalytic hydropyrolysis, pro-
moting the decomposition of biomass into gaseous and liquid products and increasing its
porosity. Subsequently, pretreated biomass plays a non-negligible role in increasing the
specific surface area. Biochar-based materials using rice husks as biomass are activated
by KOH. The specific surface area of activated biochar is three times greater than that of
inactivated biochar [59]. Biochar derived from Balsa wood powder is activated by the same
pre-treatment; its specific surface area also showed a nearly two-fold increase [60]. As for
the choice of pretreatment, the use of H2SO4 activation and the post-loading MnO2 method
were proposed. H2SO4 plays a dual role in pretreatment, helping to form holes on the
biomass surface to increase the specific surface area and promoting the synergistic effect of
-SO3H by the introduction of MnO2 [56].

As a base material, biochar can have a surface area and total pore volume of 1503 m2/g
when appropriate precursors and preferred pyrolysis parameters are selected [59], demon-
strating that the raw material and preparation method play important roles in the final
pore characteristics.
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3. Case Studies for Catalyzed CO2 Methanation

Research on biochar-based composite materials for catalyzing carbon dioxide metha-
nation reveals the critical factors of temperature, pressure, and gas composition in CO2
conversion rates and CH4 selectivity. The preparation, pre-treatment/activation, nanopar-
ticle modifications, and pyrolysis process parameters (temperature, flow rate, heat rate,
residence time) play a key role in incorporating specific elements or achieving surface
modifications (Scheme 2). In Table 2, we summarize the literature on some biochar-based
composites for CO2 methanation. The % CO2 conversion and the % CH4 selectivity were
calculated according to Equations (3) and (4), where the subscripts “in” and “out” represent
the participating gas inlet and gas outlet quantities, respectively.

CO2 conversion =
CO2,in − CO2,out

CO2,in
× 100 (3)

CO4 selectivity =
CH4,out

CH4,out + Other produced gases,out
× 100 (4)
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Table 2. Shortlisted biochar/catalyst composites and their application.

Biomass Biochar/Catalyst
(Yield%) Synthesis Procedure CO2 Methanation

Performance Refs.

Sucrose
(Silica gel as a template) Biochar/Ni-Fe

Biochar was prepared in two steps:
pyrolysis at 600 ◦C in N2 followed
by heat treatment again of the
resulting biochar at 900 ◦C.
NiFe bimetallic catalyst was
prepared from mixture of nickel and
iron nitrates. Biochar was
wet-impregnated in NiFe solution.
The mixture was carbonized at
300 ◦C for 8 h under H2/N2
atmosphere for the biochar/NiFe.

CO2 conversion: 40%
CH4 selectivity: 90%
(400 ◦C under H2:CO2
ratio of 4)

[65]
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Table 2. Cont.

Biomass Biochar/Catalyst
(Yield%) Synthesis Procedure CO2 Methanation

Performance Refs.

Municipal solid waste
(MSW, includes kitchen
waste 25 wt%, paper
10 wt%, cloth and fiber
25 wt%, plastic 20 wt%,
residue 20 wt%)

Biochar/Ni

A total of 100 g MSW was pyrolyzed
at 600 ◦C in N2 (100 mL/min).
A total of 20 g biochar was
wet-impregnated into the 200 mL
ethanol solution with 24.8 g nickel
nitrate.
Then, the mixture was calcined in
N2 at 400 ◦C for 2 h and then
calcined with H2 at 400 ◦C for 2 h
for biochar/Ni.

CO2 conversion: ≥90%
CH4 selectivity: ≥95%
(1 MPa and 400 ◦C for
10 h)

[50]

Wheat straw pellets
(9 mm OD and
10−13 mm long)

Biochar/Ni-CeO2

Biochar was produced via a
two-step process: pyrolysis of
biomass under N2 at 0.1 MPa and
500 ◦C (heating rate of 5 ◦C/min),
and subsequent physical activation
with CO2 at 1.0 MPa and 700 ◦C.
CeO2-doped biochar support (BBCe)
was prepared via wet impregnation
in Ce(NO3)3·6H2O solution and
calcination at 500 ◦C in an Ar
atmosphere.
Then, the nickel was deposited on
BCCe supports via wet
impregnation with Ni(NO3)2·6H2O
solution and calcined in air at 500 ◦C
for biochar/NiCeO2.

CO2 conversion: ≥60%
CH4 selectivity: ≥90%
(0.1 MPa and 375 ◦C for
10 h)

[66]

Commercial
microcrystalline
cellulose

Biochar/Pt
Biochar/Pt-Na

Pyrolysis of biomass prepared at
500 ◦C for 2 h (heating rate
10 ◦C/min) in a reductant flow (1:1
nitrogen/hydrogen, 200 mL·min−1).
Pt and Pt-Na-promoted catalysts
were prepared by wetness
impregnation.
The aqueous solution of
Pt(NH3)2(NO2)2 alone or with
Na2CO3 was dropped on the
biochar support, and the mixture
was maintained under continuous
stirring for 1 h (metal loading 1 wt%
for platinum and 5 wt% for sodium).
Then, the solid was dried and
reduced at 350 ◦C for 1 h in
N2/H2 flow.

CO methanation
reaction [67]



Catalysts 2024, 14, 155 12 of 20

Table 2. Cont.

Biomass Biochar/Catalyst
(Yield%) Synthesis Procedure CO2 Methanation

Performance Refs.

Pinus sylvestris Biochar/Ni-Ce

Pinus sylvestris powder was added
into a cerium nitrate solution until
dried. The powder product was
then ground uniformly with
NaHCO3. The mixture was heated
up to 600 ◦C under N2 for 1 h. The
black powder was impregnated with
HNO3 (0.5 M) and then rinsed with
deionized water until the filtered
water was neutral. The resulting
sample was then dried.
The Ce-ABC was added in ethanol
within Ni(NO3)2·6H2O. The
obtained solid sample was then
dried and calcined at 500 ◦C for 4 h
to give biochar/NiCe.

CO2 conversion: 88.6%
CH4 selectivity: 92.3%
(360 ◦C and 1 MPa)

[68]

Pinus sylvestris Biochar/Ru-N

Biomass, urea, and NaHCO3 were
mixed (with mass ratio of 1:4:3). The
mixture was heated at 500–700 ◦C
for 1 h under N2 atmosphere. The
biochar was then impregnated with
HNO3 and washed with deionized
water and then dried to give
N-doped biochar.
A modified wet-impregnation
method was used to prepare a
Ru-based catalyst by adding
N-doped biochar to ethanol
containing RuCl3·xH2O (Ru loading
is 3 wt%). The mixture was
oil-bath-treated and dried before
being calcined at 480 ◦C for 4 h.

CO2 conversion: 93.8%
CH4 selectivity: 99.7%
(1 MPa and 460 ◦C,
n(H2)/n(CO2) = 4)

[69]

Sugarcane bagasse Biochar/Ni

Biomass impregnated into aqueous
solution with nickel nitrate. The
mixture underwent pyrolysis at
500 ◦C for 1 h under N2 atmosphere
to obtain Ni-doped biochar.

CO2 conversion: 44%
CH4 selectivity: 76%
(1 Mpa and 400 ◦C)

[24]

3.1. The Role of Biochar Composite Preparation in CO2 Methanation

The preparation of modified biochar composite materials typically involves a multi-
step process, with variations in pre-treatment and pyrolysis steps, as illustrated in Table 2.
González-Castaño et al. [65] introduced the infiltration of silica gel as a template into sucrose,
followed by three rounds of impregnation and calcination to obtain a biochar support, as
well as subsequent calcination and impregnation steps to produce Ni-Fe bimetallic catalysts.
Renda et al. [66] emphasized biochar modification as a distinct step, involving pyrolysis
under nitrogen and activation with CO2, leading to impregnation of CeO2 and the eventual
preparation of nickel catalysts. Wang et al. [69] focused on the in situ pyrolysis process for
nitrogen-doped biochar, utilizing Pinus sylvestris as biomass, urea as a nitrogen precursor,
and NaHCO3 for activation, followed by the loading of ruthenium catalysts.

For the pyrolysis steps, regardless of the single metal catalyst Ni/biochar compos-
ite [50], the biomass-soaked mixture was first calcined in N2 at 400 ◦C for 2 h and then in H2
at 400 ◦C for an additional period of 2 h. A bimetallic catalyst NiFe/biochar composite [65]
was obtained by a second pyrolysis of the biochar-soaked mixture, conducted at 300 ◦C for
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8 h under a N2/H2 gas mixture stream. It was observed that the temperature set during
the second pyrolysis did not exceed that used in the initial pyrolysis step.

3.2. Effect of Surface Basic Sites

Considering that CO2 is weakly acidic, the basic groups on the surface of carbonaceous
materials play a significant role in the adsorption/activation of CO2. Santos et al. [67] pre-
pared Na/Pt-biochar composites using alkali metals, as the latter can change the electronic
structure of the Pt-biochar, thus improving CO2 adsorption on the Pt catalyst and creating
additional new basic sites for CO2 activation.

In a related study, Mei et al. [50] highlighted the importance of acid-soluble inorganics
and water-soluble inorganics over the biochar-supported Ni catalyst for methanation
reaction at 1 MPa and 400 ◦C for 10 h. The authors emphasized the role of alkaline inorganic
material on the biochar surface. Surface modification was performed through pretreatment
to inhibit acid-soluble inorganics and water-soluble inorganics on biochar. The results
showed that nickel-loaded biochar without pretreatment resulted in higher CO2 conversion,
indicating that acid-soluble inorganics dominate the performance of biochar, while water-
soluble inorganics also play a role, but to a lesser extent. Acid-soluble inorganics can not
only promote the interaction of Ni/support but also increase the concentration of basic
sites on the catalyst surface.

Wang et.al [69] investigated the role of the three types of nitrogen on the surface
alkalinity of biochar composites. They achieved a CO2 conversion of 93.8% and a CH4
selectivity of 99.7% using high-performance Ru/N-ABC-600. It was emphasized that
the high pyridinic nitrogen content and the surface basicity of the catalyst are the key
factors for superior performance, as depicted in Figure 5. Indeed, the CO2 conversion
levels off at 380 ◦C, with a clear correlation with the extent of the pyridinic nitrogen in the
biochar support, as determined by N1s peak-fitting in XPS. The incorporation of nitrogen
atoms, especially pyridinic-N, enhance the electronic effects and alkalinity, promoting H2
dissociation and CO2 adsorption. Metal doping represents an indispensable methodology,
enhancing the performance and stability of Ni-based catalysts supported on the biochar.
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Figure 5. CO2 conversion of ruthenium-loaded nitrogen-doped biochar prepared at 500–700 ◦C (A),
and plot of CO2 conversion (in%) to the percentage of biochar pyridinic nitrogen (B). Figure 5A is
reproduced from ref. [70] with permission of Elsevier.

González-Castagno et al. [65] used the CO2-thermal programmed desorption (TPD)
to determine the surface basic sites as well as the reaction rates and turnover frequencies
(TOFs), which are calculated as follows:

TOF (s−1) =
molCO2,converted

S·molNi·Dispersion
× 100

The authors determined the TOFs by considering the Ni sites dispersed on the sur-
face of the catalysts and compared in this way Ni/Al vs. NiFe/Al and Ni/biochar vs.
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NiFe/biochar. They found that surface basicity contributes to the activation and adsorption
of CO2, which is favored by the increase in basic sites (Table 3). Therefore, the extent of
basic sites was correlated with catalytic performance, but within the set of samples having
the same support. If one compares the catalysts loaded on different supports, the basic site
density promotes CO2 adsorption but not necessarily the TOF. Indeed, NiFe/biochar ad-
sorbs less CO2 than NiFe/Al but performs much better than the latter when one considers
TOF; this is ascribed to the remarkable specific surface area imparted by the underlying
biochar (712 >> 162 m2/g).

Table 3. Surface area, Ni particle dispersion, basic sites, CO2 adsorption, and TOFs for biochar-catalyst
composites.

Surface Area
(m2 g−1)

Ni Particle
Dispersion
(%)

Ni Particle
Size (nm)

Basic Site Density
(µmol m−2)

CO2 Adsorption
(µmol gcat−1) TOF (103 s−1)

Ni/Al 168 13 8 1.89 308.5 0.81

NiFe/Al 162 18 6 2.26 379.1 1.52

Ni/biochar 754 9 13 – 120.9 0.63

NiFe/biochar 712 10 11 0.2 140.8 3.12

Following the successful bimetallic Ni/Ce-biochar composite synthesis, Di Stasi
et al. [70] considered replacing the Ce catalyst with an N-catalyst (using urea) over the
Ni-biochar support. The addition of nitrogen imparted higher catalytic activity due to the
higher pyridinic-N content introduced by urea doping, and nitrogen-containing functional
group content remained relatively constant under the operational conditions. However, the
N-catalyst did not significantly improve the dispersion of Ni nanoparticles as CeNi did.

3.3. Effect of Nanometal Dispersion

Ni/ABC retains most of the specific surface area of the pristine biochar (more than
350 m2/g); the specific surface area of the catalyst Ni/CeO2 is only 6.4 m2/g. After in situ
modification of cerium, the specific surface area of the Ni/Ce-ABC is almost half that of
Ni/ABC, at about 155.6 m2/g. However, the modification of Ce also helps to improve the
nanoparticle dispersion on the biochar and limits the growth of nickel species, reducing the
average size of Ni from 20 nm for Ni/ABC to 5–12 nm in the case of Ni/Ce-ABC. Of utmost
importance, Ni nanoparticles are evenly distributed on the support. The Ni/Ce-ABC
composite shows better performance at a relatively lower temperature (300 ◦C), which
can be mainly attributed to the uniform dispersion of nickel species and CeO2 particles,
providing more alkaline sites for CO2 adsorption and activation. When the temperature
increases to 360 ◦C, the CO2 conversion% of the three catalysts is almost the same, which
may be due to the similar Ni content in all composites (Figure 6). The reaction activity of
the catalyst under high temperature mainly depends on Ni species.

3.4. Effect of Metal Loading

Renda et al. [66] further studied the effect of CeO2 doping amount on Ni-biochar
(obtained from wheat straw) on CO2 methanation and stability. Figure 7 shows that the
addition of CeO2 enhances catalytic performance by promoting CO2 activation and reduces
the deactivation rate of Ni-biochar support for CH4 yield, indicating that CeO2 strengthens
Ni-support interaction to increase catalyst life. The specific surface area of BC may be
tuned using CeO2; adding a low concentration (10 wt%) of metal nanoparticles resulted
in a higher specific surface area and micropore volume. In contrast, when exceeding a
certain amount (50 wt%), the metal nanoparticles completely coat the biochar and block
its pores, therefore resulting in a very low specific surface area and, consequently, a lower
CO2 conversion rate.
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In another study [70], the same research group compared different concentrations
of Ce and Ni on the wheat straw biochar substrate and revealed that a biochar-based
composite with 30% Ce and 20% Ni exhibited optimal carbon dioxide conversion (>90%)
and methane selectivity (~100%) at 350 ◦C and 1.0 MPa.

Gamal et al. [24] developed an interesting eco-friendly sugarcane bagasse biochar/nickel
sustainable catalyst (Figure 8a) for the thermal catalytic CO2 methanation (Figure 8b). The
biochar-supported Ni catalyst prepared by pyrolysis of 0.5 mmol Ni-impregnated gram of
biomass exhibited the highest CO2 conversion efficiency (Figure 8c,d) when tested in the
250–550 ◦C temperature range. This was ascribed to the good dispersion of ~3 nm sized Ni
particles on the biochar surface, in sufficient concentration. Further studies have revealed
that highest CH4 selectivity (Figure 8c) is observed at 400 ◦C and 1 bar pressure (44% CO2
conversion; 76% methane selectivity; 34% methane yield). The authors found the TOF to
be highest for biochar made from 0.5 mmol nickel salt per gram of SCB. The 0.5Ni/SCBB
catalyst enabled the transformation of a large number of molecules within a short period of
reaction time, regardless the operating working temperature (Figure 8d). Moreover, the
Ni/biochar optimized catalyst was found to be highly stable and could be re-used for the
same process. The green and low-cost strategy devised by the authors could be extended
to other reductive catalysts.
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4. Challenges and Prospects of Biochar catalyst Composites in CO2 Methanation

In recent years, biochar-based composites have been rapidly developed for CO2
capture [71–73]. The structural characteristics and surface functional groups of biochar
supports are crucial for the effective reduction of CO2 to CH4, and the fabrication and
modification of biochar catalyst composite materials are also critical. As mentioned earlier,
metal-loaded catalysts exhibit broad practical prospects due to their simple preparation
methods, superior catalytic performance, and good stability. Among them, nickel-based
catalysts are extensively applied and researched owing to their outstanding CO2 metha-
nation performance and facilitate recovery, thus holding significant potential for energy



Catalysts 2024, 14, 155 17 of 20

utilization. However, metal nanoparticles tend to aggregate on the surface of biochar, and
the CO2 methanation process requires relatively high temperatures and high pressures.
Highly porous biochar is an excellent support for nickel, but the addition of another oxide
as an intermediate support of nickel for dry gas reforming [74], which results in ternary
biochar-oxide- Ni system, seems to be recommended for excellent dispersion of nickel
and high catalytic efficiency, at even lower temperature [68]. Thus, in order to better
satisfy industrial application requirements, researchers need to conduct further studies
and developments to improve the performance of composite catalysts, enabling large-scale
green energy utilization under mild reaction conditions. Furthermore, encouraging the
production of carbon-containing materials from agricultural waste is a promising approach,
which contributes to the creation of environmentally friendly and nearly cost-free sup-
port materials while reducing the adverse environmental impact of agricultural waste.
Therefore, biochar-based composite materials show potential and prospects as catalysts for
environmental remediation in the future.

5. Conclusions

In this review, we first presented the fabrication and modification of biochar-immobilized
nanoparticle catalyst composites and focused on the conversion of biomass into valuable
products with thermochemical methods. The activation processes and metal nanopar-
ticle loading are key steps for the modification of biochar catalyst composite materials,
suggesting the need to improve the physicochemical properties, such as graphitization,
surface functional groups, and active sites. Notably, the pore structure of biochar-supported
composites is impacted by the sequence of wet impregnation and pyrolysis. Secondly, in
the application of CO2 methanation with biochar catalyst composites, the alkaline sites on
the material surface are closely linked to CO2 adsorption. However, whenever the extent of
basic sites decreases, a high specific area is required to counterbalance the loss of basic sites.
In this respect, biochar is shown to provide an excellent alternative to traditional supports
such as alumina. Concerning metal loading onto the biochar, although it might induce
a decrease in the surface area, there is an increase in micropore volume, thus facilitating
easier gas molecule diffusion. The introduction of metal nanoparticles also contributes
to an increase in the active sites, and bimetallic catalyst nanoparticles effectively mitigate
the aggregation of nanoparticles, achieving higher dispersion on the composite material
surface and thereby enhancing CO2 conversion rates and CH4 selectivity.

These research findings offer reliable insights into the preparation and modification of
biochar catalyst composite materials, facilitating further optimization of such products to
CO2 methanation applications.
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