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Abstract: Biochar (BCH) is a carbon-based bio-material produced from thermochemical conversion of
biomass. Several activation or functionalization methods are usually used to improve physicochemi-
cal and functional properties of BCHs. In the context of green and sustainable future development,
activated and functionalized biochars with abundant surface functional groups and large surface
area can act as effective catalysts or catalyst supports for chemical transformation of a range of
bioproducts in biorefineries. Above the well-known BCH applications, their use as adsorbents to
remove pollutants are the mostly discussed, although their potential as catalysts or catalyst supports
for advanced (electro)catalytic processes has not been comprehensively explored. In this review, the
production/activation/functionalization of metal-supported biochar (M-BCH) are scrutinized, giving
special emphasis to the metal-functionalized biochar-based (electro)catalysts as promising catalysts
for bioenergy and bioproducts production. Their performance in the fields of biorefinery processes,
and energy storage and conversion as electrode materials for oxygen and hydrogen evolutions,
oxygen reduction, and supercapacitors, are also reviewed and discussed.

Keywords: metal-supported biochar catalysts; electrocatalysis; oxygen reactions; supercapacitors;
biodiesel production; reforming; hydrogenation; hydrodeoxygenation
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1. Introduction

Growing global concerns about climate change and environmental pollution are rais-
ing the search for alternative renewable and cost-effective resources that ensure sustainable
development. As the most abundant and renewable natural reserve, biomass available
from lignocellulose, crops, animal fats, and agricultural wastes is considered a promising
substitute for fossil fuels [1]. It can be converted into materials, power, and value-added
chemicals through distinctive processes including biochemical, thermochemical, physical,
and mechanical transformations. Above all, thermochemical processes—such as pyroly-
sis, gasification, and hydrothermal treatments—are characterized by a strong efficiency,
in terms of quality and yield, to provide biofuels (e.g., syngas and bio-oil) [2]. Further-
more, during thermochemical processing takes place the production of biochar as a solid
carbon-rich residue formed via biomass thermal degradation (pyrolysis: 300-900 °C) [3]
in an oxygen-limited environment. In comparison with other carbon materials typically
synthesized by complex and energy-consuming processes (e.g., activated carbons, nan-
otubes/nanofibers and carbon black synthesized via vapor deposition, or polymer car-
bonization routes), biochar is a greener solid produced by cost-competitive processes that
may valorize biomass wastes formed in forthcoming biorefineries, thus reducing their
environmental impact [4,5]. The chemical and physical properties of BCH materials are
extremely conditioned on the intrinsic nature of the biomass feedstock, as well as the em-
ployed production method [6]. Advantageously for its use as catalyst, biochar presents high
mineral contents (mostly P, Ca, Mg, and K), enriched surface functional groups (mainly
C-O, COOH, C=0, and OH), and a highly modifiable structure for the doping of a broad
range of species [7]. However, some characteristics of as-produced biochar, such as a
low surface area and a poor porosity, hamper its catalytic applications [8]. To overcome
these limitations, various activation strategies are typically applied to endow biochar with
an enhanced specific surface and porous network. Activated BCHs can acquired abun-
dant chemical-active functional groups and multi-scale porous structure along with large
surface area, displaying remarkable applications in fields related to environmental and
agricultural practices [9]. Thus, a great deal of studies have focused on the benefits of
biochar-based catalysts for removing water contaminant (inorganic metals, organic dyes,
ions, etc.) [10], increasing crop yield (soil amendment) [11], NOy removal [12], carbon
capture and storage [13], or photocatalytic degradation of organics [14]. Additionally,
biochar-based materials are highly appropriate to be used as a carbon support for metal
functionalization due to its stability in basic and acidic media, large surface area (after acti-
vation) that enables high dispersion rates, and presence of many surface functional groups
that enhance the anchoring of the metal precursors. For example, it has been suggested
that alkali metals—such as Ca, Na, and K—govern transesterification reactions [15,16].
Other metals such as Fe and Ni are commonly used for gasification and pyrolysis reac-
tions [17,18], whereas Ti, Sn, and Zr oxides emerge as relevant species in photocatalysis [19].
It is also prominent that magnetic phases like Fe;O3 or Fe3O4 provide excellent activity
for the removal of water pollutants, together with magnetic properties that enable an easy
recovery [20]. Equally, transition metal oxides/hydroxides—such as NiO, CozO4, MnO,,
Co(OH);, and Ni(OH),—are frequently pseudo-capacitor materials [21], while precious
metals like Pt or Ru have been proved active in the electro-oxidation of methanol [22].
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Existing reviews condense biochar production methods, activation methodologies,
and derived catalytic properties and applications, especially in fields such as restoration of
soil/water and pollution control. Nevertheless, information about the different strategies
to incorporate metal active phases onto biochar material and their main application fields
remains occasional and segregated. Such divergent knowledge must be structured and
critically reviewed to offer insights for the rational design of novel M-BCH materials.
This review is devoted to discussing the applications of M-BCHs in three topical fields:
(i) biorefinery processes, (ii) electrocatalysis, and (iii) energy storage (Figure 1). The links
between biochar properties, added metal phases and catalytic performance will be revised
to provide a critical overview, highlighting the most recent research advancements of
M-BCH materials in catalytic applications for biomass conversion technologies and energy
storage applications. Finally, current challenges and outlooks on how M-BCH materials
will progress and, in particular, how can be expanded their applications into the three
analyzed fields will be also discussed, expecting to encourage innovative findings.
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Figure 1. Overview of M-BCH applications in sustainable catalytic processes.

2. Production and Activation of Biochar

Biochar can be produced on a scale ranging from individual farms to large industrial
facilities. Biomass degradation pathway to form biochar is a compromise of numerous and
complex processes that vary significantly according to biomass nature, reaction medium,
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and applied methodology. Abundant procedures and detailed mechanisms for biochar pro-
duction and activation have been broadly reviewed and discussed in recent years. Hereby,
we will only focus on explaining the main features derived from these methodologies.

2.1. Thermochemical Production

The production of biochar can be mostly divided into pyrolysis (slow and fast), hy-
drothermal carbonization (HTC), and gasification according to the different thermochemical
processes, all under oxygen-limited conditions to avoid severe biomass oxidation. Typ-
ical operating conditions of slow pyrolysis platforms are within a temperature range of
300-900 °C with heating rates of 5-7 °C min~! and residence times longer than 1 h. During
the slow pyrolysis process, high biochar yields can be obtained together with small quantity
of bio-oil and syngas [23]. Alternatively, fast pyrolysis is a less energy-intensive method
based on much higher heating rates (>200 °C min~!) and shorter residence times (<10 s). It
results in biochars with higher carbon content and stability, whilst having a negative impact
on biochar yield (maximizing bio-oil formation) and on the number of surface functional
groups [24]. Biochar can be also formed via biomass gasification at temperatures above
750 °C in the presence of oxidizing agents (e.g., air, O,, and steam), producing syngas as
the major product. While biochar from slow and fast pyrolysis presents a similar size of
bonded aromatic ring cluster (7-8 rings), the biochar from high-temperature gasification
has a more condensed structure (>15 rings) with a high level of alkali metals (Ca, K, Mg,
etc.) [25]. Finally, through the HTC process the biochar production occur via depolymeriza-
tion of cellulose, hemicellulose, and lignin at relatively lower temperature (180-250 °C) and
under pressurized hydrothermal conditions. Additionally, biomass can be decomposed
more easily in an aqueous medium than under pyrolysis conditions. For example, the
decomposition of hemicellulose and cellulose occur at 180 °C and 230 °C, respectively,
under hydrothermal conditions, whereas during pyrolysis hemicellulose totally degrades
at 300 °C after c.a. 2 h, and cellulose begins decomposing at about 270-300 °C [26]. HTC
biochar typically possesses a higher number of surface functional groups (mainly hydroxyl
and carbonyl moieties) and a higher degree of microporosity (pore size < 2 nm) [27]. Lastly,
HTC is a convenient technology for processing feedstock with high moisture contents (e.g.,
aquatic plants and algae) and for coating pre-formed nanostructures with carbonaceous
shells [28].

2.2. Activation

Generally, the biochars obtained directly from biomass degradation present poor spe-
cific surface areas (<150 m? g 1) and porosity compared to conventional activated carbon.
Because high porosity and large surface areas are essential for applications in energy stor-
age and catalysis, and can significantly enhance active phase loading, suitable activation
process are required to enhance the catalytic properties of the as produced biochar materials.
Furthermore, the activated biochar can provide more active sites and higher mass trans-
fer capacities. Based on the activation agents/temperature/environment/time applied,
activation processes can be in general separated into physical and chemical activation.

During the physical activation, the as-produced biochar is exposed to a controlled flow
of steam and/or CO, at temperatures over 700 °C. Under these conditions, the gaseous
agent leads to gasification processes via C-H,O and/or C-CO; reactions, in which the oxi-
dizing agent selectively removes the most reactive C atoms leading to the opening of closed
pores and the interconnection of new pores and channels. Consequently, the specific surface
area of the activated biochar is expressly enhanced, and a well-developed microporous
structure with little contribution of mesopores is achieved. The physicochemical proper-
ties of physically activated biochar are strongly dependent on the feedstocks, activation
temperature, oxidizing agent, and degree of activation [8]. There are several articles and
reviews available highlighting the correlation of biochar physicochemical properties with
the feedstocks, gaseous agents, and activation conditions selection [6-8]. It is reported that
higher temperature and longer activation time can improve the development of porosity.



Catalysts 2022, 12, 207

5 of 66

However, higher porosity developments are usually associated to a broadening of the pore
size distribution which typically implies a lower selectivity due to the higher production of
side products.

Regarding the chemical activation, the biochar is firstly impregnated in acid, alkaline
or metal salt solutions using different activating agents such as H,SO4, H3PO4, KOH, ZnCly,
and K;COs. Next, the dried solid is pyrolyzed in presence of inert gas at a temperature
range of 400-900 °C. Through a combination of dehydration/degradation reactions, the
chemical agent triggers the release of gaseous species such as H,O, CO, and CO; that
eliminate reactive C atoms from the biochar matrix and promote the formation of new pores.
Key factors in the chemical activation processes include activation temperature, features,
and quantity of the chemical agent, biomass type, etc. [8]. Among the most commonly
used activating agents, KOH mainly widens the microporosity, while ZnCl, contributes to
both wide micropores and low mesopores; and H;PO,4 develops large mesopores and even
macropores. Comparing physical activation with chemical activation this latter achieves
higher surface area and enhanced porosity at relatively lower temperatures [29]. However,
this process needs a post-activation washing step to remove the impregnated agent and
its respective salts. Additionally, there are even other complementary issues that limit the
chemical activation treatment such as equipment corrosion, recycling of chemicals, and
generation of secondary pollutants [29].

3. Metal Functionalization

Biochar functionalization is used to confer specific catalytic properties generally via
surface alteration or incorporation of active metals. One of the most frequently used
biochar modification method is sulfonation, which attaches biochar with -SO3H groups
by addition of concentrated sulfuric acid (H,SO4) or its derivatives (e.g., HSO3Cl, gaseous
503, etc.) [16]. Sulfonated biochars can be extensively applied as solid acid catalysts
for acid-driven catalytic reactions as hydrolysis, dehydration, polymerization, etc. [30]
The application of biochar-solid acids as effective catalysts is discussed in detail in other
reviews [7,31]. Hereby, we focus on the incorporation of metals and/or metal oxides onto
the biochar support by preloading the metal precursors into the biomass matrix before
production (one-step method) or by impregnating biochars with the metal precursors after
the thermo-physical or chemical activation step (two-step method), Figure 2 [32].

3.1. One-Step Method: In-Situ Synthesis

The metal precursor is mixed previously with biomass matrix using high-valent metal
precursors before activation steps is a common method to produce M-BCH catalyst. Firstly,
the biomass carbon precursor is impregnated with a metal solution (typically nitrates
or chlorides), depositing metal ions onto the surface or interior of the biomass matrix.
After drying, the metal precursor/biomass matrix is pyrolyzed (usually from 400 °C to
800 °C) converting metal ions to metal oxide nanoparticles or zero-valent metals (due to
the release of strong reducing volatile compounds during activation pyrolysis such as CO,).
This method presents several advantages for the synthesis of biochar-supported metal
nanoparticles (NPs) such as: (i) the activation/production of biochar and the reduction
of metal NPs proceed simultaneously in one-step method, thus eliminating the use of
additional reducing agents; (ii) the metal precursors may have some catalytic effects on
the pyrolysis process itself, thus reducing the required activation conditions (temperature
and pressure) and improving the porous structure of the final biochar; and (iii) the entire
preparation process involves only one pyrolysis step, making it easy to scale up [8]. This
one-step method can be also applied to prepare metal carbide-supported onto biochar
catalysts. Typically, as the pyrolysis temperature increases, the added metal precursors can
be transformed following the order metal salt/metal oxide/metal/metal carbide. Thus, if
the pyrolysis temperature is high enough, the biochar can act not only as a support but also
as a provider of carbon atoms for the production of active carbide composites [33-35].
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Figure 2. Schematic diagram of: one-step and two-step methodologies to metal-supported biochar
synthesis, properties enhancement, and the advantages to the applications proposed in this review.

3.2. Two-Step Method: Post-Activation

Most of the biochar-based catalysts modified by the incorporation of metal phases are
synthesized after the activation (chemical or physical) of the biochar support. Commonly,
activated biochar is soaked into a solution of the corresponding metal salts, being metal
ions adsorbed into the pores and surface of the biochar. Then, after further thermochemical
processing, the attached metal oxides are precipitated onto the biochar matrix to form the
composites by the reduction method, pyrolysis, adjustment of metal salt solution pH, and
other methods [36]. Comparing with the one-step method, the size, shape, composition,
and type of metal NPs are more easily controlled by using the two-step methodology.
Monolayer, double-layer, and multilayer metal NPs supported onto biochar can simply be
synthesized via post-activation. On the other hand, this method is relatively more complex
and expensive, which makes it more difficult to upgrade into large-scale production [37].

4. Applications for Biorefinery Processes

Recent works to study the activation and functionalization of biochar-derived ma-
terials have revealed that their chemical stability and ability to fine-tune their structural
properties, make them an appropriate catalyst support for the addition of metal species.
Functionalized M-BCH catalysts can be applied for a broad variety of reactions involved in
biorefineries processes to substitute the traditional petrochemical industry. In this section,
the use of biochars as versatile catalyst supports for biomass upgrading is evaluated sorting
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them into transesterification, reforming/gasification, pyrolysis, Fischer-Tropsch synthesis,
hydrolysis, hydrogenation/hydrodeoxygenation, and isomerization reactions [3,29,32].

4.1. Transesterification Reaction

The transesterification reaction is generally used for the synthesis of biodiesel fuels
from inexpensive and non-edible acid oils with high free fatty acids (FFAs) content (e.g.,
vegetable oils, microalgal oils, or animal fats). Biodiesel, composed of fatty acid alkyl
esters, is an attractive carbon-neutral technology alternative to petroleum diesel, which
has already been industrialized and commercialized. Transesterification reactions usually
involve the use of short chain alcohols like methanol and ethanol, and the presence of acid
and/or base catalysts (e.g., HySO,4, KOH, and NaOH). Among heterogeneous catalysts
(more easily recoverable and reusable), it is typical the preparation of solid acid catalysts
by sulfonation methodologies (gaseous SO3 or liquid HySOj4). Alternatively, biodiesel
production can also be assisted by solid alkali catalysts (e.g., CaO, MgO, ZnO, CaZrO;, etc.),
but they are associate to cost limitation problems due to the requirement of expensive metal
precursors. Despite the high yield of biodiesel produced from the different oils with fresh
acid- or base-functionalized catalysts, most of the catalytic systems tended to deactivate
after several recycling cycles, needing significant improvements to maximize their lifetime.

Biochar-based catalysts can also be applied to transesterification reactions, offering
a cost competitive option for this industrialized process. Up to now, sulfonated biochar
catalysts have been the most commonly used solution for biodiesel production [38]. Alter-
natively, solid alkali biochar-supported catalysts—such as K,CO3/Biochar, KOH/Biochar,
and CaO/Biochar—have attracted much attention to further convert high purity oils with
low free fatty acid contents. Table 1 lists their catalytic efficiency and potential yield of
biodiesel/fatty acid methyl esters (FAMEs).

Table 1. Metal-supported biochar-based catalyst used in transesterification reactions for biodiesel production.

M-BCH Catalyst Preparation Biodiesel Production

Biochar . Catalyst Reaction FAME
Feedstock Synthesis M-Support Substrate Conditions Yield Ref.
Pyrolysis: 600 °C, 2 h/WI: . Methanol (8:1); o
Peat K2COs (30 wt %) KOH Palm oil 65°C, 15h 98.6% [39]
Pyrolysis: 600 °C, 2 h; treatment: e
Pomelo peel 2 M KOH, 2 h; WI K,COs KOH Palm oil Methanol (&:1); g0, [40]
0 65°C,25h
(15-35 wt %)
Pyrolysis: 500 °C, 1.5 h; steam
Flamboyant flow treatment: 1.5-2.0 kg/ cm?, KOH Hevea Methanol (15:1); 893, [41]
pods 300400 °C.Impregnation: KOH, brasiliensis oil 60°C;1h o
30°C,24h
Pyrolysis at 700 °C; treatment:
2MKOH, 1h. N
Peat WI CaO (30 wt %); dry: 105 °C; KOH-CaO Palm oil M:;hég‘ozl éshl)' 93.4% [15]
calcined for 2 h at 600-800 °C T
in N2
Pyrolysis: 900 °C; 2 h (N, flow:
Precipitaii?)?li&{g:ctﬂ)s. solution Methanol
Avocado seeds Ca(NOs),-4H,0; addition of CaO Sunflower oil (15.6:1)5; }919.5 C; 96% [42]

NaOH 1.5 N at 70 °C;
calcination: 900 °C, 2 h, N»
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Table 1. Cont.

M-BCH Catalyst Preparation Biodiesel Production

Biochar
Feedstock

Catalyst Substrate Reaction FAME Ref.

Synthesis M-Support Conditions Yield

Bamboo
powders

Pre-treatment: Aqueous solution

of nickel nitrate, urea and
bamboo powders, 135 °C, 10 h;

dry: 105 °C. Pyrolysis: 700 °C.

Aqueous sodium silicate Ni Soybean oil

solution at 85 °C to achieve a gel;
Activation: 400 °C, 2 h,
Np.milled with ZrO; balls,
230 rpm, 12 h

Methanol (9:1);

65°C:2h 98.1% [43]

Rice husk

Activation: 450 °C, 3 h, Ny;
Treatment: 1 M KOH, 105 °C,
3 h; washing: 1 M HCL; dry:
105 °C: impregnation: K, CO3 Ni-KOH Cooking oil
(20 wt %) and Ni(NO3z),-6H,O
solutions; mixed for 6 h;
Pyrolysis: 600 °C

Methanol (12:1);

65502 98.2% [44]

WI: Wet impregnation; I: ImpW.

Wang et al., achieved a maximum biodiesel yield of 98.6% from palm oil at 65 °C and
after 1.5 h using 30 wt % K,CO3 loaded peat biochar-derived catalyst [39]. Further increase
in KpCOj3 loading (up to 40%) showed a little improvement in biodiesel yield due to the
crystallization or agglomeration of K compounds which resulted in poor dispersion of
active species on the catalyst surface [45]. Similarly, Zhao and co-workers found that the
porous pomelo peel biochar could also be used as support material for K,CO3 loading,
obtaining up to 98% FAME yield under the same reaction conditions and after 2.5 h [40].
Both research groups concluded that the strong basic sites caused by the addition of K,COs3
resulted in the outstanding activity of biochar for the conversion of palm oil to FAME.
Similarly, Dhawane et al., prepared (from flamboyant pods) and used a biochar, loaded
with KOH by impregnation method, in the transesterification of Hevea brasiliensis oil with
methanol at 65 °C, achieving 89.3% of biodiesel yield after 1 h reaction [41].

Various carbon material supported CaO catalysts have been also reported as solid-base
catalysts for biodiesel production. Thus, a biochar obtained from peat and modified by
impregnation with CaO was served for the transesterification reaction of palm oil [15]. The
best performance was observed for the resulting 30 wt % CaO loading and 700 °C calcina-
tion temperature, with a maximum biodiesel yield of 93.4%. Excessive CaO (30—40 wt %)
potentially influenced on decreasing textural properties and total basicity (coverage of
the CaSiOy4 phase). Equally, CaO impregnated biochar from the pyrolysis of avocado
seeds was successfully employed as catalyst to produce biodiesel from waste oils [42].
The prepared catalytic systems promoted the transesterification with methanol with the
advantage of an easy recover and reuse without loss of activity. By carrying out the reaction
at 99.5 °C for 5 h, a FAME content of over 96% was achieved with final compositions
conforming to the main EN14214 specifications. Although the above-mentioned potassium
and calcium salts-loaded catalysts exhibited high catalytic activity in the transesterification
reaction, they experienced harmful leaching problems. In this sense, it was observed by
other authors that the formation of Ca—O-Si bond with Si from rice husk and peat matrix
has been recently found to partly prevent Ca?* ions leaching issues, increasing the catalysts’
stability [46].

Apart of alkali metals, readily available transition metals like nickel biochar-based
catalysts have been prepared and used in biodiesel production, showing a high recyclability
arising from their magnetic nature. Thus, the NaySiO3@Ni/C catalysts prepared from
bamboo powders could be recycled four times with a biodiesel yield of over 93% [43].
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Zhang et al., found significant advantages in this catalytic system (less corrosion, higher
recovery, and enhanced stability for at least 10 cycles) compared with catalysts from
traditional carbon sources, mainly due to more abundant acid /base functional groups as
well as higher specific surface area and pore volume.

Very recently, the combination of alkali and Ni biochar-supported catalyst for the
transesterification of used cooking oil was studied by Hazmi et al. [44]. This research
group prepared a bifunctional magnetic nano-catalyst from rice husk by impregnating
it with nickel and potassium oxide. A biodiesel yield of 98.2% was reached at 65 °C
within 2 h of reaction. The catalyst showed to be reusable for up to five cycles. Due to the
magnetic properties of this catalyst, it was easily recovered simplifying the separation and
purification processes (Figure 3).

Characterization fl L
XRD, FTIR, FESEM-EDX BET,
o TGA,TPD,VSM
AN~ soln A K* soln
\ / Transesterification
Drylng Calcination W
Dy i | Methanol
RHC ' Rgng 6
(T :
Mixing MALPSRG. Dol Magnetic catalyst
=3
§ M I atalyst extraction
- o E Biodies
Oil properties analysis == e 5 ¢ 9 _— - External magnet field
‘ Biodiesel
. i lycerol
| |
Iﬁﬂ . lt "i 'v' 1 .

Biodiesel yield analysis

Figure 3. Bifunctional alkali (K)/metal (Ni) biochar-supported catalyst from rice husk for the transes-
terification of cooking oil. With permission from [44].

In summary, biochar-based catalysts are comparable to conventional non-biochar
heterogeneous catalysts in terms of ester yield from triglycerides. However, for their
practical use as catalysts for biodiesel production, the stability of biochar catalysts must be
further studied to avoid the post-separation steps for removing metals. Therefore, it is still
quite challenging to find more effective ways to synthesize robust M-BCH systems to avoid
active centers leaching in reaction medium (FFA and water).

4.2. Hydrogenation/Hydrodeoxygenation Reactions

Biochar can be also applied as the catalyst support for the hydrotreating process
(Table 2). There is a recent review on this topic by Wang et al. [3]. with fresh advances
in the preparation of M-BCH catalysts and catalytic performance for hydrogenation of
biomass. Generally, metals like palladium, nickel, or cobalt have been developed as
catalysts for catalytic reactions involving hydrogenation steps. Thus, a biochar-based
catalyst for hydrodeoxygenation (HDO) was prepared by adding Ni onto the surface of
biochar obtained from microalgae biomass pyrolysis (400 °C for 2 h) [17]. The obtained
bio-oil from such pyrolysis was treated under H; pressure and over the as-synthesized
Ni/biochar catalyst. The results showed that the Ni/biochar catalyst was very effective
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in the HDO process, producing mainly n-heptadecane as a key component of diesel fuel.
Alternatively, a novel magnetic Co-doped MoO, /biochar was prepared by in-situ co-
pyrolysis, and used to catalyze the HDO of guaiacol. The authors conclude that the synergy
among Co, MoOy, and biochar played a crucial role in H, and ethanol activation, allowing
high conversions and selectivities (70% to arenes and 91.7% to phenols) [47].

Ni-Mo preloaded sawdust was also employed to prepare a M-BCH for the catalytic
hydrogenation of lignin to produce chemical commodities [35]. Under mild reaction
conditions, 61.3 wt % of lignin was converted to liquid products (phenols, guaiacols,
and trimethoxybenzenes). This high catalytic performance, and its proved stability and
reusability, was attributed to the synergistic effect of the graphitized biochar matrix and
the Ni-Mo,C nanoparticles which facilitates electron transfer. Based on the analysis of the
products, the authors proposed that using the Ni-Mo,C/BCH the potential mechanism for
the reaction is the catalytic depolymerization of lignin. Another example of hydrogenation
reaction over a M-BCH catalyst was carried out by Casoni et al. using sunflower seed hulls
as raw material to produce furfuryl alcohol [48]. The method involved initial fast pyrolysis
of the pre-treated hulls to produce bio-oil rich in furfural and biochar as a side product,
followed by the catalytic hydrogenation of such furfural over Pd-supported biochar. High
catalytic performance was observed under batch conditions, reaching yields of furfuryl
alcohol of up to 48%.

In 2019, Ido et al., investigated the upgrading of algal crude oil over Ni-based (20 wt %)
biochar produced from rice husk [49]. The synthesized catalyst was prepared by a KOH-
treatment and activation with H,SOy4 previous to impregnation. Additionally, biochars
produced from rice straw and activated via pyrolysis under N, or a CO, environment
to increase surface area and porosity were then employed as support to a bifunctional
Ru—Re/biochar catalyst. The catalysts were used in the HDO of furan with the produc-
tion of THF (>50%) and 1,4-butanediol (10-20%) as major value-added products [50,51].
Bimetallic Cu-Ni encapsulated in carbon catalysts were prepared by loading Ni and Cu
onto biochar through wetness impregnation method and mild conditions. The catalysts
were used in the HDO of 5-hydroxymethylfurfural (HMF) to produce 2,5-dimethylfurfural
(DMEF), a promising liquid fuel/fuel additive with 93.5% yield under optimized conditions.
A synergistic effect of NiOx Lewis acidity in the activation of hydroxyl group in HMF and
the neighboring of Cu—Ni alloyed particles in hydrogenolysis was illustrated by the authors
the effect of temperature reaction variations to control the conversion pathways [52].

Table 2. Metal-supported biochar-based catalysts used in hydrogenation of biomass resources.

M-BCH Catalyst Preparation Catalytic Biomass Upgrading
Biomass . Catalyst Reaction . o
Feedstock Synthesis M-Support Substrate Type/Conditions Yield (%) Ref.
Two step syntheai: H]?O batch; hydrocarbons (80%,
slow pyrolysis: 400 °C, Microaleal 300 °C; Hy /Ny n-heptadecane)
Microalgal 2 h/IWI: Ni(NO3), Ni/BCH roa’g flow (10% P [17]
. bio-oil oxygenated
(0.2-M); reduction volume of Hy) mpounds (12%)
H, /N, flow 2h compounds (=7
One-step synthesis:
Impregnation: cobalt )
scellulose nitrate and ammonium Co-doped Guaicol 13_2())?8 lg(écll\j[‘;;’ Arenes (70%); [47]
heptamolybdate; MoO,-BCH H g 4 h Phenols (91.7%)
2;4h.

pyrolysis: 650 °C;
passivation: RT, 2 h
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Table 2. Cont.

M-BCH Catalyst Preparation

Catalytic Biomass Upgrading

Biomass

Catalyst

Reaction

Feedstock Synthesis M-Support Substrate Type/Conditions Yield (%) Ref.
Treatment: [BMim]Cl.
Microcrystalline Addition of H,SOy. HDO THEF;
cellulose Carbonization: 600 °C, Cu-Ni/BCH HMF 220 °C; 40 bar DMF (93.5%) [52]
4 h, N flow. IWI Hy, 1h
(Bimetallic Cu—Ni)
.One-step .synth(.esis: 49 wt % yield to
impregnation: nickel Hvd . herol
. chloride and . _— ydrogenation; paenoss,
Fir sawdust . Ni-Mo,C-BCH Lignin 250 °C, 2 h; guaiacols, [35]
ammonium .
heptamolvbdate: 2 MPa H, trimethoxyben-
p y ' zenes
pyrolysis: 800 °C
Two-step synthesis:
Treatment: phosphoric
acid and zinc chloride; Hydrogenation;
Sunflower olysis: 500 °C o, Furfuryl
seeds hulls (ZOOPZ}; rr}:jnfl) /Precipitation: Pd/BCH Furfural bg Zdﬁjﬂl)loHC’ alcohol (4?25%) [48]
PACl, (5wt %), S Vrat
80 °C/Reduction: 37%
formaldehyde solution
Pré-Treatment: KOH/
Sulfonation: HySOy; Hydrotreatment;
. 9h/ Irr?}())re;wtion: . Scene.d esmus 3§§6(w§;0) . 6.9'4%
Rice husk Ni(NOj3)-6H,0 Ni/BCH .obhquus . dodecane /oil; hqul.d-phase [49]
(20 wt %), 65 °C, microalgae oil 3.84 MPa Hy, biofuel
4 h/Calcination: 6h
500 °C,4h
Pyrolysis at 550 °C
under N, or CO,
atmosphere IWI with THF (>50%)
. (HReOy4 and RuCl3) HDO 160 °C and
Rice straw dried at 110 °C; Ru-ReO,-BCH Furan under 30 bar H,  1,4-butanediol [52/53]
reduced at 300 °C for (10-20%)
2 h under an H; flow
of 300 mL/min
Oxidized with 20 wt %
HNOj at 85 °C for 4 h;
washed and dried at 250 mL vessel
105 °C. Impregnation Nitronaphthalene with 100 mL of 99.6%
Coconut shell with PACl,, Pd-Ni-B/BCH and p- tetrahydrofu- convérsion [53]
NiCl,-6H,O and HCI chloronitrobenzene ran; 110 °C;
aqueous solution; 3.0MPaHjy;4h
reduced with of
1 mol/L KBHy4
Demineralization/Pyrolysis
(800 °C): physical HDO water; 100%
Vine shoots (CO,) and chemical Pd/BCH Vanillin 100 °C; 30 bar conversion [54,55]
activation (ZnCl,); IWI H,; 3 h) p-creosol (92%)

(palladium (II) acetate).

IWI: incipient wet impregnation.
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A Pd-Ni-B amorphous alloy incorporated in coconut shell activated carbon allowed a
nearly 100% conversion of nitroaromatic compounds [53]. This illustrates the great potential
of M-BCH as a solid catalyst for other analogous industrial processes.

Santos et al. [54] presented recently the synthesis and characterization of real waste
biomass vine shoot biochars. Different activation methods were used to improve the poor
textural properties of pristine biochar. A combination of physical (CO;) and chemical acti-
vation (ZnCl,) was evaluated. The chemical activation treatment with ZnCl, significantly
increased the surface area and pore volume of the biochars. The authors used incipient
wet impregnation (IWI) to support a series of noble metal catalysts (Pd, Au, and Ru). The
Pd-supported biochar catalyst showed to be the most promising catalyst in HDO of vanillin
with a complete conversion after 3 h with a selectively for p-creosol of 92% [55].

The presented works in Table 2 details the use of different M-BCH catalyst to biomass
hydro-upgrading processes. Due to biochar oxygen-containing functional groups, rich pore
structure, and long catalytic life, it is an excellent structure to support metal phases allowing
to excellent catalytic activity and selectivity in hydrogenation and hydrodeoxygenation
reactions. These works, although using distinct model substrates (only two studies used real
bio-oil), [17,49] offers important mechanistic insights for biomass upgrading. Performing
the reactions with phenolic and furan derivatives model compounds, it is possible to find
that noble metal-supported biochar catalysts exhibits better performance in hydrogenation
and non-noble metal-supported biochar catalysts favors deoxygenation which is a result of
their effective oxygen affinity ability. A synergistic effect of the combination of bimetals can
strongly improve hydrogenation/deoxygenation, so further studies of catalyst optimization
are necessary to enhance the potential of M-BCH catalysts for biomass upgrading in the
biorefinery context [3].

4.3. Reforming and Gasification Reactions

Reforming or steam gasification of biomass is a promising renewable route, as it can
facilitate the mass production of syngas (mixture of H, and CO) that can be further used as
feedstock for the synthesis of fuels, platform molecules, and fine chemicals. However, this
process involves the production of solid tar, an unavoidable by-product made of a mixture
of heavily condensable hydrocarbons such as toluene, naphthalene, styrene, phenol, and
other polycyclic aromatic hydrocarbons (Figure 4). Formation of tars deposits in pipelines
and equipment damage, clog, and block downstream processes, consume feedstock carbon
atoms, and hence, reduce the yield of syngas. Thus, the removal and/or mitigation of tar
is a critical step to commercialize the biomass reforming/gasification process for syngas
production. Dolomite, olivine, nickel, alkali metals are commonly used catalysts for tar
cracking [56]. However, these conventional catalysts suffered from deactivation arising
from coking and poisoning during the process. Alternatively, many efforts have been
made to decompose tars in a secondary reactor with more robust noble metal catalysts
(e.g., Rh, Pt, and Pd), nevertheless the necessary recovery due to their high costs remains
a challenging task for the application of this approach. Therefore, it is desirable to use
inexpensive catalysts for tar decomposition. In this respect, several M-BCH have been
reported as catalysts to enhance syngas production, reduce tar fraction or to meet both
goals concurrently (Table 3).
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Figure 4. Main chemical transformations during biomass conversion in a gasifier. With permission
of [57]. Copyright Clearance Center Inc. (2010).
Table 3. Metal-supported biochar-based catalysts used in reforming/gasification reactions for syngas
production and/or tar decomposition.
M-BCH Preparation Syngas Production and/or Tar Decomposition
Biochar . Catalyst Reaction Syngas Tar Removal Ref.
Feedstock Synthesis M-Support Substrate Conditions Production Efficiency
Pyrolysis at 700 °C; IWI
with Ni(NOj3),-6H,O; Reforming;
reduction: (i) pyrolysis at 1L min™"; - 96.5% [58]
700 °C, (ii) addition of 800 °C
NaBH,
Ni-BCH
IWI with
Ni(NO3),-6H;0; dried at Rice husk Reforming;
105 °C; reduction via: ce hus 1L min™}; LHV =11.32 MJ/m? 96.9-98.6% [59]
(i) pyrolysis at 700 °C, 750 °C
(ii) addition of NaBHy
ek IWI with Ni(NO3),-6H,O
Rice hus and Fe(NOj3)3-9H,0; Reforming; .
dried at 105 °C; reduced:  Ni-Fe-BCH 1L/min; H‘ghe;afig/ CO, 92.3% [60]
(i) pyrolysis at 600 °C, 800 °C
(ii) addition of NaBH,
Pyrolysis at 500 °C;
carbonization at 700 °C;
treated with KOH
(5 mol L1); filtered and .
dried at 110 °C; calcined Reforming;
o i Ni-BCH Acetic acid LHSV10h~1; 71.2% H, yield - [61]
at 700 °C. Impregnation o
s . 700 °C
with nickel nitrate
(10 wt %); filtrated and
dried at 110 °C;

pyrolyzed at 500 °C
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Table 3. Cont.
M-BCH Preparation Syngas Production and/or Tar Decomposition
Biochar . Catalyst . -, Syngas Tar Removal Ref.
Feedstock Synthesis M-Support Substrate Reaction Conditions Production Efficiency
Gasification; treated
with KOH; calcined Reforming at
at 800 °C for 1.5 h. . L 0.1-2.2 MPa; o
Impregnated withNi W DCH Lignin 700-900 °C; 1-5 uL - 70% (6]
nitrate; reduced in water
Red cedar H, flow at 350 °C
Gasification; treated
with KOH and
NaQH. . Reforming with o
Treated with HNO3 Ni-BCH Toluene water at 800 °C - 99% [63]
(30 vol%);
impregnated with Ni
salts (10 wt %)
Fast pyrolysis at
500 °C. Impregnation T
Wheat straw, ; . Steam gasification in
rice husk and ‘ZVSIEZONV:I(tI\"I/C))?EIfeI;llzg Ni-BCH Wheat straw  a two-stage fixed bed 92inI;§n I;Igs/g - [64]
cotton stalk 5 o reactor; 600-900 °C
105 °C; pyrolyzed at
800 °C
Mechanically mixing Reforming at H; and CO
Oak wood Wlt}}) NiO NiO-BCH Syngas lab-scale gasifier; mnerease upoto 34% 97% [18]
(5-20 wt %); reduce 650-850 °C: 0.1-1.2 and 32%,
in Ar/H, at 800 °C e respectively
Pyrolysis at 950 °C
for 2 h. Impregnated Reforming at Conversion
Pine bark with iron nitrate Fe-BCH Toluene  400-900 °C; 1 atm N, - o1%. [65]
(9-13 wt %); dried at (700 mL min-1) Benzene
105 °C; calcined at selectivity = 0.02%
300 °C in air
Soaked with FeCls
solution (0.2 mol L™1) Steam gasification; Enhance formation o
Mallee wood for 24 h; pyrolyzed to Fe-BCH Mallee wood 44kg h-1.880 °C of H and CO 95% [66]
630 °C for 30 min
Impregnated with
Japan ammonium Japan Reforming at 650 °C; H; production x5
afjd:fe heptamolybdate Mo,C-BCH aéaea:i;se 0.09 g min~%; RT; vs. non catalytic 99% [68]
(5-30 wt %); calcined 1 atm test
in Ar flow at 800 °C
Fast pyrolysis;
pre-treated with
0.1 mol L~ HNO; at
100 °C for 12 h;
filtered and washed Reforming with CO,
. Wl.th H0 (pOH ~7); in a fixed-bed tubular CH, conversion
Pine sawdust dried at 105 °C. IWI Mo,C-BCH CH, [33]

with ammonium
molybdate
tetrahydrate
(15 wt %); dried at
105 °C; calcined with
Arat800°C for2h

reactor at 0.5 MPa;
GHSV = 4000-12,000 h~!

of 94%
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Table 3. Cont.
M-BCH Preparation Syngas Production and/or Tar Decomposition
Biochar . Catalyst . -, Syngas Tar Removal Ref.
Feedstock Synthesis M-Support Substrate Reaction Conditions Production Efficiency
Soaking wood chips H
in KOH solution, Gasification at eld ~ 0 52m3 ko %10 vs. parent
(10 wt %); dried at K-BCH Bio-oil 700 °C; GHSV of yied = o 5 » '}Il’ ! [69]
105 °C; calcined at 237 h! yield =03 m kg ! ocha
700 °C in N e
Fast pyrolysis. Boiled
Pi d in 0.1 mol L~ HNO3;
mne woo washed and dried at
105°C. Impregnation Reduction at 800 °C
with ammonium .
tungstate; heated to in Hy/N; flow
Og : . WC-BCH Bio-gas Reforming with CO»; 90% CO [70]
80 °C for 30 min and 1
. o 0.5 MPa, 6000 h—;
dried at 110 °C. 600900 °C
Carbothermal
reduction in Np
(50 mL min~1) at
1000 °C for 1-3 h
1mol L~1 HC1 Reforming
solution pyrolysis at . W/F=0.5h,5/C=3,
Corncobs 600 °C, 5% Ni Ni-BCH Toluene 1 vol.% of toluene in Ha, CO, CO,, CH, [72]
loading gas, 1 atm 400-650 °C
WI with Steam reforming
Ni(NO);-6H,0 and . W/F =0.25h, >60%
H3BO;3; dried 105 °C; Ni/B-BCH Toluene o - . [67]
. o s S/C =3;600°C; conversion
calcined 600 °C in N,
. 1-10 h
for 30 min
Carbonized at 850 °C
in N for 30 min
Impregnation with Toluene and Steam reforming
Palm shells K,COj3 and Fe-BCH naphthalene 0.17-0.51 s, 90 min, - 80% conversion  [71]
Fe(NO3)3-9H,0 for p 730-900 °C
12 (5 wt %), dried at
105 °C for 24 h

Shen and co-workers prepared a Ni supported on rice husk biochar catalyst for the
in-situ production of syngas and conversion of tar via reforming of rice husk [58,59]. It
was found that the carbothermal reduction of the NiO nanoparticles during the pyrolysis
of the biochar enhanced the catalytic performance of the catalyst (maximum tar removal
efficiency of 98.6%). It is noteworthy that the syngas fuel characteristics were improved
for power generation, corresponding to an increase in the lower heating value from 10.25
to 11.32 MJ m 3. Bimetallic Ni-Fe supported rice husk biochar was also explored for tar
conversion via in-situ dry reforming by the same research group [60]. This study showed
tar removal yields of 92.3-93%, together with an increase in the heating value of the gaseous
products due to a higher CO/CO; ratio. Similarly, by fast pyrolysis of rice husk followed by
IWI with nickel, Chen et al. developed a series of novel Ni biochar-based catalysts for the
steam reforming of acetic acid in a continuous reactor [61]. The best catalytic performance
was found with biochar catalyst activated by KOH combined with HNOj3 reflux. Acetic
acid conversion and hydrogen yield reached 91.2% and 71.2%, respectively.

Ni loaded on red cedar biochar was also effectively used to reduce the contents of
lignin tar by Qian et al., reaching up to 70% tar removal efficiency [62]. In this work,
the effects of reaction temperature, water amount, pressure and atmosphere (inert and
hydrogen) were assessed, showing that the increase of temperature and pressure lead
to higher removal of most tar components (except for naphthalene). On the other hand,
the decrease in the water loading resulted in lower tar removal efficiencies. In a similar
study, the same research group tested Ni-supported red cedar biochar catalysts for the
steam reforming of toluene [63]. They found that the catalysts prepared from nickel nitrate
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precursor had superior catalytic performance than that of nickel acetate because of their
much smaller average Ni particle size, reaching tar removal efficiencies of 99%.

Aiming at increasing hydrogen production from biomass steam gasification, a series
of Ni-based biochar catalysts were investigated by Yao et al. using a two-stage fixed bed
reactor [64]. The textural and chemical composition characterization of cotton stalk, rice
husk, and wheat straw biochar derived catalysts suggested that the interaction between
volatiles and biochar endorsed the reforming of pyrolysis gases. Thus, the cotton-biochar
supported Ni exhibited the highest activity of Hy production (64 vol.%, 92 mg g~ !) due
to the higher content of alkali and alkaline earth metallic species (AAEMs) and also the
much higher external surface area, while rice-biochar showed the lowest (35 mg g~'). In a
similar study, Wang et al., studied wood and coal chars supported Ni catalysts prepared
by mechanically mixing NiO and oak wood chips at different ratio [18]. The synthesized
catalysts removed more than 97% of tars in syngas reforming at 800 °C, also significantly
increasing the concentration of Hj (up to 34%) and CO (up to 32%).

Iron-supported biochar (13-19 wt %) produced from pine bark were described as
an efficient catalyst for toluene (a model tar compound) decomposition with conversion
approached to 91% (at 800 °C for 4 days) [65]. Relative to pristine biochar, the presence
of Fe nanoparticles lowered the activation energy by 47% and decreased the formation of
benzene (selectivity of 0.02%), an intermediate in toluene decomposition. Similar studies
have been carried out to examine the effects of Fe in biochar as a catalyst for the reforming
of tar during the gasification of mallee wood in a pilot plant [66]. The tar contents were
drastically reduced to concentration levels below 100 mg m 3 (95%), especially on large
aromatic ring systems. The Fe species in the mallee wood-derived biochar tended to
enhance the formation of H, and CO during the reforming reactions in the catalytic reactor.
In addition, the tested Fe loaded biochar catalyst bed also acted as effective filters to arrest
the volatilized alkali and alkaline earth metallic species and ash fine particles from the raw
gasification product gas. The performance of B doping Ni/B-BCH catalysts were also study
for steam reforming of toluene [67]. The authors found that B doping significantly enhance
the lifetime of Ni/BCH catalysts and simultaneously reduces the gasification consumption
rate of the biochar support and coke deposition on the Ni particles. The authors evaluated
the variation of B content using 600 °C, a space-time defined as the ratio of catalyst mass
to the mass flow rate of toluene (W /F) of 0.25h, and a steam /carbon (S/C) ratio of 3 and
observed that the catalysts with a 3.5 wt % of B-doping showed the best stability under the
selected reaction conditions.

Kaewpanha et al. reported an active Mo,C loaded biochar catalyst for the catalytic
steam reforming of tar derived from Japanese cedar [68]. The results exhibited a good
catalytic performance at relatively low carburization temperatures (optimum found at
650 °C) and Mo loading (<30 wt %). In the case of Mo,C/biochar with 20 wt %, the highest
Hj yield was obtained (ca. 22 mmol g~ '), which is about 5 times higher than that of the
non-catalytic test. Nanostructured molybdenum carbide on biochar derived from pine
sawdust was also used for CO, reforming of CHy [33]. The Mo,C/Biochar carbide was
prepared from a simple procedure of carburization with molybdate salts and without using
extra carbon source or reducing gas. By temperature programmed surface reactions, it was
possible to conclude that CHy dissociated as CHy = C + 2H; on the catalyst surface, and
CO; reacted as CO; + C = 2CO™ due to oxidation of Mo,C at 850 °C, reaching both CHy
and CO; conversions higher than 80%.

In addition to catalytic steam reforming of tar, biochar catalysts were also employed for
reforming other bioderived resources such as bio-oil or bio-gas. Thus, for the gasification
of bio-oil at 700 °C, Postma et al., developed a potassium salt loaded biochar catalyst [69].
Both the K dissolved in the pyrolysis oil feed and the K-loaded biochar catalysts were
found to enhance the gas yield (ca. 0.5 m3/kg) and prevent the formation of large tar
species. Another metal-supported phase tested in the reforming of methane was tungsten
carbide nanoparticles on a pine-wood derived biochar support [70]. Characterization results
exposed the transformation of tungsten oxide (WO3) to tungsten carbide nanoparticles
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(WC) during pyrolysis steps. During CO; reforming, CHy conversion decreased with
an increasing in CHy/CO; ratio, whereas CO, conversion increased with an increase in
CH,4/CO; ratio. Stability testing of the tungsten carbide nanoparticles in the biochar matrix
revealed no catalyst deactivation during the 500 h test. Palm shell chars were impregnated
with K- and Fe- and it was also found that these functionalized palm shell chars exhibited
much better catalytic activity than palm shell char for tar reforming. The results indicated
that prepared palm shell char had excellent catalytic activity for reforming toluene and
naphthalene, showing conversions of 80% in a short residence time of 0.17 s at 900 °C. In
contrast to CaO, palm shell char presented relatively low selectivity to benzene, and its
spontaneous gasification allowed to generate extra syngas [71].

All of the studies summarized in Table 3, indicate that M-BCH catalysts are a promising
alternative to remove tar in reforming/gasification reactions. Biochar as itself exhibits a fair
catalytic activity for tar reforming usually influenced by surface area, pore size, and mineral
content. Nickel and Iron-biochar-based catalysts seems to be good alternatives to the expen-
sive noble-metal catalysts. The main drawback associated to its use is reaction temperature,
as tar removal typically proceeds only at temperatures higher than 700 °C (vs. ~550 °C
with conventional Ni catalysts) [73]. Hence, upcoming efforts need to focus on overpassing
these limitations and widen biochar suitability to milder reforming/gasification conditions.
In this sense, microwave heating is an emerging method that could improve tar treatment
using biochar catalysts by providing advantages such as high heating rates, volumetric
heating, and thermochemical reaction acceleration [74].

4.4. Pyrolysis Reaction

Along with reforming, pyrolysis at 500-900 °C is another effective method to break
down chemical bonds of biomass molecules and produce Hj-rich gas (Table 4). Thereby, the
strategy of impregnating lignocellulosic resources such as beech wood with aqueous metal
salts of Ni was applied in the pyrolysis of such wood at 700 °C [75,76]. The oxygenated
groups present in the biochar acted as adsorption sites for metal cations, yielding a highly
dispersed distribution of metallic Ni species into the wood matrix. Through carbothermal
reduction (400-500 °C), the in situ formed Ni nanoparticles exhibited a higher catalytic
activity for aromatic tar conversion (60-70%) and an enhanced H; production (57-91%)
than preformed Ni species added into the biomass prior to pyrolysis. Their results showed
that the Ni?* was reduced to Ni’, leading to a highly dispersed Ni metallic phase on the
biochar surface (avg. particle size ~ 4 nm). By a primary vacuum impregnation, it was
possible to optimize the Ni into the wood rate and generate stronger interactions with the
lignocellulosic matrix through the formation of inner-sphere complexes, as well as enhance
the penetration of Ni?* cations in the cellulose crystalline zones (Figure 5).

Table 4. Metal-supported biochar-based catalysts used in the pyrolysis of biomass resources.

M-BCH Preparation

Pyrolysis of Biomass

Biochar . Catalyst Reaction Type . o
Feedstock Synthesis M-Support Substrate and Conditions Yield (%) Ref.
Impregnation with nickel Hy
nitrate; filtrated, washed . Pyrolysis at concentration
Beech wood and dried at 60 °C; Ni-BCH Oak wood 700 °C increased by [76]
pyrolyzed at 400-500 °C 260%
Vacuum impregnation
with nickel nitrate Pyrolvsis in
solutions (0.1-1 mol L~ 1) sta}i,nle}s]s-steel 91% Hj vs.
Beech wood at 25 °C; filtrated and Ni-BCH Beech wood 60-70% for [75]

dried at 60 °C;
carbothermal reduction
at 500 °C

horizontal tube;
40Lh~1;700°C

pristine wood
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Table 4. Cont.

M-BCH Preparation

Pyrolysis of Biomass

Biochar

Catalyst

Reaction Type

Feedstock Synthesis M-Support Substrate and Conditions Yield (%) Ref.
Pyrolysis at 500 °C;
30 min. Impregnated Pyrolysis at 40.6%
Switchgrass with iron oxide and nickel Fe-BCH Acetic acid 450 °C under N» . [77]
nitrate at 50 °C; kept for flow 42 cm3 571 conversion
24 h; dried at 103 °C
Impregnated with nickel Pyrolysis; 5% of
nitrate (1 mol L™1); CHy in Ar; 507 mmol o~
Beech wood 3 days; 293 K; filtered, Ni-BCH Methane 900 °C; H d ;5 [78]
washed and dried at 10 °C/min; 1 h; 2 production
323 K; calcined at 850 °C 100 mL min—?!
Washed with HCI;
activated with KOH at Pyrolvsis in
Chlorella 80 °C; calcined at 700 °C Chlorella e . Bio-oil with
vulgaris in Ny. IWI with Fe-BCH vulgaris 450-850 °C in Ar HHYV of [79]
microalgae Fe3(NO3)-9H,0 microalgae 31.26 MJ kg{1

(2.5-10 wt %); calcined at

(30 mL min—1)

400 °C; dried at 105 °C
(a) Outer-sphere (b)
coI:n z:rixe:nl:\;zl;lsng Ni(H,0)g" Inner-sphere complexes
y 9 (e.g. bidendate carboxylate chelate)
Oxygenated

surface groups

%XP/ ~ O

Lignocellulosic matrix

Lignocellulosic matrix

Figure 5. Effect of the impregnation method on Ni** adsorption mechanisms; (a) atmospheric
pressure impregnation and (b) vacuum impregnation [75]. Reprinted with permission from [75].
Copyright (2013) American Chemical Society.

Aiming at evaluating thermal degradation capabilities for acetic acid at 450 °C, Poggi
and Singh synthesized switchgrass-derived biochar catalysts and impregnated it with
nickel nitrate and iron oxide [77]. Both samples showed acetic acid degradation capability
higher than traditional FCC catalyst (12.4%), which resulted especially promising in case
of the iron-modified biochar with a total conversion of 40.6%. However, leaching carbon
from the biochar structure makes this catalyst not suitable for the studied purpose. Equally,
Guizani et al. prepared a beech wood derived biochar catalyst loaded with Ni for studying
the decomposition of methane by catalytic cracking in N [78]. The raw chars exhibited
a moderated catalytic activity in methane cracking, while the Ni-loaded chars showed a
catalytic activity 10 times higher reaching 527 mmol of H, per gram of substrate. Thus,
these works prove that the preloading of metal precursor into the biomass matrix is a
suitable strategy to prepare efficient biochar-based catalysts for biomass pyrolysis.

On the other hand, to determine the best operational conditions for producing high-
quality bio-oil, Chlorella vulgaris microalgae pyrolysis was investigated using its Fe-BCH
catalysts [79]. Thus, various concentrations of iron (2.5, 5, and 10 wt %) were used to
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impregnate the pristine and KOH-activated biochars. In non-catalytic experiments at
650 °C, the highest bio-oil yield was 51.22 wt %, whereas energy recovery achieved 58.51%.
In catalytic experiments using the prepared biochar-based samples, the energy recovery
factor was increased to 71.58%, with a high heating value of 31.26 MJ kg .

4.5. Hydrolysis Reactions

As the most abundant biopolymers in biomass, the effective conversion of cellu-
lose and hemicelluloses into valuable platform compounds—such as sugars, furfural, or
5-hydroxymethylfurfural HMF—is a highly desirable processing. Hydrolysis involves the
breakage of glycosidic bonds in polysaccharides to release monosaccharides and in general
it is initiated by a Brensted acid (proton) at temperatures ranging from 80 to 250 °C. How-
ever, Lewis acids (electron pair acceptor) may also weaken glycosidic bond by coordinating
with the oxygen atom. Produced sugars may also undergo dehydration by Brensted acid
driven steps (120-200 °C) producing furanic compounds.

Hydrolysis by using enzymes, mineral acids, and solid acids, have been traditionally
employed in biomass upgrading. However, the enzymatic hydrolysis of cellulose and
hemicelluloses is slow and costly, whereas mineral acids are usually difficult to recycle. In
contrast, sulfonated biochar is a promising Brensted-acid catalyst due to its high reaction
activity and low cost. Nevertheless, the recyclability of sulfonated biochar is in question,
for which metal impregnation may be a viable alternative for catalytic hydrolysis. Thus,
several recent studies reported metal-functionalized biochar to modify pure sulfonated
catalysts (Table 5).

Table 5. Metal-supported biochar-based catalysts used in hydrolysis of biomass resources.

M-BCH Preparation Hydrolysis of Biomass
Biochar . Catalyst Reaction Type . o
Feedstock Synthesis M-Support Substrate and Conditions Yield (%) Ref.
Mixed with tin (IV)
hydroxide and cobalt (II) Hydrolysis in
hydroxide; dried by rotary SnOy—-Co304- batch autoclave o
Corncob evaporation at 45 °C under BCH Corncob at 180 °C, for Furfural 30% [80]
0.09 MPa; carbonized in N 200 min
at 100-200 °C for 38 h
Carbonization at 700 °C and
sulfonation with H,SO, for
4hat80°C. T'reated with IL-Zn-BCH- Sugars (60%)
aqueous solution of NaCl; SO-H HME (30%) [81]
dried at 120 °C; treated with 3 Microwave- ’
(IL)-ZnCly; acidified by HCI; assisted
Bamb washed and dried at 120 °C Cellulose and hydrolysis;
amboo .
Carbonization at 700 °C and bamboo 245 GHZ’.
sulfonation with H,SO, for 9% 3151%_3(5:0fw’2 h
o : — or
3hat80 °C. Treated with 1y o pepy. Sugars (35%)
NaCl; dried at 120 °C; SO-H HIMF (10%) [82]
treated with (IL)-CuCly; 3 ¢
acidified by HCI; washed
and dried at 120 °C
Mixing with 2 mol L1
-1
NaOH.or 1 mql L Na25103 . TRS (58.6%)
solutions; dried at 105 °C; Cellulose Hydrolysis; Glucose 83]
pyrolyzed at 400-600 °C; 150 °C; 12 h (43.5%) )

washed by 1 mol L1 H,50,
at 100 °C
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The corncob hydrolysis to furfural over SnO,—Co304/biochar prepared from ligno-
celluloses residue of corncob degradation was studied by Liu et al. [80]. A maximum
furfural yield of 30% was achieved at 180 °C and 200 min, indicating Lewis driven xylose
isomerization as a key step for increasing furfural production. The dehydration of xylose is
promoted by the hydrolysis of glycosidic bond which is supported by the Brensted acid
density (0.538 mmol/g) generated by the reaction of the metals with hydroxyl ions from
water. In order to further improve activity of the solid acid-biochar catalyst in hydrolysis
reaction, ionic liquid-modification methods were applied. Thus, Zhang et al., reported
chlorozincate and chlorocuprate ionic liquid-functionalized biochar sulfonic acid catalysts
for cellulose and bamboo hydrolysis to reduce sugars and HMF. Biochar supports were pre-
pared using bamboo powder as a carbon resource, followed by calcination and sulfonation
treatments [81,82]. It was found that the Cu and Zn salts played a better synergistic role to
improve acidity in the -SO3H groups and catalyze the cleavage of cellulose and bamboo
bonds under microwave irradiation (350-750 W). In another attempt to enhance the hydrol-
ysis of cellulose, Wei et al. improved the properties of bamboo-derived biochar by molten
alkali carbonates pyrolysis, obtaining a catalyst with superior surface area and porous
structure compared to non-treated and alkali impregnation materials [83]. This biochar
was employed as a catalyst support of biochar-bearing sulfonic acid groups, achieving
remarkable yields of TRS and glucose (52.8% and 43.5%). These sugars from the hydrolysis
of cellulose can be further exploited to produce alcohols. These works indicated that
the combination of Lewis and Breonsted acids is a key factor to led to the conversion of
biopolymers towards high yields of total reduced sugars and furans.

4.6. Other Catalytic Reactions

M-BCH catalysts have been also employed in other catalytic reactions, although in a
restricted extension, including Fischer-Tropsch and isomerization of monomeric aldoses
obtained from hydrolysis of lignocellulosic biomass. The summary of this published results
is also here in represented:

4.6.1. Fischer-Tropsch Synthesis

In addition to generate heat/power or producing natural gas, ammonia or methanol,
syngas can be also converted into fuels and chemicals through Fischer-Tropsch reaction
over biochar-based catalysts. For example, Yan et al., used biochar from the fast pyrolysis
of pine wood as the support for iron nanoparticles using impregnation methodology of
iron nitrate and calcination at 1000 °C [84]. Characterization results revealed that the
nanoparticles had core—shell structures with iron in situ encapsulated within a graphitic
shell. The Fischer-Tropsch synthesis were performed in a fixed-bed reactor at 310 °C,
6.7 MPa with GHSV = 2000 h~! using the carbon-encapsulated iron nanoparticles which
showed to be highly active on conversion of bio-syngas (CO conversion ca. 95%), together
with a significant selectivity towards liquid C5-C13 hydrocarbons (68%; with olefins as the
dominant product).

Ruthenium activated biochar derived from the fast pyrolysis of lauan at 773 K with
further activation with KOH (5 mol L~!) and pyrolysis at 973 K under Ny, was also used
in the methanation of bio-syngas [85]. Excellent results were obtained with improved CO
conversion (up to 97%) upon increasing the Ru loading, and selectivity to CHy of 84% and
92% using a Hy /(CO + CO,) ratio of 2 and 4, respectively. The large specific surface area (ca.
757 m? g~ 1) of activated biochar favored a higher dispersion of Ru nanoparticles (>70%)
compared to other usual support such as Al,O3 (43%) and SiO; (17%), which may account
for the effective catalytic performance [86]. Later on, the same authors observed a high
CHy4 selectivity (98%) and a CO conversion of 100% and also an excellent stability for a
period of at least 100 h on stream over the Ru activated biochar catalysts [87].
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4.6.2. Isomerization Reactions

The monomeric aldoses from hydrolysis of lignocellulosic biomass (e.g., glucose and
xylose) can be isomerized into ketoses (fructose and xylulose, respectively) by isomerization
reactions. These compounds, with high reactive carbonyl functional groups (C=0), can be
more easily upgraded due to their lower activation barrier than the aldoses precursors with
stable ring structures [88]. These isomerization reactions generally involve the participa-
tion of Lewis acid or Bronsted base sites at 90-110 °C that catalyze the critical hydrogen
transfer steps.

Glucose isomerization is a promising reaction pathway for the synthesis of fructose,
the most important precursor for the production of key platform molecule HME. In this
sense, recently, Yang et al., explored an Sn-BCH from wood waste as catalyst for the
isomerization of glucose, showing that both the biochar porosity and acid/base properties
derived from Sn/biochar chemical interactions contributed to enhance the fructose yield
(max. 15.2 mol %) [89]. Al-biochar was also devised to serve as a novel heterogeneous
catalyst for isomerization of glucose. Yu et al., reached a remarkable yield of 21.5 mol
% fructose (selectivity 73.8 mol %) after only 5 min heating at 160 °C in acetone/H,O
medium. They found that the aluminum species (Al,O3, AI(OH)3, AIO(OH) and Al-O-C
moieties) were the major contributor of the catalytic activity via the Lewis acid-driven
mechanism [90]. Similar conclusions were obtained from a study performed by Sheng et al.,
in which a cellulose derived biochar supported Al catalyst with carbonaceous microspheres
(evidenced by SEM) led to fructose selectivity of 77.8 mol % [91].

In summary, the use of M-BCH catalysts in biorefinery processes is quite well reported
highlighting the potential of biochar as an alternative to the conventional catalysts in
biorefineries for a broad variety of reactions. Generally, in these reactions, it is worth
noting an effect of the biochar support, in which the oxygen-containing functional groups
or oxygen vacancies plays an important role on anchoring of metal particles, contributing
positively for the metal deposition, control of particle size, and interaction metal-support.

Moreover, these works also pointed out that the catalytic properties of biochar can be
readily adjusted by changing the atmosphere under which pyrolysis is performed and the
engineered biochar could potentially be an alternative to the conventional catalysts applied
for the synthesis of renewable fuels and chemicals.

5. Electrochemical Applications

The ever-increasing global energy demand and the incessant consumption of fossil
fuel sources has posed serious challenges to energy security, pollution, and climate change
but has also had a tremendous impact on our planet’s ecosystems and biodiversity leading
to the urgent development of green, renewable, and highly efficient energy storage and con-
version technologies. Presently, solar cells, fuel cells, water splitting, lithium-ion batteries,
and supercapacitors are probably the most promising alternatives for a clean energy supply.
However, these devices rely on a series of electrochemical reactions (hydrogen evolution
(HER) and oxygen evolution (OER) and reduction reactions (ORR)) where electrode materi-
als play a central role. Therefore, the development of novel high performance, low-cost,
industrially and economically attractive, and scalable materials is of upmost importance.

In this section, we will focus on the application of M-BCH materials for supercapacitors
and the demanding oxygen and hydrogen reactions associated with fuels cells, batteries,
and water splitting devices.

5.1. Supercapacitors

At the end of this section, Table 6 summarizes all the M-BCH supercapacitor materials
(biomass feedstocks, catalyst preparations, surface areas, and electrochemical performances)
described below.
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Table 6. Metal-supported biochar-based nanocomposites for supercapacitor electrodes.
Nanomaterial Properties Electrochemical Supercapacitor Metrics
Surface Area € Cavpaci d ity e
. . pacitance Energy Density Ref.
Fe]::;)sctl;:i a Synthesis P Metal Nan';::(z)cnlllai)si te (m*g~1) T ggfefé 1(11 fe (F g~1)/Current Density ~ (Wh kg~1)/Power Density
P yp y (Ag) Wkg1)
Immersion in NaCl + Mn(AcO),-4H,O
solution. Heating at 60 °C for 6 h. Hierarchical porous 3-electrode/3 M o)
Carbonization in Ar atmosphere at 800 °C Mn MnO/biocarbon 139.6 KOH(aq) solution 402772 B [°2]
for12h
Agaric
Immersion in Mn(AcO),-4H, O solution. .
Heating at 60 °C for 6 h. Carbonization in Mn Porous ~133 Z_Alsytrilrget/r;cM 101/1 35.9,/800 [93]
N, atmosphere at 800 °C for 2 h with MnO/biocarbon ~ € ectrode/ s ’
' o . KOH(,q) solution
heating rate of 5 °C min q
Carbonization at 600 °C in N, atmosphere
for 2 h with heating rate of 1 °C min™!. CuO/CuyO/hierarchical 3-electrode/3 M
Hydrothermal treatment of carbon and Cu porous biocarbon 301.85 KOH_,q) solution 1721 ) [133]
Cu(OAc); at 180 °C for 24 h
Cobniaton st 0 in s imosher e eterston:
Bambo leaves & ‘ Mn doped porous 300.3 54.6 @ /12® 24.6/604.8 [118]
Hydrothermal treatment of carbon and biocarbon Asymmetric
Mn(OAc);-4H,0 at 180 °C for 24 h 2-electrode/Polyvinyl
Carbonizat.ion at 690 °C in N, atmos_ph?re Zn4Sin O (OH), /3D alcohol (PVA)/KOH
for2 h with heating rate of 1 Cmin Zn N, S-enriched 475 gel 124@/10© 0.44®/40® [132]
ydrothermal treatment of carbon and biocarbon
Zn(OAc),-2H,0 at 180 °C for 24 h
Hydrothermal treatment at 120 °C for 24 h.
Carbonization at 500 °C in Ar flow for 2 h.
Immersion in SnCl, 2H,O water/EtOH . 3-electrode/1 M
solution. Addition of ammonia solution Sn SnO;/biochar 376.2 HySO4(aq) solution 476/0.15 B [135]
(keeping pH = 8) and stirring for 4 h.
Annealing at 200 °C for 1 h
Banana peel
Immersion in 2 mol L1 KOHj,q) solution
for 24 h. Carbonization at 900 °C in Ar
MnO, /3D porous 3-electrode/1 M
atmosphere for 2 h. Hydrothermal Mn biocarbon - N2SOj(5q) solution 70/10 - [124]

treatment of carbon, urea and KMnO4 at
120°C for 12 h
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Table 6. Cont.
Nanomaterial Properties Electrochemical Supercapacitor Metrics
Surface Area © : d e
Biochar . b Biochar (m? g-1) Test Cell 7Capac1tance . Enir;gy Density (Wh Ref.
Feedstodk 2 Synthesis Metal Nanocomposite 8 Tvoe/Electrolvte (F g—1)/Current Density kg~1)/Power Density
P P y (Ag1) (Wkg1)
Immersion in Ni(NOs)s oq) solution. _ M ESECtrOS(fl{l don 640/5 -
Cellulose Carbonization at 500 °C for 1 h. Electrophoretic Ni Biochar wrapped 198 (aq) [95]
deposition on Ni foils using Pt wire anode, Ni/NiO nanobricks Asymmetric
P & y - 81/6000
with isopropanol electrolyte, at 40 V for 1 h 2-electrode
Immersion in 6 mol L1 KOH 44 solution at
80 °C (reflux) for 6 h. Carbonization at Fe Asymmetric
Cladophora 700 °C for 2 h. Reflux with H,SO4 and NPs/interconnected
Glomerata HNOs at 80 °C for 6 h. Hydrothermal Fe 3D pore network 957 ?(El]e Ctrosiift?i)ol\r/ll 368.9/1 164/25,600 [127]
treatment with NH,OH and FeSO,-7H,0 at biochar (@)
120 °C for 15 h
Mixing with KOH and KMnOj. Symmetric
8 o MoS; nanoflow-
Cornstalks Carbonization at 800 °C for 2 h under N, Mo ers/biocarbon 930 2-electrode/6 M 38.1/50.0 12.1/37,775 [94]
atmosphere KOH 4 solution
Carbonization at 900 °C for 2 h under N,
atmosphere. Immersion in Co(NO3)(aq) Co304/hollow-
solution for 12 h. Calcination at 300 °C for Co biocarbon-fiber 177 . 77.8/1 15.41/7500 [130]
3hin air Asymmetric
Cotton 2-electrode/6 M
Mixing of CoCly-6H,O with urea in water at . KOH,,) solution
90 °C (reflux) for 3 h. Ultrasonic dispersion Sandwich o
in this solution. Carbonization at 350 °C for Co Cofigzlr//béocgbon ) 102/2 33.6/1500 [57]
4 h with heating rate of 3 °C min ! er/R-03%
Carbonization at 500 °C for 1 h in N,
atmosphere. Immersion in KOH(aq) solution
for 24 h. Activation at 700 °C for 2 h in N, 3-electrode/6 M
Crab waste atmosphere. Ultrasonic dispersion in Co CoFeyOy4 /biocarbon 1602 (©) 437.4/10 ~600/1 [129]

CoCl,-6H,0 and FeCl3-6H,0 aqueous
solution. Addition of NaOH to fix pH into
11. Heat treatment at 120 °C for 12 h

KOH yq) solution
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Table 6. Cont.

Nanomaterial Properties

Biochar
Feedstock 2

Synthesis ®

Metal

Biochar
Nanocomposite

Surface Area
(m? g-1)

C

Electrochemical Supercapacitor Metrics

Test Cell
Type/Electrolyte

Capacitance
(F g~1)/Current Density

(Ag™1

d Energy Density ¢ (Wh
kg—1)/Power Density
Wkg1)

Ref.

Dairy
manure/sewage
sludge

Carbonization at 600 °C for 4 h under <0.5%
O, condition. Immersion in Ni(NO3)x(aq)
solution for 24 h. Microwave oxidative
heating under 1000 W power for 30 min

NiO-
NiOOH /biochar

3-electrode/0.5 M
KOH4,q) solution

123 @
100 ®

[102]

Durian rind

Ultrasonic dispersion in FeCl3-6H,O, HNO3
and KMnOy aqueous solution for 5 h at

40 °C. Drying at vacuum for 5 days at 70 °C.

Carbonization at 800 °C for 25 min under
vacuum condition. Ultrasonic dispersion in
1 mol L1 HCl solution along with aniline
monomer (cooled by ice batch). Slow
addition of 0.125 M (NH4)25,Og(aq) solution
and stirring (2 h) for aniline polymerization

Fe

Fe304/biochar/polyaniline

510.5

Idem to the immediately above-described
protocol, except for the monomer: instead
of aniline, pyrrole

Fe

Fe304/biochar/polypyrrole

474.8

3-electrode/0.1 M
KNO;(aq) solution

615 ©

76.88 ¥

[98]

572 ©)

71.50 ©

[99]

Fresh bamboo
strip

Carbonization at 650 °C for 2 h in N,
1

atmosphere with heating rate of 3 °C min™".

“In situ” growth of CoZn-ZIF-8: heating at
120 °C for 12 h of M(AcO);-x H,O (M =Zn
and Co), 2-Melm with carbon mixture in
aqueous solution. Carbonization at 900 °C
for 3 h in N; atmosphere

Co and
Zn

CoZn/biocarbon

3-electrode/6 M
KOH4,q) solution

757.8 (10)

[131]

Hemp stem

Carbonization at 600 °C for 2 h in N flow
with heating rate of 10 °C min~!. Heating in
steam atmosphere at 800 °C for 2 h.

Immersion in KMnO,4 and MnSQj, for 30 min.

Hydrothermal treatmentat 140 °C for 24 h

MI’IOZ

nanowire/biocarbon

438

3-electrode/1 M
NaS04(aq) solution

~299/30

Asymmetric
2-electrode/1 M
Nap504(aq) solution

31.0/14,800

[123]
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Table 6. Cont.
Nanomaterial Properties Electrochemical Supercapacitor Metrics
Surface Area © : d e
Biochar . b Biochar (m? g-1) Test Cell 7Capac1tance . Enir;gy Density (Wh Ref.
Feedstodk 2 Synthesis Metal Nanocomposite m-g Tvoe/Electrolvte (F g—1)/Current Density kg~1)/Power Density
P P y (Ag1) Wkg1)
Carbonization at 700 °C in inert gas flow Symmetric
Infested ash tree with heating rate of 0.5 °C min~. . 2-electrode/2 M a1
residue Immersion in Ag,SO4/HNO3 aqueous Ag Ag/Biochar 335 LiN(SOZCF3)2(aq) 489 5.8/619 [136]
solution for 24 h solution
Heat pre-treatment at 200 °C for 6-8 h in
vacuum. Mixing /milling with K,FeO, and
dicyandiamide. Carbonization at 1000 °C NiMn,Oy4 .
for 2 h in N with heating rate of Ni and nanocrystals/3D Asymmetric
Luffa plant . .1 2 A R . 832 2-electrode/6 M 100.6/8 45.25/11,380 [110]
10 °C min~". Ultrasonic dispersion (for Mn porous graphitized KOH lution
30 min) in EtOH/ethylene glycol solution biocarbon (ag) SOTUNIO
with Ni(AcO),-4H;0 and Mn(AcO),-4H,0.
Solvothermal treatment at 185 °C for 20 h
Immersion in ZnCly(aq)
solution under vacuum for 24 h.
Natural Carbonization at 750 °C for 3 h. Immersion NiCo»S
. in Co(NO3),-6H,0 Ni(NO3),-6H,0 Ni and 204 3-electrode/6 M
metasequoia . nanowires/3D - . 281.8/10 - [117]
aqueous solution. Hydrothermal treatment Co . KOH_,q) solution
wood . . biocarbon q
at 140 °C for 12 h. Immersion in
NaZS-9HzO(aq) solution. Hydrothermal
treatment at 160 °C for 12 h
Multi-step carbonization: (1) T = 500 °C for
1 h with heating rate of 5 °C-min},
(2) T =1000 °C for 2 h with heating rate of g ]
Natural wood 5 in—1 and (3) T = 500 °C with cooling Mn Core-shell MnO, 683 ©) 3-electrode/1 M 43/10 - [121]
slice o .1 . nanosheets/biochar NaSOy(,q) solution
rate of 5 °C-min~". Immersion in !
KMnOy(,q) solution. Heating at 60 °C for
12h
Mixing with KOH. Carbonization at 800 °C
for 1 h in vacuum. Dispersion in .
Peanut shells EtOH/ethylene glycol solution for 4 h. Ni  Dlocarbonhookson 1279 ©® 3-electrode/1 M ~90/10 ~12.2/4000 [106]

Hydrothermal treatment at 80 °C for 12 h in
presence of Ni foam.

LipSOy(aq) solution
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Table 6. Cont.

Nanomaterial Properties Electrochemical Supercapacitor Metrics
Surface Area © : d e
Biochar . b Biochar (m? g-1) Test Cell 7Capac1tance . Enir;gy Density (Wh Ref.
Feedstodk 2 Synthesis Metal Nanocomposite m-g Tvoe/Electrolvte (F g—1)/Current Density kg~1)/Power Density
P P y (Ag1) Wkg1)
Carbonization at 600 °C for 3 h in N,
atmosphere with heating rate of
10 °C min~!. Immersion in KOHyq) . 3-electrode/1 M N 12)
solution. Activation at 800 °C for 1.5 h in Mo Polyoxometalate /biochar 510 HpSO4(aq) solution ~850 . [154]
Ny. Impregnation with H3PMo1,04 in
aqueous solution for 1 h
Pinecone flowers Activation in KOH(,q) solution (reflux
conditions) for 10 h. Carbonization at
900 CO for 2 h,lln Ar flow Wlth heatlpg Ijate Ni(OH),
of 5 °C min™". Ultrasonic dispersion in nanosheets /honeycomb- 3-electrode/1 M
ethanol for 30 min. Mixing with Ni . y 80.3 . 565.71/10 - [105]
. . like porous KOH_,q) solution
Ni(NOj3)2-6H2O(,q) solution, . !
. ad L biocarbon
hexamethylenetetramine and ammonia via
stirring for 1 h. Solvothermal treatment at
90 °C for 10 h
Activation in 1 M KOH_,q) solution for 12 h.
Carbonization at 700 °C for 2 h in N, NiCo0,04 .
atmosphere with heating rate of 5 °C Niand  nanosheets/honeycomb- Asymmetric
. . . - 2-electrode/2 M ~35/10 14.9/5346 [112]
min~".Hydrothermal treatment with Co like KOH. - -+ solution
Co(NO3),-6H,0, Ni(NO3),-6H,O and urea porous biocarbon (@)
Pomelo peel at120 °Cfor 16 h
Hydrothgrrpal treatment at 180 °C for 6.5 h. CoNiAl-layered
. Mixing with Co(NO3)-6H,0, . Ni, Co double hydrox- 3-electrode/2 M
Ni(NO3)-6H,0O, AI(NO3)-9H,0 and urea in and Al ide /biocarbon - KOH 4, solution 902/10 - [111]

MeOH solution. Solvothermal treatment at

150 °C for 12h aerogel
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Table 6. Cont.

Nanomaterial Properties

Biochar
Feedstock 2

Synthesis ®

Metal

. Surface Area ¢
Biochar (m2g1)

Nanocomposite

Electrochemical Supercapacitor Metrics

i d
Test Cell Capacitance

Type/Electrolyte (Ag1)

(F g~1)/Current Density

Energy Density ¢ (Wh

kg—1)/Power Density
Wkg1)

Ref.

Poplar catkins

Carbonization at 800 °C for 2 h in Ar

atmosphere with heating rate of 2 °C min~".

Ultrasonic dispersion in Tris-HCl (pH = 8.5,
10 mM) buffer solution for 30 min. Addition
of dopamine while stirring for 24 h to
self-polymerization. Mixing with Ni(NOs),,
Co(NO3),, hexamethylenetetramine, and
citric acid trisodium salt in aqueous
solution. Hydrothermal treatment at 120 °C
for6 h. Calcination at 300 °C for 2 h in air
with heating rate of 1 °C min ™"

Ni and
Co

NiCOz 04
nanosheets/biocarbon 143.21
microsheets

Rice husk
charcoal

Activation in KOH,) solution at 110 °C for
1 h. Annealing at 850 °C for 1 h in CO,
atmosphere. Mixing with Ni(NO3),-6H,O
and thiourea in aqueous solution.
Immersion of Ni foam. Hydrothermal
treatment at 120 °C for 16 h

Ni

NizS, /porous
biocarbon

Seeds of Toona
sinensis

Activation in KOH ) solution for 30 min.
Carbonization at 800 °C for 2 h in Ar
atmosphere. Mixing with Co(NO3),-6H,O,
Ni(NO3)2'6H20 and
hexamethylenetetramine in aqueous
solution. Hydrothermal treatment at 100 °C
for9h

Ni and

Ni-Co layered
double hydrox- 111.21
ide/biocarbon

96.0 13 /10

Asymmetric
2-electrode/6 M

21.7/8218.9

[113]

KOH4,q) solution

89.3/2

27.9/1500

[107]

29.6/10

23.5/959.7

[116]

Sorghum stalk

Carbonization at 550 °C for 0.5 h in N,
atmosphere. Activation in KOH,q) solution
at 700 °C for 1 h. Ultrasonic dispersion in
Ni(NO3)26H20(,q) solution. Addition of
urea solution. Microwave deposition at
700 W for 3 min

Ni(OH); /biocarbon -

3-electrode/3 M

KOH 4 solution 490.1/20

12.3/6314.4

[103]
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Table 6. Cont.
Nanomaterial Properties Electrochemical Supercapacitor Metrics
Surface Area ¢ ; d ity ©
Biochar . b Biochar (m? g-1) Test Cell 7Capac1tance . Enir;gy Density (Wh Ref.
Feedstodk 2 Synthesis Metal Nanocomposite 8 Tvoe/Electrolvte (F g—1)/Current Density kg~1)/Power Density
P P y (Ag1) Wkg1)
Activation with KOH in abs. EtOH at 60 °C
until EtOH evaporation. Carbonization at
he:z?r?g ritfeoz lers 1%1271211?1@0%;35{;?&@ Mn MnO, /biocarbon 47133 51.3/10 25.9 14 /750 [122]
KMnOy(,q) solution at 70 °C until color
Sugarcane change Asymmetric
2-electrode/1 M
bagasse Activation with KOH in abs. EtOH at 60 °C Koeflc ro s (fl{lﬂ on
until EtOH evaporation. Carbonization at @)
800 °C for 2 h in N, atmosphere with FesOu/activated
heating rate of 10 °C min~!. Mixing with Fe eSbﬁ) Cz‘r:b(‘)’s € 490.93 35.6/10 29.1 14 /800 [128]
FeCl3 '6H20(aq) and FeClz '4H2O(aq)
solution. Addition of NaOH ,q) solution
until pH = 11. Heating at 90 °C for 1 h
Addition to a Co(NOj3),-:6H,O and
Ni(NO3),-6H,O aqueous solution. . . .
Hydrothermal treatment at 200 °C for 12 h. Nlcand NP % ic" ‘;’gldﬁib : ~110 ~92/25 ~30/25,600 [96]
Carbonization at 700 °C for 3 h in Ar 0 s/010€carbo €
Typha at—rnosphere Asymmetric
) . L. . 5 2-electrode/6 M
domingensis Achvaﬁlgn in KOH(aq) so'lutlon at 80 °C for Ni-Al layered double KOH4q) solution
2 h. Mixing with water-dispersed graphene hydroxide
Ult‘;zlsiilf;f;;ﬂ?ﬁ 2 rn o g3 b nanosheets /biocarbon- ~390 144/30 ~100/28,800 [109]
Ni(NO3),-6H,0, AI(NO3)3-9H,0 and urea. grafgene
Hydrothermal treatment at 95 °C for 24 h oxide
Activation in KOH,q) solution.
Carbonization at 600 °C for 2 h in N,
atmosphere with heating rate of 5 °C min~". .
. . - . NiS NPs/porous 3-electrode/2 M
Walnut shells Mixing with Ni(NO3),-6H,0, Ni biocarbon - KOH, solution 350/10 - [108]

hexamethylenetetramine and thiourea in
aqueous solution. Hydrothermal treatment
at 180 °C for 8 h
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Table 6. Cont.
Nanomaterial Properties Electrochemical Supercapacitor Metrics
Surface Area ¢ i d ity e
Biochar . b Biochar (m2 g-1) Test Cell 7Capac1tance . Enir;gy Density (Wh Ref.
Feedstock 2 Synthesis Metal Nanocomposite m- g Tvoe/Electrolvte (F g~1)/Current Density kg~1)/Power Density
P P y (Ag1) (Wkg1)
Symmetric
Mixing with thiourea and (NHy4)sMo70O04 2-electrode/1 M LiPFq
Wasted litchi aqueous solution. Hydrothermal treatment MnO in ethylene
shell at 200 °C for 1 h. Carbonization at 1000 °C Mn nanoks)i)e:atjggr?rous 326 carbonate/diethyl 250/20 } [100]
for 3 h in N, atmosphere carbonate/dimethyl
carbonate solution
Hydrothermal treatment at 180 °C for 12 h.
Mixing with KMnOy and NaS,03-5H,0 in . :
Watermelon aqueous solution. Hydrothermal treatment Mn MnO, /Eloclarbon Not specified Iice)i_elctrodel/?il\/i 49.3/0.5 - [119]
at 120 °C for 12 h. Carbonization at 350 °C aeroge (ag) SOTUHIO
for 2 h in N; atmosphere
Carbonization at 800 °C for 5 h in N,
atmosphere. Mixing with KOH. .
Carbonization at 850 °C for 2 h in N, Ni and d(fi)iohla(}i,féi(ijde Asymmetric
Water caltrop atmosphere. Ultrasonic dispersion in Co NPs/ yorous 136.6 2-electrode/6 M 78/10 29/14,736 [115]
Co(NO3),-6H,0, Ni(NOs),-6H,0 and S/P KOH,,q) solution
. . . biocarbon q
polyvinylpyrrolidone MeOH solution.
Solvothermal treatment at 180 °C for 12 h
Dispersion in KOH and urea aqueous
solution. Carbonization at 800 °C for 1 h in Fe, O3 Asymmetric
Wheat flour Ny flux. Mixing with Fe(NOs)3-9H,0, Fe nanorods/porous 700 2-electrode/1 M ~180/10 102/9300 [126]
Na,S0y in water. Hydrothermal treatment biocarbon LipSOy(aq) solution
at120°Cfor9h
Immersion in KOH(aq) solution for 8 h.
Carbonization at 800 °C for 2 h in Ar Ultrathin Fe,O3 Asymmetric
Wheat straw atmosphere. Mixing with Fe(NO3)3-9H,O Fe film/porous 775.8 2-electrode/1 M 108/30 20.8/20,650 [125]
in EtOH at 50 °C until EtOH evaporation. biocarbon KOH_4,q) solution

Calcination at 200 °C for 5 h in air
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Table 6. Cont.
Nanomaterial Properties Electrochemical Supercapacitor Metrics
Surface Area ¢ ; d ity ©
Biochar . b Biochar (m2 g-1) Test Cell 7Capac1tance . Enir;gy Density (Wh Ref.
Feedstock 2 Synthesis Metal Nanocomposite m-g Tvoe/Electrolvte (F g~1)/Current Density kg~1)/Power Density
P P y (Ag1) Wkg1)
Immersion in KOH,q) solution at 100 °C
until water evaporation. Multi-step
carbonization: (1) T =400 °C for 3 h with MnO, .
heating rate of 5 °C-min~!, and Mn nanoplates/cross- 234 Z_Alsytrilrget/ricM 32.1/5 12.1/3570.5 [120]
(2) T =850 °C for 1 h with heating rate of linked biocarbon N esgc ode luti ’ ’ ’
10 °C-min "', Mixing with KMnOyq) nanosheets 4254 (ag) SOTUHON
solution. Hydrothermal treatment at 120 °C
for 1 h with heating rate of 2 °C min™!
Willow catkin Carbonization at 500 °C for 4 h in Ar
atmosphere. Refluxing in HNOj3(,q) solution Ni(OH)2 nanosheet
at 50 °C for 5 h. Dispersion in water and Ni arrays/hollow 155.7 53/20 16.6/15,000 [104]
mixing with Ni(NOg3),-6H,O, NH4F and biocarbon microtube Asymmetric
urea. Hydrothermal at 150 °C for 6 h 2-electrode/6 M
KOH, luti
Carbonization at 1000 °C in Ar atmosphere. Ni-Co sulfides (ag SOTUHION
Mixing with Ni(AcO),-4H,0O, Ni and .
Co(AcO),-4H,0 and thiourea in ethylene Co Nlr)lii/?(:irbon 17.3 57/20 17.7/17,200 [114]
glycol. Solvothermal at 180 °C for 8 h crotubes
Carbonization at 400 °C in N flow. .
L . Symmetric
Yellow soybean Immersion in Ce(NO3)3<aq) solution. 2-electrode/ poly(vinyl
y Addition of KOH. Hydrothermal treatment Ce CeO, /biocarbon 859 POyviny ~85/3 ~7.5/1200 [101]

sprouts

at 100 °C for 12 h. Carbonization at 800 °C
for 2 hin N, flow

alcohol)—KOH gel
electrolyte

2 Alphabetically-ordered authors’ biomass precursor denominations. ® Synthetic protocols are summarized, not including simple drying, washing, and separation (filtering, centrifuging,
etc.) steps. © Specific surface area calculated from Nj-adsorption isotherm data using the Brunauer-Emmett-Teller (BET) method. ¢ Specific capacitance value measured at the maximum

tested current density. ¢ Energy density value measured at the maximum tested power density. () Capacitance expressed in mAh g~'; @ Capacitance expressed in mF cm

—2.0)

Current

density expressed in mA cm~2; @ Energy density expressed in Wh m~2; ® Power density expressed in W m~2; © Specific surface area value of the biocarbon—not including metal
functionalization; ) Specific capacitance (F g~') at scan rate of 5mV s~ ! of nanocomposite electrode derived from dairy manure; ® Specific capacitance (F g~!) at scan rate of 5mV s~
of nanocomposite electrode derived from sewage sludge; ) Specific capacitance (F g~!) or energy density (Wh kg~!) measured at scan rate of 10 mV s~!; 10 Specific capacitance
(F g_l) measured at scan rate of 5 mV s~ 1; 1D Specific capacitance (F g_l) measured at scan rate of 5 V s~1; 12 Areal capacitance (mF cm~2) measured at scan rate of 200 mV s~ 1;
13) Capacitance expressed in C g’1 ; 19 Maximum energy density value, i.e., achieved at the minimum tested power density.
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Pre-activated M-BCH applied as electrode materials in supercapacitors are presented
in the first place. Zhang et al. [92,93] prepared several MnO-containing biocarbon nanocom-
posites via impregnation of agaric biomass with Mn(AcO), and subsequent carbonization.
In the first work [92], the authors utilized NaCl to form a molten-salt mixture during the
heat treatment resulting in the generation of macropores and mesopores within the agaric-
derived carbon matrix. This fact propitiated a specific capacitance (Cs) of 508 Fg~! ata
current density of 20 mA cm 2 and 94% capacity retention after 5000 cycles (at 20 mA cm~2).
In the second article [93], the obtained MnO/porous carbon used as cathode in an asym-
metric supercapacitor system delivered 637 F g~! at 3 mA cm~2, with significant cycling
stability: 91% capacity retention over 5000 cycles (at 10 mA cm~2). In 2020, another
work [94] reported the preparation of a MnO/biomass-derived carbon, but in this case, the
feedstock was wasted litchi shell and the MnO precursor, KMnQO,. With this material, the
authors assembled a symmetric supercapacitor device that developed 162.7 F g~ of Csp at
a current density of 0.5 A g~! and 57.7 Wh kg~ ! of energy density at a power density of
400 W kg~ L.

Regarding M-BCH supercapacitors involving Ni compounds, two works were reported.
On one hand, Paravannoor [95] described the fabrication of a Ni/NiO nanobrick/BCH
nanocomposite via nickel nitrate-cellulose mix carbonization followed by its electrophoretic
deposition on Ni foil support. Remarkably, this material achieved up to 1058 F g~ of
specific capacitance in single-electrode test, and 81 Wh kg~! and 6 kW kg~! of energy
and power density, respectively, in asymmetric setup. On the other side, a bimetallic
Ni-Co oxide/Typha domingensis-derived biocarbon was tested as supercapacitor electrode
by Golmohammadi and Amiri [96]. This nanocomposite reached—in charge—discharge
experiments—1770 F g~ of specific capacitance at current density of 1.0 A g~ !, retaining
60% of it when the current density was increased to 66 A g~1. Besides, it showed a good
cycling stability (x92% retention after 5000 cycles), and an energy density of 101 Whkg ™! at
25.6 kW kg~ ! acting as positive electrode within a hybrid supercapacitor device employing
Vulcan XC-72R carbon black as negative electrode. Another study involving cobalt was
reported by Shi et al. [97] in 2018. In this case, Co is present in form of Co3O4 generating a
sandwich Co30;,/carbon fiber/Co304 nanocomposite being prepared from cotton. This
material exhibited a specific capacitance of 892 F g~! (at 0.5 A g~ ') and 88% capacitance
retention over 6000 cycles.

Focusing on pre-activated Fe/BCH supercapacitors, a pair of publications by Thines
et al. [98,99] proposed the utilization of durian rind as precursor to obtaining similar
magnetic biochars—(thanks to the formation of magnetite, Fe304) combined with ‘in
situ’-polymerized polyaniline (PANI) [98] or polypyrrole (PPy) [99]. These related ma-
terials showed similar outcomes when were assessed for supercapacitor applications:
Fe304/carbon/PANI developed 615 F g ! of specific capacitance (at 10 mV /s) and ~77 Wh kg~
of energy density, whereas the Fe304/carbon/PPy nanocomposite exhibited 572 F g~! and
~72 Wh kg~ !, respectively.

Then, cornstalks were chosen by Zhao et al. [100] as biocarbon precursors to prepare
MoS; /C nanocomposites via a first step of cornstalk impregnation with thiourea and
ammonium molybdate followed by consecutive hydrothermal (at 200 °C) and carbonization
(1000 °C) steps. The authors tested different carbonization periods (1, 2, or 3 h), being the
material produced with the shortest treatment the most active as supercapacitor anode
(250 F g~! of Cyp at 20 A g~!) mainly due to its highest surface area. Lastly, a very recent
article [101] reported the production of CeO,/biocarbon material from yellow soybean
sprouts (biomass feedstock) and Ce(NOs3)3 as cerium dioxide precursor. The nanocomposite
carbonized at the highest temperature (800 °C) resulted in the most active material for
supercapacitor application, presenting a maximum specific capacitance equal to 752 F g~ !
and only 2.5% capacitance loss over 10,000 charge—discharge cycles. Additionally, this
material delivered an energy density up to 25.5 Wh kg~ when it was assembled in a
symmetric supercapacitor system.
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Henceforth, all the mentioned M-BCH supercapacitor electrode materials have been
prepared by a post-carbonization metal functionalization strategy. The nickel-containing
materials are preponderant among this class because up to 17 studies on biochar-based
electrodes for supercapacitors, involving uniquely Ni or Ni combined with another metal,
have been published since 2017. Focusing on biocarbons exclusively containing nickel,
Wang et al. [102] employed two wastes (dairy manure and sewage sludge) to produce two
different Ni-loaded biochars. For that, the authors carbonized the previously-dried precur-
sors at 600 °C for 4 h, loaded the resulting carbonaceous materials in Ni(NO3), aqueous
solution, and activated them via microwave (MW) oxidation. Thus, the microwave-treated
dairy manure-derived biochar supercapacitor exhibited the highest specific capacitance,
123 F g~ ! at 5 mV/s, with less than 2% loss after 1000 charge-discharge cycles. More re-
cently, in 2020, a Ni(OH), /sorghum stalk biomass carbon [103], synthesized via microwave
deposition, was tested as supercapacitor electrode. Due to the uniformly microwave-
deposited Ni(OH), this material achieved specific capacitances of 889.2 and 490.1 F g~!
at current densities of 2 and 20 A g~ !, respectively. Additionally, it preserved 95.9% of
capacitance after 30,000 cycles at 20 A g~ . Li et al. [104] also used nickel hydroxide to deco-
rate biochar by growing (3-Ni(OH), nanosheets arrays on hollow microtubes derived from
willow catkin. Then, they assembled an asymmetric supercapacitor using the Ni(OH),-
containing nanocomposite as positive electrode and porous carbon microtubes as negative
electrode reaching a remarkable energy density level of 37.8 W h kg~! at 750 W kg~ !.
Another work involving Ni(OH),-decorated biocarbon [105] describes the obtention of
ultrathin Ni(OH), nanosheet arrays grafted honeycomb-like porous carbon. The biocarbon
support was produced by carbonizing pinecone flowers previously activated with KOH,
while the Ni(OH), was synthesized from Ni nitrate via solvothermal reaction in presence
of methenamine. The as-prepared nanocomposite showed an enhanced supercapacitor
performance (Csp = ~916.4 F/g at 1 A/g and significant stability) in comparison with the
honeycomb-like porous carbon and the nickel hydroxide separately. In 2021, the assessment
of a peanut shell-derived biocarbon deposited on a Ni foam [106] as working electrode
in a three-electrode cell system reported maximum specific capacitances (at a scan rate of
10 mV s~ 1) of 243 and 272 F g~ ! using KOH and Li;SOy as electrolytes, respectively. Wang
et al. [107] deposited a promising biocarbon/Ni3S; nanocomposite on Ni foam as well. The
authors activated a rice husk-derived charcoal with KOH and CO, and generated nickel sul-
fide hydrothermally from Ni nitrate and thiourea. This material prepared with the longest
hydrothermal reaction time (16 h) reached the maximum energy density of 35.7 Wh Kg~!,
which was remained at 27.9 Wh Kg~! with a high-power density at 1500 W kg ! when
was assembled in a C/NizS,//C asymmetric supercapacitor. This high performance
was attributed to the well-developed porosity of the biocarbon, leading to a maximized
electrolyte-Ni3S, contact. Another work [108] involving a biocarbon /NiS nanocomposite
studied the optimum conditions to produce uniformly dispersed NiS nanoparticles on a
walnut shells-derived carbon. It was found that 8 h of hydrothermal synthesis at 180 °C
resulted in the most active material, presenting a Cs equal to 1688.5F g1 (atj=1A g™1)
and significant cycling stability.

Apart from two works reporting post-carbonization functionalized biochar-based
supercapacitor nanocomposites containing Ni/Al [109] and Ni/Mn [110], both produced
from plants, Luffa and Typha domingensis, respectively, the combination Ni/Co is the clear
protagonist. As an example, Figure 6 collects the synthetic protocols for several Ni/Co-BCH
tested as electrode materials in supercapacitors. Thus, two studies including pomelo peel
as precursor have been published [111,112]. The first of them [111] exposes the production
of a carbon aerogel combined with a cobalt-nickel layered double hydroxide also involv-
ing aluminum (CoNiAl-LDH@CA). This nanocomposite was employed as supercapacitor
electrode material showing significant specific capacitances of 1134 F g~! (at 1 A g™ !)
and 902 F g~ ! (at 10 A g~ !) and admirable cycling stability with a virtually unaltered
capacitance after 4000 cycles. The latter article [112] presents the growth of NiCo,O4
nanosheets on an interconnected honeycomb-like porous carbon. After the KOH activa-
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tion and carbonization of the pomelo peels, the resulting biocarbon was loaded with Ni%*
and Co?* ions and subsequently subjected to hydrothermal treatment. Then this material
showed 1137.5F g~ ! (at 5 A g~!) and retained 90.3% of its capacitance after 5000 cycles,
and when it was tested in an asymmetric supercapacitor, using activated carbon as negative
electrode, achieved an elevated energy density of ~31 Wh kg~! (at 900 W kg~ !). In addi-
tion, the carbonization of catkins from diverse tree plants to produce Ni/Co-biocarbons
for supercapacitors has been reported twice [113,114]. Thus, Nan et al. [113] decorated
poplar catkins-derived C microsheets with NiCo,O4 and polydopamine (PD) (Figure 6a),
testing an asymmetric supercapacitor system (positive electrode: NiCo,O4/PD/C and
negative electrode: PD/C) with excellent performance: 39.1 Wh kg~! at the power density
of 800 W kg~!, high cycling stability with a 4.5% capacity loss after 5000 cycles, and a
wide potential window of 0-1.6 V. The other work [114] reported the production of wil-
low catkin-derived carbon microtubes with supported Ni-Co sulfides nanoparticles. By
adjusting the Ni precursor/Co precursor molar ratios (in both cases the corresponding
acetates), the authors controlled Ni/Co ratios in the resulting nanocomposites. They found
that the Ni/Co ratio of 2 achieved the best overall performance, i.e., a pseudocapacitance
=1210 Fg~' at 0.5 A g~!, rate capability = 83.8% (1014 F g~! at 10 A g~ 1), 5% capacity
loss after 3000 charge—discharge cycles and a maximum energy density of 28.1 Wh kg !
at 753 W kg ! assembled in an asymmetric capacitor with activated carbon as negative
electrode. Ouyang et al. [115] synthesized, via solvothermal reaction spherical, Ni-Co
layered double hydroxide nanoparticles on a biocarbon support previously obtained from
dry carbonization and KOH activation of water caltrop (Figure 6b). As in the previous
case, the Ni/Co ratio of 2 was revealed as the more suitable to obtain highly active material
electrode for supercapacitors. Thus, the synergy between the Ni-Co hydroxide and the
carbon allowed this nanocomposite to develop an elevated Cg, of 2047 F glatlAg!,
while a hybrid supercapacitor system with this material as cathode achieved 139 F g~ ! at
1 A g71, an energy density of 499 Whkg~! at 1 A g~!, and 75.8% retention after 6000 cycles.
Additionally, seeds of Toona sinensis (also known as Chinese mahogany) were used to gener-
ate a Ni-Co/biocarbon active material also including Ni-Co layered double hydroxide [116]
with remarkable results derived from the high surface area (1031.6 m g~!) of its carbona-
ceous support. Thus, this nanocomposite reached 992.2 F g~! of specific capacitance (at
1 A g~1), and the corresponding asymmetric supercapacitor (using the carbon support as
negative electrode) developed an energy density of 23.5 Wh kg~! and a power density
of 959.7 W kg~!, working in a 1.5 V window. To finish the Ni-Co/BCH section, Chen
et al. [117] presented 3D biomass carbons (derived from the KOH activation/carbonization
of metasequoia wood) decorated with hydrothermally-synthesized NiCo0,S4 nanowires.
This material was assessed in a three-electrode cell system showing its highest specific
capacitance of 765.8 F g~ ! at 1 A g1 in 6 M KOH electrolyte.
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Figure 6. Selected examples of synthetic protocols for obtaining Ni-Co/biomass-derived-carbons via
post-carbonization functionalization approach (a) [113] (b) [115]. Abbreviations: (a) PC: carbonized
poplar catkins micro-hollow fibers, PD: polydopamine, and NSs: nanosheets; (b) BPC: biomass
porous carbon, and LDHs: layered double hydroxides. Reprinted from [113], Copyright (2019),
with permission from Elsevier (a). Reprinted from [115], Copyright (2020), with permission from
Elsevier (b).

The second-largest group of post-activated M-BCH supercapacitor materials is con-
stituted by those containing manganese. Except for one work involving manganese sil-
icate [118], the remaining reported studies includes MnO,-decorated biocarbons. This
work [118] proposes the carbonization of bamboo leaves to obtain a SiO,-C framework
thanks to their inherent Si, followed by the loading of this support with Mn?* ions and
subsequent hydrothermal reaction to produce the MnSiOj3 /biocarbon nanocomposite. This
material delivered a capacitance of 162.2 F g~! (at 0.5 A g~ ! of current density), and 85%
capacitance retention over 10,000 cycles of cycling stability. In asymmetric supercapaci-
tor device exhibited 438.5 mF cm 2 of capacity at 4 mA cm 2, developing 24.6 Wh kg !
and 604.8 W kg~! of energy and power density, respectively. Focusing on the MnO,-
containing biochars, the first publication [119] appeared in 2014 and it reports the prepara-
tion of a MnO, /watermelon soft tissue-derived carbon aerogel with a specific capacitance
of 123.5 F g~1. Then, Li et al. [120] grafted willow catkin-derived cross-linked carbon
nanosheets with MnO, nanoplates using KMnO; as precursor. With this material, the
authors assembled a hybrid supercapacitor that showed a remarkable electrochemical
performance with an energy density of 23.6 Wh kg~! at a power density = 188.8 W kg~!
working in a 1.9 V window with a minor loss of capacitance (1.4%) after 10,000 cycles at
1A g’l. Wan et al. [121] also employed KMnO, as MnO, precursor (and natural wood
slices as carbon feedstock) to generate a core-shell MnO, /BCH nanocomposite exhibiting a
Csp 0f 101 F g1 and a decent cyclic stability with 85% capacitance retention over 10,000 cy-
cles. In another article [122], the carbonization and KOH activation of sugarcane bagasse
biomass, along with again the utilization of potassium permanganate to produce MnOs, is
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reported. The MnO, /biocarbon material prepared using a KMnQOy /biocarbon mass ratio of
2 resulted in the best outcomes: capacitance above 400 F g =1 at 1 A g~ ! in a three-electrode
system, and elevated energy density of 25.9 Wh kg ! at 750 W kg~! within a wide poten-
tial window (1.5 V) and 94.2% capacitance retention over 2000 cycles in an asymmetric
MnO; /biocarbon/ /biocarbon supercapacitor device. Regarding MnO, formation, Yang
et al. [123] introduced a synthetic novelty using simultaneously KMnO,4 and MnSOj, for
the hydrothermal deposition of manganese oxide on a previously carbonized hemp stem
biomass. Through this procedure the authors generated vertical MnO, nanowires on a 3D
carbon network scaffold in an open pore system, exhibiting a Cy, value equal to 340 F g~ at
1 A g~!; and forming a hybrid asymmetric supercapacitor system (utilizing the 3D carbon
network without metal functionalization as anode) that delivers 14.8 kW kg~! of power
density with an energy density of 33.3 Wh kg~ !. Finally, in 2018, it was reported the use
of banana peel, KMnO, and urea to produce MnO; /biomass-derived carbons [124] via a
five-step methodology: KOH activation of banana peels, freeze drying, 2 h carbonization at
900 °C, impregnation in KMnOy + urea solution, and final 12 h hydrothermal treatment at
120 °C. The as-prepares electroactive material showed a specific capacitance of 139.6 F g1
(at 300 mA g~ 1), and 92.3% capacitance retention after 1000 cycles (at 1 A g~1).

Apart from Ni- and Mn-post-activated biochar supercapacitors, biomass-derived car-
bons decorated with Fe-containing species attracted significant attention. Recently, two
works reported the fabrication of Fe,O3/biocarbon nanocomposites for supercapacitor
applications from wheat, one of them by carbonizing wheat straw [125] and the other,
wheat flour [126]. The former [125] proposed the formation of an ultrathin Fe,O3 film
on the straw-derived carbon, generating a synergistic effect between both components
that, along with a hierarchical porosity, led to a remarkable capacitance of 987.9 F ¢! (at
1 A g7t of current density) and important cycling stability. Furthermore, the asymmetric
supercapacitor assembled with this nanocomposite as anode material achieved large energy
and power densities, 96.7 Wh kg™! and 20.65 kW kg™, respectively. The latter article [126],
published in 2020, reported the hydrothermal synthesis from Fe(NO3)3-9H,O and NaySO4
of porous Fe,O3 nanorods supported on wheat flour-derived carbon. This material showed
an interesting electrochemical behavior as electrode, such as a Cs, value of 706 F g_l, and
assembled in a hybrid supercapacitor device, a specific capacitance of 212 Fg~! (at 1 A g~ 1),
maximum energy density of 117 Wh kg ! (at 1.0 kW kg~!), and only 5.8% capacitance loss
over 5000 charge-discharge cycles. Two other studies involving monometallic Fe /biocarbon
materials were recently published. On one hand, Pourhosseini et al. [127] explored the
integration of iron oxide nanoparticles within an interconnected 3D pore network biochar
derived from the macroalga Cladophora glomerata. The authors carried out a complete
electrochemical evaluation of this nanocomposite (tagged as FCBC, Fe composite biochar)
along with another two related materials: functional biochar (FBC)—macroalga-derived
biochar but without Fe functionalization—and magnetic biochar (MBC)—Fe®*-pre-loaded
macroalga-derived biochar. Thus, two different asymmetric supercapacitors FBC//MBC
and FBC/ /FCBC were tested, exhibiting (as can be verified in the CV, charge-discharge
and Ragone plots of Figure 7) the FBC//FCBC combination a better performance but
lower cyclability than the other one. On the other hand, Chen et al. [128] synthesized
Fe;0, /biocarbons via sugarcane bagasse KOH activation/carbonization and subsequent
Fe post-activation. The nanocomposite involving a Fe3Oy4/biocarbon mass ratio equal to
1 exhibited the largest specific capacitance, 342 F g1 (at 1 A g~!). Moreover, the hybrid sys-
tem formed by this material and a MnO, /biocarbon nanocomposite as anode and cathode,
respectively, delivered an energy density up to 29.1 Wh kg~!, with 800 W kg~! of power
density, working in a 1.6 V potential range, and retained over 90% of its capacitance after
1000 cycles. Finally, Fu et al. [129] integrated Fe and Co within a crab waste-derived multi-
hierarchical porous carbon by combining it with the pseudocapacitive active CoFe;Oj. For
that, CoCl,-6H,0O and FeCl;-6H,O were employed as CoFe,Oy4 precursors in a 120 °C heat
treatment. The most active CoFe,O,/carbon material reached a maximum Cs, of 701.8 F g_1
at a current density of 1 A g~ and only lost ~9% of its capacity over 10,000 cycles.
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Figure 7. CV curves at different scan rates of FBC//MBC and FBC//FCBC (a,d), charge/discharge
curves under different current densities of FBC//MBC and FBC/ /FCBC (b,e), 3D—CCV curves of the
FBC//MBC and FBC/ /FCBC electrodes measured at scan rate of 200 mV s—1 (cf), cycle performance
of the FBC//MBC and FBC/ /FCBC electrodes at a the current density of 8 A g~ (g/h), Ragone plot

of FBC//MBC and FBC//FCBC (i) [127]. Reprinted with permission from [127]. Copyright 2018
American Chemical Society.

In addition to the study of Ni-Co/biocarbons and a CoFe,O4/biocarbon as supercapacitor
electrode materials, already described above, a pair of articles include a Co/biocarbon [130] and
a bimetallic Co-Zn-containing nanocomposite [131]. The first monometallic Co/biocarbon [130]
consists of Co3Oy4/hollow carbon fibers obtained via cotton carbonization and subsequent
deposition of CozO4 nanoparticles, achieving a material able to reach an elevated Csp
(566.9 Fg~lat1 A g !) and 69.4% capacitance retention up to 15 A g1 in 6 M KOH,q)
electrolyte. Then, an asymmetric supercapacitor system with the Co3O4/hollow carbon
fibers and a cotton-derived carbon as positive and negative electrodes, respectively, showed
a remarkable energy density (24.31 Wh kg~ at a power density of 750 W kg~!) and high
cycling stability with no obvious capacitance decrease after 5000 cycles. The novel Co-
Zn-containing material [131], reported in 2020, was fabricated by carbonizing CoZn-ZIF
(zeolitic imidazole framework) previously grown on the surface of a fresh bamboo strip-
derived carbon, exhibiting a maximum capacity of 757.8 F g~! at 5mV s~ 1. Another biochar
involving zinc—specifically, Zn4Si,O;(OH),-H,O anchored on bamboo-derived carbon
support—was reported by Zhang et al. [132]. The authors assembled this nanocomposite
within a flexible hybrid supercapacitor device using activated carbon as anode, delivering
a maximum energy density of 0.69 Wh m~2 and showing 80% capacitance retention after
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6900 cycles. From bamboo leaves as well, Wang et al. [133] described the production of
CuOy /biocarbons via the hydrothermal formation of CuOyx on the bamboo-derived carbon
surfaces. This nanocomposite developed a Cs, equal to 147 F g1 and uniquely lost 7% of its
capacitance over 10,000 cycles in charge—discharge tests. In 2017, Genovese and Lian [134]
proposed the integration of molybdenum into pinecone-derived biochar via polyoxometa-
late [PMo1049]% impregnation, producing a nanocomposite with a capacitance 2.5 times
larger (1.19 F cm~2) than that developed by the unmodified carbon. Additionally, the
preparation of SnO,/BCH by using banana peel as feedstock and SnCl,-2H,0O as precursor
for the tin oxide was reported by Kaushal et al. [135] The SnO, /BCH electrode presented
the following electrochemical metrics: maximum specific capacitance of 465 F g~! (at
10 mV s~ ') and 476 F g~! (at 0.15 A g~!). Finally, Kouchachvili and Entchev [136] py-
rolyzed residue from infested ash tree and then activated it with AgSO4 and HNO; for
obtaining a Ag/BCH supercapacitor material. The authors assembled two different sym-
metric supercapacitors —one using the Ag/BCH nanocomposite for the electrodes and the
other one, with the Ag-free analog—for comparative purposes. Thereby, they observed
that, at the same power density and current (366 W kg ! and 1.3 mA, respectively), the
first cell delivered up to 12.8 Wh kg~ ! of energy density while the second only 8 Wh kg 1.

Regarding the surface areas exhibited by the M-BCH electrodes for supercapacitors
described below (see the fifth column of Table 6), the well-known positive influence of
surface area developing on capacitance levels is not always clear. As can be seen in the
chart below (Figure 8), the data present high dispersion and—at most current densities—
negative trends with increasing surface area. This fact shows up that the pseudocapacitive
effect of metals in M-BCH is preponderant and largely masks the influence of surface areas
and porosity.

1 (98]
Current
density

[130] *1A/g
*5A/g

* 10A/g
20A/g
* 30A/g

200 a00 Y 600 800 1000

18] Surface area (m?/g)

Figure 8. Relation between capacitance and surface area values of M-BCH included in this review.
Only data from Table 6 expressed in F/g and m? /g—for capacitances and surface areas, respectively—
are included. Straight lines represent linear-fitted trends for each set of data. Numbers between
brackets correspond to the references [own elaboration].

5.2. ORR, OER, HER

The ever-increasing energy demands all over the world and the necessity of reducing
the consumption of fossil fuels has prompted the research for alternative power sources. In
the last decades, electrochemical devices such as fuel cells and metal-air batteries have at-
tracted a lot of attention as energy conversion/storage devices due to their green character
and high conversion efficiency [137,138]. These technologies usually relied on electro-
chemical reactions, namely oxygen reduction, oxygen evolution, and hydrogen evolution
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reactions (ORR, OER, and HER, respectively) on their cathodes or anodes [139]. However,
all these reactions present sluggish kinetics and large overpotentials, limiting their energy
efficiency [137,139,140]. Therefore, the development of adequate electrocatalysts is essential
to the application of fuel cells and metal-air batteries.

Currently, platinum-based materials are considered the most promising electrocata-
lysts for both ORR and HER, while RuO; and IrO; exhibit the higher OER activity [140,141].
However, all these materials are known to have poor durability/stability, besides being
scarce and too expensive which limits their large-scale application [140,142,143].

Carbon materials, on the other hand, are generally stable, inexpensive, and present
promising electrochemical properties [138,144,145]. Furthermore, carbon catalysts doped
with one or multiple heteroatoms (N, S, B, P, etc.) show an enhanced electrocatalytic
performance for ORR [146], HER [147], and OER [140] mainly via induction of charge
transfer and redistribution of electron density [140,146]. To date, materials such as carbon
nanotubes, graphene, carbon nanofibers and activated carbon, were successfully applied as
electrocatalysts for energy conversion/storage reactions [145,148-155]. However, it should
be noted that the production of these materials is complex and expensive, which limits their
practical application [156]. Additionally, these are produced from petrochemical products
via energy-intensive or harsh synthetic processes. Meanwhile, the doped materials require
heteroatom precursors which may be toxic and/or expensive and the doping process
implies additional steps and costs in the catalyst synthesis [142,157].

Biochars present an alternative for conventional carbon materials, being less expen-
sive, derived from renewable and abundant feedstocks, environmentally friendly, and
simple to produce [143,157,158]. Moreover, biomass is rich in functional groups, which
may be beneficial for the electrocatalytic activity, and contain various heteroatoms in its
composition [147,159]. Additionally, some biochars retain the original porous structure
from the biomass source and various strategies can be applied for further increasing the
porosity, promoting the mass transfer of reactants in catalytic reactions, and exposing
active sites [142,160]. While the potential of biochars as electrocatalysts for ORR, OER,
and HER is well-known [161-164], their electrocatalytic performance is still not up to the
state-of-art catalysts.

Transition metals and their oxides, carbides, chalcogenides, phosphides, and nitrides
also show great potential as electrocatalysts [165,166]. Their application in energy conver-
sion and storage devices has attracted considerable attention by the scientific community
due to their high specific capacity, natural abundance, low cost and toxicity, and tun-
able electrochemical properties [167,168]. However, these materials feature low electrical
conductivity, low stability (specially in acidic electrolytes), and a tendency to agglomer-
ate, leading to a reduction of the accessible active sites [169]. These difficulties can be
suppressed by the incorporation of transition metals into a stable and highly conductive
support, such as biochars. Indeed, the combination of metals and biochars (M-BCH) re-
vealed to be extremely promising for the intended purpose. Not only the agglomeration
and low stability of the metal species was limited as the overall electric conductivity of the
material increased [167], but several extra advantages were reported, such as creation of
more active sites, increase of specific surface area and enhanced porosity [170], leading to
faster mass and charge transfers [171]. The metal species may be added before or after the
carbonization of biomass and the biochar is often subject to activations or functionalization
processes, since the electrocatalytic activity of biochar-based materials is strongly related
with its surface area, functionalization, and aromatization degree [172].

5.2.1. Oxygen Reduction Reaction (ORR)

In aqueous electrolytes, oxygen reduction can occur through two mechanisms, in-
volving the transfer of two (indirect pathway) or four electrons (direct pathway). The
direct pathway consists in O, reduction to OH" in alkaline electrolytes (Equation (1)) or
H,O in acidic medium (Equation (4)). On the other hand, the indirect mechanism implies
two reductions with the transfer of two electrons each and involves the generation of
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intermediate species (HO, ™ and H»O; in alkaline and acid electrolytes, respectively) before
the reduction to water or OH ™. Equations (2), (3), (5) and (6) describe the two electrons
mechanism in alkaline and acid medium, respectively.

Oy +4e” +2H,0 — 40H™ 1)
02+H,0 +2e~ — HO, +OH™ 2)
HO; +H,O +2e~ — 30H™ 3)
Oy+4e” +4H" — 2H,0 4)
0, +2H"42¢~ — H,O, 5)
HyO+2H " +2e~ — 2H,0 (6)

The four electrons pathway is the desired one for energy conversion and storage
devices, since it has a more positive potential, which allows a higher energy capacity [173].
Therefore, ORR electrocatalysts for energy storage/conversion applications should be
highly selective for the direct mechanism, while showing high current densities and low
overpotentials, such as Pt/C.

When comparing catalysts for ORR, some parameters should be considered, namely
the onset potential (Eonset), diffusion-limited current density (j.), Tafel slope (TF), and
the number of electrons transferred per O, molecule (npy). This last parameter can be
determined by the Koutecky-Levich equation (Equation (7)), where jx and ji, are the kinetic-
limited and diffusion-limited current density, respectively [157], or via current densities
measurements in bipotential mode using a rotating ring-disk electrode (RRDE). An ideal
electrocatalyst for ORR presents high diffusion-limited current density, more positive Eonset,
low Tafel slope and 1o, close to 4. Besides, it should also exhibit long-term stability and,
for application in methanol fuel cells, high tolerance to methanol crossover.

111 o
J L JK

Recently, metal-doped biochars have attracted attention as electrocatalysts for
ORR [137,143,170,174-176]. Hu et al., prepared a biomass-derived carbon doped with
Co and CoO through the carbonization and activation with KOH of vegetable sponge
(800 °C, 1 h) followed by immersion of the resulting material in a Co(NO3),-6H,O solu-
tion [143]. The material revealed to be a promising catalyst for ORR, showing similar Tafel
slope and E;/, compared with Pt/C (64 vs. 54 mV/dec and 0.77 vs. 0.83 V (vs. RHE),
respectively), while being selective for the four electrons pathway (1o = 3.91) and ex-
tremely tolerant to methanol crossover. Since the undoped biochar presented a much lower
electrocatalytic activity than the final material, with higher Tafel slope, lower selectivity
and less positive Egnset and Eq/p, the enhancement was attributed to a synergistic effect
between cobalt species and the biomass-derived carbon. Furthermore, the doping process
allowed to conserve the honeycomb-like structure from the original biochar, which had a
high specific surface area, increasing the amount of exposed active sites in the catalyst and,
therefore, enhancing its electrocatalytic performance.

Biomass-based carbon materials co-doped with nitrogen and metal atoms, namely
Fe [137,173,175], Zn [170], or Co [174], have shown interesting results in electrocatalysis,
as several studies reported that metal-nitrogen—carbon (M-N—-C) moieties can act as an
important active site for ORR [137,174,177,178] by generating charge delocalization, pro-
moting an easier O, adsorption [170]. Indeed, Zhang et al., reported a biomass-modified
carbon black doped with nitrogen and iron exhibiting excellent ORR activity in alkaline
electrolyte [173]. The catalyst, prepared by pyrolysis of a mixture containing acid treated
leaves of Ipomoea aquatica, carbon black, and FeCl3.6H,O (900 °C, 2 h, N, atmosphere),
presented a nop around 3.90 and an onset potential of 0.05 V vs. Hg/HgO (0.91 V vs. RHE),
which constituted a slightly higher overpotential than Pt/C but a similar ng,. Furthermore,
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it also showed better durability than Pt/C over 2000 cycles and an excellent tolerance to
methanol crossover. Besides the effect of Fe-N-C moieties, the catalytic performance was
also attributed to the presence of pyrrolic-N in the material. It is known that pyrrolic,
pyridinic, and graphitic N contribute greatly to the enhancement of ORR activity: pyrrolic
N can enhance the chemisorption of O, graphitic N can increase the electrical conductivity
and the limiting current density of the catalyst, while pyridinic N can act as an electron
supply and has a positive effect on the overpotential for ORR; both pyridinic and graphitic
N promote the cleavage of O=O bond, by modifying the electron distribution [168,179].

A zinc and nitrogen doped carbon derived from chitosan (Zn-N-C) also revealed
to have promising activity towards ORR electrocatalysis in alkaline medium [170]. The
material was obtained via carbonization of chitosan and Zn(NO3), 6H,O at 900 °C for 2 h;
an acid treatment was then performed to remove undoped Zn and Zn oxides. The catalyst
showed an onset and half-wave potential of 0.96 V and 0.86 V vs. RHE, respectively, which
correspond to more positive values than the ones observed with Pt/C (0.94 and 0.81 V
vs. RHE, respectively). Its limiting current density, around 6.7 mA cm~2, was also more
advantageous than the state-of-the-art catalyst (~5.8 mA cm~2), while also presenting
better tolerance to methanol crossover, higher durability, and similar selectivity toward
four electrons pathway (npp = 3.88-4.01). According to the authors, Zn-N species were
essential for the electrocatalytic performance, as well as a large specific surface area.

A nanoporous carbon derived from corn silks was doped with N, P, and Fe by Wan et al.
and applied as ORR catalysts, exhibiting a remarkable activity in alkaline medium [176].
The metal incorporation was effectuated after the carbonization (180 °C, 10 h), using FeCls
as precursor, and an annealing in NH3 atmosphere (850 °C, 1 h) was performed after and
before the incorporation, in order to introduce N and increase the porosity of the biochar.
The synergistic effect between Fe, N, P, and the biochar, the presence of pyridinic and
graphitic N and the interactions between N and P (P=N and P-N bonds) and N and Fe,
led to more positive onset potential (0.957 V vs. RHE) and half-wave potential (0.852 V
vs. RHE) than Pt/C (0.927 and 0.826 V vs. RHE, respectively), while maintaining the
same selectivity for the desired pathway (Figure 9). Comparing the performance of the
four M-doped catalysts presented above, all studied in alkaline medium (0.1 M KOH), M,
N co-doped biochars appear to be more promising than the one doped only with metal,
probably due to the presence of highly active M-N-C sites.

On the other hand, Zhang and coworkers decorated N-doped porous carbon de-
rived from porphyra with single Fe atoms [178]. Their strategy consisted of limiting the
agglomeration of single Fe atoms, that can act as active sites for ORR in Fe-N-C moieties,
by the utilization of a porous biomass-derived carbon support. The iron source selected
was hemin, added after a carbonization/activation process of the biomass in presence of
KOH (900 °C, 2 h, Ar atmosphere); a second carbonization was effectuated after the metal
introduction (800 °C, 2 h, Ar atmosphere). The resulting material showed high BET surface
area and the original porous structure of the biomass, with a large quantity of microporous
and mesoporous, providing active sites for ORR and improving the mass transport. The
single Fe atoms in Fe-N-C complexes revealed to be extremely active sites, as deduced
from the excellent ORR activity of the catalysts: ji. =5.0 mA cm~2, E1/; = 0.87 V (vs. RHE),
TS =52 mV dec™ !, noy = 4.0; for comparison, Pt/C catalyst presented similar values for ji.
and nop, but higher TS (61 mV dec™!) and less positive E1/, (0.84 V).
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Figure 9. (a) Polarization curves for N, P, Fe tri-doped biochar (N-P-Fe-C) and Pt/C obtained at
1600 rpm in 0.1 M KOH; (b) chronoamperograms obtained at E = 0.800 V vs. RHE or (c) E =0.845 V
vs. RHE; (d) polarization curves for N-P-Fe-C catalyst in absence/presence of methanol; (e) RRDE
voltammograms; (f) peroxide yield and number of electrons transferred per O, molecule for N-P-Fe-C.
Reproduced from [176] with permission from the Royal Society of Chemistry.

Various transition metal oxides supported on biochars have also attracted attention
as electrocatalysts for ORR in alkaline electrolytes, namely a-MnO; [171], CeO, [172],
Ni-Co oxides [167], CoO [180], and LaMnOs [142]. For example, Pi et al. obtained a
CeO;-encapsulated N-doped biochar catalyst by two processes: in the first method, a
metal accumulating plant (Iris sibirica L.) was pyrolyzed (900 °C, 2 h, N, atmosphere)
after having extracted Ce cations from environment; the second strategy consisted of the
plant carbonization (900 °C, 2 h, N, atmosphere) before the accumulation of Ce, followed
by loading of CeO, NPs via sonication. The first approach resulted in better catalytic
properties as the stronger interaction between CeO, and the N-doped biochar allowed a
synergistic effect, which was not observed in the second material. Furthermore, the first
material presented similar catalytic performance to that of Pt/C, with an onset potential
of 0.90 V (vs. RHE), diffusion limiting current density of 2.02 mA cm 2 and ngp around
3.55, while showing excellent stability. Through XPS results, the authors concluded that
Ce’* was present in the CeO, NPS, which generated oxygen vacancies and promoted the
chemisorption and activation processes of O,. Additionally, DFT calculations showed that
(1) CeO; has the ability to store and release Oy, increasing the access of O, to the catalyst;
(2) pyridinic N had a strong positive influence in O, chemisorption; and (3) defective CeO,
crystals led to a higher selectivity towards the four electrons pathway (Figure 10).
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Figure 10. Mechanism for ORR electrocatalysis by (i) CeO,-encapsulated N-doped biochar and (ii) an
aromatic cluster. Reprinted with permission from [172]. Copyright 2020 American Chemical Society.

Another popular strategy for enhancing ORR activity consists of introducing metal
sulfides in carbon materials [181-185]. For instance, Jiang et al., obtained an excellent
electrocatalyst and highly selective for the four-electron pathway in alkaline medium by
incorporating FeS and ZnS in N, S-doped carbon derived from Sichuan pepper [186]. The
metal sulfides were loaded on the biomass source before carbonization at 900 °C (2 h, N,
atmosphere) using NaSCN, FeCl3, ZnCl,, and 2,2-bipyridine as reactants. HR-TEM and
Mott-Schottky results indicated the formation of numerous FeS/ZnS heterojunctions, which
reportedly have the effect of increasing the electron transfer rate [179,187] and enhancing
the absorption capacity of O, molecules [186]. Furthermore, as both metal sulfides are
semiconductors and heterojunctions are photo-responsive, the catalytic properties of the
material can be enhanced via light irradiation. Indeed, it was observed a significant
increase in the diffusion-limiting current density (6.02 vs. 5.60 mA cm~2) and a shift for
more positive potentials of Eonset (1.10 vs. 1.00 V (vs. RHE)) and E; , (0.885 vs. 0.880 V
(vs. RHE)) under light irradiation (Figure 11). It is important to notice that even without
the light influence the material presented slightly better ORR performance than Pt/C,
which showed a less positive Eq /, (0.860 V vs. RHE) and lower diffusion-limiting current
density (5.50 mA cm~2), while obtaining similar Eonset compared with the non-irradiated
material. DFT calculations confirmed that the FeS/ZnS heterojunctions led to enhanced
absorption capacity of O, and higher charge transfer. The authors proposed the following
ORR mechanism (Equations (8)—(12)), where * indicates active site:

ZnFe x +0y — ZnO-OFex (8)
ZnOOFe x +H"+e~ — ZnO-OHFex ©)
ZnO-OHFe * +H'+e~ — ZnOH * +FeOHx (10)
FeOH x +H*' +e~ — Fex +H,0 (11)

ZnOH * +H'+e~ — Zn x +H,0 (12)
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Figure 11. (a) CVs of FeS and ZnS incorporated in N, S-doped carbon derived from Sichuan pepper
(FeS/ZnS@N,S-C-900) in Ny and O,-saturated 0.1 M KOH electrolyte; (b) LSV curves of the original
FeS/ZnS@N,S-C-900, the catalyst prepared without ZnS (FeS@N,S-C-900) or FeS (ZnS@N,S-C-900),
and commercial Pt/C; (c) LSV curves of FeS/ZnS@N,S-C-900 at different rotation speeds with the
corresponding K-L plots; (d) number of electron transferred per O, molecule and H,O; yield at the
potential window of 0.2-0.7 V vs. RHE; and (e) LSV curves of FeS/ZnS@N,S-C-900 obtained in dark
conditions or under light irradiation in O,-saturared 0.1 M KOH electrolyte (1600 rpm, 10 mV s7h.
Reprinted from [186], Copyright (2020), with permission from Elsevier.

Recently, Lee and coworkers supported Co,P NPs on porous N-doped carbon derived
from bean sprouts via carbonization of the biomass source and CoCl; at 900 °C (Ar atmo-
sphere) followed by annealing at 750 °C in NH3 atmosphere to promote the formation of
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micropores and, thus, the increase of the specific surface area [146]. While the material is not
totally selective for the four-electron pathway (1o = 3.56), it still showed a more positive
E1 /5 (0.836 vs. 0.825 V vs. RHE) and lower Tafel slope (81.71 vs. 93.44 mV dec™!) than Pt/C
in alkaline electrolyte. The promising electrocatalytic performance was mainly attributed
to the presence of pyridinic N and Co coordinated with N, which provide important active
sites for ORR, and to the reported synergistic effect between pyridinic N and Co.

Transition metal carbides-based materials have also been successful applied in electro-
catalysis, due to their high electrical conductivity, chemical stability, and similar electronic
properties to Pt [10,188,189]. In the last years, Wu et al. [177] and Xiong et al. [168] sup-
ported transition metal carbides on biochars to enhance the number and accessibility of
active sites for ORR in the catalyst. In the first case, Fe3C particles were revested with
N-doped graphitic carbon derived from biomass in a core—shell structure through carboniza-
tion of microalgae and FeCly-5H,0 in NH3 atmosphere at high temperature (1000 °C, 1 h).
The resulting material was highly selective for the four-electron pathway (nop = 3.91) and
presented similar Egpset (1.0 V vs. RHE) and Tafel slope (65.3 mV dec 1) and slightly more
positive E1 /5 (0.864 V vs. RHE) compared with the ones obtained with Pt/C in alkaline
electrolyte. These results confirmed the activity of Fe3C towards ORR, which in combi-
nation with N-doped biochar generated a synergistic effect responsible for the excellent
electrocatalytic activity.

The WC/N-doped carbon nanocomposite derived from corn crumbs prepared by
Xiong et al. displayed a good ORR performance in alkaline medium, exhibiting higher
diffusion-limiting current density, durability, and tolerance to methanol crossover than
Pt/C, despite the slightly less positive onset potential (0.865 V vs. RHE) [168]. The catalyst,
obtained via a pyrolysis/electrolysis route (750 °C, 3.0 V, 24 h) of a mixture of corn crumbs
and WS, in molten NaCl-KCl salt, presented a one-dimensional geometry containing
gnarled nanofibers. These structures had an important effect in the electrocatalytic activity
of the material by promoting the charge transfer and O, diffusion. Simultaneously, WC
and the nitrogen doped in graphitic and pyridinic positions provided a large number of
active sites for ORR, enhancing the catalytic performance.

Up to date, the application of M-BCH as ORR electrocatalysts in neutral and acidic
media is less frequent than in alkaline media, as can be observed in Table 7, since ORR
catalysis is usually more favorable in the latter. Nevertheless, Fe, N-co-doped biochars
derived from soybean straw [138] and catkins [190] have been used as electrocatalysts for
ORR in acidic electrolytes with considerable success. Meanwhile, in neutral media, MnO,
nanocrystals [158], iron oxides NPs [157], Fe3C/WC [191], and Fe3Se4/FeSe [179] were
anchored onto carbons derived from vegetal biomass, showing promising electrocatalytic
activity towards ORR.
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Table 7. Electrocatalytic performance of metal-supported biochar-based materials for ORR in alkaline, neutral, and acidic electrolytes.
Nanomaterial Properties ORR Metrics
Biochar . . Biochar jL TS Ref.
Feedstock @ Synthesis Metal Specie(s) Nanocomposite Electrolyte (mA cm-2) Eonset (V) Eqpp (V) @V dec-1) noz
Alkaline Medium
The plant extracted Ce cations
Wetland plant nder a hydroponi CeOz-
e pa . D i o CeO, NPs encapsulated 1M KOH 2.02 0.90 (vs. RHE) ~ 0.84 (vs. RHE) 71 3.55@ [172]
(Iris sibirica L.) environment; pyrolysis at 900 °C N-doped biochar
(2 h) under N, flow oped biocha
Pre-carbonization at 500 °C (4 h, . .
L . Biomass-derived
N, atmosphere); activation with .
Vegetable o . . carbon with @
KOH at 800 °C (1 h); immersion Co and CoO 0.1 M KOH ~4.7 0.86 (vs. RHE) 0.77 (vs. RHE) 64 391@ [143]
sponge cobalt/cobalt
on Co(NO3)y-6H,O aqueous oxide dopin
solution; ultrasonication (30 min) ping
Mixing of pomelo peels with
melamine, cobalt nitrate and Biomass-derived
Pomelo peel KOH; pyrolysis/activation at Co carbon with N/Co 0.1 M KOH 5 0.87 (vs. RHE) 0.78 (vs. RHE) - 390 @ or3.85®  [174]
800 °C (1 h, N, atmosphere); acid doping
leaching (HCI)
Mixing of biomass tar, urea and Hierarchically
FeCl; in aqueous solution porous Fe,
. followed by freeze-drying; N-co-doped N 0.04 (vs. } ) @
Biomasstar 4 onization at 700 °C (3 h, Ny Fe carbon with insitu 01 MKOH ~5 Ag/AgCl) 3.98 [157]
atmosphere); immersion in HC1 coated graphene
solution from biomass tar
Mixing of red dated with g-C3Ny Biomass based
and Fe(AcO),; pyrolysis at iron and nitrogen 0.08 (vs. —0.05 (vs. B @
Red dates 800 °C (1 h, N, atmosphere); Fe co-doped 3D 0.1 M KOH 45 Hg/HgO) Hg/HgO) 371 [175]
washing with HCI porous carbon
Acid etching of leaves (H,SO0y);
ixi f the treated leaves with . o
Fresh leaves of X80 . Biomass-modified 0.05 (vs.
. - - - ~ @
Ipomoen aquatica FeCl3-6H,0 and carbon black via Fe carbon black 0.1 M KOH Hg/HgO) 3.90 [173]

ball milling; pyrolysis at 900 °C
(2 h, N atmosphere)
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Table 7. Cont.

Nanomaterial Properties ORR Metrics
Biochar . . Biochar jL TS Ref.
Feedstock @ Synthesis Metal Specie(s) Nanocomposite Electrolyte (mA cm-2) Eonset (V) Eqp (V) (mV dec-1) 1no2
Alkaline Medium
Hydrothermal carbonization N-érfésnjdl:e-
(180 °C, 10 h); annealing in NH; e grous 0.852 (s
Corn silks atmosphere (850 °C, 1 h); mixing Fe poro 0.1 M KOH - 0.957 (vs. RHE) ’ : - 3.87-3.99 ® [176]
- L carbon derived RHE)
with FeCls; annealing in NH3 from plant
atmosphere (850 °C, 1 h) bi p
iomass
Pyrolysis at 800 °C using Biomass-derived
soybean straw, melamine, Fe-N co-doped
Soybean straw magnesium oxide and ferric Fe’lfeesg and porous carbon 0.1 M KOH - 0.989 (vs. RHE) O?{Eﬁé;s 69 3.97 @ [138]
nitrate (2 h, N, atmosphere); 34 with honeycomb
treatment with HCI structure
Mixing of ca}tkms with melamme Fe/N co-doped
and FeCl3 in aqueous medium CNT@hollow
Catkins (100 °C until complete water Fe carbon fibers 0.1 M KOH 4.08 —0.09 (vs. ~0.194 (vs. 658 3.915 @ [190]
evaporation); pyrolysis at 800 °C - Ag/AgCl) Ag/AgCl)
. A derived from
(2 h); immersion in H,SOy4 lant biomass
(80°C) p
Mixing of chitosan and
Zn(NO3),.6H,0 in aqueous Zn-N-carbon from
Chitosan solution; drying at 80 °C; thermal Zn biomass resource 0.1 M KOH ~6.7 0.96 (vs. RHE) 0.86 (vs. RHE) - 3.88-4.01 @ [170]
treatment at 900 °C (2 h, air) + chitosan
treatment with HCI
Pre-carbonization of porphyra
(300 °C, 1 h, air);
carbonization/activation process Biomass derived
Porphyra with KOH (900 °C, 2 h, Ar Single Featoms 1\ -qoPed porous - ¢ p gy 5.0 - 0.87 (vs. RHE) 52 40@ [178]

atmosphere); washing with acid;
mixing with hemin;
carbonization (800 °C, 2 h, Ar
atmosphere)

carbon supported
single Fe atoms




Catalysts 2022, 12, 207

47 of 66

Table 7. Cont.
Nanomaterial Properties ORR Metrics
Biochar . . Biochar jr TS Ref.
Feedstock @ Synthesis Metal Specie(s) Nanocomposite Electrolyte (mA cm-2) Eonset (V) Eqpp (V) @V dec-1) no2
Alkaline Medium
Hydrothermal treatment of
jackfruit seed (180 °C, 24 h); Bio-derived
carbonization (700 °C, N, carbon enriched
Jackfruit seed atmosphere); formation of Pt Pt NPs with N and 0.1 M KOH 49 0.89 (vs. RHE) 0.75 (vs. RHE) 74 3.8@ [192]
NPs from adsorbed Pt ions decorated with Pt
(chemical reduction of H,PtClg NPs
using NaBHy)
Hydrothermal carbonization at
250 °C (12 h); activation with
KOH (90 °C, 30 min); thermal Hydrochars —0.23 (vs —0.32 (vs
Corncobs treatment at 600 °C (1 h, N, a-MnO, supporting 0.1 M KOH 2.85 A / A Cl). A / A Clj - 3.27-3.81 @ [171]
atmosphere); incorporation of «-MnO, 8/ 18 8/ 28
MnO; (hydrothermal method,
120°C,3h)
Mixing of Co(II) and Ni(II)
precursors with Typha Biomass-based
domingensis in aqueous solution; . . carbon nanofibers
donz%pheisis heating of the resulting solution 11:21_1(5;0);111(1122 composited with 1M KOH 0.23 ;0/1A5 (é; /;0/12 (Z; - - [167]
8 at 200 °C (12 h); centrifugation; p nickel-cobalt 8/ A8 8/ A8
pyrolysis at 700 °C (3 h) under oxides
argon atmosphere
Pyrolysis at 300 °C (2 h, Ny
atmosphere); activation with Perovskite
KOH; pyrolysis at 700 °C (2 h, LaMnOs3; NPs
N, atmosphere); treatment with LaMnO; NPs . anchored on 0.1 M KOH ~d D ) } 76 3.82 @ [142]
biomass—derived

Okara

HNOj3; deposition of LaMnO3
NPs (sol-gel method); calcination
at 350 °C (5 h, air) and 600 °C
(4 h, vacuum)

N, P co—doped
porous carbon
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Table 7. Cont.
Nanomaterial Properties ORR Metrics
Biochar . . Biochar jr TS Ref.
Feedstock @ Synthesis Metal Specie(s) Nanocomposite Electrolyte (mA cm-2) Eonset (V) Eqpp (V) @V dec-1) no2
Alkaline Medium
KOH activation/pyrolysis Sponge-like
(800 °C, 1 h, Ny atmosphere); N-doped carbon
mixing with CoCl, in aqueous materials with ) @ (b)
Soybean straws medium; drying (80 °C); CoO NPs Co-based NPs 0.1 M KOH 5.8 0.87 (vs. RHE) 0.79 (vs. RHE) 4.03 @ or 3.75 [180]
carbonization at 800 °C (1 h, NHj derived from
atmosphere); washing with HCI biomass
Mixing of Sichuan pepper,
NaSCN, FeCls, ZnCl, and ZnS/FeS
Sichuan pepper 22-bipyridine in aqueous ZnSandFes ~ heterojunctionson gy oy 5.60 1.00 (vs. RHE) 0880 (vs. 78 4@ora39®  [186]
medium (25 °C); drying at 60 °C; biomass-derived ' ' ’ ’ RHE) )
pyrolysis at 900 °C (2 h, N, porous carbon
atmosphere)
Mixing with CoCl, in aqueous
medium (18 °C); drying (80 °C); Bio-derived Co,P 0.836 (vs
Bean sprouts heat-treatment at 900 °C (Ar Co,P NPs NPs supported on 0.1 M KOH - - .RHE) ’ 81.71 3.56 @ [146]
atmosphere); annealing at 750 °C N-doped carbon
(NHj3 atmosphere)
Mixing of microalgae powder i,
. o N-doped graphitic
. with FeCl,-5H,0; carbonization 0.864 (vs. @ (b)
Microalgae in NH; atmosphere at 1000 °C Fe;C carl?on from 0.1 M KOH - 1.0 (vs. RHE) RHE) 65.3 391 @ or3.98 [177]
biomass
(1h)
Miing o com cumbs o1 WS W doped
Corn crumbs . L WC carbon 1 M KOH - 0.865 (vs. RHE) - 61.52 3.80 @ [168]
pyrolysis/electrolysis process nanocomposite
(750°C, 3.0V, 24 h) p
Neutral medium
Hydrothermal method at 180 °C Tron oxide
Microalgae (microalgae mixed with FeCl, aq.  FeOOH, Fe304 NPs-embedded 50 mM 0.589 (vs
Chlorella solution, 12 h); pyrolysis at and a-Fe, O3 N-doped phosphate 5.43 0.811 (vs. RHE ‘RHE) ' 65.1 3.98 ®) [157]
pyrenoidosa 900 °C (2 h, N, atmosphere); ball NPs bioca rli)on buffer solution

milling
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Table 7. Cont.

Nanomaterial Properties ORR Metrics
Bioch . . Bioch ' TS Ref.
Feez;(s)tco;(r @ Synthesis Metal Specie(s) Nanoz(());;:)site Electrolyte (m A]:.-mfz) Eonset (V) Eyp (V) @V dec-1) no2
Neutral medium
Pine wood High temperatllre gasﬁlgatlon MnO, Grgphltm biochar 0.1 M NaySO,
lumber (up to 1000 °C); alkaline nanocrvstals with supported (pH adjusted) - - - - [158]
pos-treatment y MnO, P )
Mixing of cornstalk cores,
melamine, hydrazine hydrate, he tFe ifjigiii in 50 mM
Cornstalk cores FeCl3 and Se powder (80 °C); Fe3Sey and FeSe cornst]a Ik-derived phosphate - - - - 3.764-4.06 @ [179]
drying; carbonization at 850 °C N-doped carbon buffer solution
(2 h, N atmosphere) P
Mixing of pomelo peels, Biomass-derived 50 mM
K4Fe(CN)g and NayWOy; Fe3C and WC porous B ) B ) @
Pomelo peels carbonization at 600-1100 °C NPs Fe3C/WC/GC phosphat'e 395 (191
. buffer solution
(1.5 h, N, atmosphere) nanocomposite
Acidic medium
Pyrolysis at 800 °C using
soybean straw, melamine, Biomass-derived 0.754 (vs
Soybean straw magnesium oxide and ferric Fe;C and FezOy Fe-N co-doped 0.1 M KCIO4 - 0.886 (vs. RHE) ’ ' 76 3.89 @ or 3.65 [138]
4 5 P RHE)
nitrate (2 h, N, atmosphere); porous carbon
treatment with HCI
Mixing of cz?tkms with melamme Fe/N co-doped
and FeCl3 in aqueous medium
Catkin: (100 °C until complete water F C;\Jg @rlhf(?gol:/v 0.5 M H-SO ) 0.586 (vs. _ ) 390 [190]
mns evaporation); pyrolysis at 800 °C ¢ carbon fibers ’ o Ag/AgCl) ’

(2 h, Ny atmosphere); immersion
in H,SO4 (80 °C)

derived from
plant biomass

@ Determined by Koutecky-Levich equation; ® Determined by RRDE measurements.
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In summary, biochar-based electrocatalysts containing non-precious metal species
demonstrated excellent electrocatalytic properties for ORR, exhibiting similar or even
superior catalytic performance than benchmark Pt-based materials.

5.2.2. Oxygen Evolution Reaction (OER)

In oxygen evolution reaction (OER), water or OH™ is oxidized to produce a O,
molecule via a complex process involving several steps of electron transfer and numerous
intermediates [193]. In acidic and neutral electrolytes this reaction is overall translated
by Equation (13), while in alkaline electrolytes the process occurs slightly differently and
according to Equation (14).

2H,O (1) = 4H" + 05 (g) +4e~ (13)

40H™ — 2H,O (1) + O (g) + 4e” (14)

Similar to ORR, this reaction also suffers from large overpotentials and slow kinetics.
Currently, rare metal oxides are the state-of-the-art catalysts for OER, with special focus
on RuO; and IrO; [140]. To compare different electrocatalyst for this reaction, some
electrochemical parameters must be taken in consideration, namely the exchange current
density (jo), overpotential (1710) required by the catalyst to achieve a j = 10 mA cm™2,
Tafel slope (TS) and turnover frequency (TOF). For both OER and HER this value of
j =10 mA cm~?2 is the current density of interest since in the solar water splitting process
this is the current density expected for a 12.3% efficient solar to hydrogen device, which
would be required for cost-competitive photoelectrochemical water splitting [141].

Gao et al. reported the excellent electrocatalytic activity towards OER of a hierarchical
mesoporous N-doped carbon derived from Jasminum mesnyi flower and decorated with
FeNi NPs [140]. The catalyst was prepared through in situ freeze-drying of a mixture
containing the biomass source, FeSO, and NiSOy, followed by pyrolysis at 900 °C (2 h,
Ar atmosphere). Compared to IrO,/C, the composite exhibited lower overpotential at
10 mA cm 2 (301 vs. 342 mV) and TS (49.7 vs. 64.5 mV decfl), much lower Egnset and
higher stability in alkaline electrolyte. The enhanced performance was explained by the
excellent intrinsic activity of FeNi NPs, the numerous active sites present in N-doped
carbon, resulting from the high porosity and specific surface area, and by the presence of a
synergistic effect between FeNi NPs and the carbon support.

Guo et al., on the other hand, opted for anchoring Ni-P in a 3D carbon support
derived from biomass [194]. To obtain this material, holly leaves were firstly calcinated at
800 °C (2 h in N, atmosphere) and then Ni-P was introduced via electroless deposition.
The composite showed a similar OER electrocatalytic performance compared to RuO,
(Figure 12), obtaining a lower overpotential at 40 mA cm ™2 (300 mV vs. 360 mV) but a
higher Tafel slope (115.8 vs. 56.2 mV dec!). The high electrical conductivity and the
hierarchical porosity of the overall material allowed an efficient charge and mass transport,
which coupled to the high intrinsic catalytic activity of Ni-P led to a very promising catalytic
performance for OER.
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Figure 12. (a) LSV curves and (b) Tafel plots of Ni-P anchored in holly leaves-derived carbon
(Ni-P/CL) with different deposition times (15, 30, and 45 min), the original carbon substrate (CL)
and commercial RuO,; (¢) LSV curves of Ni-P/CL (30 min) during the initial and 500th cycle; and
(d) chronoamperogram obtained at E = 1.6 V vs. RHE. Reproduced from [194] with the permission
of Wiley.

5.2.3. Hydrogen Evolution Reaction (HER)

During hydrogen evolution reaction (HER), Hy molecules are generated in acidic
electrolyte via the reduction of H* ions (Equation (15)) [141,156]. The overall process occurs
through two steps: the first one involves the adsorption of a hydrogen atom (Volmer step),
followed by the combination of two adsorbed hydrogens (Tafel step) or the reaction with
a proton (Heyrovsky step) [141]. It should be noticed than an excellent catalyst for HER
must absorb hydrogen atoms easily but not too strongly to allow these second steps [141].

2H" 42~ — H, (15)

In this reaction, electrocatalysts should be evaluated according to their overpotential
(1), current density (j), Tafel slope (TS), turnover frequency (TOF), exchange current density
(jo), and Faradaic efficiency.

Nowadays, Pt-based materials show the most promising electrocatalytic activity to-
wards HER [195,196]. To considerably reduce the utilization of Pt in HER electrocatalysis,
Wang et al. loaded a trace amount of Pt NPs (0.15%) on a carbon support derived from
wood, via magnetron sputtering [197]. This composite obtained a very low overpotential
of 0.050 V at j = 10 mA cm~2 and a Tafel slope of only 64 mV dec™! in alkaline media,
suggesting that the HER process occurred through the Heyrovsky—Volmer mechanism.
Surprisingly, a commercial Pt/C catalyst, containing 20% Pt, exhibited higher overpoten-
tials and much lower current density at —0.2 V (vs. RHE) than the prepared material.
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The authors attributed the enhanced electrocatalytic activity to the unique properties of
the biochar, which presented a porous structure with an extremely ordered microtexture,
contributing to a faster mass transport and promoting hydrogen adsorption/desorption.
On the other hand, in M-BCH electrocatalysts, Pt is usually replaced with non-precious
materials, namely transition metal NPs [198] or metal phosphides [169], carbides [147,199]
or sulfides [156]. For instance, Min et al. decorated a porous carbon membrane derived from
biomass with Co NPs by mixing pomelo peels with Co(NO3), and annealing the mixture in
air at 260 °C, followed by carbonization at 800 °C in N, atmosphere [198]. The material pre-
sented a 3D porous structure, with interconnected pores, highly dispersed Co NPs confined
by a thin graphene layer and high surface area. The catalyst was tested for HER in alkaline
electrolyte, obtaining an 7719 = 154 mV, a Tafel slope of 106.4 mV dec™! and an exchange
current density of 1.009 mA cm 2 (Figure 13). Comparing to Pt foil, that corresponds to a
considerably higher overpotential and Tafel slope (94 mV and 59.2 mV dec !, respectively),
but a similar exchange current density (1.020 mA cm~2). Furthermore, the prepared catalyst
showed an excellent long-term stability (Figure 13) and a Faradaic efficiency close to 100%.
The unique properties of this material contributed to its electrocatalytic performance: the
hierarchical porosity allowed a fast diffusion of electrolyte and Hj, the high graphitization
degree of the carbon membrane conferred excellent electrical conductivity, promoting the
charge transfer, and the homogeneously distributed Co NPs acted as active sites for HER.
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Figure 13. (a) LSV curves (1.0 M KOH, scan rate = 0.5 mV s~1); (b) Tafel plots for a pomelo peel-
derived porous carbon membrane embedded with Co NPs (Co@PPDC) and Pt foil; (c) LSV curves of
Co@PPDC during the 1st and 2000th catalytic cycles; and (d) long-term stability tests of Co@PPDC at
an overpotential of 265 mV in 1.0 M KOH electrolyte. Adapted from [198], Copyright (2020), with
permission from Elsevier.



Catalysts 2022, 12, 207

53 of 66

An et al.,, loaded Mo,C in a S, N-doped carbon derived from sunflower seeds and
evaluated its electrocatalytic activity for HER in both acid and alkaline medium [147]. In1M
KOH electrolyte, the obtained performance was comparable to the one of Pt, presenting a
low 7719 of 60 mV, a Tafel slope of 71 mV dec !, an exchange current density of 1.07 mA cm 2
and a Faradaic efficiency close to 100%. In 0.5 M H,SO, media, the overall electrocatalytic
activity is poorer, showing higher overpotential (146 mV) and Tafel slope (83 mV dec™!)
and significantly lower exchange current density (0.136 mA cm~2). In both cases, the
material showed an outstanding long-term stability. Mo,C is a promising material for HER,
as it shows comparable energy band structures to Pt [147]. The introduction of graphitic
S, N-carbon compensated for the low electrical conductivity of the carbide. Furthermore,
Mo, C particles were highly dispersed on the carbon matrix, which provided numerous
active sites for HER and allowed a fast charge transfer. Finally, the high surface area of
the catalyst also contributed to its excellent electrocatalytic performance by promoting
diffusion of H, and ions and exposing active sites.

Guo et al., obtained similar results with a Mo,C/C electrocatalyst, in which carbon
was obtained from carbonization of pomelo peels and co-activated with N and K [199]. The
electrocatalytic performance was also better in alkaline electrolytes than in acidic ones, but
long-term stability was obtained in both media. However, this catalyst showed slightly
higher Tafel slopes and overpotentials at j = 10 mA cm~2 than the values presented by the
material prepared by An et al.

MoS,; nanosheets are also promising HER electrocatalysts due to their outstanding
electrocatalytic activity and relatively low cost [156]. To minimize the large overpotentials
obtained with this material, MoS, should be assembled with a highly conductive porous
carbon support. This strategy was applied by Qiao et al., which dispersed MoS, nanosheets
in a carbon tube matrix (MoS, /BCTM) [156]. In this case, wild celery, a plant with a very
characteristic micropipe structure, was used as carbon source and template for the tube
morphology (Figure 14). Carbon tubes are chemically stable, highly conductive materials
and this specific structure allows enhanced mass transfer, as it provides additional transfer
pathways [156]. Furthermore, the high surface area implies numerous exposed active sites,
leading to a superior electrocatalytic performance. Indeed, the prepared electrocatalyst
showed good activity for HER in acid medium, obtaining a Tafel slope of 51 mV dec™!,
1710 =176 mV at j = 10 mA cm 2 and jy = 0.01 mA cm~2, which corresponds to a slightly
higher Tafel slope and overpotential and lower exchange current density compared to Pt/C.

To summarize, biochars decorated with Mo,C, Co NPs, Mo0S,, Pt NPs, CoP, and Ni,P
have successfully catalyzed the hydrogen evolution reaction, in acidic or alkaline media. To
the best of our knowledge, the electrocatalytic performance towards HER of all the M-BCH
reported in literature is compared in Table 8.
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Figure 14. Preparation of MoS,/BCTM electrocatalyst and its application in HER. Reprinted
from [156], Copyright (2019), with permission from Elsevier.
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Table 8. Electrocatalytic performance of metal-supported biochar-based materials for HER.
Nanomaterial Properties HER Metrics
Biochar . Metal . . 110 . 2 TS Faraday
Feedstock Synthesis Specie(s) Biochar Nanocomposite Electrolyte @V) jo (mA cm—2) @V dec-1) Efficiency (%) Ref.
Pre-carbonization with urea (400 °C); . . .
Pomelo peels activation with KOH; mixing with Mo,C N, K Co—AlcEZlated blocl;)al_gdenved 0.5 M H,SO4 161 - 57 - [199]
(NH4)sMo70O,4; pyrolysis (800 °C, Ar) molybdenum carbide 1M KOH 144 - 53 -
Treatment with 2 M HCl (10 h) and
Sunflower sceds  H3PMopOyo (24 h); carbonization at 800 °C Mo,C Mo,C@S,N-carbon 0.5 MH,50, 146 0.136 83 - [147]
(4 h, Ar atmosphere) 1M KOH 60 1.07 71 ~100
Mixing of pomelo peels with Co(NO3),; . 4
Pomelopeels  annealing in air (260 °C, 6 h); carbonization Co NPs Biomass-derived porous C 1M KOH 154 1.009 106.4 ~100 [198]
’ membrane embedded with Co NPs
(N7 atmosphere, 800 °C, 6 h)
Washing with HCI; carbonization at 750 °C
(8 h, Ny atmosphere); incorporation of
. MoS, (heating of biochar and an aqueous Biomass carbon tube matrix )
Wild celery solution containing thiourea and MoS, auxiliary MoS; heterojunction 0.5 M H>504 176 0.01 o1 [156]
hexaammonium heptamolybdate
tetrahydrate at 220 °C, 18 h)
Carbonization at 1000 °C, (Ar atmosphere); . .
WO.Od (.)f Pt incorporation via magnetron sputtering Pt NPs Platinum .supporte.d on carbonized 1 M KOH 50 - 64 - [197]
Australian jarrah biomorphic wood
method (10 s, 10 mA)
Graphene oxide (GO) was prepared using a
m"d‘ﬁejogmm m;%jgﬁfg:fﬁg“ with CoxP@C Core—shell NPs 0.5 M H,SOy 120 - 57 -
Seaweed Co(NO3),-6H,O; the mixture was dehydrated CoP Embe(écizdﬁr;ffACeigsse-ll inked [169]
and carbonized with red phosphorus at 800 °C P & 1 MKOH 225 _ 66 o
(240 min, N, atmosphere)
Graphene oxide (GO) was prepared using a
modified Hummer’s method and mixed with NixP@C core-shell NPs embedded 0.5 M H,SO; 305 - 74 -
Seaweed sodium alginate and then with Nip P in 3D cross-linked graphene [169]
. . . . 2 -
Ni(NO3),-6H,O; the mixture was dehydrated aerogel 1 M KOH 340 . o7 .

and carbonized with red phosphorus at 800 °C
(240 min, N, atmosphere)
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While only a small selection of metallic species has been immobilized on biochars, it is
known that other metals—namely Fe, W, Cu, and Ru—are able to enhance the activity of
distinct carbon materials towards HER [200-202]. For instance, Yang et al., reported the
excellent catalytic performance of a WS, nanosheets/reduced graphene oxide composite for
HER, which was attributed to the fast charge transfer resulting from the strong interaction
between the metallic species and carbon support [202]. Encapsulated Fe/Fe3;C particles
on S, N co-doped graphitic carbon also revealed promising electrocatalytic activity for
HER—the incorporation of a doped-carbon support led to an increase of the number of
available active sites, enhancing the Fe;C performance [203]. Additional examples of
metal/carbon catalysts for HER can be found in the comprehensive reviews provided by
Wang [204]. Since the properties of biochars can be tuned to mimic conventional carbon
materials (e.g., graphene, activated carbon, nanoporous carbon, etc.), it is expected that
the immobilization of Fe, Cu, and W species could also improve their electrocatalytic
performance towards HER. Nevertheless, experimental studies are still required to verify
this hypothesis.

5.2.4. Multifunctional Electrocatalysts

Multifunctional electrocatalysts are able to catalyze more than one reaction, being
specifically important in systems where several reactions with sluggish kinetics occur
simultaneously. For instance, water splitting requires catalysts for both OER and HER [205],
while some fuel cells, such as unitized regenerative fuel cells, and rechargeable metal-air
batteries relies on OER and ORR [206,207]. The design of multifunctional electrocatalysts
is challenging, as the reaction mechanisms and optimal experimental conditions are very
distinct, and often the state-of-the-art catalysts for one reaction are not active towards other
reactions [205-207].

Wang et al. prepared a bifunctional electrocatalyst for ORR and OER through the
pyrolysis of a mixture containing Chlorella, cobaltous acetate, and melamine at 900 °C (1 h,
Ar atmosphere), followed by an acid treatment and a second carbonization at 900 °C [208].
The resulting material presented Co NPs encapsulated in a bamboo-like N-doped carbon
nanotubes, which is a highly beneficial structure for mass and electron transfer. In alkaline
electrolyte, the catalyst showed better electrocatalytic performance for ORR and OER
than commercial Pt/C and IrO, /C, respectively: related to ORR, the material obtained a
more positive half-wave potential (0.84 vs. 0.83 V vs. RHE) and a similar #np;, while also
presenting a lower 7719 value (352 vs. 375 mV) and Tafel slope (60 vs. 75 mV dec ') for OER.
According to the authors, Co NPs acted as active sites for both reactions, while pyridinic N
and graphitic N sites contributed mostly for ORR and OER process, respectively. As the
catalyst possessed a high amount of these three species, it was able to efficiently promote
both reactions.

Yang et al. also obtained an efficient bifunctional electrocatalyst for ORR and OER
by co-doping a peanut shells-derived porous carbon with N and FeNi alloy [209]. The
material was obtained via the carbonization of a mixture of peanut shells, melamine, and
KOH at 900 °C (2 h, Ny) followed by the addition of FeCl,-4H,O and NiCl,-6H,O and the
second carbonization step (900 °C, 2 h, N). The high specific surface area, high electrical
conductivity, and suitable ratio of micro/mesopores of the resulting electrocatalyst, in
combination with a high content of graphitic and pyridinic N, led to ORR and OER
performances comparable to the state-of-the-art catalysts (Pt/C and IrO,, respectively).

On the other hand, Lin et al. prepared an electrocatalyst for HER and OER to apply
in electrochemical water splitting [210]. The material consisted of Co,P@CoP core—shell
structures embedded in porous carbon derived from ginkgo leaf, obtained from the car-
bonization of the biomass source, cobalt (II) nitrate and ammonium nitrate at 500 °C (N,
atmosphere), followed by a thermal treatment at 350 °C in presence of sodium hypophos-
phite. Its electrocatalytic activity for OER and HER was evaluated in acidic and alkaline
media, demonstrating to be an excellent catalyst for both processes over a wide range of
pH due to the high intrinsic activity of CooP@CoP heterostructure, which favors hydrogen
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and oxygen evolutions, while the high electrochemical active surface area of the porous
carbon led to numerous active sites for both processes and the N, S doping promoted
electron-donating, enhancing the overall electrochemical activity.

CoO NPs anchored on a watermelon peel-derived biochar also showed promising
bifunctional electrocatalytic behavior towards OER and HER [211]. The nanocomposite,
denoted as CCW-700, was prepared via a pre-carbonization at 400 °C (2 h, N, atmosphere),
followed by a hydrothermal reaction in presence of CoCly-6H,O at 120 °C (10 h), an
activation treatment with KOH and calcination at 700 °C (2 h, N, atmosphere). The
electrocatalyst showed a very promising OER performance in alkaline electrolyte, obtaining
lower values of 1719 and Tafel slope than commercial RuO,. The HER performance of CCW-
700 was adequate, although not comparable with Pt/C. Nevertheless, the electrocatalyst
was successfully applied in water splitting and a good hydrogen production efficiency
was achieved.

Liu et al. grew hollow porous MnFe,O;, spheres into a biochar (MnFe,O4/BC) by a
one-pot solvothermal route (200 °C, 20 h), using MnCl,-4H,0O and FeCl3-6H,O as metal
precursors [212]. The biochar was obtained from the calcination of elm moneys at 600 °C
for 2 h under N, atmosphere. The resulting composite achieved excellent OER and HER
performances in alkaline medium, presenting low overpotentials and Tafel slopes and good
stability. Moreover, MnFe,O,/BC was applied as cathode and anode in a water electrolyzer,
requiring a low potential to achieve 10 mA cm 2. Its outstanding electrocatalytic activity
was explained by: (i) the numerous active sites for both reactions; (ii) the hollow porous
structure of MnFe,Oy4, which contributes to efficient ion transport and exposure of active
sites; (iii) the presence of oxygen vacancies and lattice defects, leading to lower activation
energy for water dissociation; and (iv) favorable hydrophilicity of the overall material,
facilitating the access of electrolyte to the catalyst.

A trifunctional electrocatalyst for ORR, OER, and HER in alkaline media, constituted
by Ni NPs dispersed on P-doped carbon derived from waste carrot, was reported by Hoang
et al. [139]. The material, prepared via carbonization at 800 °C of carrots and nickel (II) ac-
etate tetrahydrate (2 h, in Nj), showed excellent activity towards OER, expressed by lower
overpotential (368 mV), onset potential (1.52 V vs. RHE), and Tafel slope (67.6 mV dec™ 1)
compared to commercial IrO;. Its ORR performance was also promising, presenting an
onset and half-wave potentials of 0.81 and 0.67 V vs. RHE, a kinetic and limiting current
densities of 13.66 and 4.19 mA cm~2; however, the electrocatalyst only achieved a moderate
selectivity towards the four-electron pathway (nop = 3.2). Meanwhile, the catalyst showed
an appropriate electrocatalytic activity for HER (Egnset = —0.157 V vs. RHE, 7719 = 297 mV,
Tafel slope = 134.9 mV dec™ 1), although lower than the one presented by Pt/C. According to
the authors, Ni NPs displayed an important role in the material’s electrocatalytic activity, by
providing numerous active sites for the three processes and increasing the electrochemical
active surface area, OH™ diffusion and electrical conductivity, while reducing the charge
transfer resistance.

As so, some M-BCH materials showed potential to catalyze two or more energy-related
reactions simultaneously without compromising its electrocatalytic performance.

6. Conclusions

Metal-supported biochar emerges as a sustainable and low-cost catalyst material for
biorefinery and electrochemical applications, giving performance comparable or superior
to traditionally commercial materials.

Due to the abundance of oxygen-containing functional groups (C=O and COOH) in
the biochar obtained from hydrothermal carbonization of biomass feedstocks, this produc-
tion method facilitates the incorporation of metal nanoparticles, providing an outstanding
contribution to the dispersion and stability of metal active sites. Biochar matrix can also act
as reductant of incorporated metal oxides, constituting a key advantage in terms of energy
efficiency. This review highlights the activation methodology as crucial towards promising
metal-supported biochar materials, since it strongly affects the final physicochemical prop-
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erties (surface area, porosity, surface functionalization, metal dispersion, oxidation number,
etc.). The relative significance of this step varies depending on type of biochar, metal
precursors and loadings, being maneuvered through innovative synthesis/modification
methodologies.

In this review, we have attempted to summarize methods for synthesizing and prepar-
ing metal-supported biochar catalysts for specific biorefinery reactions. Although these
applications are expanding rapidly, the performance of these catalysts in some processes
(except perhaps transesterification and tar removal/ gasification reactions) is still limited in
terms of selectivity and stability due to their complex surface chemistry and heterogeneity.
It remains a challenge to gain a more precise understanding of the biochar structures and
the synergies/interactions between the metal phase and the biochar matrix in order to
understand the dominant reaction mechanisms.

Similarly, biochar-based electrodes containing non-precious metals also show in-
teresting catalytic behavior towards supercapacitors, ORR, OER, and HER, displaying
comparable or even better performance than the state-of-the-art electrocatalysts. Moreover,
some biochars successfully acted as multifunctional electrocatalysts. Carefully tuning the
textural and physical properties of metal/biochar-based materials may be challenging
but is crucial for electrocatalysis application. Furthermore, the catalytic mechanism for
the mentioned reactions in metal-supported biochar materials is not yet fully disclosed
and needs further study. This limitation can be overcome by combining experimental and
computational studies. For instance, DFT methods can greatly contribute to clarifying
catalytic mechanisms.
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