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Emerging applications of biochar-based materials
for energy storage and conversion

Wu-Jun Liu, & Hong Jiang"® and Han-Qing Yu (= *

Global warming, environmental pollution, and an energy shortage in the current fossil fuel society may cause
a severe ecological crisis. Storage and conversion of renewable, dispersive and non-perennial energy from
the sun, wind, geothermal sources, water, or biomass could be a promising option to relieve this crisis.
Carbon materials could be the most versatile platform materials applied in the field of modern energy storage
and conversion. Conventional carbon materials produced from coal and petrochemical products are usually
energy intensive or involve harsh synthetic conditions. It is highly desired to develop effective methods to
produce carbon materials from renewable resources that have high performance and limited environmental
impacts. In this regard, biochar, a bio-carbon with abundant surface functional groups and easily tuned
porosity produced from biomass, may be a promising candidate as a sustainable carbon material. Recent
studies have demonstrated that biochar-based materials show great application potential in energy storage
and conversion because of their easily tuned surface chemistry and porosity. In this review, recent advances
in the applications of biochar-based materials in various energy storage and conversion fields, including
hydrogen storage and production, oxygen electrocatalysts, emerging fuel cell technology, supercapacitors,
and lithium/sodium ion batteries, are summarized, highlighting the mechanisms and open questions in
current energy applications. Finally, contemporary challenges and perspectives on how biochar-based
materials will develop and, in particular, the fields in which the use of biochar-based materials could be
expanded are discussed throughout the review. This review demonstrates significant potential for energy
applications of biochar-based materials, and it is expected to inspire new discoveries to promote practical
applications of biochar-based materials in more energy storage and conversion fields.

Global warming, environmental pollution, and an energy shortage in the current fossil fuel society may cause a severe global crisis. Storage and conversion of
renewable, dispersive and non-perennial energy from the sun, wind, geothermal sources, water, or biomass could be a promising option to relieve this crisis.
Biochar, a carbon-rich solid residue formed in the pyrolysis of biomass, could be one of the most versatile platform materials applied in the field of modern
energy storage and conversion because of its easily-tuned surface chemistry and porosity as well as abundant availability and carbon-neutral nature. Recently,
the application potential of biochar-based materials in hydrogen storage and conversion, oxygen electrocatalysis, emerging fuel cell technologies, super-
capacitors and lithium/sodium ion batteries has been extensively explored, but the low biomass conversion efficiency, impurity of biochar and poor flexibility
severely limit their practical feasibility. Here, we provide critical rethinking about the challenges and opportunities of biochar-based materials in the energy
storage and conversion fields, and propose a more promising avenue for their applications. The merits and demerits of biochar-based materials as a functional
energy material are analyzed, and the design and synthesis of high-performance biochar-based materials as well as their scaled-up applications in the emerging
energy storage and conversion fields are presented.

1. Introduction

climate change, and even society and political stability. It is
imperative to develop cost-effective and environmentally

The contradiction of ever-increasing global energy demand and
declining of fossil fuel sources such as petroleum, coal, and
natural gas has posed serious challenges to energy security,
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friendly solutions to meet and address these challenges. In
this regard, storage and conversion of the renewable, dispersive
and non-perennial energy from the sun, wind, earth, water, or
biomass should be an effective option.'” The development of
high-performance and cost-effective materials is crucial for the
efficient implementation of the energy storage and conversion
process.”® Ideally, these materials should be industrially and
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economically attractive (e.g., readily scalable and cost-effective)
and synthesized from renewable and naturally abundant
resources. Carbon is the most widespread and second-most
abundant element (after oxygen) in the biosphere of the earth,
and it provides a basis for the storage of renewable energy in
the form of carbohydrates and other biopolymers. Meanwhile,
carbon-based materials have played important roles in recently
emerging energy conversion and storage processes,*! including
hydrogen storage and production,®* oxygen electrocatalysts
for fuel cells,*”° and electrodes in energy storage devices such as
supercapacitors and lithium ion batteries.>®*® As a consequence,
carbon materials and their energy applications have become a
very important topic recently in the field of sustainable chemistry,
and studies are quickly developing.*®

Conventionally, most functional carbon-based materials
(e.g., activated carbon, carbon nanofibers/tubes, and graphene)
are produced from coal or petrochemical products through
energy-intensive or harsh synthetic processes.’** For example,
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activated carbon is usually produced from coal or other non-
renewable resources via different activation processes such as
steam/CO, activation or chemical (e.g., ZnCl,, H;PO,, and KOH)
activation. Carbon nanomaterials like carbon nanofibers/tubes
and graphene are usually produced from the chemical vapor
deposition or electric-arc discharge techniques. Chemical vapor
deposition (CVD) is a deposition method using gaseous petro-
chemical products (e.g., ethylene, methane, acetylene, and
hydrogen gas) as a carbon resource to produce high-quality
carbon-based materials such as graphene or carbon nanotubes/
fibers at high temperatures (usually higher than 800 °C). Unlike
the CVD method, the electric-arc discharge technique can use
solid carbon raw materials such as coal or graphite as a carbon
resource to produce high-quality carbon nanotube materials.
Both the CVD and electric-arc discharge techniques usually involved
high temperature and complicated operational processes.®>** These
disadvantages greatly suppress their large scale production and
industrial applications. Thus, the development of effective
methods to produce carbon materials from renewable resources
with high performance and limited environmental impacts is
greatly needed. From the view of sustainable carbon material
(biochar) production, biomass should be a promising raw material
for the synthesis of various biochar-based materials due to its
renewable nature and natural abundance.

The global annual biomass production is more than 2 x 10"
tons (dry carbon basis) as estimated in 2016.”° Accordingly,
developing flexible approaches to prepare sustainable carbon
materials from biomass is becoming a research focus. Biochar,
also called bio-carbon, is a solid residue produced from the
thermal decomposition of biomass at moderate temperatures
(usually 350-700 °C) without oxygen or with a limited oxygen
supply. Such a definition distinguishes biochar from conven-
tional carbon materials like activated carbon and carbon black,
which are mainly produced from coal or petroleum based
resources. Table 1 presents the main differences among
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Table 1 Comparison of biochar with activated carbon and carbon black (reprinted with permission from ref. 77, Copyright 2015, American Chemical

Society)
Biochar Activated carbon Carbon black
Precursors Biomass Coal, asphalt, and biomass etc. Petroleum, coal tar, and asphalt, etc.
Carbon content 40-90% 80-95% >95%
Structure features ~ Amorphous carbon with abundant sur- Amorphous carbon with abundant Microcrystal or amorphous carbon
face functional groups, nanostructures, porosity particles

or porosity
Preparation method Pyrolysis of the biomass at medium

nalization with physical or chemical
methods

biochar, activated carbon, and carbon black. Both biochar
and activated carbon have an amorphous carbon matrix with
abundant porosity, but there is no fundamental difference
between them. Activated carbon materials produced from
biomass could even be regarded as biochar essentially. How-
ever, the main difference between biochar and activated carbon
is that the surface of biochar is usually rich in functional
groups.”” Compared with fossil-fuel-based activated carbon
and carbon black, the large scale production of biochar should
be regarded as a sustainable process, as anthropogenic CO,
emissions can be mitigated in the production of biochar from
biomass. The sustainable concept for biochar production is
displayed in Fig. 1.8> The CO, in the atmosphere can be fixed
into biomass through the photosynthesis of green plants. In the
biochar production process, the fixed CO, is bound to the
carbon matrix of biochar, providing an efficient way to remove
CO, from the carbon cycle and thus remitting global warming.
In this way, 0.1-0.3 billion tons of CO, can be removed from the
carbon cycle by carbon storage in biochar.

(e(0)]
Emission

! Photosynthesis

Biomass

Functional materials for
sustainable chemistry
and engineering

Functional materials
for energy storage
and conversion

Functional materials
for environmental
protection

Carbonization of the coal, asphalt or bio- Combustion of petroleum, coal tar, or
temperature (400-600 °C), then functio- mass at high temperature (700-1000 °C)
under physical or chemical activation

asphalt under air-poor conditions

Biomass is composed of cellulose, hemicelluloses, and
lignin. Hemicellulose (15-30 wt% of biomass) is an amorphous
branched polymer consisting of mainly pentoses, hexoses, and
uronic acids. It decomposes first, at about 200-260 °C, in biomass
pyrolysis.®® Cellulose (40-50 wt% of biomass) is a homopolymer
with only B-glycosidic bond linked -p-glucopyranose units, and it
decomposes following the hemicellulose, at about 240-350 °C.”>**
Lignin (15-30 wt% of biomass) consists of three primary mono-
mers, Le., coniferyl alcohol, sinapyl alcohol, and p-coumaryl
alcohol, and it breaks up at 280-500 °C.”> Since hemicellulose,
cellulose, and lignin could decompose at temperatures lower than
500 °C, biomass could be easily pyrolyzed at low temperatures,
producing bio-oil, incondensable gas, and biochar. However,
the biochar-based materials obtained from the low-temperature
pyrolysis of biomass don’t work well in some energy storage and
conversion fields, including Li/Na ion batteries and so on, due to
their low surface areas and poor pore features. Thus, before their
applications, a pre-functionalization process, such as surface
modifications and activation, should be conducted. For more

ﬁﬁﬁ '

Biofuels

Bio-oil

Pyrolysis

0 Biochar

Biochar functional materials

Soil remediation to enhance the primary productivity and long-term carbon storage

Fig. 1 Schematic illustration of sustainable concepts in the production of biochar and its impact on global climate.

This journal is © The Royal Society of Chemistry 2019
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information about the details of the biochar production and
functionalization processes, the reader can refer to some excellent
reviews published previously.”®°® Biochar-based functional
materials offer many advantages in energy storage and conver-
sion applications due to its easily tuned porosity and surface
chemistry. From the view of the mechanism, energy storage and
conversion involve mainly physical interaction and chemical
reactions at the interface and/or surface.’® As a result, the
porosity and surface functional groups could play an important
role in energy storage and conversion processes. For example,
the surface functional groups (surface chemistry and surface
energy) have great effects on the thermodynamics of the
heterogeneous reactions happening at the interface when
phase transitions are involved in the energy storage and con-
version processes, while the surface porosity can limit the
kinetics and rate of physical interaction and chemical
reactions.”® Meanwhile, the easily tuned porosity and surface
chemistry of biochar also make it a versatile platform for the
preparation of many biochar-nanostructured composites,
which could also be employed as materials for energy storage
and conversion applications. For more detailed information on
how to tune the porosity and surface chemistry as well as
prepare biochar-nanostructured composites, which is out of
the scope of this review, the readers can refer to one of our
previous reviews and the references therein.””

During the past few decades, there has been an increasing
awareness of the potential of biochar to provide an efficient
and versatile platform for various applications, mainly in the
environmental and catalysis fields. For example, the applica-
tions of biochar in soil remediation and the improvement of
environmental quality have been reviewed comprehensively by
Manya et al.,”® Meyer et al.,'®° Laird et al,” and Hyland and
Sarmah,'®" while the catalytic application of biochar has been
summarized more recently by Lee et al.,'** and Xiong et al.'® In
addition, several reviews exist on the application of biomass-
derived carbon materials in some specific energy applications.
For example, Abioye and Ani'®* reviewed recent developments
of carbon materials produced from waste biomass for super-
capacitors, while Long et al.,'® and Yao et al.,'°® summarized
the application of nanostructured carbons derived from bio-
mass as anode materials for lithium/sodium ion batteries.
Apart from supercapacitors and lithium/sodium ion batteries,
biochar-based materials have also been used in other energy
applications, such as hydrogen storage and production, oxygen
electrocatalysts, and fuel cells. However, no systematic and critical
review covering the applications of biochar-based materials in all
of these aspects of energy storage and conversion has been
available until now. As biochar-based materials have been widely
applied in various energy storage and conversion processes, it is
not only very necessary but also timely to comprehensively review
the applications of biochar-based materials in all aspects of
energy storage and conversion technologies; this could provide
some direction on the future development of the applications of
biochar-based materials. Therefore, this review aims to provide a
critical overview on the research advancements, highlighting the
most recent developments and the limitations of biochar-based

1754 | Energy Environ. Sci,, 2019, 12, 1751-1779
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Fig. 2 Summary of features of biochar based functional materials and
their application in various energy storage and conversion fields.

materials in energy storage and conversion applications. We
would like to provide the reader with comprehensive information
and different perspectives on biochar-based materials for energy
storage and conversion applications (Fig. 2).

Specifically, this review will discuss the following topics:
(1) biochar-based materials for hydrogen storage and produc-
tion; (2) the applications of biochar-based materials as oxygen
reduction and evolution electrocatalysts; (3) biochar-based
materials for emerging fuel cells; (4) biochar-based materials
for supercapacitor electrodes; and (5) biochar-based materials
for lithium/sodium ion batteries. These five topics were selected
for this review because they cover nearly all of the aspects of
energy storage and conversion in which biochar-based materials
can be applied. Furthermore, although these five topics address
different fundamental and technical challenges, they are con-
nected through the common use of biochar-based materials to
form mass/electron transport or electrodes involving solid-liquid
interfaces.

2. Biochar-based materials for
hydrogen energy

Hydrogen (H,) is a promising energy carrier because of its high
energy density and wide availability and abundance. The gravi-
metric energy output for H, combustion (120 MJ kg™ ) is almost
3 times higher than that of gasoline (44.5 MJ kg™ '), leaving only
water as the final product after energy output.'®” Benefiting
from these features, H, energy can act as an on-board fuel,
attracting much attention in terms of H, storage and the H,

This journal is © The Royal Society of Chemistry 2019
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evolution reaction (HER); therefore, the H, energy economy has
recently been regarded as one of the most ideal approaches to
address the upcoming fossil fuel exhaustion and the ever-
worsening environmental pollution and global warming.'%®

2.1 Hydrogen storage

Recently, hydrogen infrastructure in terms of production and
storage has served a critical role in the commercialization of
fuel cells. One of the main obstacles hindering the commercial
application of H, in fuel cell systems is the storage of sufficient
H, in a sustainable and cost-effective way."”*°® Among all of the
conventional methods for H, storage,''° namely, chemical
storage, physical adsorption, liquefaction and gas compression,
physical adsorption offers several advantages such as relatively
high storage capacity, reversibility, and rapid kinetics.""" Carbon-
based porous materials have been extensively investigated as
potential H, physical adsorption materials due to their high
surface area, large pore volume, good chemical stability, and
easily tailored porosity.** In general, the use of porous carbon-
based materials can decrease the gravimetric and volumetric
storage densities; more importantly, the increased surface area
and porosity of the carbon can offer additional binding sites on
the surface and in the pores, thus enhancing their H, storage
performance. However, porous carbon materials synthesized from
coal or petroleum sources via conventional heat treatment usually
have a large amount of mesopores and macropores (more than
50% of the total pore volume) with a pore dimension greater than
4 nm."" The mesopores and macropores can only come into play
in a monolayer adsorption manner, which is similar to hydrogen
bound on a plane, and thus are not very efficient for ambient-
temperature H, storage.**'"

Biochar, an engineered carbon material with tunable pore
structure and surface functional groups, has been used for
hydrogen-storage applications. Biochar has a high surface area
with abundant micropore features via KOH, ZnCl, or steam
activation (for detailed information on how to tune the pore
structure of biochar, the readers could refer to one of our
previous review papers’’ and references therein). The micro-
pore structure is regarded as a main contribution to H,
adsorption due to its capillarity forces, which could signifi-
cantly reduce the H, adsorption-potential.'*® Thus, biochar
materials could be a promising alternative to conventional
activated carbon for high efficient H, adsorption. Meanwhile,
compared to conventional coal or petroleum derived activated
carbon materials, the abundant surface functional groups or
inorganic species (e.g., alkali or alkali-earth metals) of biochar
could also be big supplement to its high performance in H,
storage due to the contribution of chemsorption.'"” For exam-
ple, K or Na* species, which are commonly found in biochar
materials, could act as alkaline cores to attract H,, and the
abundant sp? carbon framework in biochar could separate
charge from the alkali metal ions due to its high electron
affinity, providing strong stabilization to the adsorbed mole-
cular H,.

Because of the above advantages, various biochar materials
with high micropore content, and abundant surface functional

0
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groups have been extensively explored as H, storage media. For
example, a biochar material with tunable morphology and
texture was synthesized by KOH activation of melaleuca bark
biomass,'*® which has a high surface area (up to 3170 m* g~ '), a
large micropore volume (0.86 cm® g™ %), and abundant surface
oxygenous groups, and thus demonstrates a large H, storage
capacity (4.08 wt% at 77 K and 1 MPa). Zhang and co-workers"*®
prepared microporous carbon (MC) with a high surface area
and large micropore volume from cornstalks via pyrolysis and
KOH activation. The MC exhibited favorable H, storage perfor-
mance with a maximum H, adsorption capacity of 4.4 wt% at
77 K, and it also showed good selectivity towards CH, and CO,.
Such a high adsorption capacity and good selectivity for H, could
be attributed to its abundant micropore structure and high surface
area. By adjusting the reaction parameters, a series of carbon
materials with controlled morphologies and textures were prepared
through pyrolysis and activation of biomass waste,"** and the as-
synthesized MCs exhibited high surface areas (2000-3100 m”> g™ ),
large micropore volumes (1.11-1.68 cm® g~ '), and narrow pore-
size distributions (0.77-0.91 nm). A considerable H, storage
capacity of more than 5 wt% and an isosteric adsorption heat of
4.1-7.5 k] mol ™" were obtained by MC at cryogenic tempera-
tures over the pressure range of 0-1 MPa.

Compared with H, stored at cryogenic temperatures, room
temperature H, is more attractive. The tendency for the physi-
sorption of H, stored in porous carbons means that the H,
storage capacity at ambient temperature is often very low, and
enhanced H, storage can only be realized at a very high
pressure."”' Many efforts to store H, at near-ambient temperature
have been attempted using biomass-derived porous carbons. For
example, the H, storage performance of a series of porous carbons
derived from coconut shell biomass under room temperature
(25 °C) and high pressure (10 MPa) was investigated, and the
relationship between the H, storage capacity and the textural
features of the porous carbon was established.’** The H, storage
capacities exhibited relatively linear relationships with properties
such as specific surface area and micropore volume. A maximum
H, storage capacity of 0.85 wt% was obtained for these materials
at 10 MPa and 25 °C.

Though biochar has fast adsorption and desorption kinetics
and almost complete reversibility, its maximum H, adsorption
capacity is less than 1 wt% at room temperature even under
100 bar of H, pressure. The intrinsic low adsorption enthalpy
for H, on porous carbon should be a main cause for such a low
hydrogen adsorption capacity.""> Remarkable enhancement
in H, storage at room temperature can be achieved by using
metal-decorated porous carbon materials.’**'** Hydrogen
spillover effects should contribute mainly to the enhanced H,
adsorption performance of metal-decorated porous carbon
materials, which can be broadly defined as the diffusion of
dissociated H, adsorbed on a first surface onto another
surface.’”® The first surface is usually the decorated metal
species, which could dissociate the adsorbed H,, while the
second surface is the porous carbon on which the metal species
become decorated. Hydrogen spillover is an important pheno-
menon for various metal catalyzed hydrogenation reactions,
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but now it is accepted that H, spillover could also play a critical
role in room temperature H, storage."*® Spillover effects could
facilitate the surface diffusion of H, from the metal sites into
the porous carbon matrix in the form of dissociated atomic
hydrogen, thus remarkably reducing the adsorption potential at
room temperature, and improving the H, storage capacity of
metal metal-decorated porous carbon materials.

With the spillover effect, significant enhancement in the H,
storage capacity at room temperature has been obtained for
various metal-decorated porous carbon materials. For example,
Pd-decorated sepiolite-derived carbon materials were found to
exhibit H, storage capacities 4 times higher than that of the raw
carbon material without Pd doping at room temperature.*” In
addition to the significant improvement in H, storage capacity,
the Pd NP-doping of wood-derived ultramicroporous carbon
can also greatly increase the H, uptake rate by decreasing the
activation energy of the adsorption process."*® The embedding
of Pd and Pt NPs into biochar can definitely enhance its
performance in room temperature H, storage, but many pro-
blems may arise from the increased sensitivity toward air and
moisture as well as the reduced surface area and pore volume
caused by blocking the pores with the embedded NPs."*® Other
more recent studies on the applications of biochar-based
materials for H, storage are summarized in Table 2.

Though biochar based materials have been extensively applied
for hydrogen storage, there are still many different challenges,
such as reversibility, high dehydrogenation temperature, and strict
thermal management. Appropriately designed and synthesized
biochar-based materials could have desired thermal conductivity
to mediate the absorbed or released heat of dehydrogenation or
hydrogenation during the hydrogen storage process. However, one
must keep in mind that the discovery of an embedded-metal
biochar with a large surface area and high H, adsorption energy

View Article Online
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industry, it should be stable under general working conditions and
comparatively insensitive toward moisture, air, and other gas
impurities. We can expect that highly stable biochar-based H,
adsorbents with a large surface area and pore volume, together
with many open metal sites and embedded metal NPs for H,
spillover, should provide some positive results for H, storage at
ambient temperature.

2.2 Hydrogen production

Biochar-based materials not only play an important role in
hydrogen storage but also can have applications in hydrogen
production, mainly in the production of biological H,, electro-
catalysis, and the evolution of photocatalytic H,.

2.2.1 Biological H, production. Biological processes, such
as fermentation (anaerobic digestion) and microbial photo-
synthesis, can produce H, from low-cost and naturally abun-
dant organic waste and biomass. During anaerobic digestion,
microorganisms can form biofilms to break down organic
matter, and the biofilms become attached to the surface of
either the suspended solid materials or the insoluble organic
matter,*>"*! facilitating the growth of microorganisms, thus
increasing the H, production efficiency. In anaerobic H, pro-
duction, biochar can serve as an additive to increase H,
production because of its ability to mitigate acid and ammonia
inhibition and promote bio-film formation."**"** In particular,
biochar could support the bacterial growth in the anaerobic
digestion process and maintain the stability of cultures due to
its high pH buffer capacity, allowing a shorter H, production
duration and lag phase. As a result, a higher H, production rate
and yield were obtained compared to the cultures without
biochar.’**'*> Meanwhile, interspecies electron transfer (IET)
plays critical roles in anaerobic digestion for H, production,
which can be greatly improved by biochar due to its abundant

at room temperature does not guarantee that it will be applied as surface redox active moieties such as quinones and
an effective H, storage material. If an adsorbent is to be used in  phenazines.**®*3’

Table 2 Summary of the applications of biochar-based materials in H, storage and production

Original biomass Biochar synthesis methods Applications Performance Ref.
Coffee beans Pyrolysis of the coffee beans at 500 °C for 1 h, then activated H, storage H, storage capacity: 4.0 wt% at 77 K; 4

with steam at 800 °C for 2 h or with KOH at 850 °C for 2 h
Pyrolysis of the wood biomass with H;PO,, then activated

Wood biomass
with KOH

Corncob biomass Pyrolysis of the corncob biomass at 450 °C for 4 h, then
activated with KOH, K,CO;, or NaOH at 850 °C for 2 h
Pyrolysis of the hemp stems biomass with KOH at 500-

Hemp stems
for 2-4.5 h
Peanut shell
activated with KOH at 800 °C

Pyrolysis of the peanut shell biomass at 800 °C for 5 h, then H, storage

0.6 wt% at 298 K

H, storage H, storage capacity: 0.8 wt% at 298 K 11
under 2 MPa
H, storage H, storage capacity: 2.0 wt% at 77 K; 16

0.6 wt% at 298 K
800 °C H, storage H, storage capacity: 3.28 wt% at 77 K 22
H, storage capacity: 1.2 wt% at 298 K 28
under 0.1 MPa

Cellulose Hydrothermal carbonization of the cellulose at 250 °C for 2 h, H, storage H, storage capacity: 8.9 wt% at 77 K 37
then activated with KOH at 600-800 °C for 2 h under 3 MPa

Starch Heat treatment of Fe;O,/starch mixture at 400 °C for 4 h Biological H,  Maximum H, yield of 218.63 mL H, perg 44
without oxygen production glucose

Pine needles Pyrolysis of the pine needle biomass at 600 °C for 1 h, then Electrocatalytic Onset potential: 4 mV; Tafel slope: 54

activated with KOH at 700-900 °C
Chitosan
molybdate 850 °C for 3 h under under Ar/H,to obtain
Mo,C@N-C nanosheets
Willow catkins

700-900 °C to obtain Coz;0,4-biochar nanocomposites

1756 | Energy Environ. Sci., 2019, 12, 1751-1779

Pyrolysis of the mixture of NaCl, chitosan and ammonium

Pyrolysis of the willow catkin biomass at 600 °C for 1 h,
then loaded with cobalt(u) acetylacetonate and pyrolysis at

H, evolution  45.9 mV dec™!
Electrocatalytic Overpotential of 210 mV for 10 mA cm™?; 60
H, evolution  Tafel slope: 69 mV dec™*

Electrocatalytic Overpotential of 0.21 V for 10 mA cm > 68
H, evolution
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As reported by Sharma et al,"** a maximum H, yield of
96.63 + 2.8 mL H, per g carbon is achieved with the addition of
biochar to the anaerobic digestion system compared with
22.55 + 2.2 mL H, per g carbon without biochar. Zhang
et al.”" also found that with the addition of biochar and a
suitable concentration of Fe** the H, production from glucose
increased from 158.0 to 234.4 mL g ' glucose while the lag
phase time decreased from 4.25 to 2.12 h. During anaerobic H,
production, biochar can act as support carriers of anaerobes
and a system pH buffer, promoting biofilm formation and
maintaining a suitable system pH environment and thus
increasing the growth of the anaerobes; meanwhile, a suitable
Fe®" concentration can improve the hydrogenase activity of the
anaerobes, and these synergistic effects of biochar and Fe**
increase the H, production and shorten the lag time. Apart
from bacteria immobilization and pH buffering, biochar can
also provide several other benefits for anaerobic H, production.
For example, the trace inorganic species and volatile matter
contained in biochar could provide temporary nutrients for the
growth of fermentative bacteria.'>®

2.2.2 Electrocatalytic H, evolution. Apart from biological
H, production, electrocatalytic water splitting is an alternative
approach to existing catalytic systems using fossil fuels for the
production of high-purity H,. During the hydrogen evolution
reaction (HER), electrocatalysts are essential to decreasing the
overpotential and achieving high catalytic current densities.
Efficient catalytic HER from water under the catalysis of
biochar-based materials has emerged as another important
approach to producing clean and renewable H, fuel. The
integration of catalytically active species into biochar should
be an effective route to developing high-performance HER
electrocatalysts.’**** For example, Zhou et al.'® demonstrated
that sulfur- and nitrogen-doped biochar derived from peanut
root nodule biomass can act as an efficient electrocatalyst for
the HER. The as-synthesized material (porous N- and S-doped
carbon, PNSC) exhibits a porous and multilayered structure,
with well-distributed N, S, and C (Fig. 3a—c) and a high electro-
chemical area of 27.4 mF ¢cm™>. PNSC shows excellent HER
catalytic performance with an on-set potential of 27 mV, only
4 mV more negative than that of the commercial 20 wt% Pt/C
catalyst, a Tafel slope of 67.8 mV dec " and good catalytic
stability (Fig. 3d-f). Density functional theory (DFT) calcula-
tions indicated that both S and N doping can remarkably alter
the electronic structure of the carbon matrix and increase the
electron density of the surrounding carbon atoms. The S and N
atoms can also enhance the interaction between the catalyst
and H' due to their lone-pair electrons and subsequently
efficiently increase the HER activity of biochar-based materials
(Fig. 3g).

Further on this work, an S- and N-doped biochar derived
from sunflower seed shell biomass was integrated with Mo,C
nanoparticles to form a biochar-nanostructured composite,
which needs an overpotential of only 60 mV to deliver a current
density of 10 mA cm™>. Meanwhile, due to its particular
structural features, the catalyst also had outstanding durability
and a faradaic efficiency of nearly 100%."** In another case, a

This journal is © The Royal Society of Chemistry 2019
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carbon fiber aerogel derived from cotton wool biomass acted as
a support for the growth of MoSe, nanosheets (MoSe,/CFA),
and the as-synthesized material shows excellent electrochemical
activity as a HER electrocatalyst with a small onset potential of
104 mV vs. RHE and a Tafel slope of 62 mV dec™"."*> For more
recent studies on the applications of biochar for hydrogen
production, please see Table 2.

Although biochar-based materials have found their applica-
tion in electrocatalytic hydrogen evolution, some challenges
still need to be addressed. (1) The HER catalytic mechanism of
heteroatom-doped biochar or biochar-nanostructured compo-
sites should be clarified, and the actual active catalytic sites
should be discerned. For this purpose, in situ high-resolution
spectroscopic, microscopic, and electrochemical techniques
combined with advanced theoretical calculations could help
to fully illuminate the reaction mechanism and identify the
actual active catalytic sites. (2) After the identification of the
active catalytic sites and the illumination of the mechanism,
increasing the number of active catalytic sites in the materials
should be investigated. A more advanced synthesis should be
developed to prepare biochar-based materials with good atomic
dispersion of the doping heteroatoms or nanostructure, and
single-atom-based catalysts are overwhelmingly preferred.

3. Biochar-based materials for oxygen
electrocatalysts

The oxygen reduction and evolution reactions (ORR and OER)
are two of the most important reactions occurring in electro-
chemical energy storage and conversion processes, such as in
fuel cells, water splitting, and metal-air batteries.**"*® The
efficiencies of the ORR and OER are significantly restricted by
the sluggish reaction kinetics of oxygen species, and efficient
catalysts are required to overcome the energy barrier. Conven-
tional electrocatalysts for the ORR and OER are mainly based
on noble metals and their oxides (such as Pt, Pd, RuO,, and
IrO,). However, poor stability under operating conditions as
well as high cost and scarcity seriously limit their large-scale
commercial applications. Due to their low cost, abundance, and
availability, biochar-based materials are widely explored for the
ORR and OER in energy storage and conversion devices. A detailed
discussion of these aspects is presented in this section.

3.1 Oxygen reduction reaction

The ORR is a key process in fuel cells and metal-air batteries,
and it is recognized as a main limiting factor of the energy-
conversion efficiency in these devices.*>'*° Traditionally, platinum
(Pt) and its alloys are the most effective ORR catalysts.">® Unfortu-
nately, extremely low abundance and high costs have greatly
hindered the wide application of Pt-based catalysts in fuel cells
and metal-air batteries. Moreover, apart from facing prohibitively
low abundance and high costs, Pt-based ORR catalysts also suffer
many other problems, such as poor long-term stability and low
methanol and CO tolerances.”" Therefore, the development of
alternative, cost-effective, high abundance catalysts with favorable
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Fig. 3 (a) SEM image, (b) TEM image, and (c) EDS maps of the PNSC; (d) polarization curves, (e) Tafel plots, and (f) cycle performance of the PNSC in the
HER; and (g) the DFT calculation for the HER process. (Reprinted with permission from ref. 10, Copyright 2015, Elsevier Co.).

catalytic ORR activity, long-term stability, and high methanol and
CO tolerances is essential for the development of fuel cells and
metal-air batteries. Biochar-based materials (e.g., heteroatom-
doped porous biochar materials and biochar-nanostructured
composites) can afford advanced matrices with a high surface
area and implanted active catalytic sites, such as doped hetero-
atoms and active metal sites."*>

Some lignocellulosic biomass usually contains high levels of
heteroatoms such as N, S, and P, and it is a promising precursor
for the direct production of heteroatom-doped carbon materials,
which then act as highly efficient ORR catalysts. Among them,
nitrogen-doped biochar materials are the most widely used
ORR electrocatalysts. For example, by hydrothermally treating

1758 | Energy Environ. Sci., 2019, 12, 1751-1779

Typha orientalis biomass at 180 °C to obtain biochar and
following pyrolysis of the biochar under NH; gas conditions
(Fig. 4a), Chen et al."** successfully prepared a N-doped carbon
nanosheet with a nonporous, 3D interpenetrated network
structure and well-doped N (Fig. 4b). The as-synthesized carbon
materials show excellent catalytic activity toward the ORR in
both acidic and alkaline media, with the onset potential and
half-wave potential being similar to those of commercial
20 wt% Pt/C (Fig. 4¢c) and a calculated electron transfer number
during the ORR process of approximately 4 from 0.055 to
0.900 V (vs. RHE). Furthermore, the N-doped carbon materials
show more favorable methanol tolerance and higher long-term
stability than Pt/C (Fig. 4d and e).
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Fig. 4 (a) Preparation of the N-doped nanoporous carbon nanosheets
from the Typha orientalis biomass; (b) SEM, TEM, and elemental mapping
of the materials; (c) LSV curves of the materials in O,-saturated 0.1 M KOH
solution; (d) LSV curves of the materials in O,-saturated 0.1 M KOH
solution with and without 0.5 M of methanol; (e) chronoamperometric
response of N-doped nanoporous carbon nanosheets and Pt/C electrodes
at 0.10 V (vs. RHE) in O,-saturated 0.1 M KOH solution at a rotation rate of
800 rpm. (Reprinted with permission from ref. 153, Copyright 2015, RSC).

Due to its nontoxic and non-inflammable nature, urea should
be a safer reagent to replace NH; for the introduction of nitrogen to
the biochar matrix in practical applications. Urea can decompose to
produce NH; at high temperature; therefore, the mechanism for
the introduction of nitrogen into the biochar matrix by urea is
similar to that by NH;. As an example, a porous nitrogen-doped
carbon nanosheet (NCN) can be directly synthesized via the
pyrolysis of cellulose and urea. The as-synthesized material

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Synthesis of the nitrogen-doped mesoporous biochar from
beech wood lignin through an aromatic nitration process; (b) absolute
abundance of nitrogen species in the nitrogen doped biochar materials
produced from different lignin (calculated from XPS results); and (c) ORR
performance of the biochar materials. (Reprinted with permission from
ref. 155, Copyright 2016, American Chemical Society).

demonstrated excellent ORR catalytic performance with high
electrocatalytic activity, better methanol tolerance and improved
long-term durability compared with the commercial 20 wt% Pt/C
catalyst. Notably, when urea is replaced by NH; gas during the
pyrolysis process, the obtained nitrogen-doped biochar presented
much poorer surface chemistry (lower graphitic-/pyridinic N
proportion) and porosity, resulting in bad ORR performance.’*

Apart from NH; and urea treatments, which mainly introduce
amino type nitrogen into biochar, the introduction of nitro type
nitrogen should be another effective approach to preparing
nitrogen-doped biochar materials. As shown in Fig. 5a, taking
lignin (L) as an example, lignin was first subjected to a typical
aromatic nitration process to obtain nitro-lignin (NL), which
was further reduced into amino-lignin (AmL). The three as-
synthesized types of lignin were then pyrolyzed with eutectic
salt melt KCl/ZnCl, to obtain nitrogen-doped biochar materials.
The biochar material obtained from NL shows a higher absolute
abundance of quaternary and pyridinic-type nitrogen (Fig. 5b),
leading to the best ORR performance® (Fig. 5¢). Other recent
studies of the applications of nitrogen-doped biochar materials
for the ORR are summarized in Table 3.

Aside from N, the co-doping of additional heteroatoms, such
as S, P, O, and B, into the carbon matrix of biochar could be
another way to enhance the ORR performance due to synergetic
effects. Gao et al.">® reported the synthesis of N, S co-doped
biochar with a porous 3D structure from honeysuckle biomass,
and it includes a facile, slow pyrolysis and a conventional acid
etching process. In addition to the well-doped N and S atoms,
the as-synthesized materials also presented a 3D crosslinked
network carbon structure with abundant macropores showing
high ORR activity in 0.1 M KOH solution with superior tolerance
to methanol and stability over the 20 wt% Pt/C catalyst. Such
excellent ORR performance can be attributed to the synergistic
effect, including a high number of ORR catalytic sites due to the S,
N doping, favorable reactant transport channels provided by the
pore structures, and the fast electron transfer rate induced by the
continuous 3D networks.
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Table 3 Summary of the applications of biochar-based materials for the ORR
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ORR activity

ORR activity

Original biomass Brief biochar synthesis methods (half-wave potential) (specific activity) Ref.

Ginkgo leaf biomass Pyrolysis of the Ginkgo leaf biomass in a tube furnace at 1100 °C  —0.154 V vs. Ag/AgCl  13.57 mA cm > at 2
for 5 h under Ar flow, then treated under flowing NH; at 1000 °C —0.25 V vs. Ag/AgCl
for 5 h

Raw blood protein Carbonized the biomass at 350 °C under a N, atmosphere for 5h, 0.78 V vs. RHE 6.22 mA cm > at 12

biomass then heat-treated in flowing N, atmosphere at 1000 °C for 2 h 0.5 Vvs. RHE

Catkin biomass Pyrolysis of a mixture solution of catkins (400 mg), melamine —0.194 Vvs. Ag/AgCl  4.083 mA cm > at 18
(1 2), and FeCl;-6H,0 (200 mg) at 800 °C for 2 h —0.25 V vs. Ag/AgCl

Egg white biomass Pyrolysis of a mixture solution of egg white biomass and —0.130 Vvs. Ag/AgCl — 23
FeCl;-6H,0 at 800 °C for 2 h

Water hyacinth biomass  Pyrolysis of a mixture solution of water hyacinth biomass and ~0.83 Vvs. RHE 4.083 mA cm™? at 29
ZnCl, at 800 °C for 2 h 0.4 Vvs. RHE

Enoki mushroom (EM) The homogeneous EM powder was adequately mixed with cheap ~0.81 V vs. RHE ~2.5 mA cm > at 42

biomass carbon nanotubes, then pyrolysis at 900 °C for 2 h 0.6 Vvs. RHE

Willow and poplar catkin Carbonized the biomass at 550-950 °C under an Ar atmosphere —0.34 V vs. Ag/AgCl — 47

biomass for 60 min

Corn silk biomass Hydrothermal carbonization of the biomass at 180 °C for 12 h,  0.852 V vs. RHE ~2.0 mA ecm ™2 at 57
then annealed in an NH; atmosphere at 850 °C for 1 h, then 0.6 Vvs. RHE
mixed with FeCl; and annealed at 850 °C for 1 h

Soybean biomass Pyrolysis of a mixture solution of soybean biomass and ZnCl, at ~—0.16 V vs. Ag/ ~2.0 mA cm™? at 59
900 °C AgCl —0.15 V vs. Ag/AgCl

Tapioca biomass The tapioca biomass was mixed with silica, pre-carbonized in an  —0.20 V vs. Ag/AgCl  ~1.0 mA cm™” at 66
Ar flow at 400 °C for 60 min, and then pyrolysis at 700 °C for 6 h —0.2 Vvs. Ag/AgCl
under NH; flow

Coconut shell biomass Pyrolysis of the coconut shells with H;PO, at 550 °C for 1 h, then —0.21 V vs. Ag/AgCl 5.3 mA cm™ > at 72
carbonized with urea at 1000 °C for 2 h —0.8 V vs. A§/Agcl

Eggplant biomass Pyrolysis of the eggplant biomass with KOH in an Ar flow at —0.336 Vvs. Ag/AgCl 5.5 mA cm™ - at 75
800 °C for 1 h, then carbonized at 1000 °C in an Ar flow (1.75 h) —0.8 V vs. Ag/AgCl
and NH; flow (0.25 h)

Pomelo peel biomass Pyrolysis of the mixture of pomelo peel biomass and melamine- —0.18 V vs. Ag/AgCl 5.2 mA cm ™2 at 81
cobalt nitrate at 800 °C in a N, flow for 1 h —0.8 Vvs. A%/Agcl

Nori ocean algae biomass Hydrothermal carbonization of the mixture of algae biomass and —0.14 V vs. Ag/AgCl 5.8 mA cm ™~ at 86
melamine at 190 °C for 8 h, then annealed at 1000 °C for 1 h —0.8 V vs. Ag/AgCl

Pulsatilla chinensis Regel ~ Heated at 400 °C for 1 h, then carbonized at 700-1000 °C for 1 h  —0.137 Vvs. Ag/AgCl  4.36 mA cm 2 at 88

Simultaneously introducing earth-abundant transition
metals such as Fe, Ni, and Co into heteroatom-doped porous
carbon is another effective approach to obtaining high-
performance ORR catalysts."”” An example is how iron-based,
nitrogen-doped biochar materials (Fe-N-C) can be synthesized
by the pyrolysis of a cheap and abundantly available soybean
biomass precursor with the addition of metallic Fe.>®* The
introduction of Fe into biomass during pyrolysis may facilitate
the formation of planar pyridinic- and pyrrolic-N, both of which
could provide active sites with enhanced ORR performance
through a 4-electron transfer process. The nitrogen-doped
biochar can also act as a catalyst support for improved ORR
catalytic activity and durability because of the n bonding and
the strong electron donor behavior of N atoms.'”®'*® pd
nanoparticles supported on N-doped carbon from biomass
have been reported to exhibit favorable electrochemical activity
for the ORR with high catalytic performance and long-term
stability."®°

Although the biochar-based materials exhibited a compar-
able ORR performance with that of the benchmark 20 wt% Pt/C
catalysts, the fuel cells using the biochar-based materials as
cathode catalysts presented a significantly worse performance
than the 20 wt% Pt/C cathode catalysts. However, it is still a
promising alternative cathode catalyst for 20 wt% Pt/C in direct
methanol fuel cells due to its high methanol tolerance.'®

1760 | Energy Environ. Sci, 2019, 12, 1751-1779

—0.8 V vs. Ag/AgCl

Furthermore, biochar-based materials can also act as cathode
ORR catalysts for the air-breathing electrode in zinc-air batteries.
Recent studies have indicated that a corn silk biomass derived
N-P-Fe tri-doped carbon electrocatalyst showed excellent ORR
activity and stability as well as high battery performance and
specific capacity.’” Very recently, biochar-based noble metal free
ORR electrocatalysts have even demonstrated high energy efficiency
and favorable stability in acidic polymer electrolyte membrane
fuel cells (PEMFCs), a mainstream fuel cell technology.'®®> With
naturally abundant biomass resources, the new classes of noble
metal-free, biochar-based ORR electrocatalysts can enable remark-
able cost reduction without significant efficiency decrease, provid-
ing economic viability for fuel cell and other energy device (e.g,
metal-air batteries) applications.

3.2 Oxygen evolution reaction

The OER occurs in various energy conversion and storage
technologies, such as water splitting and rechargeable metal-
air batteries."*®*® A four-electron process is involved in the
OER, resulting in the sluggish nature and slow reaction kinetics
of the OER. Therefore, high-performance catalysts are required
to accelerate the OER and reduce the overpotential. Noble-
metal oxides, such as IrO, and RuO,, are typical OER catalysts,
showing high catalytic activity and favorable stability, but their
high cost and scarcity greatly limit their commercialization.

This journal is © The Royal Society of Chemistry 2019
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Therefore, the development of alternative highly active and low-
cost OER catalysts is critical for energy conversion and storage.
Biochar, with its natural abundance and easily tuned surface
chemistry and porous structure,”” could be an ideal support
loading non-noble active catalysts toward the OER. For
instance, by the pyrolysis of widely available and renewable
pomelo peel biomass with melamine, a nitrogen-doped porous
biochar material with high surface area, abundant micropores
and macropores, and a large amount of pyridinic-/pyrrolic-N
sites can be obtained and then integrated with ZIF-67, a cobalt-
based metal-organic framework (MOF), to produce a biochar/
ZIF-67 hybrid. The hybrid exhibited excellent OER catalytic
performance in which the Co(u) species and Co-N structures
made the main contribution; meanwhile, the strong inter-
actions between ZIF-67 and the N-doped biochar were also
favorable for the OER performance.'®

Unlike conventional transition metal oxide-based OER catalysts,
biochar-based materials often show favorable performance in both
the OER and ORR. By the pyrolysis of melamine and cobaltous
acetate with Chlorella biomass at 900 °C under an Ar atmosphere, a
bamboo-like carbon nanotube-encapsulated Co NP was obtained
(Fig. 6a and b), and it was then used as a bifunctional oxygen
catalyst. Its ORR half-wave potential is 40 mV higher than that of a
20 wt% Pt/C catalyst (Fig. 6¢); meanwhile, the OER overpotential at
10 mA cm™” is 23 mV lower than the reference IrO,/C catalyst in
1.0 M KOH solution (Fig. 6d). Such excellent bifunctional catalytic
performance benefits mainly from the simultaneous increase in
pyridinic N sites for the ORR and graphitic N sites for the OER in
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Fig. 6 (a) Schematic illustration of the synthesis of the bamboo like carbon
nanotube encapsulated Co NPs from Chlorella biomass (named Co/M-
Chlorella-900); (b1-b3) SEM and TEM images of the Co/M-Chlorella-900;
(c) ORR performance; and (d) OER performance of the as-synthesized
materials. (Reprinted with permission from ref. 164, Copyright 2017,
American Chemical Society).
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the carbon matrix while the encapsulated Co nanoparticles can also
improve the ORR and OER performance by creating new active
catalytic sites.'®

Apart from acting as a support for loading non-noble active
catalysts, the biochar based material itself, taking advantage of
easily realization of heteroatomic doping, can been used as a
high performance OER electrocatalyst. As discussed above,
biomass is rich in heteroatoms like nitrogen, sulfur and oxygen,
making it a sustainable and cost-effective resource for hetero-
atomic doping in the resulting biochar based materials. An
interesting result by Amiinu et al.'® is the report that sole-
heteroatom-doped carbon materials derived from biomass
without loading any metal species can also act as an efficient
bifunctional oxygen catalyst. The researchers synthesized nitro-
gen (N) and sulfur (S) dual-doped 3D porous graphene from horn
biomass through single-row pyrolysis, and the as-synthesized
materials presented favorable performance in both the OER and
ORR, comparable with the materials obtained through toxic
chemicals and multistep routes.

Although the potential of biochar-based materials as oxygen
electrocatalysts (ORR and OER) has been demonstrated, an
important issue should be addressed. The evaluation of
biochar-based electrocatalysts was based solely on half-cell
measurements (3-electrode cell), whereas few reports have evaluated
their performance via a full device such as zinc-air batteries. More
future work should be devoted to the evaluation of membrane
electrode assemblies (MEAs) such as the cathode and anode struc-
ture, ionomer interaction, gas-diffusion layers, membrane, and other
interfering parameters. In this regard, a deeper understanding of the
interaction of ionomers with the catalysts and the relationship
between designing more active sites and long-term CO and
methanol tolerance is crucially required for the practical appli-
cation of biochar-based oxygen electrocatalysts.

4. Biochar-based materials for
emerging fuel cells

Fuel cell technology, which provides high efficiency and relatively
low greenhouse gas emissions, is one of the most effective solu-
tions for the conversion of fossil fuels into electric energy.'**'®” The
proton exchange membrane fuel cell (PEMFC) is the most widely
used fuel cell technology, and it can convert the energy of chemical
fuels (e.g, H, and methanol) into electric energy. In PEMFCs,
biochar-based materials mainly act as a cathodic ORR catalyst,
which has been discussed in Section 3.1. Apart from PEMFCs,
direct carbon fuel cells and microbial fuel cells are two burgeoning
fuel cell technologies that can convert low-grade and dispersive
energy into high-grade electric energy, and biochar-based materials
can undertake new roles beyond that as a cathodic ORR catalyst in
these two fuel cell technologies. A detailed discussion of these new
roles is presented in the following sections.

4.1 Direct carbon fuel cells

Direct carbon fuel cells (DCFCs) have received considerable
attention because they operate with the same electrochemical
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Fig. 7 A schematic diagram of a DCFC using biochar as the fuel and
molten carbonate as the electrolyte.

Cathode gas: Oy

principles as conventional fuel cells but directly convert the
carbonaceous solid fuel into electricity in molten carbonate
systems.'®*7° Potential sources for DCFCs including coal,
coke, and activated carbon have been tested.'” To achieve
the goal of clean and efficient conversion of biomass into
electricity, biochar can also be used as a DCFC fuel.'”* In
typical operation of biochar-based DCFCs, molten carbonate
is used as the electrolyte, which can contact well with the solid
biochar fuel at high temperature, enhancing the diffusivity of
the biochar to the reaction site. Meanwhile, it also provides
high ionic conductivity and facilitates the diffusion and trans-
portation of electrons. The carbon in the biochar is oxidized to
CO, and CO on the anode, yielding many electrons that can
move to the cathode and produce electricity (Fig. 7).

The physical properties of biochar materials, including
crystallization and electrical conductivity, are reported to exert
a great influence on the performance of DCFCs. Biochar
materials with poorly crystallized, highly lattice disordered
carbons are usually more reactive than conventional spectro-
scopic carbon and pyrolytic graphite in DCFCs due to the
existence of more surface defects, such as edges and steps.'””
Thus, the DCFC performance could be enhanced. However, the
poor crystallization may result in low electrical conductivity,
which could increase the Ohmic polarization and restrict the
carbon electrochemical reactions, thus lowering the DCFC
performance."®® Therefore, to improve the DCFC performance,
it is important to find a balance between the crystallization and
electrical conductivity of the biochar materials.

Apart from the crystallization and electrical conductivity, the
texture features (surface area and pore size) and surface func-
tional groups of biochar also play important roles in DCFCs.
High surface area and pore volume can improve the interaction
between biochar fuels and the molten carbonate electrolyte,
thus improving the DCFC performance. The power density of
DCFCs linearly increased with increasing mesopore content in
the carbon fuels.'”* However, it is relatively insensitive to the
micropore content, perhaps because the carbonate melt electro-
lyte could only partially access the micropores. The wettability of
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carbon fuels by molten carbonate electrolytes is another factor
affecting the performance of DCFCs. High wettability of carbon
fuels could increase the accessibility for the electrochemical
reaction and lower the Ohmic resistance, thus improving the
DCFC performance. The power density could be enhanced by
30% when the carbon fuel was pre-soaked in the carbonate melt
for several hours before cell functioning.'”®

In addition to the physical properties, the abundant surface
functional groups and inorganic species of biochar fuel also
have a significant influence on the DCFC performance. It has
been demonstrated that increased surface oxygen functional
groups can lead to enhanced DCFC performance.””®'”” Such
enhancement may be due to the fact that the oxygen functional
groups can provide more active sites for the chemisorption of
0, molecules or O*~ ions during cell operation.'”® Compared
with conventional carbon fuel, biochar-based materials usually
have more inorganic species,"””® which may affect the DCFC
performance. Some elements may have negative impacts, while
others could exhibit catalytic effects. The metal species that can
be placed into inhibitive or catalytic categories were recently
investigated,"’®'”® and for DCFCs, MgO, Ca0, and Fe,0; were
found to act as catalysts for the carbon electrochemical process,
while Al,O; and SiO, acted as inhibitors. In other work from the
same group,'®® they found that the presence of inorganic
species like K, Ni, and Ca could remarkably lower the carbon
fuel gasification temperature by 200, 150, and 130 °C, respec-
tively, to achieve the same power density output.

Understanding the effects of inorganic impurities on
the performance is important for optimizing DCFCs when
biochar-based materials are used as carbon fuels. From a
thermodynamic view, biochar-based materials with high carbon
content could deliver high power density, but the high ash
content may lower the power output via limiting the mass flow
from the fuel and reactive species to the electrodes, thus
lowering the ionic conductivity."”? However, as discussed
above, some metal oxides like MgO, CaO, and Fe,0; could act
as a catalyst for carbon oxidation in DCFCs, leading to an
improvement of the power output of DCFCs.'”® Therefore,
making a trade-off between the carbon content and inorganic
impurities of biochar materials should be taken into consideration
in optimizing biochar-based DCFCs.

Although biochar has a relatively low carbon content and a
high ash content, the power density using biochar as fuel was
60-70% of that obtained using coal-based fuel cells."®" This
implies that biochar can possibly be used as a renewable, low-
cost fuel for DCFCs. As reported by Elleuch and co-workers,'®
the peak power density delivered by almond shell biochar
(127 mW cm ?) was much higher than that delivered by
commercial activated carbon (100 mW cm™?). The cell perfor-
mance can be maintained for a long time period due to the
replenishment of oxygen-containing functional groups that
continuously appear at the reactive edge of the biochar carbon
matrix as the edge continuously advances. Furthermore,
by adding an anode layer to a bi-layer pellet containing only
the cathode and electrolyte, the cell performance and
stability can be significantly improved; the peak power density
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Table 4 Summary of the applications of biochar-based materials in DCFCs and MFCs
Original biomass Biochar synthesis methods Applications Performance Ref.
Wheat straw Pyrolysis of the wheat straw biomass at 700 °C for 2 h, then DCFCs Maximum power density: 258 mW cm™?; 7
loaded with Ca(NOj3), and heat for another 2 h at 400 °C open circuit potential: 0.98 V
Corn straw Pyrolysis of the corn straw biomass at 700 °C for 1 h DCFCs Maximum power density: 218.5 mW cm™%; 14
open circuit potential: 1.06 V
Bamboo biomass Pyrolysis of the bamboo biomass at 700 °C for 2 h DCFCs Maximum power density: 121 mW cm™ 2 19
open circuit potential: 1.10 V
Pistachio shells Pyrolysis of the pistachio shell biomass at 350 °C for 60 DCFCs Maximum power density: 12.8 mW cm ™ ?; 24
min open circuit potential: 0.949 V
Corn cob Pyrolysis of the corn cop biomass at 700 °C for 2 h, then DCFCs Maximum power density: 270 mW c¢m™ % 30
loaded with Fe(NO;)s and heat for another 1 h at 500 °C open circuit potential: 1.0 V
Bamboo biomass Pyrolysis of the bamboo biomass at 400 °C for 1 h, then DCFCs Maximum current density: 95.9 mA cm™> 43
activated with K,COj; at 800-1000 °C for 1-3 h
Cellulose Pyrolysis of the cellulose paper at 950 °C under NH; flow MFCs Maximum power density: 1041 + 90 mW m™?; 48
for1h open circuit potential: 0.53 V
Pine wood Pyrolysis of the pine wood biomass at 1000 °C for 1 h MFCs Maximum power density: 6 W m ™ 56
open circuit potential: ~0.72 V
Alfalfa leaf Pyrolysis of the Alfalfa leaf biomass at 250 °C for 1 h, then MFCs Maximum power density: 1328.9 mW m™ % 61
activated with KOH, FeCl;, or ZnCl, at 900 °C for 2 h open circuit potential: 0.59 V
Yellow birch wood Pyrolysis of the yellow birch wood 350-600 °C for 2-3 days MFCs Maximum power density: 11.11 mW m™2; 69
open circuit potential: 0.43 V
Corncob Pyrolysis of the corncob 250-700 °C for 2 h MFCs Maximum power density: 458.85 mW m % 74
open circuit potential: 0.221 V
Coconut shell Pyrolysis of the H,SO, treated coconut shell biomass at MFCs Maximum current: 1.057 mA; open circuit 79
100-500 °C for 2 h potential: 0.722 V
Chitosan Pyrolysis of the chitosan at 350 °C for 3 h, then treated = MFCs Maximum power density: 1603.6 = 80 mW m ™ > 84

with H;PO, and heated at 800-950 °C for another 3 h

increases to 150 mW cm >

to 130 min.'®?
applications of biochar-based materials for DCFCs.

Though biochar-based DCFC technology has experienced
rapid development in the past few years, challenges in the
fundamental and engineering aspects still exist. From the
fundamental aspect, the mechanism for biochar electro-
chemical oxidation in different molten salt electrolytes and
the dynamic behavior of biochar within the fuel-electrolyte
interface should be further investigated to better understand
the carbon electrochemical reaction at a molecular level.
Understanding the underlying mechanism can provide useful
information on developing efficient anode catalysts for
DCFCs. Meanwhile, as almost all biochar materials contain
heteroatoms like N, S, and P, and metal elements such as K,
Na, Mg, Fe, and Ca, the impacts of these impurities on the
carbon electrochemical oxidation rate, anode catalysts and
current collector should be evaluated and the underlying
mechanism should be elucidated. These results could provide
useful information about to what extent biochar fuels need be
pretreated before their feeding to DCFCs. From the engineering
aspect, several practical challenges lie before the scale-up of
DCFCs. Almost all the DCFCs investigated recently are essen-
tially monopolar with a small electrode, and a large unit size
and high IR drop are unavoidable when the DCFC is scaled up.
Meanwhile, for a large-scale DCFC, the heat generated from
the cell is usually insufficient to maintain the operating
temperature. This problem can be solved via the integration
of the DCFC with a molten carbonate fuel cell (MCFC) or solid
oxide fuel cell (SOFC), but will significantly increase the opera-
tion costs. Considering these fundamental and engineering

, and the stability period is improved
Table 4 summarizes recent studies on the

This journal is © The Royal Society of Chemistry 2019

challenges, there is a long way to go for the practical applications
of biochar-based DCFCs.

4.2 Microbial fuel cells

MFCs are another fuel cell technology that can convert the
organic and inorganic contaminants and nutrients in wastewater
to electricity through the metabolism of microorganisms.'8*'8*
Anode materials are important factors influencing the biofilm
enrichment, internal resistance, and electron transfer rate from
electroactive bacteria to the anode, thus determining the power
generation and contaminant and nutrient conversion efficiency
in MFCs.'®® The ideal cathodic catalysts applied in MFCs are
required to have a high ORR catalytic activity and low costs, as
MFCs are used mainly for wastewater treatment, and their capital
and maintenance costs must be comparable to conventional
wastewater treatment technologies. The energy produced by
MFCs is primarily used to balance the energy consumption by
wastewater treatment rather than to obtain additional economic
benefits. Therefore, the properties associated with practicality,
such as facile and large-scale synthesis, cost-effectiveness, and
high durability should be considered preferentially when devel-
oping cathodic catalysts for MFCs. In this regard, biochar can be
used as a promising cathodic catalyst for MFCs to replace
granular activated carbon or graphite granules due to its low cost
and easy scale-up synthesis, as well as high activity and durabil-
ity. Moreover, the peak power output of a typical biochar-based
MFC system is 532 + 18 mW m™ %, which is comparable with that
of conventionally used granular activated carbon and granular
graphite; however, the lower material expenses of biochar make
the cost of its power output only 17 US$ per W, which is much
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cheaper than granular activated carbon (402 USS$ per W) or
granular graphite (392 US$ per W).'%¢

Due to the rational porous structure and abundant surface
functional groups, biochar has demonstrated favorable perfor-
mance in MFCs. By the pyrolysis of cellulose using ammonium
phosphate as a doping source, Liu and co-workers'®” prepared
a nitrogen and phosphorus dual-doped biochar and used it as a
high-performance oxygen reduction catalyst for MFCs. The air
cathode using the dual-doped biochar catalyst achieved a
maximum power density of 2293 + 50 mW m 2, which is
significantly higher than that obtained using a Pt/C catalyst
(1680 4 32 mW m™>). An air cathode was built with a catalytic
layer comprising biochar for MFCs."®® A maximum power
density of 500 + 17 mW m™ 2, comparable with that of the Pt
cathode, was obtained from the biochar produced by the
pyrolysis of sewage sludge at 900 °C. More importantly, the
as-prepared cathode catalytic layer exhibited good stability and
great tolerance to methanol: with more than two months of
operation under 1 kQ external loading, there was little voltage
change in the biochar-coated cathode of the MFC; with a
sudden increase in methanol concentration in the MFC system,
the current in the biochar-coated cathode remained nearly
unchanged. These results suggest that the biochar-coated cathode
created less of a crossover effect, which may extend the applica-
tions of biochar as an ORR catalyst to other fuel cell systems. More
recent investigations into the applications of biochar-based mate-
rials for MFCs can be found in Table 4.

Although biochar has shown excellent performance when
acting as a cathodic catalyst in MFCs, biofouling on biochar
cathodes should be taken into account, as it would deteriorate
the MFC performance remarkably if not properly treated. For
example, the performance of bamboo biochar cathodes in the
presence of biofilms showed decreases in power density by
11.8% and 21.6% at 0.1 V and 0 V, respectively, after 2-month
operation of the MFC. When the biofilm was eliminated from
the biochar cathodes, the power density of the MFC could be
slightly recovered.'®® To avoid biofouling, an effective approach
was to modify the biochar cathode with a disinfectant quatern-
ary ammonium compound to inhibit biofilm growth. The
biofilm on the modified cathode was 26 times less than that
on the control electrode even after 2-month operation. After
5-month operation, the maximum power density of the modified
cathode decreased by only 1-7%. For comparison, the power
density of the benchmark Pt/C catalyst retained only 21% of its
initial value at the same time."**"**

In the past few years, great efforts have been made to modify
biochar-based cathodic catalysts to improve MFC performance
and long term stability to meet the requirements of scale-up
applications. However, several problems still remain in this
area. First, the biochar itself usually has favorable biocompat-
ibility, but many methods for biochar modification, e.g., sur-
face doping with heteroatoms like N, S, or P and surface
recombination with metal or metal oxide nanostructures, will
reduce its biocompatibility. This may deteriorate the MFC
performance due to the suppression of electroactive bacteria
growth on the electrode. Thus, a balance between improving
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the ORR catalytic activity and reducing the biocompatibility should
be taken into account in future work on biochar modifications for
MFC cathodic catalysts. Second, the underlying mechanism of
how the modified biochar materials improve the MFC perfor-
mance is not yet elucidated. How to rationally design an efficient
cathodic catalyst with high performance and stability based on
understanding such a mechanism is still a challenge.

5. Biochar-based materials for
supercapacitors

Supercapacitors, also known as double-layer electrochemical
capacitors (EDLCs), offer a promising approach for the storage
of clean and renewable energy and have attracted considerable
attention due to their long cycle-life, high power and energy
density, and superior reversibility."”> As mentioned above, com-
pared with conventional carbon materials, raw biochar materials
are often abundant in oxygenated functional groups, e.g., OH,
C=0, and COOH, and the oxygen content can be tuned through
the pyrolysis conditions, e.g., temperature and heating rate. In
addition, by selecting the proper biomass precursor, pyrolysis
conditions, and catalyst, other functionalities that may greatly
enhance the pseudo-capacitance performance and increase the
amount of energy stored in the supercapacitor can be introduced
into the final biochar material. Furthermore, some electro-
chemically inert oxygenated functional groups can improve the
wettability of the carbon electrode and, consequently, enhance
the specific capacitance by improving pore access and increasing
surface utilization.’*! In addition, high contents of oxygenated
functional groups can prevent further oxidation of the carbon
matrix under a wide range of potentials,'®® greatly enhancing the
cycle stability of the electrode materials. Through single-step
pyrolysis of plant leaves at 1000 °C, a functional microporous
conducting biochar material with a high surface area of approxi-
mately 1230 m> g~ ' was directly synthesized.”” The concurrent
high conductivity and microporosity of biochar-based materials
are key to high-performance supercapacitor applications, and
the as-synthesized material indeed showed a very high specific
capacitance of 400 F g~ ' with an energy density of 55 W h kg™ ™.
However, as demonstrated previously,"®* some high-polarity
oxygen groups including carboxyl, anhydride, and lactone may
hinder the diffusion of electrolyte ions, increasing the resistance
and causing capacitance fading at high current densities. Even
worse, as described previously, some raw biochars possess
limited developed porosity and very small surface area, greatly
decreasing their EDLC performance. This limitation has recently
been circumvented by different activations that can endow
biochar with a high surface area and porosity, as reviewed in
our previous work.”’

As mentioned previously, KOH activation allows control over
the pore size distribution and increases the surface area of
biochars. Bamboo-derived biochar was activated using different
ratios of KOH to biochar (KOH : biochar),"®®> and the nitrogen
adsorption-desorption isotherms showed that micropore
development was nearly complete when KOH:biochar = 2;
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the further addition of KOH resulted in the formation of larger
pores. As the KOH : biochar ratio was increased from 1 to 4, the
BET surface area increased from 1010 to 1400 m* g, the total
pore volume increased from 0.123 to 0.708 cm® g~ ', and the
micropore percentage increased from 67.6% to 88.7%. Using an
aqueous electrolyte (30 wt% H,S0,), the activated biochar with
a relatively high mesopore fraction had a higher capacitance in
the high discharge current density region (300-800 mA cm™2).
Similar results were also found when a non-aqueous electrolyte
(1 M of tetraethylammonium tetrafluoroborate (Et,N-BF,)) was
used with a larger ionic radius (0.74 nm for Et,N") in an aprotic
propylene carbonate solvent. This phenomenon can be
explained by the fact that larger mesopores can facilitate ion
transfer and diffusion while smaller micropores can hinder the
transfer and diffusion of ions, thus decreasing the capacitance
of the material. A similar phenomenon has been observed
when conventional activated carbon was used as the super-
capacitor electrode material.’*®

By impregnating cherry stone biomass with different activating
agents such as H;PO,, ZnCl,, and KOH solutions and heating it in
N, at temperatures between 400 and 900 °C, a series of activated
biochar materials were prepared.’®” KOH activation at 800-900 °C
led to porous biochars with large specific surface areas between
1100 and 1300 m* g~ * and average pore sizes of approximately
0.9-1.3 nm. This textural feature allows the electrolyte ions to
more easily access the porous network. At a low current density, a
maximum capacitance of 230 F g~ in 2 M H,SO; aqueous
electrolyte and 120 F g~ in 1 M (C,H;),NBF,/acetonitrile aprotic
medium could be achieved. More importantly, this high capaci-
tance performance could be maintained when the current density
was increased.

In addition to tuning the pore structure and surface area,
introduction of heteroatoms into the carbon matrix of the
biochar material is another effective approach to improving
the capacitance performance. The heteroatom most commonly
used to cause faradaic pseudocapacitive reactions in carbon
materials is nitrogen, and nitrogen-doped biochar materials are
extensively used as supercapacitor electrode materials. The
capacitance performance of a nitrogen-containing biochar
material (carbonized eggshell membrane, CESM) activated with
KOH (Fig. 8a) has been studied by Li et al., recently,"*® and the
results show that although the as-synthesized material had a
relatively low surface area of 221 m”> g ', it could achieve
exceptional specific capacitances of 297 and 284 F ¢~ ' in basic
and acidic electrolytes, respectively, in a three-electrode system
(Fig. 8c). These values are much higher than that of conven-
tional activated carbon with a high surface area and pore
volume (203 F g™ ). This superior capacitance is mainly attrib-
uted to the pseudocapacitance arising from the redox reactions
of the nitrogen and oxygen functionalities (the material con-
tained 10 wt% oxygen and 8 wt% nitrogen) (Fig. 8b). Pyridinic
and pyrrolic nitrogen species accompanied by a quinone oxygen
group, a negatively charged group located at the edges of the biochar
carbon matrix, have been reported to contribute mainly to the
capacitance,'® while the quaternary and pyridinic N species can
enhance the electron transport and introduce pseudocapacitance

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) The SEM images of the carbonized eggshell membrane activated
with KOH (CESM-300); (b) the elemental composition of the as-prepared
CESM and activated CESM; (c) gravimetric capacitances measured at various
charge/discharge current densities for the CESM-300 and KOH activated
carbon without N doping; and (d) long-term cycle performance of the
CESM-300 at a current density of 4 A g~*. Reprinted with permission from
ref. 198. Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

by interacting with protons in acid electrolytes, thus also
enhancing the EDLC capacitance.”*® Furthermore, the electrodes
demonstrated excellent cycling stability; only 3% capacitance
fading was observed after 10000 cycles, demonstrating good
conductivity and rapid charge propagation in both acidic and
basic electrolytes (Fig. 8d).

The pseudocapacitance caused by phosphorus-containing
groups in activated biochar materials has also been investi-
gated. Hulicova-Jurcakova and co-workers®®” first reported the
introduction of phosphorus-containing functional groups into
the carbon matrix of biochar derived from fruit stones via the
activation of phosphoric acid in pyrolysis. The phosphorus-rich
porous biochar with a surface area of 1055 m> g ' and a
phosphorus content of 8.52 wt% was used as a supercapacitor
electrode material. It could be stably operated at voltages larger
than 1.3 V in aqueous H,SO,, and it has a specific capacitance of
192 F g~ ' and a very long cycle life (15 000 cycles). Phosphorus was
confirmed to strongly facilitate the pseudocapacitance and
enhance the stability. Subsequently, several phosphorus-rich
biochar-based materials have been synthesized and used for
supercapacitors; the most remarkable observation resulting from
these studies was that phosphorus-rich biochar-based electrode
materials increased the range of tolerated voltage.”**>**

Apart from the doping of heteroatoms in the carbon matrix,
another approach to introducing pseudocapacitance into
supercapacitors is to load electroactive species such as metal
oxides onto the carbon surface. A simple, scalable, cost-
effective, and green approach has been developed to fabricate a
binder-free asymmetric supercapacitor using bacterial cellulose-
derived CNFs loaded with MnO, as the electrode materials.?®
The as-synthesized materials can be reversibly charged/discharged
at an operation voltage of 2.0 V in 1.0 M Na,SO, aqueous electrolyte,
delivering a high energy density of 32.91 W h kg™ " and a maximum
power density of 284.63 kW kg ' while retaining 95.4% of the
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Table 5 Summary of biochar based electrodes for supercapacitors through pyrolysis, and hydrothermal treatment coupled with activation

Surface area

Current Specific
density capacitance

Original biomass Synthesis of biochar (m*¢g™) Electrolyte Ag™ (Fgh Ref.

Gelatin Pyrolysis of gelatin at 600 °C, then activated the biochar at 2774 KOH (6 M) 0.5 ~300 9
800 °C with KOH (1:2) for 1 h

Silk Pyrolysis of silk with KOH (100: 16) at 800 °C for 3 h 2557 H,S0, (1 M) 0.1 264 15

Elm samara Pyrolysis of dry Elm samara with KOH (5 g to 50 mL 8 M KOH 1947 KOH (6 M) 1 470 21
solution) at 700 °C for 2 h

Bamboo Hydrothermal treatment of bamboo at 200 °C for 12 h to 1472 KOH (6 M) 0.1 301 27
obtain hydrochar, then activated the hydrochar with KOH
(1:1) at 800 °C for 1 h

Hemp stems Pyrolysis of the hemp stems at 600 °C for 2 h, then activated at 438 Na,SO, (1 M) 1 340 41
800 °C with steam (2.0 mL-H,O (g-char h)™") for 2 h, then
loading with MnO,

Watermelon Hydrothermal treatment of watermelon at 180 °C for 12 h, — KOH (6 M) 0.5 358 46
then activated the hydrochar with FeCl; and FeSO, at 550 °C
for4 h

Bagasse Pyrolysis of the mixture of bagasse, CaCl, and urea at 800 °C 946 KOH (6 M) 1 323 55
for 2 h

Soybean roots Pyrolysis of the soybean roots at 500 °C for 2 h, then activated 2143 KOH (6 M) 0.5 276 62
the biochar with KOH (1:4.5) at 800 °C for 2 h

Aloe vera Pyrolysis of the Aloe vera at 400 °C for 3 h, then activated the 1890 H,S0, (1 M) 0.5 410 67
biochar with KOH (1:3) at 800 °C for 2 h

Almond shells Pyrolysis of the almond shell at 700-900 °C for 4 h, then 1363 KOH (6 M) 1 286 73
activated the biochar with KOH (1:4) at 800 °C for 2 h

Hemp Hydrothermal treatment of hemp bast fiber at 180 °C for 24 h, 2287 KOH (6 M) 1 122 78
then activated the biochar with KOH (1:1) at 800 °C for 1 h

Sawdust Pyrolysis of the mixture of sawdust with FeCl; (1 mM g~ ") at 421 K,SO, (0.5 M) 0.5 128 83
800 °C for 1 h

Typha angustifolia Fast pyrolysis of the Typha angustifolia at 500 °C, then acti- 3062 K,SO, (0.5 M) 0.5 257 87
vated the biochar with KOH (1:4) at 800 °C for 2 h

Bamboo Fast pyrolysis of the mixture of bamboo biomass with K,FeO,, 1732 KOH (6 M) 0.5 222 93
at 800 °C for 2 h

Seaweed Direct pyrolysis of the seaweed at 600-900 °C for 3 h 3487 H,S0, (1 M) 0.05 203 94

Neem leaves Direct pyrolysis of the neem leaves at 600-1000 °C for 5 h 1230 H,S0, (1 M) 0.5 400 77 and 97

capacity after 2000 cycles. Other recent studies on biochar-based
materials for supercapacitor applications are summarized in Table 5.

Recent studies show that various biochar-based materials
with supercapacitor properties comparable with those of com-
mercial activated carbon materials can be produced using
simple pyrolysis/hydrothermal treatment coupled with activa-
tion approaches. However, to find applications of biochar-
based functional materials in practical supercapacitors, the
following challenges and issues should be addressed. First,
due to the diversity of biomass, fundamental studies should
focus on the influence of the biomass composition on the
capacitive performance of the resulting biochar-based materi-
als. Conducting these investigations with lignin-, cellulose-,
and hemicellulose-derived biochar materials could be a good
choice. Second, hierarchical porous biochar materials with
high specific surface areas and controllable pore size, pore
geometry, and pore connection can be easily produced using
the chemical (e.g., KOH, H;PO,, and ZnCl,) activation method.
Furthermore, the conventional chemical activation method is
usually unfavorable for creating graphitic carbon structure in
biochar materials because it may suppress their electrical
conductivity and surface wettability towards an electrolyte.
Chemical activation in combination with heteroatom- (e.g., N,
S, P, and O) doping or nanostructure recombination may
enable the preparation of biochar-based materials with an
appropriate pore structure, good electrical conductivity, and

1766 | Energy Environ. Sci., 2019, 12, 1751-1779

good wettability towards electrolytes. Third, most of the state-
of-the-art biochar-based electrode materials with excellent
capacitive performance were recently produced at a lab scale.
Future work should be devoted to developing a process protocol
to scale up the production of biochar-based electrode materials.
Fourth, a new research area can be explored to prepare biochar
fibers and foams to construct electrodes for flexible super-
capacitor devices with the advantages of portability and flex-
ibility for applications in future portable electronics. Finally,
the energy density of supercapacitors can be increased by
increasing the pseudocapacitance or widening the operation
voltage. Introducing pseudocapacitive materials, such as het-
eroatoms, metal oxides, or conductive polymers, to biochar-
based materials should be a future focus to increase the
capacitance. Widening the voltage window by replacing the
aqueous electrolytes with ionic liquids as electrolytes or fabri-
cating hybrid capacitors should be another effective way to
improve both the energy density and power density of biochar-
based supercapacitors.

6. Biochar-based materials for lithium/
sodium batteries

Due to its high energy/power density and high energy efficiency,
the rechargeable Li" ion battery (LIB) is one of the most
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successfully commercialized electrochemical storage devices,
with its applications extending from portable devices to electric
vehicles.>*¢2%8 Because ion diffusion plays a critical role in the
charge/discharge processes, and a large surface area might not
be beneficial for LIBs from the safety point of view and the
perspective of irreversible losses in the formation cycles,>*
biochar-based materials with a moderate surface area and
unique structural characteristics (e.g., versatile pore structure,
abundant surface functional groups, and various inorganic
species) are highly desired for LIBs to enhance the diffusion
of Li" and provide a large interface of the electrode/electrolyte,
thus benefiting the electrochemical reactions in LIBs,'*®>'*>!!
Meanwhile, there are other two reasons why biochar can be
considered as efficient anode components in LIBs. First,
biochar-based materials can be synthesized via cost-effective
and sustainable approaches. Second, their specific capacity is
much higher than that of conventional graphite materials. For
example, interconnected highly graphitic carbon nanosheets
(HGCNS) were synthesized from wheat stalk biomass by combined
hydrothermal and graphitization processes.>'> The as-synthesized
HGCNS showed a unique interconnected two-dimensional (2D)
nanostructure with a thickness of 1.0-2.0 nm, which corresponds
to about 2-6 single graphene layers. Such 2D nanostructure could
not only provide multiple Li" storage sites, but also facilitate rapid
electron and Li" ion transport. Meanwhile, the HGCNS showed a
very high graphitization degree, which can bring about a low and
flat charge-discharge voltage plateau, thus greatly reducing the
voltage hysteresis. As an anode material in LIBs, the as-prepared
HGCNS delivered a reversible capacity of 502 mA h g%, 1.35 times
higher than the theoretical capacity of graphite, as well as excellent
rate capability and superior cycling performance. Jiang et al**!
recycled waste bamboo cellulose fibers and then treated them with
a controllable hydrothermal process conducted in an alkaline
solution to obtain uniform carbon fibers (Fig. 9a and b). The
bamboo-based carbon fibers delivered a high reversible capacity
of 710 mA h g™, which can be maintained without decay in up to
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Fig. 9 (a) Schematic diagram displaying the overall evolution of bamboo
chopsticks into uniform carbon fibers; (b) SEM image of the carbon fibers
and (c) long-term cyclic performance and charge-discharge profiles.
(Reprinted with permission from ref. 201. Copyright 2014, Royal Society
of Chemistry).
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300 cycles with a coulombic efficiency of almost 100% (Fig. 9c).
In addition to increasing the surface area and improving the
conductivity of the electrode material, the porous structure also
provides fast ion diffusion channels, thus contributing to higher
lithium storage capacity. Therefore, further work should be
devoted to improving the synthesis of porous biochar with
uniform porosity and a high surface area.

Apart from a porous structure and high surface area, doping
electron-rich N atoms into the graphite carbon matrix of
biochar would also introduce more chemically active defects,
thus not only enhancing the electronic conductivity but also
providing more available active sites for Li* adsorption, resulting
in high Li* storage capacity.”"*?'* The hybridization between the
lone pair of electrons in N atoms and the p-electrons in C atoms
can make the neighboring carbons atoms in the biochar matrix
more electronegative, thus providing more active sites for Li"
storage. Chen et al® prepared hierarchically porous N-rich
biochar materials from wheat straw, with a N content of
5.13 wt%. The as-synthesized biochar material contains more
pyridinic N (N-6) and pyrrolic-N (N-5) than oxidized N (N-X) and
quaternary N (N-Q) (Fig. 10a), which is a critical factor for its
high reversible Li' storage capacity because, based on the
theoretical calculations, N-5 and N-6 are more favorable than
N-X and N-Q for Li" storage.*">*'® When used as an anode for
Li-ion batteries, the as-synthesized biochar material exhibits
a superior specific capacity of 1470 mA h g~' at 37 mA g™ *
and possesses an ultra-high rate capability of 344 mA h g™ " at
18.5 A g~ ". The reversible capacity remains as high as 198 mAhg™*
even at an extremely high current density of 37 A g~ " (Fig. 10b). The
cycling performance of the biochar material is also very impressive.
As shown in Fig. 10c, when tested at 0.37 Ag ' and 3.7 A g, the
reversible capacity remains at 976 mA h g ' and 659 mA h g™/,
respectively, even after 300 cycles. As proposed by the authors, the
reasons for the excellent cycle performance and high specific
capacity of the material can be concluded as follows: first, as shown
in Fig. 10d, the hierarchically porous structure of biochar-based
materials not only offers a large electrode/electrolyte interface for
the charge transfer reaction but also provides abundant functional
pores with various dimensions for Li* storage; second, a high
inherent N content may allow strong electronegativity and inter-
actions between the biochar matrix and Li*, thus enhancing the
electronic conductivity and electrochemical stability; and third, the
presence of thinner walls and interconnected pores decreases
the inner resistance, shortening the Li* diffusion pathway. This
work may present some important scientific insights into the
design and preparation of metal-free anode materials with high
rates from renewable biomass resources.

Compositions comprising biochar and transition metal oxides
have also widely been used as LIB electrodes. Transition metal
oxides, such as C030,4,%'° Fe;0,,2*° and MnO,,**! were used as
anode materials for LIBs due to their remarkably higher
specific capacities than that of commercial graphite. However,
the practical application of transition metal oxides in LIBs is
restricted by their large volume expansion-contraction and
severe particle aggregation, causing electrode pulverization,
capacity loss or poor cycling stability.*'® The combination of
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Fig. 10 (a) XPS N 1s spectrum of the hierarchically porous N-rich biochar materials; (b) The capacity of the hierarchically porous N-rich biochar materials
over cycling at different rates; (c) cycling performance of the hierarchically porous N-rich biochar materials at 3.7 and 37 A g‘l; and (d) schematic
mechanism of the hierarchically porous structure and Li-ion storage in the hierarchically porous N-rich biochar materials. (Reprinted with permission

from ref. 3, Copyright 2014, Royal Society of Chemistry).

metal oxides with porous biochar materials should be an
effective approach to overcoming these limitations because of the
high electronic conductivity, good corrosion resistance and series
of favorable surface properties of the carbon materials.****** Cheng
et al.”’” employed Auricularia biomass as the retractable support
to synthesize an interconnected MnO@biochar hybrid nanoflake
network (MFC-1, Fig. 11a). When evaluated as an anode material
for LIBs, MFC-1 delivered a reversible capacity of 868 mAh g * at
0.2 A g " over 300 cycles and 668 mA h g at 1 A g over
500 cycles, with a coulombic efficiency of almost 100% (Fig. 11b
and c), indicating a superior cycle stability and a high Li" storage
capacity. Wang et al’*'® developed a simple and industrially
scalable approach to prepare porous biochar materials with
abundant nitrogen and high surface areas from -crawfish
shell biomass and then used the porous biochar materials as
supporting materials to synthesize N-doped porous carbon/
Co;0, nanocomposites (Fig. 12a). The resulting material was
employed as an anode material for LIBs, which released an initial
discharge of 1223 mA h g " at a current density of 100 mA g~ * and
still maintained a high reversible capacity of 1060 mA h g *
after 100 cycles, which is much higher than those of individual
N-doped porous carbon (PC) or Coz0, (Fig. 12b).

The rechargeable lithium-sulfur battery (LSB) is an emer-
ging lithium battery with a much higher theoretical specific
capacity (1675 mA h g~ ') and specific energy (2600 W h kg™*)
compared with those of conventional LIBs.***>?® Carbon-based
materials, with rational pore features, high surface area, satis-
factory electrical conductivity, and abundant frameworks, could
be efficient sulfur hosting materials for LSB cathodes.”*>**° In
the lithiation—-delithiation process, the carbon matrix could
encapsulate sulfur and trap polysulfides, thus suppressing the
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Fig. 11 (a) Schematic illustration of the synthesis of the MnO@biochar
nanoflake network; (b) cycling performance of the MnO@biochar hybrid
(MFC-1) and the pure carbon (ADC) obtained from pyrolysis of auricularia;
and (c) rate capabilities of the MnO@biochar hybrids cycled 10 times at
each current density. (Reprinted with permission from ref. 217. Copyright
2016, American Chemical Society).

active material volume expansion and enhancing the long-term
stability of the LSB.>*"

Effective encapsulation of sulfur and enhanced conductivity
should be taken into account first in the design of carbon/
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composites at a current density of 100 mA g~2. (Reprinted with permission
from ref. 218, Copyright 2014, American Chemical Society).

(a)

View Article Online

Review
sulfur composite cathodes for LSBs.****** For this purpose,
sufficient space in the carbon matrix is necessary for sulfur
encapsulation, polysufide trapping and volume change suppres-
sion. Also, suitable contact areas with the electrolyte are necessary
for the electrode reaction.** Biochar should be a promising
candidate satisfying the above criteria because of the following
reasons: firstly, the highly porous structure of biochar can hold a
sufficient amount of sulfur without decreasing the buffering space
for possible volume expansion. Secondly, the well graphited carbon
matrix endows biochar with a high conductivity, which could
facilitate the sulfide shuttle process. Finally, the pore size and
distribution of biochar can be rationally tuned to synthesize sulfur
arrays with desired dimensions.'**'%

Due to the above advantages, various biochar materials
derived from different biomass have been used as efficient
sulfur hosting materials for LSB cathodes. Qu et al.® prepared a
highly ordered nitrogen-rich mesoporous biochar via pyrolysis
of zeolite templated gelatin biomass (Fig. 13a). This biochar
material had a rod like morphology, a high surface area and
mesopore structure, and abundant nitrogen content (Fig. 13b-f).
It could hold 53.3 wt% sulfur homogeneously inside the meso-
pores, and the obtained sulfur-biochar composite presented a
high rate capability and long-term cycling stability as LSB
cathode materials (Fig. 13g-j). Such excellent performance of
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(a) Schematic illustration of the preparation of the highly ordered nitrogen-rich mesoporous biochar; (b) SEM (up) and TEM (down) images of the

as-synthesized biochar material; (c—f) nitrogen adsorption—desorption isotherms, pore size distribution, XPS survey spectra and XPS N 1s spectrum of the
biochar materials; and (g—j) performance of the biochar material as a cathode in the LSB: (g) cyclic voltammograms; (h) charge/discharge curves;
(i) cycling performance at 0.5C; and (j) cycling performance at 1C (reprinted with permission from ref. 6, copyright 2014 Elsevier Ltd).
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the sulfur-biochar composite cathode was attributed to the
highly ordered mesoporous structure with abundant nitrogen
species biochar. On the one hand, the large specific surface area
and abundant ordered mesopore structure could offer proper
surfaces and channels to adsorb the in situ produced polysul-
fides, delay the shuttle effect, and improve the infiltration of
sulfur into the interior pores. These merits increase the con-
ductivity of insulating sulfur, and provide a stable framework to
sustain the strain generated via the active material volume
changes during the LSB cycling. On the other hand, suitable
nitrogen-doping may help biochar to suppress polysulfide species
diffusion through enhanced surface adsorption.

However, it should be noted that biochar is not the ultimate
solution for Li-S batteries as it could not effectively solve some
inherent problems such as a high electrolyte/sulfur ratio and
nonstable lithium metal. Meanwhile, biochar materials cannot
completely stop polysulfide diffusion out from the cathode
composite. More efforts should be made to resolve these
problems.
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Compared to carbon materials, some metal oxides, such as
TiO,, MnO,, and Coz0,, usually have stronger binding energy
to the sulfur species, but their electrical conductivity is much
worse.”*>¥ Therefore, it would be highly desirable to develop
hybrid structures combining metal oxides with porous carbon
materials for LSB cathodes, which could achieve both strong
adsorbability to sulfur or polysulfides and favorable electrical con-
ductivity. Tao et al® decorated various nonconductive metal-oxide
(MgO, AL, O3, CeO,, La,0; and CaO) nanopatrticles onto carbon flakes
using Kapok tree fibers as both the template and carbon source
(Fig. 14a). The as-synthesized hybrid structures based on CeO,, MgO,
and La,0; showed a higher capacity and better cycling stability than
the other oxides (Fig. 14b and c). Adsorption tests (Fig. 14d)
combined with density functional theory (DFT) calculations
(Fig. 14e) indicate that better surface diffusion contributes mainly
to the higher deposition efficiency of sulfide species.

Although lithium batteries (LIBs and LSBs) have developed
very quickly in the past few years, their applications still
encounter several challenges such as the scarcity of Li
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(a) Schematic illustration of the synthesis of metal oxide/carbon hybrid structures; (b) charge—discharge curves and (c) cycling performance of

the hybrid structures electrodes; (d) adsorption test and (e) relative models of sulfide species on the metal oxide surface; and (f) lithium diffusion

mechanism and potential energy profiles for Li* diffusion along different
permission from ref. 8, O], copyright 2016 from the authors).
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adsorption sites on the surface of various metal oxides (reprinted with
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resources, engineering difficulties and safety related to Li metal.
An appealing alternative to lithium batteries is sodium-ion
batteries (SIBs) due to the much greater abundance of Na than
the mere 17 ppm of highly unevenly distributed Li in the crust of
the Earth.>*® Amorphous porous carbon is a promising anode
material for SIBs due to its large interlayer distance and dis-
ordered structure.”*® The reasons why amorphous carbon-based
electrode materials could enhance the performance of SIBs are
their unique physicochemical properties including abundant
availability, cost effectiveness, moderate conductivity, relatively
high surface area, and excellent corrosion resistance.**°

As an important source of amorphous porous carbons,
biochar-based materials have been widely applied as anode
materials of SIBs.?*'%’ Li et al.>*® synthesized a novel, macro-
scopic 3D hollow reticulate biochar material by a hydrothermal
pretreatment followed by the low temperature (600 °C) pyrolysis
method from rape pollen grain biomass. The results shows that
the hydrothermal pretreatment gets through the reticulate
structure by removing flavonoids while the pyrolysis tempera-
ture is a key factor for inheriting the unique architecture, as
shown in Fig. 15a. When used as an anodic material for SIBs,
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Fig. 15 (a) Schematic illustration of the synthesis of the macroscopic
3D hollow reticulate hard carbon produced from rape pollen grains;
(b) cycling performance at 100 mA g™ of the materials; and (c) schematic
illustration of the discharge process of the RPC-600 anode in SIBs.
(Reprinted with permission from ref. 248, Copyright 2017, Elsevier B. V.).
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the reticulate biochar material (RPC) exhibits excellent cycling
stability with a retention capacity of 90% after 1000 cycles
(Fig. 15b). This excellent Na-ion storage property can be attri-
buted to the interconnected 3D architecture, the abundant
O-containing functional groups and the large interlayer spacing
(Fig. 15c). More recent investigations on the applications
of biochar based materials in Li and Na batteries have been
summarized in Table 6.

7. Conclusions and future perspectives

In this review, recent advances in the emerging applications of
biochar-based materials for energy storage and conversion,
including hydrogen storage and production, ORR and OER
catalysts, fuel cells, supercapacitors, and lithium/sodium ion
batteries, have been summarized and discussed. Generally, its
easily tuned surface chemistry, versatile porous structure, and
natural abundance make biochar a promising material for the
synthesis of various functional materials that can be applied in
emerging energy storage and conversion technologies. In parti-
cular, the doping of heteroatoms into the biochar carbon matrix
and the synergistic effects between biochar and its loading
materials (mainly metals and their oxides) play important roles
for improving the performance of biochar-based materials for
various energy storage and conversion reactions and processes.

For H, energy applications, biochar-based materials exhibit
favorable performance in both room temperature and
hypothermal H, storage owing to its easily tuned porous
structure, abundant surface functional groups, and various
inorganic species. Physical absorption via the micropore struc-
ture and the interaction between H, and alkaline or alkaline-
earth metal species contribute mainly to hypothermal H,
storage. Chemical adsorption via H, spillover effects is mainly
responsible for room temperature H, storage. Meanwhile,
biochar-based materials also play important roles in biological
or electrochemical H, production as an additive or catalyst. In
biological H, production, biochar can serve as additives to
enhance H, production due to its ability to mitigate acid and
ammonia inhibition and promote bio-film formation, while in
electrochemical H, production, doping heteroatoms such as N
and S into biochar could remarkably improve the catalytic
activity.

In applications as oxygen catalysts, biochar could potentially
act as an efficient and sustainable ORR electrocatalyst due to its
naturally high levels of heteroatoms such as N, S, and P. Apart
from lower production costs, the benefits of biochar-based ORR
electrocatalysts include higher stability and better tolerance to
CO and methanol compared to the benchmark Pt-based ORR
catalysts. Biochar also shows high catalytic activity towards the
OER. Doping heteroatoms such as N, S, and P into the biochar
matrix and loading metal oxides/carbides into the biochar
porous structure are regarded to contribute mainly to the high
OER catalytic performance of biochar-based materials.

For fuel cell applications, the poorly crystallized and highly
lattice disordered carbons, and high electrical conductivity are
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Table 6 Summary of the recent studies on the applications of biochar based materials in Li or Na ion batteries

Original
Biomass Biochar synthesis method Application Performance Ref.
Cattle bone Pyrolysis of the cattle bone at 600-1200 °C for 2 h LIBs Rate capacities: 1230, 951, 682,491 and 343 mAh g ' 5

Corn stalks  Pyrolysis of the corn stalks with CaCl, at 300 °C

for 3 h, then activated at 600 °C for 1 h

Kapok fibers Pyrolysis of the Kapok fibers at 1500 °C for 6 h, then
treated with HNO; at room temperature for 6 h, and
loaded with KMnO,/K,SO,, and heated at 500 °C in

H,/Ar flow for 5 h to obtain MnO/C

at 1, 2, 5, 10, 20 A g~ %; cycle capacity: 1488 mA h g *
after 250 cycles at 1 A g~ ', and 661 mA h g~ ' after
1500 cycles at 10 A g™ "

LIBs Rate capacities: 1862.1 mA h g~' at 0.2C of discharge; 13
cycle capacity: 783.8 mA h g~ after 100 cycles
LIBs Rate capacities: 654, 477, and 65 mAh g~ " at 0.1, 1, and 20

10 A g '; cycle capacity: 371 mA h g~ " after the 10th
cycle at 0.1 A g~ ', 213 mA h g~ ! after the 40th cycle at
1Ag™", and about 111 mA h g~ after the 70th cycle at

10Ag "
Apricot shells Direct pyrolysis of the apricot shell biomass at SIBs Rate capacities: 400 mA h g~ " with an initial coulombic 26
900-1500 °C, then treated at 800 °C under Ar/H, efficiency of 79%; cycle capacity: 338 mA h g~ ' after
flow for 2 h 300 cycles
Coconut Direct pyrolysis of the coconut shell biomass at 600 °C ~ LIBs Rate capacities: 1599 and 1500 mA h g~ at current 38
shells for 2 h, then activated with KOH at 800 °C for 1 h rates of 0.5 and 2.0C; cycle capacity: 517 mA h g~ *
was retained at 2.0C even after 400 cycles
Rapeseed Pyrolysis of the mixture of rapeseed pollen biomass LIBs Rate capacities: 756.5 mA h g~ " at 100 mA g~ '; cycle 45
pollen with KMnO, at 500 °C under Ar/H, flow for 15 h to capacity: 513.0 mA h g', ~95.16% of the initial
obtain MnO/C-N nanocomposites reversible capacity, after 400 cycles at 300 mA g~ *
Dandelions  Pyrolysis of the dandelion biomass at 800-1400 °C for 5 h SIBs Rate capacities: 361 mA h g~* at 50 mA g~ ; cycle 58

Yeast cells  Pyrolysis of the mixture of yeast biomass,
hexamethylenetetramine, and NiSO, at 700 °C for 2 h
to obtain Ni(OH),@porous carbon nanocomposites

Lotus stems Pyrolysis of the lotus stem biomass at 1200-1600 °C

for 5 h
Apple and  Pyrolysis of the apple and celery biomass at 500 °C
celery for 3 h
Pinecones  Pyrolysis of the pinecones at 500 °C for 2 h, then
activated with KOH for 500-1600 °C for 2 h
Medium- The wood biomass was first impregnated with FeCl;

density fiber- solution, then pyrolysis at 500 °C for 30 min, at then
board wood at 800-2000 °C for 30 min

mainly responsible for the high performance of biochar-based
DCFCs, while the abundant surface functional groups and
catalytic effects of some inorganic species like K, Mg, Ca, and
Fe in biochar could be a big supplement to DCFCs. In MFC
applications, the rational porous structure and high surface
area, great conductivity, excellent biocompatibility and abun-
dant availability make biochar-based materials promising MFC
anodic materials.

For applications in supercapacitors, biochar-based materials
exhibit excellent performance, including large specific capaci-
tance and excellent cycle stability. The capacitive performance
of biochar-based materials depends not only on surface area
and pore features (pore size and distribution), but also on other
factors like electrical conductivity and surface functionalities.
Surface doping with heteroatoms such as N, P, and S, and
surface combining with metal oxide nanostructures into bio-
char can introduce pseudocapacitive effects, thus improving
the capacitive performance.

In the application of biochar-based materials in Li/Na ion
batteries, they act as critical sustainable components for high-
performance anodes in LIBs because of their unique surface

1772 | Energy Environ. Sci., 2019, 12, 1751-1779

capacity: 354.3 mA h g ' at 50 mA g ' after 10 cycles
LSBs Rate capacities: 1335 mA h g~ at 0.1C; cycle capacity: 65
602 mA h g™ after 200 cycles at 0.2C

SIBs Rate capacities: 350 mA h g~ at 100 mA g~ *; cycle 71
capacity: capacity still retains 94% after 450 cycles at
100 mA g

LIBs Rate capacities: for apple biochar, 1600, 1470, 1260, 76

1070 and 1000 mA h g71 at 0.074, 0.185, 0.37, 0.74 and
1.11 A g™, for celery biochar, 1620, 1288, 1024, 930 and
850 mA h g~ " at 0.074, 0.185, 0.37,0.74and 1.11 A g™ %;
cycle capacity: 1050 mA h g~ for apple biochar and
990 mA h g~ ! for celery biochar at 100 mA g~ * after

200 cycles
SIBs Rate capacities: 370 mA h g~ * at 30 mA g '; cycle 80
capacity: 334 mA h g~ after 450 cycles at 100 mA g~ *
LIBs Rate capacities: 307 mA h g~" at 0.1C; cycle capacity: 85

a capacity retention higher than 90% was obtained
after 200 cycles

chemistry, porous structure, and nanostructure. In particular,
heteroatom doping and the synergistic effect between carbons
and combined metal/metal oxides play an important role in the
improvement of the Li storage capacity and stability.
Although considerable progress has been made in the
applications of biochar-based materials for various energy
storage and conversion technologies, some critical issues
should still be addressed in future work (Fig. 16). First, con-
ventional approaches for biochar functionalization such as
surface oxidation, amination, and sulfonation usually involve
complex operations or toxic chemicals. Secondly, it is difficult
to maintain the conversion efficiency of biomass into biochar
without influencing the further treatments of biochar, such as
pore and surface chemistry tuning as well as loading of metal
and oxides. Thirdly, it is hard to balance the conversion of
biomass into biochar-based materials and their applications in
energy fields. This is important as it cannot completely remove
the impurities in biomass, possibly adversely affecting the
performance of the final materials, and also because the
expected carbon structure of biochar might not always have
positive effects on the performance of the final materials.

This journal is © The Royal Society of Chemistry 2019
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Finally, compared with conventional activated carbon materi-
als, although the surface chemistry and porous structure of
biochar could be easily tuned, there is no strong flexibility or
ability to composite with other diverse functional materials for
further improvement in performance. To address the afore-
mentioned issues, several strategies can be proposed as follows:

(1) For biochar functionalization, more efforts should be
directed towards tailoring its fountainhead, the precursor
biomass. The components of plant biomass could be tuned to
meet the requirements for further biochar functionalization with
the help of plant biotechnology. For example, in their growth
cycle, apart from water and CO,, plants also need to take up
many other elements, such as N, P, Mg, S, and microelements,
which could be enriched into the plant biomass by tuning the
soil properties or adjusting the utilization of fertilizer. As a
consequence, when the plant biomass enriched in certain ele-
ments is pyrolyzed, resulting biochar with specific functional-
ities or heteroatom doping could be directly obtained. This can
yet be regarded as a more sustainable approach for biochar
functionalization than conventional methods.

(2) Developing an easily scaled-up and cost-effective
approach to improve the conversion efficiency from biomass
to biochar with specific characteristics such as a porous struc-
ture, abundant surface functional groups, and a uniform
nanostructure. To achieve this goal, properly selecting and

This journal is © The Royal Society of Chemistry 2019

pre-treating before converting the biomass into biochar could
be a good option leading to the production of low-cost and
high-quality biochar materials with the expected porous struc-
ture, surface chemistry and nanostructure.

(3) Developing proper theoretical models concerning the
design and synthesis of biochar and its composites with an
emphasis on the surface chemistry and molecular interactions,
directing researchers to minimize the negative effects related to
the impurities on the carbon structure of biochar and its
performance in energy conversion and storage.

(4) Selecting suitable components that demonstrate good
physicochemical stability and suitable compatibility with car-
bon to develop high performance biochar-based composites for
energy applications. For this purpose, the components should
fully utilize the high surface area of biochar while maintaining
the structure and porosity of both the components and biochar.

Apart from the aforementioned energy applications, future
work should also be devoted to expanding new energy applica-
tions of biochar. Photocatalytic H, production should be a new
direction for the future applications of biochar-based materials.
Usually, carbon-based materials are seldom used directly as a
photocatalyst for H, production from water splitting, but this
does not impede the applications of carbon-based materials in
photocatalytic H, production.**® Carbon-based materials usually
act as a promoter to enhance the performance of semiconductor

Energy Environ. Sci., 2019, 12, 1751-1779 | 1773
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photocatalysts. The main roles played by carbon-based materials
in photocatalysis include the following five aspects: (1) acting as
a catalyst support; (2) increasing the adsorption and active
catalytic sites; (3) acting as an electron acceptor or transport
channel; (4) increasing the band gap narrowing effects; and (5)
acting as a photosensitization agent.”*® Previous studies have
indicated that carbon nanotubes,*® graphene,”' and carbon
quantum dots**> can be used as co-catalysts or a promoter in
photocatalytic H, production. A great advancement would be to
replace the aforementioned expensive carbon materials with
sustainable and cost-effective biochar-based materials, which
could bring many environmental and economic benefits. Future
work should be devoted to this topic. Energy storage and
conversion devices should be another new direction. Conven-
tional carbon materials are important components in many
energy storage and conversion devices such as photoelectric
conversion®*>*” and thermo-electric conversion devices.>**>°"
Using biochar-based materials as an alternative to conventional
carbon materials in the aforementioned devices should be a
future research direction for expanding the energy applications
of biochar-based materials.

Although there will be great challenges in expanding the use
of biochar in energy applications, the current accomplishments
achieved are very inspiring and comprehensive. With continual
research contributions on this research topic, there could be
great opportunities to achieve practical applications of biochar
materials in the fields of renewable energy conversion and
storage. We hope that this review not only provides the reader
with a good overview of the current advances in the energy
applications of biochar-based materials but also highlights
some goals and challenges remaining in the future research
development of this topic.
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