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Abstract Biochar, the solid carbon product from the
pyrolysis of biomass, has been gaining attention due to
its many possible applications such as soil amendment
and water or air purification. Several effects have been
observed when biochar is applied to soil, including
reduced greenhouse gas emissions, contaminant
degradation and increased microbial activity.
Recently, it has been demonstrated that some of these
effects are a direct consequence of its electrochemical
properties. Understanding the mechanisms that allow
biochar to store and transfer electrons is essential to
obtain a complete view on its role in biogeochemical
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redox reactions. This paper reviews the current
knowledge on the electrochemical properties of
biochar as well as the different techniques available
to measure and modify these properties. Specific
conditions (different feedstocks, additives, pyrolysis
conditions) and treatments that influence biochar’s
electrochemical properties are also discussed, with the
aim of developing biochars with enhanced electro-
chemical properties for specific environmental
applications.
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1 Introduction

Environmental pollution and climate change are
serious concerns that society is facing today. A
significant amount of research has been made for the
development of functional materials that could ame-
liorate these issues. Carbon materials, due to their
environmentally friendly nature, stability and wide
range of applications are excellent candidates for this
task (Lithoxoos et al. 2010; Mauter and Elimelech
2008).

Worldwide, 2 x 10" tons of lignocellulosic bio-
mass are produced every year (Saini et al. 2015). Its
abundance and low-cost make it ideal for the large
scale production of functional carbon materials. One
of these materials is biochar, a carbon-rich solid
produced by the pyrolysis of biomass in an oxygen-
limited environment. In recent years, biochar has
attracted a great interest due to its many applications
including soil amendment, soil and water remediation,
carbon sequestration and reduction of greenhouse gas
emissions (Cayuela et al. 2014; Lehmann et al. 2006;
Mohan et al. 2014; Singh et al. 2010). Biochar
beneficial effects have been traditionally attributed
to its large surface area, complex pore structure and
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chemical composition. More recently, a new range of
electrochemical properties have been discovered in
biochar, i.e. electron transfer and storage capacity
(Kliipfel et al. 2014; Sun et al. 2017). These properties
have been proposed to play a role in some of its
beneficial effects. Thus, when used as a soil amend-
ment, biochar could be involved in some soil redox-
mediated processes including nutrient cycling, con-
taminant degradation, free radical scavenging, micro-
bial electron shuttling and direct interspecies electron
transfer, among others (Chen et al. 2014; Fang et al.
2014; Joseph et al. 2015; Yu et al. 2015).

In this paper, the current knowledge on the
electrochemical properties of biochar is reviewed
and several modification methods for the production
of biochars with altered electrochemical properties are
discussed.

2 Origin of the electrochemical properties
of biochar

Pyrolysis of lignocellulosic biomass is a thermochem-
ical decomposition process that transforms its poly-
meric components into carbon-rich biochar (solid
residue), bio-oil (liquid residue), and syngas (Kan
et al. 2016). The solid fraction is a very heterogeneous
material, generally comprised of an organic aromatic
matrix with different levels of oxidation and inorganic
constituents whose composition will vary depending
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on the original feedstock and temperature of pyrolysis
(Lehmann and Joseph 2015).

The electrochemical properties of biochar arise
both from the organic and mineral phases and include
at least three different mechanisms:

(1) Pseudocapacitance (the ability to store electri-
cal energy through faradaic reduction—oxidation reac-
tions) (Zhang et al. 2009) related to the presence of
redox-active functional groups, metals and radicals on
the surface of biochar (Kliipfel et al. 2014). These
moieties can be oxidized or reduced, some of them
reversibly, giving biochar the ability to act as an
electron storage material (Fig. 1a).

Quinone/hydroquinone pair moieties have been
identified as the main organic functional groups
responsible for the redox properties of carbon mate-
rials (Fig. 2) (Hsieh and Teng 2002; Kliipfel et al.
2014; Raymundo-Pifiero et al. 2006). The redox
reaction involves protons and therefore the pseudoca-
pacitance is pH dependent, usually with higher values
at acidic pH (Lee et al. 2013Db).

Apart from pyrolysis conditions, the amount of
cellulose, hemicellulose and lignin in the original
biomass determines to some degree the final concen-
tration and type of these groups (Zhao et al. 2013).
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Fig. 2 The reversible redox reaction of the quinone/hydro-
quinone pair (with semiquinone as an intermediate)

Biochar, being produced in an oxygen-limited atmo-
sphere, is in a chemically reduced state compared with
the initial feedstock. This is caused by the loss of
oxygen atoms due to the elevated pyrolysis temper-
ature and the high hydrogen — carbon ratio (H/C) of
the original biomass, which can provide a reductive
environment during pyrolysis (Liu et al. 2017). As a
result, the electron donating capacity of biochar is
typically greater than its capacity to accept electrons
(Prévoteau et al. 2016). Hydroquinone and phenolic
moieties make up for the majority of this electron
donor capacity, while aromatic carbonyls (e.g. qui-
nones) are the main electron acceptors (Kliipfel et al.
2014).

Radicals can also have a role in the redox properties
of biochar, either as aryl radicals or as an intermediate
of the quinone/hydroquinone system (semiquinone

Oxidation
Boladbeickiog!
R E—
Reduction HO
b
Eh (V)
1.0 0.8 0.6 0.4 0.2 0 -0.2 -0.4
0,|H,0 NOj|N, MnO,|Mr " NOj|NO;  NOJ|NH,* Fe(OH),|Fe** SO.’[H,S CO,|CH,

Fig. 1 a Reduction and oxidation reactions of biochar;
b Theoretical reduction—oxidation potential values (Eh) of
different redox couples common in soil at 25 °C and pH 7. More
positive values indicate an increased electron accepting nature,

while more negative potentials indicate an increased electron
donor nature. Values obtained from Sigg (2000) and Weber et al.
(2006)
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and phenoxyl radicals) (Bandosz and Ania 2006; Scott
et al. 1998). The formation of persistent free radicals
(PFRs) in biochar is favored by the presence of
transition metals and the huge network of aromatic
rings that stabilize by resonance the unpaired electrons
(Yang et al. 2016a). The half-life of these PFRs can
vary from a few hours to even months (Liao et al.
2014). Despite its importance, the specific role of
PFRs in the redox properties of biochar remains to be
elucidated and more research needs to be done.

The presence of redox active metals such as Fe and
Mn, whether as minerals or attached as organometallic
moieties to the carbon structure in biochar, is respon-
sible for the redox mediation properties of the
inorganic fraction (Kliipfel et al. 2014). Depending
on the feedstock mineral content and pyrolysis con-
ditions, these metals can exist in a wide range of
oxidation states and therefore be oxidized or reduced
by electron donors or acceptors. For example, miner-
als like magnetite (Fe;O4), which are known to be
formed on the surface of biochar (Chen et al. 2011a),
can act both as an electron donor and acceptor due to
the presence of iron in two different oxidation states
(Fe®" and Fe*™) (Augustyn et al. 2014).

The electron storage ability of biochar arising from
its pseudocapacitance properties allows biochar to act
as an electron mediator between microorganisms and
minerals in soil. Biochar can accept electrons from
electron donors in soil such as certain microorganisms
or minerals and transfer them either biotically or
abiotically to different electron acceptors (e.g. NO3 ™)
when conditions change (Kappler et al. 2014). The
specific electron donor and acceptor will mostly
depend on the soil redox potential (Eh) (Fig. 1b), but
also on the pH, microbiota, water content and organic
and mineral composition (Tokarz and Urban 2015).
This process of electron mediation between biochar
and microorganisms, called “electron shuttling”, has
been suggested to influence different processes of soil
biogeochemistry such as methane and nitrous oxide
emissions (Van Zwieten et al. 2015).

(2) Electron conductivity as a consequence of 7-
electron delocalization and the presence of graphite-
like sheet structures (Saquing et al. 2016). Conduc-
tivity in biochar refers to the migration of electrons
between energy bands with different electric potential
(i.e. voltage). If the pyrolysis temperature is high
enough, successive growth and condensation of the
amorphous carbon sheets in biochar will produce
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graphite-like sheet structures with increased crys-
tallinity and aromaticity (Keiluweit et al. 2010). The
accumulation of these conjugated m-electron systems
progressively increases the conductivity of the starting
material, as electrons associated with m-bonds are
delocalized and become available as charge carriers
(Biniak et al. 2001; Pandolfo and Hollenkamp 2006).
Thus, biochar is able to directly transfer electrons from
an electron donor to an electron acceptor without
storing them. Unlike mediation by surface functional
groups, this electron transfer process does not require a
chemical reaction and has been found to proceed much
faster (Sun et al. 2017).

The conductive properties of biochar could play an
important role in the biogeochemistry and microbial
community of soil, for instance, promoting direct
interspecies electron transfer (DIET), a mechanism for
electron exchange between different species of
microorganisms (Dubé and Guiot 2015). In this
process, some microbial species can directly transfer
electrons to biochar, transporting them beyond the
reach of individual cells (Chen et al. 2014) and
coupling the metabolic activities of two different
microorganisms (Fig. 3) (Shi et al. 2016).

(3) Double layer capacitance linked to the porous
structure of biochar: Capacitance is the ability of a
body to store energy electrostatically in the form of an
electrical charge (Brousse et al. 2015). In double layer
capacitance, the charge is stored electrostatically by
reversible adsorption of ions onto the carbon surface,
with no faradaic (redox) reaction involved (Simon and
Gogotsi 2008). To increase the amount of charge
stored, a high surface area material is needed. The high
porosity and surface area of biochar, its low cost and
low toxicity make it an ideal alternative to traditional
carbon materials for the production of electrical
energy storage devices with high capacitance (Jiang
et al. 2013). Besides surface area, the conductivity of a
material positively correlates with its double layer
capacitance. In some cases, the presence of functional
groups in the surface can also increase the double layer
capacitance of the carbon material by improving its
wettability to electrolyte ions (Bleda-Martinez et al.
2005; Fang and Binder 2007). This results in a higher
usable surface area and could draw electrolyte ions
closer to the surface, shrinking the thickness of the
double layer and thus increasing its capacity (Wei
et al. 2005; Shrestha et al. 2014).
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Fig. 3 An example of DIET with biochar as the conductive
medium. After accepting electrons from an electron-donating
microorganism, the conductive graphite like sheet structures

Even though this mechanism probably has little
effect on soil biogeochemical processes since it does
not involve storage or transfer of electrons, the
electrostatic adsorption of ions onto biochar can be
exploited for different applications including the
removal of contaminants (e.g. heavy metals) (Deh-
khoda et al. 2014) and water desalination (Porada et al.
2012).

3 Measuring the electrochemical properties
of biochar

The electrochemical properties of biochar and other
carbon materials had been largely overlooked in the
past due to the difficulty in measuring them. With the
development of new techniques and methods, many
studies have appeared in recent years to fill this void.

3.1 Pseudocapacitance

The measurable properties of biochars linked to their
redox mediation and electron storage capacity are the
electron donating capacity (EDC) and electron accept-
ing capacity (EAC) (Aeschbacher et al. 2010; Kliipfel
et al. 2014; Prévoteau et al. 2016). EDC is defined as
the maximum number of electrons that a particular
biochar can provide to a sufficiently oxidative
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allows electrons to migrate to electron-accepting microorgan-
isms, linking both metabolisms. Adapted from Kouzuma et al.
(2015)

solution, while the EAC is the maximum amount of
electrons that a biochar can accept from a sufficiently
reductive solution. The sum of the two is the electron
exchange capacity (EEC), biochar’s total capacity to
accept and donate electrons.

Traditionally, electrochemical analysis with a
three-electrode system (Fig. 4a) has been used to
measure the electron exchange capacities of materials
like humic substances, that share many similarities
with biochar (Aeschbacher et al. 2010; Peretyazhko
and Sposito 2006). Its high sensitivity, precision and
the capacity to measure the electron transfer in real
time makes it an ideal technique for this task.
However, the difficulty to solubilize biochar and the
fact that many of its functional groups are hidden
inside the complex pore structure makes it difficult to
directly measure the electron exchange with an
electrode. Kliipfel et al. (2014) overcame these issues
using a technique called mediated electrochemical
analysis (Fig. 4b). In this technique, a chemical
mediator of known concentration is reduced/oxidized
by a specific amount of biochar, transferring the
electrons later to the electrode (or receiving the
electrons from the electrode in the case of biochar
reduction). Measuring the current that passes through
the electrode, which is proportional to the amount of
electrons that enter or exit the electrode, and knowing
the mechanism of the reaction (e.g. how many
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Fig. 4 a Three electrode system; b Mediated electrochemical technique; Non-mediated electrochemical techniques including
¢ Immobilization of biochar in the surface of the electrode and d Biochar-composite electrode

electrons are involved) allows to calculate the number
of electrons that biochar is able to accept or donate.

To reduce the noise of the signal, measurements
should be taken away from electromagnetic fields (like
those originating from the electrical grid) (Husson et al.
2016). One solution is to place the electrochemical cell
inside a Faraday cage, which shields the apparatus and
minimizes electromagnetic perturbations.

The selection of mediator is based on the redox
potential (the tendency of a chemical species to
acquire/donate electrons and be reduced/oxidized) of
the main functional groups responsible for the dona-
tion/acceptance of electrons. A mediator with a more
positive redox potential is used to measure the electron
donating capacity and one with a more negative redox
potential to measure the electron accepting capacity. If
the redox potential of the mediator is very different to
the redox potential biochar will encounter in the
environment, the real amount of electrons donated/
accepted by biochar in environmentally relevant
conditions could significantly differ from the mea-
sured laboratory values. For this reason, for environ-
mental applications it is advisable to use a mediator
with a redox potential similar to the expected
environmental conditions.

Kliipfel et al. (2014) used two different mediators,
ABTS (2,2'-azino-bis(3-ethylbenzthiazoline-6-
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sulfonic acid)) for EDC and a synthesized zwitterionic
viologen for EAC. They analyzed a total of 19
biochars produced at temperatures from 200 to
700 °C and found that for grass-based biochars, 1 g
of biochar could accept a maximum of 0.90 mmol of
electrons and donate up to 0.70 mmol of electrons.
The main disadvantage of electrochemical tech-
niques is that the amount of electrons transferred
depends on a wide range of variables like temperature,
pH, the chemical mediator used, its concentration, etc.
(Sander et al. 2015). Thus, two values can only be
compared when measured in the same exact condi-
tions. In a recent work, Prévoteau et al. (2016)
performed electrochemical analysis on a similar
wood-based biochar than the one Kliipfel et al.
(2014) used, but with more stable mediators and
longer incubation times (days instead of minutes). The
methodology used by Kliipfel et al. (2014) allowed
measuring the electron transfer between biochar and
electrode (via mediator) in real time. However, due to
the long incubation times in their study, Prévoteau
et al. (2016) had to quantify the electron transfer
indirectly by monitoring the extent of mediator
reduction/oxidation caused by biochar at regular
intervals. They achieved this using a rotating disk
electrode, which induces a laminar flow of solution to
the electrode and prevents diffusion issues. The
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continuous arrival of mediator molecules to the
electrode caused by the rotation allows obtaining a
steady-state limiting current proportional to the con-
centration of reduced/oxidized mediator. Once the
amount of mediator reduced/oxidized by biochar
reaches a plateau, it could be assumed that the electron
transfer is over. Since the mechanism of the reaction
and the initial concentration of mediator are known,
the total number of electrons transferred can be
calculated. After 60 days of incubation time, they
reported a maximum EDC of 7 mmol of electrons per
gram of biochar, while the EAC was similar to the
values obtained by Kliipfel et al. (2014). This tenfold
increase in EDC with respect to previous results was
caused by a very slow electron donation, which could
not be detected by ABTS due to its instability in
solution after only a few hours. The authors attributed
this sluggish donation to the slow kinetics of oxidation
of recalcitrant compounds in biochar or to sequential
irreversible oxidations of some chemical species.

Besides the use of mediators, there are other
approaches to study materials that are difficult to
solubilize or do not easily facilitate the electron
transfer to the electrode. These non-mediated
approaches rely on placing the material in direct
physical contact with the electrode, for example
through immobilization of the sample onto the elec-
trode’s surface (Fig. 4c) (Sun et al. 2017) or by mixing
the material with a conductive matrix which, after
being compacted in a hydraulic press, serves as the
working electrode (composite electrodes, Fig. 4d)
(Joseph et al. 2015; Kalinke et al. 2016). The values
obtained from non-mediated techniques, however, are
sometimes much lower than those reported using
mediated techniques. This is probably due to the
redox-active moieties being hidden inside the bulk
structure of the material and not in contact with the
electrode, especially in very porous materials like
biochar (Sander et al. 2015).

3.2 Double layer capacitance

The specific contributions of pseudocapacitance and
double layer capacitance to the total current obtained
from the electrochemical analysis are seldom differen-
tiated. However, it could be important to discriminate
between them considering that pseudocapacitance
probably has a more dominant role in soil biogeochem-
ical reactions.

To accomplish this, the total current has to be
separated as a function of whether it’s been caused by
faradaic and non-faradaic capacitative processes
(Deen and Asselin 2016). This is achieved by analyz-
ing the output current as a function of potential
performed at different sweep rates. Since each process
responds differently to varying sweep rates, their
individual contributions to the total current can be
calculated (Wang et al. 2007).

For instance, Sun et al. (2017) were able to measure
the non-faradaic current of black walnut biochar
produced at different temperatures. They found that
the capacitance increased with higher temperatures,
probably due to the formation of graphite-like sheet
structures and the increased conductivity.

3.3 Conductivity

In order to determine the electrical conductivity of
biochar, a two-probe technique is frequently used
(Chen et al. 2014; Mochidzuki et al. 2003; Xu et al.
2013). A voltage is applied and a known current is
forced to pass through the sample, which is placed
between the two probes. The resulting voltage drop is
measured by a potentiometer, and allows calculating
the conductivity of biochar from its resistivity (how
strongly biochar opposes the flow of electric current).
In the work published by Chen et al. (2014), for
example, the conductivity of several biochars pro-
duced at different temperatures and residence times
were estimated using two gold electrodes as probes,
separated by a 50 um non-conductive gap. The
biochar sample was placed between the electrodes as
a connector, allowing current to pass and resistivity to
be measured (Fig. 5).

When measuring the electrical conductivity of a
material, a common problem is the electrical contact
resistance between particles. Particulate carbons are
especially sensitive to electrical contact resistance and
it must be eliminated from the total measured resis-
tance (Walker and Rusinko 1957). To overcome this
issue, a pressure (or range of pressures) are typically
applied to a packed bed of the carbon material, whose
length and electrical resistivity decrease with
increased pressure until a plateau is reached (when
the contact electrical resistance is overcome) (Xu et al.
2013). After correcting for the empty bed values, the
real electrical resistance of the material can be
obtained and conductivity correctly evaluated. As an
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Fig. 5 Illustration of a two-probe technique used to measure
the conductivity of biochar

alternative, a graphite powder-based contact fluid can
be applied to reduce the contact resistance substan-
tially (Gabhi et al. 2017).

3.4 Kinetics of electron transfer

In addition to the amount of electrons that biochar can
store and transfer, the kinetic of those processes is an
important feature that can affect its role in soil
biogeochemistry. For example, the direct reduction
of Fe(Ill) minerals by Geobacter sulfurreducens
proceeds at a much slower rate when the electron
transfer is performed directly than when humic
substances are used as electron shuttles (Jiang and
Kappler 2008). This is due to the fast kinetics of
electron transfer of the humic substances, which
promotes the bacterial reduction of Fe(IIl) minerals.
In a recent article by Sun et al. (2017), the electron
transfer kinetics of surface functional groups and
graphitic carbon structures in pyrogenic carbon were
determined using different electrochemical tech-
niques. The assessment of the charging and discharg-
ing kinetics of surface functional groups were
performed using a non-mediated electrochemical
approach where the pyrogenic carbon was immobi-
lized onto the surface of a graphite electrode. For the
measurement of the kinetics of electron transfer in the
graphitic structures, on the other hand, a composite
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electrode made of pyrogenic carbon particles was
used, with a ferrocene derivative [dimethy-
laminomethyl ferrocene (FcDMAM)] as an electron
donor. Results showed that direct electron transfer by
the graphitic structures was three times faster than the
charging and discharging behavior of surface func-
tional groups. This is expected since in the functional
group mechanism a chemical reaction is necessary.
The kinetics of electron transfer due to functional
groups were stable even at high pyrolysis tempera-
tures, although its total electron contribution was
lower as a result of the decreased number of groups.

4 Designing biochar for enhanced electrochemical
properties

Since biochar can have a role in several biogeochem-
ical redox reactions, modifying biochar electrochem-
ical properties is an interesting approach to regulate its
effect on different environments like soil and water.
Furthermore, it could allow investigating their impact
on soil under controlled conditions by comparing
biochars produced from the same feedstock but with
different electrochemical properties.

In order to adjust the electrochemical properties of
biochar, the elements responsible for the desired
properties have to be promoted. If a higher electron
storage capacity is wanted, a biochar with an increased
number of redox-active functional groups, radicals
and/or metals must be produced. If conductivity is the
desired trait, however, a biochar with a more aromatic
and graphitic structure has to be made. Unfortunately,
the combination of high electron storage capacity and
conductivity is difficult to achieve. Oxygen-contain-
ing functional groups (OCFG) preferentially form at
the edges of the graphite-like sheet structures, which
increase the energy barrier for electrons to transfer
from one sheet to the next (Barton and Koresh 1984;
Polovina et al. 1997). Therefore, processes that
increase the content of OCFG in biochar for an
improved electron storage capacity can decrease its
conductivity and vice versa.

In order to produce tailored biochars with the
desired electrochemical properties, variables such as
the starting material, the pyrolysis temperature and
residence time, the presence of additives or the use of
chemical treatments must be carefully chosen.
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4.1 Selecting the original feedstock

Biochar can be produced from many kinds of
feedstock including wood, grass, algae, manure,
sewage sludge, etc., so a high variability is to be
expected in the resulting properties among different
biochars (Zhao et al. 2013). Some generalizations can
be made about their characteristics depending on the
initial feedstock. For example, wood-derived biochar
consistently has a relatively high carbon and low ash
content compared to non-wood-derived biochars (e.g.
manure and grass biochars) (Mukome et al. 2013).
Surface area, which is related to double layer capac-
itance and pseudocapacitance, is found to be higher in
softwood and derived biochar then hardwood bio-
chars. The less dense structure of softwoods makes
them more susceptible to thermal decomposition,
producing a biochar with a high amount of pores.

Biochar produced from animal wastes has a high
nitrogen content and therefore an increased number of
nitrogen-containing functional groups that could
improve its pseudocapacitance (Zhao et al. 2010).
Biochar from Sewage sludge has an even greater
concentration of heavy metals than the original waste
material (Lu et al. 2016), which is not recommended if
it is going to be used as a soil amendment or for
contaminant removal.

The abundance of lignocellulosic biomass makes
plant-derived biochar the majority of commercially
available biochar (Lehmann and Joseph 2015). The
amount of cellulose, hemicellulose, lignin and inor-
ganic components in these sources will determine to
some degree the final structure and chemistry of the
resulting biochar. Different studies have also shown
that biochar with high mineral content can have a high
redox activity, probably due to the presence of redox-
active metals (Joseph et al. 2013; Quin et al. 2015).
Biochars produced from biomass with high ash
content (e.g. grass) have usually better electron
storage capacity than biochars from low ash feed-
stocks like wood (Kliipfel et al. 2014). However,
sometimes the presence of redox-active metals can
only account for a fraction of this increase. It has been
hypothesized that metal ions present in the biomass
can influence the thermal degradation of lignocellu-
lose and favor different depolymerization pathways,
like cycloreversion-oxidation, that allows for a more
efficient oxidation and a higher number of OCFGs
(Harvey et al. 2012).

Although the nature of the original material used
has an effect on the properties of biochar, other factors
like pyrolysis conditions have large and more impor-
tant effects on its electrochemical properties (Kliipfel
et al. 2014; Zhao et al. 2013).

4.2 Adjusting pyrolysis conditions

In the production of biochar, the pyrolysis conditions
are the most important variables since they determine
the majority of its properties. The central roles of
pyrolysis temperature, residence time and atmosphere
are key to understand and control the thermally
induced changes in the original material.

4.2.1 Type of pyrolysis

Fast and slow pyrolysis are the two most common
types of pyrolysis. During fast pyrolysis there is a
rapid heating of biomass with a small residence time of
a few seconds, while slow pyrolysis has a gradual
heating rate and a residence time of hours (Bruun et al.
2012). As aresult, fast pyrolysis generates more liquid
product, yielding only 10-25% of solid char with
usually lower surface area than the slow pyrolysis
method (Lehmann and Joseph 2015). The 25-35%
yield for slow pyrolysis makes it the usual method of
choice when the goal is the production of biochar
(Mohan et al. 2006).

The different pyrolysis methods could also affect to
some degree the functionalization and therefore the
pseudocapacitance of biochar. Brewer et al. (2011)
studied the composition of biochars produced from
fast and slow pyrolysis. FTIR analysis showed large
signals of oxygen-containing groups in fast pyrolysis
biochars, being phenolic and carbonyl (C=0) groups
the most prominent ones. In contrast, although slow
pyrolysis biochar also presented these groups, their
signals were much weaker than in fast pyrolysis
biochars, suggesting a lower electron storage capacity.

The duration of the thermal treatment plays an
essential role in the graphitization and therefore the
conductivity of biochar (Gabhi et al. 2017). The
electrical conductivity increases when the individual
graphite-like sheets grow and become interconnected
to form a conductive network (Pandolfo and Hol-
lenkamp 2006). The randomly oriented sheets need to
be properly aligned for conductivity to rise and the
process is temperature and time-dependent (Nover
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et al. 2005). In the recent study by Gabhi et al. (2017),
an extra 8-h heat treatment was performed on a
commercial biochar, which resulted in a 600-fold
increase in its conductivity. The X-ray diffraction
(XRD) analysis showed a highly ordered crystal
structure after the treatment, probably due to graphi-
tization of the bulk material.

The concentration and type of radicals in biochar is
also dependent on pyrolysis duration. At relatively low
temperatures (300400 °C) radicals gradually
increase with increasing residence times, while at
higher temperatures (500-600 °C) radicals decay with
a longer residence time (Fang et al. 2015). Further-
more, as pyrolysis time increases the abundant oxy-
gen-centered radicals (e.g. the semiquinone radical)
decompose and convert to carbon-centered radicals
(e.g. phenoxyl radical). This could have implications
for the radical-related pseudocapacitance since oxy-
gen-centered radicals are thought to be more reactive
than carbon-centered radicals with an adjacent oxygen
atom in biochar.

4.2.2 Temperature

Pyrolysis temperature is the most important parameter
since it determines the structure and oxidation state of
the organic phase (Al-Wabel et al. 2013; Crombie
et al. 2013; Khanmohammadi et al. 2015; Kliipfel et al.
2014; Rafiq et al. 2016). As temperature rises, the
crystalline structure of cellulose becomes amorphous
and thermal depolymerization takes place (Keiluweit
et al. 2010). Free monomeric phenols from lignin and
other alcohols from cellulose and hemicellulose start
to appear. Around the high treatment temperature
(HTT) of 400 °C, all lignocellulose is in an amorphous
state and is generally the temperature where biochar
has a higher electron exchange capacity due to the
high number of redox-active functional groups
(mainly phenolic moieties).

Oxidation and condensation reactions at
500-550 °C increases the number of electron accept-
ing moieties. The accumulation of quinones at this
temperature (newly formed and from the oxidation of
phenols and other alcohols) usually produces the
biochar with the highest electron accepting capacity,
although it varies between different feedstocks
(Kliipfel et al. 2014; Prévoteau et al. 2016). The
aromatization and loss of OCFGs, especially phenolic
groups, via thermally induced dihydroxylation/
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dehydrogenation reactions can explain the sharp
decrease in EDC at temperatures above 500 °C
(Harvey et al. 2012).

At higher temperatures (> 600 °C) the EAC and
EDC values drastically decrease due to the almost
complete thermal degradation of functional groups
and localized graphitic sheets start to grow and
become aligned into small graphite-like micro-crys-
tallites (Pandolfo and Hollenkamp 2006). The forma-
tion of these graphitic micro-crystallites and the loss of
oxygen-containing functional groups result in higher
electrical conductivity and lower pseudocapacitance
(Prévoteau et al. 2016; Rafiq et al. 2016; Rhim et al.
2010).

The presence of radicals in biochar constantly
increases with raising temperatures up to 600 °C and
substantially drops at higher temperatures, becoming
undetectable at 800 °C (Liu et al. 2015a). At relatively
low to intermediate pyrolysis temperatures
(300-550 °C) oxygen-centered radicals dominate,
while at higher temperatures carbon-centered radicals
are the predominant species (Fang et al. 2015).

Finally, higher temperatures during pyrolysis pro-
duces biochar with increased surface area and aro-
maticity (Gai et al. 2014), which facilitates the
electrostatic adsorption of ions in the double layer
capacitance mechanism.

4.2.3 Atmosphere

Although pyrolysis of biochar is usually performed in
an oxygen-free atmosphere, the presence of little
quantities of O, during heating could increase the
number of oxygen-containing functional groups. Chen
et al. (2011b) thermally treated hydrothermal and
activated carbon in air, creating a high number of these
functional groups (including redox-active groups, like
phenols and quinones, mainly responsible for the
electron storage ability of biochar). The temperature
used (100-300 °C) was sufficiently high to ensure that
oxygen from air was reactive, adding new OCFGs to
the biomass. In another study, Suliman et al. (2016)
treated eighteen biochars from three feedstocks and
six temperatures (350, 400, 450, 500, 550 and 600 °C)
in a lab scale reactor at 250 °C. X-ray photoemission
spectra (XPS) analysis confirmed that greater quanti-
ties of carbonyl and carboxyl groups were formed on
biochars.
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The main problem with this approach is to prevent
the oxidation process to reach combustion. Lee et al.
(2013a) proposed several methods to achieve this,
including oxygen plasma injection, the application of
a quencher like water or the use of an artificial gas
mixture. With these methods, the amount of oxygen
used can be precisely monitored, preventing complete
combustion and controlling the quantity and type of
OCFGs formed in the surface of biochar. For example,
Madej et al. (2016) produced Miscanthus biochar
under a nitrogen atmosphere with different oxygen
concentrations (0, 0.5, 1 and 2%). As mentioned
before, if pyrolysis is performed with a highest
treatment temperature > 500 °C, many OCFGs start
to decompose. However, their analysis showed that the
loss of oxygen content in biochars produced at
> 500 °C was reduced with increasing concentration
of oxygen in the artificial atmosphere.

4.3 Chemical and weathering treatments

Despite the fact that biochar has a greater concentra-
tion of functional groups than other carbon materials, a
functionalization process is often a necessary step to
achieve a biochar with the desired properties (Liu et al.
2015b). A wide range of chemical treatments have
been tested for the production of modified biochar,
generally post-pyrolysis. In carbon materials like
graphene and graphite, some of these treatments were
able to modify their electrochemical properties (Tang
et al. 2009).

4.3.1 Oxidizing agents

For the chemical functionalization of biochar, oxidiz-
ing agents like hydrogen peroxide (H,0O,), potassium
permanganate (KMnO,4) and ozone (O3) are com-
monly used (Lee et al. 2013a). These compounds are
reactive enough to add oxygen atoms into organic
materials producing a homogeneously oxygenated
biochar. Huff and Lee (2016) produced pinewood
biochar by pyrolysis at 400 °C, which then treated
with H,O, at different concentrations (from 1 to 30%
w/w). FTIR-ATR analysis showed a higher concen-
tration of oxygen-containing functional groups with
increasing H,O, concentration compared to the
untreated biochar. In addition, the peak that correlates
with the C=C stretching of the aromatic carbons
(1585 cmfl) decreased with respect to the untreated

sample. This suggests that some of the aromatic
carbon of the sample was affected by the introduction
of new oxygen atoms.

Even though biochar usually has a basic pH,
oxidizing treatments can introduce a great number of
acidic groups (e.g. carboxylic groups COOH), lower-
ing its pH. Li et al. (2014) treated bamboo biochar with
KMnO, and HNOj as oxidizing agents, after which the
contents of carboxylic, phenol and lactone groups
were substantially higher. The resulting acidity (espe-
cially for the HNOj treatment) also led to increased
hydrophilicity of the biochars, which improves wet-
tability and thus the adsorption of ions onto its surface.
This property, along with the increased number of
redox-active functional groups produce biochar with
unusually high capacitance, which has been exploited
for the use of biochar as supercapacitor (Jiang et al.
2013).

Valdés et al. (2002) investigated the effect of ozone
treatment to activated carbon. X-ray photoelectron
analysis showed that short treatment times lead to a
higher number of phenolic functional groups. With
increasing ozonation times their concentration
decreases and more oxidized groups such as lactones
and carbonyls are generated, evolving finally to
carboxylic groups that have low electrochemical
reactivity.

4.3.2 Alkali and acid treatment

The modification of pseudocapacitance and double
layer capacitance in biochar could be accomplished
using strong bases such as NaOH and KOH, as several
studies have proven their effect its functionalization
and surface area. Yakout (2015) obtained a basic
biochar after KOH treatment with an increased oxygen
content, which they attributed to an abundance of
phenolic groups. As reported by Li et al. (2014),
NaOH treatment doubled the content of lactone groups
compared to pristine biochar. However, the amount of
carboxyl and phenolic groups were greatly reduced.
As an additional effect, the concentration of alkali
determines not only the number of functional groups,
but also the pore structure and surface area of the
treated biochar (Liu et al. 2015b).

A highly oxygenated and acidic biochar is produced
when treated with H,SO,4 (Yakout et al. 2015). Besides
the addition of carboxyl and phenolic groups, sul-
fonation of the biochar’s surface can take place, which
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opens the possibility to use it as a catalyst for a wide
range of applications (Yu et al. 2011).

Phosphoric acid treatment has been found to be an
effective method for biochar modification both before
and after the pyrolysis step. Taha et al. (2014) treated
charcoal and two biochars from rice straw and corn
stover with a solution of 1 M H3PO,, which signifi-
cantly increased their aromatization and the number of
surface functional groups. Jagtoyen et al. (1992), on
the other hand, investigated the effect of phosphoric
acid in lignocellulosic biomass before and during the
pyrolysis process. At low temperatures H;PO, causes
and accelerates the hydrolysis of glycosidic bonds in
holocellulose and B-O-4 aryl ether bonds in lignin,
while also promoting crosslinking via cyclization and
condensation. P-containing functional groups like
phosphates or polyphosphates are introduced forming
ester bonds with free —OH present in the biomass.
These groups can form bridges that connect different
polymer chains, creating a swelling effect on the
lignocellulose that produces a biochar with an open
pore structure. At higher temperatures (> 450 °C), the
phosphate linkages become thermally unstable causing
the contraction of the structure. Several studies have
used phosphoric acid for the pretreatment of lignocel-
Iulosic biomass before the pyrolysis step. In a study by
Uchimiya et al. (2011), pecan shells were ground,
soaked overnight in 30 wt% phosphoric acid and
pyrolyzed at 450 °C for 4 h. A higher Oxygen/Carbon
molar ratio was obtained for phosphoric acid activated
biochars than untreated biochar, which they attributed
to an increased number of oxygen-containing func-
tional groups.

4.3.3 Doping with heteroatoms

Another method to change the properties of biochar is
to dope it with heteroatoms, which in carbon materials
like graphene or graphite has proven to enhance their
electrochemical properties (Shao et al. 2010). Doping
the carbon matrix with heteroatoms (i.e. the graphitic
carbon atoms are substituted by other atoms) can
influence the conductivity of biochar by altering the
electron density of the condensed nt-electron network
(Deng et al. 2015). In addition, many new functional
groups can be attached which, if redox-active, can
increase its pseudocapacitance.

The most common heteroatom used is the nitrogen
atom. Nitrogen-modified biochar can be prepared
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treating the char with nitrogen reactive compounds
like nitric acid, urea, nitrogen plasma or, more
commonly, injecting ammonia at high temperatures
during the pyrolysis of biomass (Liu et al. 2015b). At
very high temperatures, ammonia breaks down into
radicals and react with surface oxides and active sites
at the edges of the polycondensed graphite-like sheets
to form functional groups such as amines, pyridones,
pyridine- and pyrrole-like functionalities (Fig. 6a)
(Xiong et al. 2013). These groups add extra pseudo-
capacitance due to faradaic redox reactions where they
can store and transfer electrons (Fig. 6b).

The addition of nitrogen-containing groups with
chemical treatments is limited, since it can only
introduce groups onto the surface of biochar, some-
times at the expense of oxygen-containing groups
(Madej et al. 2016). Alternatively, the direct pyrolysis
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of nitrogen enriched biomass is usually cheaper, less
time consuming and more efficient (Jassal et al. 2015;
Purevsuren et al. 2003). Adding nitrogen precursors
like chicken manure, urea or other nitrogen com-
pounds to the biomass before pyrolysis can introduce
nitrogen atoms into the carbon lattice of biochar
forming nitrogen moieties such as pyridinic, pyrrolic
and graphitic-N (also known as quaternary-N) (Zhao
et al. 2010). Pyridinic and pyrrolic nitrogen species
doped into the aromatic structure can enhance the
electron-donor and storage capacity of biochar due to
their redox properties (Uchimiya et al. 2011; Wang
et al. 2014). Quaternary-N atoms increase the elec-
tronic density of the N-doped carbon, which improves
the conductivity of the material (Liu et al. 2011).
Sulfur-doping has also been used to modify the
electrochemical properties of many carbon materials,
with similar effects on pseudocapacitance than nitro-
gen-doping (Seredych and Bandosz 2013). The intro-
duction of the redox-active sulfones and sulfoxides in
the carbon material are thought to be the main reason
of this improvement in pseudocapacitance (Fig. 7).
In addition to doping carbon materials exclusively
with one heteroatom, multi-heteroatom doping can
provide a synergistic effect on the modification of the
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Fig. 7 a Illustration of the most common sulfur functionalities
in S-doped carbon materials. The circled ones are the redox-
active functional groups; b Proposed redox reactions of these
groups

electrochemical properties (Hasegawa et al. 2015).
For instance, Si et al. (2013) were able to produce
activated hydrothermal carbons with both nitrogen
and sulfur functionalities. The increased pseudoca-
pacitance of the carbon material was higher when it
contained both sulfur and nitrogen than when only one
heteroatom was added.

4.3.4 Weathering processes

Biochar undergoes many chemical changes when
added to soil related to complex chemical and
biological interactions. Joseph et al. (2010) observed
that the oxygen and radical content on the surface of
biochar increase significantly after 1 year of applica-
tion to soil, especially carbonyl functional groups.
Biochars produced at elevated temperatures, with
increased condensation of the aromatic carbon,
showed a higher resistance against microbial oxida-
tion (after which conductivity probably decreases).
The rate of oxidation depends both on the type of soil
(Rechberger et al. 2017) and biochar (Joseph et al.
2010).

A similar but much faster process of biochar
weathering occurs during composting. The composting
process can be described as the biological oxidative
decomposition of organic wastes under controlled
conditions (Sharma et al. 1997). In this context, it
could be a suitable method to increase the oxygen-
containing functional groups in biochar and therefore
its electron storage capacity. Wiedner et al. (2015)
added three types of biochar (beech biochar at
~ 450 °C, wood chips biochar at ~ 550 °C and green
cutting biochar at ~ 800 °C) to different mixtures of
fresh organic material and composted them. At the end
of the treatment, they recovered the modified biochars
and analyzed them using Fourier transformation
infrared microscopy (FTIM) mapping for carboxylic
(1700-1725 cm™"), aromatic (1585-1725 cm™") and
phenolic groups (1190-1210 cm™"). In this technique,
an infrared microscope allows to visualize the sample
and measure the relative proportions of different
functional groups before and after composting. Results
showed signs of increased oxidation in composted
biochars with respect to fresh biochar. The relative
proportion of carboxylic groups increased for low
temperature composted biochars (~ 450 and
~ 550 °C) in relation to fresh biochars, while phenolic
groups had a higher contribution in the high
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temperature composted biochar (~ 800 °C). Other
studies have also reported an increased concentration of
oxygen-containing functional groups on the surface of
biochar after the composting process (Jindo et al. 2012).
An alternative and complementary explanation to the
oxidation of biochar is the adsorption of organic matter
and/or microbial exudates from the composting mixture
(Prost et al. 2012; Wiedner et al. 2015).

In addition to oxidation, aging in soil can modify its
surface via mineral precipitation and the formation of
mineral phases with a different electrochemical
potential than the organic phase (Joseph et al. 2010;
Lin et al. 2012). The organic phase has a nanoporous
structure and can act as a semipermeable membrane,
connecting mineral phases with different soluble
metal concentrations (Joseph et al. 2013). A flow of
electrons, protons, cations and anions can then occur
between phases with different electrochemical poten-
tials, in a similar way to galvanic cells. This poten-
tially allows for complex redox reactions to take place,
especially for phases having redox-active metals.
These redox reactions can influence the environment
around biochar, affecting microorganisms, plants,
other minerals and even gases. One possible example
of the electrochemical changes occurring during aging
in soil can be seen in the work of Quin et al. (2015),
where eucalypt biochar incubated in soil and sterilized
was able to lower the emissions of injected N,O. XPS
analysis showed that compared to the 100% biochar
sample, in soil/biochar mixtures there was a consid-
erable increment of nitrogen groups in the surface.
This indicated the reaction of N,O with organic groups
or mineral elements in the aged soil/biochar mixture
that where not present in the original biochar (at least
in the same amounts). Furthermore, the formation of a
porous organomineral layer after injection and the
presence of iron in both oxidation states (Fe*" and
Fe*™) suggested that redox reactions between N,O and
Fe could have taken place.

4.4 Additives

The addition of metal ions can influence directly or
indirectly the electrochemical properties of biochar.
First, metal ions can influence the thermal degradation
of lignocellulose and favor different depolymerization
pathways, which control the final concentration and
type of functional groups in biochar (Harvey et al.
2012). Second, mineral oxides can form in the surface
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of biochar with the metal in different oxidation states,
which could also increase pseudocapacitance directly
(Joseph et al. 2015; Kliipfel et al. 2014). This makes
the presence of mineral additives during the biomass
pyrolysis process an interesting, faster and possibly
cheaper method than chemical treatments to produce
electrochemically altered biochars.

4.4.1 Iron

Iron is the most common additive used for the
production of modified biochar. Many Fe-enriched
biochars has been developed in recent years for the
removal of contaminants in soil and water due to their
high surface area, increased functional group content
and magnetic properties (Bandosz and Ania 2006;
Rajapaksha et al. 2016; Saleh et al. 2016; Zhang et al.
2013; Zhou et al. 2014). Iron is usually added as FeCls;,
although cheaper alternatives like hematite (o-Fe,O5)
and Iron powder (Feo) have also been used (Chandra-
iah 2016; Wang et al. 2015d). For the production of
Fe-enriched biochar, biomass and FeCl; are usually
placed in solution and heated to facilitate impregna-
tion. The solution is then filtered, dried and pyrolyzed.
The sequence of reactions that takes place was
investigated by Yang et al. (2016b) using X-ray
diffraction (XRD). Based on XRD results, during the
drying step the FeCl; loaded on the biomass is
hydrolyzed into Fe(OH); and FeO(OH), which then
are reduced by volatiles released from the biomass
during pyrolysis to different iron oxides. A magnetic
mineral nano-phase is then formed in the surface of
biochar, composed generally of maghemite (y-Fe,05)
or magnetite (Fe;04) nanoparticles. As a result of the
influence of iron on the thermal degradation of
lignocellulose, a greater concentration of carbonyl
groups, phenols and aromatic carbon is found in these
biochars. Their magnetic properties, which depends on
the initial load of iron, appear usually at temperatures
> 400 °C. However, Chen et al. (2011a) achieved the
magnetization of biochar at a greater range of
temperatures adding NaOH during impregnation,
which increased iron coprecipitation.

As an alternative to a more functionalized biochar,
Sun et al. (2013) obtained a biochar with an enhanced
graphitic structure adding both FeCl; and ZnCl, as
catalysts to biomass before pyrolysis. The higher
graphitization of biochar resulted in an improved
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electrical conductivity, high surface area and pore
volume.

Different metals, including iron, can participate in
the formation of persistent free radicals in biochar. In
the study carried by Fang et al. (2014), pine needles
were loaded with different concentrations of iron
(FeCls3), pyrolyzed at 400 °C for 2 h and analyzed by
electron paramagnetic resonance spectroscopy (EPR).
The concentration of oxygen-centered PFRs increased
up to four times compared to the control biochar. In
contrast, at concentrations of loaded iron higher than
10 mM the resulting biochar had a decreased abun-
dance of PFRs, even lower than biochar without
treatment. As a possible formation mechanism, they
proposed that at low metal concentrations, transition
metals like iron accept electrons from phenolic
compounds, favoring the formation of radicals. How-
ever, at high concentrations the excess of metal would
also accept electrons from radicals, consuming them in
the process.

Not only can the high number of OCFGs and
radicals in Fe-loaded biochar affect its electrochem-
ical properties, but also the presence of iron in
different oxidation states. Iron redox reactions can
have a significant impact on the biogeochemistry of
soil, including the carbon and nitrogen cycles (Li et al.
2012; Lindsay 1988; Lindsay and Schwab 1982;
Roden 2012).

4.4.2 Manganese

The addition of manganese has a similar effect than
iron in the pyrolysis of biomass in terms of functional
groups and presence of the metal in different oxidation
states (in the form manganese oxides for example).
Wang et al. (2015a) reported a higher amount of
OCFGs like phenolic, hydroxyl and carboxyl groups
in a Mn-preloaded biochar compared to the unmod-
ified biochar. They pyrolyzed hickory wood pretreated
with potassium permanganate (KMnQ,), obtaining a
biochar covered with various forms of manganese
oxide on its surface. XRD analysis identified these
forms as Mn30,4 and o-MnO,. As with iron, not only
the increased number of OCFGs but also the presence
of Mn in different oxidation states can modify the
redox properties of biochar. In a different study, Wang
et al. (2015b) used MnCl, as the precursor, obtaining a
highly crystalline phase of manganosite (MnO) and
higher oxygen content than pristine biochar. On the

other hand, when they used potassium permanganate
as the additive they obtained a poorly crystalline Mn-
oxide but a much higher oxygen content than other
treatments. Therefore, the high OCFG content on the
surface of some Mn-modified biochars could be
attributed to the high oxidant capacity of KMnOy.

Bimetal spinel nanocrystals, such as metal ferrites,
have been successfully used lately in environmental
pollutant removal. In this context, Wang et al. (2015c)
developed in a different work a magnetic iron—
manganese (Fe-Mn) biochar composite for arsenic
adsorption. A mixture of Mn and Fe-oxides impreg-
nated onto the surface of biochar was obtained when
FeCl; and MnCl, were mixed with biomass in water,
dried and pyrolyzed. Interestingly, when a coprecip-
itation step using NaOH was included, a ferrite
(MnFe,0O,) loaded biochar was produced. Oxygen
content in the ferrite-loaded biochar was four times
higher than in the mixture of metal oxides.

4.4.3 Clay

Clays can contain impurities such as F and CI that are
trapped in micropores or that are part of its lattice
structure. For example, if present in certain amounts in
soil, the fluoride ion can substitute the hydroxyl ion in
many clay minerals (Chipera and Bish 2002). Due to
the high temperatures reached during pyrolysis, clays
can release small amounts of them as volatiles (Heller-
Kallai and Miloslavski 1992). Although most of these
volatiles are water vapor, very reactive volatiles like
HF, HCI or PHj; are also liberated, which could affect
the chemical surface of biochar (Heller-Kallai 1997).
One example of this application can be found in the
work of Chia et al. (2014), where biochar particles
were coated in clay, manure and other minerals and
heated at 200-240 °C. A higher number of oxygen
containing functional groups was found in the surface
of the treated biochar, as well as a thin mineral layer
mainly composed of the redox active metals Fe and
Mn between the organic and inorganic phases.

The study of Rawal et al. (2016) has shown the
potential high redox activity of biochar-mineral com-
plexes produced when biomass is pyrolyzed along
with clay and other minerals. They developed biochar-
mineral composites pyrolyzing bamboo cubes soaked
in iron—sulfate—clay slurries and found that at temper-
atures of 350-550 °C, clay promoted biomass degra-
dation and increased the concentration of phenolic,
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acidic and condensed aromatic groups. Scanning
electron microscope images also revealed the incor-
poration of mineral phases into the biochar structure,
including pores. The combination of increased surface
organic functional groups and the formation of clay
and metal oxide nanostructures inside the pores will
probably promote redox reactions between biochar
and different soil components when used as an
amendment.

5 Future research prospects

Understanding the electrochemical properties of
biochar and using the appropriate analytical tech-
niques to measure them, will finally allow improving
our knowledge on the effects and reactions that take
place when biochar is added to soil or water. Among
the most pressing research questions we can include:

e The identification and quantification of the effects
caused specifically by the electrochemical proper-
ties of biochar on the environment, in contrast to
those derived from other properties like a high
surface area. This can be achieved in laboratory
and field studies comparing modified biochars
produced from the same feedstock but with
different electrochemical properties.

e Changes in the soil microbiota caused by different
electron storing and transfer properties. Electron
shuttling and DIET processes facilitated by biochar
could shift the microbial community structure of
soil, altering different biogeochemical cycles.

e Laboratory and field studies are needed to examine
the interaction between plant roots and biochar and
how the different electrochemical properties affect
their development. Although not as known as pH,
plants are affected by the redox potential (Eh) of
soil (Husson 2013). The work of Joseph et al.
(2015) showed the possibility of altering both the
pH and redox potential of soil by adding biochar.
Varying the application rates of biochar and
representing the data in a modified Pourbaix
diagram (with the pH-normalized redox potential),
pH and Eh can be adjusted to values considered
favorable for the growth of plants and beneficial
microorganisms.

e The Role of radicals in the electron storing and
transfer properties of biochar. The contribution of
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radicals to the electrochemical properties com-
pared to other functionalities and metals is poorly
understood.

e The specific changes in the electrochemical prop-
erties of biochar during aging in soil. After a long
residence time in soil, changes in the functionality
of biochar or the formation of organomineral
phases at the surface and pores could modify its
capacity to store and transfer electrons. New
electrochemical studies are necessary to confirm
and quantify the expected changes in these prop-
erties in order to know their evolution after biochar
application to soil.

6 Conclusions

The electrochemical properties of biochar derive from
the presence of certain functional groups, condensed
aromatic structures, radicals, redox-active metals and
high surface area. From the many biochar modification
methods tested in the literature, those that have an
effect on the concentration and structure of these
components could be suitable for the purpose of tuning
its electrochemical properties. These include changing
pyrolysis conditions like temperature or atmosphere,
chemical treatments, weathering processes or the use
of different additives before the pyrolysis step.

The link between the electrochemical properties of
biochar and their effect on soil has been ignored in the
past due to the low amount of data gathered and the
difficulty in measuring them. This knowledge gap is of
critical importance because it is delaying the use of
biochar as a soil amendment. The technical obstacles
can now be overcome thanks to the recent develop-
ment of novel electrochemical techniques. The pro-
duction of biochar with different electron storage and
transfer capacities could help to understand their role
in the biogeochemistry of biochar amended soils. By
comparing the changes in soil redox dynamics when
unaltered and electrochemically modified biochar is
added as an amendment, future laboratory and field
trials could identify and quantify the specific effects of
these properties.

Furthermore, tuning biochar electrochemical prop-
erties could allow designing tailored biochars for
specific purposes and applications, like reducing
greenhouse gas emissions, increasing crop yield and
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survival, reducing the use of fertilizers or water
purification, among others.
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