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A B S T R A C T

Manganese oxide biochar composites (MnOx-BCs) are at the frontier of materials development for current
environmental and engineering challenges in contaminant sorption and degradation, capacitive deionisation,
as well as supercapacitor research. However, the parameter space for optimisation of such composites is
vast, spanning from the choice of feedstocks and synthesis procedure to post-processing. This study uses a
systematic literature review methodology to provide a comprehensive view into the synthesis methods and
applications of MnOx-BCs. The focus is on the manganese phase oxidation states, which are often decisive for
a material’s properties but not directly comparable with the (well-explored) synthesis of pure MnOx due to the
chemical variability of biochars. The relationships between synthesis method, manganese phase, crystallinity
and morphology, as well as biochar type are characterised. We argue that careful selection of the desired
manganese phase and oxidation state are as important as careful consideration of the bulk chemistry and
microstructure of the biochar phase. Much evidence already exists for fine-tuning these combinations, but
there is still a clear research gap in systematically studying the biochar impact on the final MnOx phase.
1. Introduction

Green carbon materials and their composites are at the frontier
of materials development for current environmental and engineering
challenges, with exponential growth in publications that detail their
synthesis, characterisation and performance across a range of applica-
tion domains. Manganese oxides (MnOx) possess a range of attractive
qualities, such as their red-ox activity, electrochemical properties, large
surface area, porosity, stability under a range of environmental condi-
tions, low cost and environmental friendliness (e.g. [1,2]). Composites
of green carbons such as biochars (BC) or activated biochars (ABC) and
MnOx enjoy a particularly wide range of real-world applications due
to the complimentary and sometimes synergistic properties of the two
component phases As the studies in this review reveal, such composites
show a great deal of potential; from material sciences to electrochem-
istry and environmental remediation (see Section 4). However, a gap
in the structure-function relationships which underpin performance
curtails the development and application of MnOx-(A)BC composites.
This is because the parameter space for MnOx-BC composite synthesis
and optimisation is vast. Both may be tuned for specific properties,
e.g. oxidation state, surface area, or specific surface functionality, and

Abbreviations: AC, Activated carbon; ABC, Activated biochar; BC, Biochar; BET, Brunauer-Emmett-Teller analysis; CDI, Capacitive desalination; MnOx-BC,
Manganese oxide biochar composite
∗ Corresponding author.

E-mail address: pmfmb@leeds.ac.uk (F.M. Brocza).

nanomorphology; finally, the method of composite formation adds an-
other dimension. To appreciate and understand the recent development
on MnOx-BCs, it is vital to look beyond research disciplines and to ex-
plore how MnOx-BC composites are synthesised, optimised and applied
in a variety of research contexts. Even though systematic reviews are
less common in engineering, materials and environmental sciences than
they are in e.g. the medical sciences, primary evidence synthesis can be
crucial for understanding and applying the full potential of MnOx-BC
composites. This publication is the first systematic, cross-disciplinary
evidence synthesis on manganese oxide biochar composites, aiming to
draw from all existing research to update the current understanding of
the relationship between synthesis and function of manganese oxide —
green carbon composites, while highlighting the properties necessary
for successful application in a variety of fields.

After introducing MnOx, biochars and their desired characteristics
in sorption, catalysis and capacitor applications, these properties are
discussed in relation to the metadata on synthesis methods, manganese
oxides and biochars collected from the reviewed studies. Finally, rec-
ommendations on synthesis methods and feedstock choice are given
and research gaps are identified. The review is complemented by
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a full data table of all reviewed publications in the supplement. It
provides a reference and starting point for anyone wishing to synthesise
MnOx(A)BC with properties that are tuned for the desired application.

1.1. Green carbon - Biochar

1.1.1. Defining ‘biochar’
The term ‘‘biochar’’ has only appeared in scientific literature since

the mid-2000s and has been applied in a variety of contexts. Following
the definition of the European Biochar Certificate Foundation, biochar
(BC) is a ‘‘heterogeneous substance rich in aromatic carbon and min-
erals’’, derived from biomass or waste materials by pyrolysis between
350 ◦C to 1000 ◦C in environments with low or no oxygen present [3].

lthough also sometimes termed biochar, the products of torrefaction
nd hydrothermal carbonisation are excluded by this definition and
lso excluded from this review.

Activated carbon (AC) is generally produced at the same conditions,
ut the term is applied for carbons of any feedstock, including a fossil
ne such as coal, lignite, peat or fossil-based wastes (e.g. tyres, plastics).
hese feedstocks then undergo chemical and/or physical activation.
hile biochars were originally applied as soil ameliorators, they have

ince been optimised and refined into many different products, some
f which include activation procedures, thus blurring the line between
ctivated carbons and biochars ( [4]). The definition of biochar in this
eview focuses on those pyrolysed carbons whose feedstocks are bio-
enic, but including materials which have also undergone an activation
rocedure.

.1.2. Nomenclature for manganese oxide — green carbon composites
The following nomenclature is adopted for the rest of this text:

Cdenotes biochar , as defined in the above section and ABC stands
or activated biochar. (A)BC is used to denote all biochars, raw and
ctivated. Although not included in the systematic literature review,
C is used when discussing fossil-derived activated carbons. MnOx
enotes any manganese oxide and is used as an umbrella term when
he Mn phase or valence are not specified. It follows that MnOx-
A)BC is the umbrella term for all composites included in this study.
here it is necessary for the discussion, a specific material subgroup

s addressed by specifying either the MnOx or (A)BC phase, e.g. 𝛽-
nO2-ABC would be a composite of pyrolysite and activated biochar,
n3+,4+Ox-BC a MnOx with manganese (III,IV) valence or FeMnOx-ABC

n ABC composite with both Fe and Mn oxides.

.1.3. Properties of (activated) biochar
Porous carbon materials such as biochars and activated carbons

re versatile and valued for their large and tunable surface area, pore
tructure, cation exchange capacity and electrical properties. Biomass
tself can vary in its composition. Woody biomass, a common feedstock,
s a lignocellulosic material made from the three main biopolymers —
ellulose, hemicellulose and lignin, as well as organic extractives and
norganic minerals, in varying percentages and composition [5]. Dif-
erent pyrolysis regimes are optimised for yields and different types of
iochar. ‘‘Slow pyrolysis’’, characterised by a low heating rate and res-
dence times from minutes to days, is preferred to maximise yield [6].
ig. 1 gives an overview of how some material characteristics are
nfluenced with pyrolysis temperature. Compared to the raw feedstocks,
iochars exhibit a higher porosity and larger surface areas. The high-
st reaction temperature (HRT) is the most important factor which
etermines the reaction mechanism during thermochemical conver-
ion of biomass [7]. The exact composition of a biochar depends on
he feedstock, pyrolysis parameters and additives used in the process
e.g. [7,8]).

As a general rule, charcoals including biochars have negatively
harged surfaces, producing basic pH values which increase with py-
olysis temperatures. The cation exchange capacity (CEC) of most
iochars is dependent on the biomass feedstock and has been reported
2

e

o be between 4.5–40 cmol 𝑔−1 [14]. Surface functional groups have
een studied in great detail using a wide array of methods, such as
ourier transform infrared spectroscopy (FT-IR) [15], X-ray photoelec-
ron spectroscopy (XPS) [16], Pyrolysis GC–MS [17], nuclear magnetic
esonance (NMR) [18], Raman spectroscopy and NEXAFS [19]. Re-
ently, electrochemical studies have established that apart from oxy-
enated surface functional groups or traces of transition metal phases
nvolving Mn or Fe, the electrical conductivity of biochars may also
e reason for its catalytic activity, involving redox-active ‘‘quinone-
ydroquinone moieties and/or conjugated 𝜋-electron systems associated
ith condensed aromatic (sub-) structures of the char’’ [20]. Quinones
ave been directly identified on biochar surfaces by K-edge NEX-
FS [19] and also using electron paramagnetic resonance spectroscopy,
hich has identified semiquinone-type radicals [21]. From this work,
uinone/hydroquinone pairs have also been recognised as important
lectron accepting and donating entities in other types of carbonaceous
atter, such as activated carbons and dissolved organic matter. Other

arbonaceous materials such as graphite, carbon nanotubes, fullerenes
nd graphene oxides are also intensively researched for their electro-
hemical properties, both electrical conductance and electron transfer
ith other materials; these properties are attributed to their con-
ensed aromatic structures with conjugated 𝜋-electron systems, which
llow electrons to pass through the material. While sp2 hybridised
rbitals in carbons increase with higher pyrolysis temperatures due
o a higher proportion of the total carbon being in aromatic ring
tructures, quinones, which contain oxygen, decrease at high pyrolysis
emperatures, thus, experiments on different pyrolysis temperatures
ave consistently shown that the electron donating and accepting
bilities of biochars are highest at maximum pyrolysis temperatures
f 400–500 ◦C [20]. It should however be noted that Prévoteau et al.
22] estimate total electron accepting and donating capacities to be
ignificantly higher than in previous studies, up to 7 mmol(e-) ⋅ g−1𝑐ℎ𝑎𝑟
or a HRT of 400 ◦C, presumably due to slow kinetics which were not
ccounted for in earlier studies.

.2. Manganese oxides

Manganese is a group 7 transition metal with an average atomic
ass of 54.94 g/mol and 7 common oxidation states (7, 6, 4, 3,
, 0, −1). Its oxides are ubiquitous in the environment. Composed
f manganese in varying oxidation states and oxygen, they range
rom the rutile-structured MnO2 and its polymorphs, to haussmanite
n2,3+
3 O4, Mn3+

2 O3 and hydroxides, through to complex, layered or
unnel-structured Mn3+,4+ minerals like todorokite and birnessite [23].
able 1 gives an overview of the many naturally occurring manganese
xides (MnOx). For industrial applications, the ease of synthesis of
nOx with high purity, large surface area, varying degrees of crys-

allinity and tunable crystal nanomorphology [24], as well as variety
f oxidation states and high electrochemical activity make MnOx a
ersatile class of materials. Additionally, MnOx are frequently less
oxic to the environment than materials used in comparable appli-
ations (e.g. V2O5 in catalysts) and it is an abundant resource [23].
ccordingly, the synthesis of MnOx has been studied extensively in
ell-controlled settings (e.g. [24,25]), with outcomes in mineralogy
nd nanostructure influenced by the concentration and ratio of Mn
ons of different oxidation states, redox conditions and pH and pressure
onditions.

.3. Applications of MnOx-(A)BC

Manganese oxide — biochar composites find widespread research
nterest in three distinct applications, based on different basic proper-
ies: capacitance, catalytic activity and sorption capacity. The specific
nOx-(A)BC applications as well as their targeted material properties

re presented and discussed in depth in Section 4 . Clearly, the nature
f MnOx delivered by the MnOx-BC preparation method is pivotal in
ts sorption/catalytic or supercapacity ability. This systematic review

xplores the tuning possible through synthesis route choices.
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Fig. 1. Biochar properties with synthesis temperature.
Source: Data sources: [9–13].
Table 1
Important Mn oxide minerals and examples of their occurrence and applications.
Source: [23].

Mineral Other name Formula Occurrence, use

1. Tunnel structured Mn oxides

a. Manganese(IV) dioxides

Pyrolusite 𝛽-MnO2 MnO2 Abundant, f.ex. low-temp hydrothermal deposits.
Ramsdellite MnO2 Used in cry-cell batteries. Micro- and nano-
Nsutite 𝛾-MnO2 Mn(O,OH)2 structure controlled during synthesis [24,26,27].

b. Hollandite group R.8−−1.5(Mn𝐼𝑉 ,Mn𝐼𝐼𝐼 )8O16

Hollandite Ba𝑥(Mn𝐼𝑉 ,Mn𝐼𝐼𝐼 )8O16 Usually intermixed, low crystallinity; ores, solid ionic
solutions, dissolved radioactive waste immobilisation,
molecular sieves [28].

Cryptomellane K𝑥(Mn𝐼𝑉 ,Mn𝐼𝐼𝐼 )8O16
Manjiroite Na𝑥(Mn𝐼𝑉 ,Mn𝐼𝐼𝐼 )8O16
Coronadite Pb𝑥(Mn𝐼𝑉 ,Mn𝐼𝐼𝐼 )8O16
Romanechite Ba0.66(Mn𝐼𝑉 ,Mn𝐼𝐼𝐼 )5O10

* 1.34 H2O
Formerly ‘‘psilomelane’’; intergrowth with hollandite group
in Mn ore deposits.

Todorokite (Ca,Na,K)𝑥 (Mn𝐼𝑉 ,Mn𝐼𝐼𝐼 )6O12
* 3.5 H2O

Common in soils and oceanic Mn nodules; mined for metals
in interlayer.

c. Manganese hydroxides

Manganite 𝛾-MnOOH MnOOH Like 𝛽-MnO2, but O → OH, Mn4+ → Mn3+.
Groutite 𝛼-MnOOH MnOOH
Feitknechtite 𝛽-MnOOH MnOOH
Pyrochroite Mn(OH)2
2. Layered Mn oxides

Lithiophorite LiAl2(Mn𝐼𝑉
2 Mn𝐼𝐼𝐼 ) O6(OH)6 (Li,Al)OH6 interlayers.

Chalcophanite ZnMn3O7 * 3 H2O Zn interlayers.
Birnessite group ‘‘𝛿-MnO2 ’’ [Na,Ca,Mn𝐼𝐼 ]Mn7O14

* 2.8 H2O
Interlayer cations not crystalline, may exchange; common in
soils; use as sorbent for other HM. Large CEC.

Vernadite MnO2 * n H2O

4. Other oxides

Hausmannite Mn𝐼𝐼Mn𝐼𝐼𝐼
2 O4 Rare in nature; promising nanocatalysis nanomaterials [29].

Bixbyite Mn2O3
Manganosite MnO

HM : Heavy metals.
CEC : Cation exchange capacity.
3
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Table 2
Inclusion and exclusion criteria applied to the screening and selection of studies.

Inclusion criteria Exclusion criteria

a Full-length scientific publication with DOI Conference proceedings, review articles, no DOI
b Publication written in English OR abstract written in English,

containing all relevant information for (b)
English full-text of the publication is not available; if an English abstract for a
different-language is available, it does not contain the information relevant for
inclusion.

c The biochar/activated carbon materials can be identified as
biomass-based from the abstract and title

The biochar/activated carbon materials are not biomass-based (i.e. made from car
tyres, coal, plastics) OR the feedstock of the biochar/activated carbon is not specified

d The publication describes a composite material between
biochar/AC. The synthesis method is described in the methodology.

The publication describes any other interaction between biochar/AC and manganese
(i.e. Mn sorption from wastewater) OR the entry does not clearly describe an
interaction between Mn and Biochar/AC (i.e. Mn is only listed as a trace element
within the biochar composition)
v
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2. Systematic review methodology

The present systematic literature review was conducted according
to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [30].

2.1. Search strategy and eligibility criteria

This review builds on SCOPUS database entries between 1970 and
November 24, 2022. Only original research entries with an available
English abstract and DOI were considered. Where the publication body
was not available in English, they were rejected if the abstract did
not contain sufficient information for further classification, but were
included if the aim of the paper included production of MnOx-BC and
if method of material synthesis was indicated. Conference abstracts
and reviews were not included. The search keywords used were ‘‘Man-
ganese AND ‘activated carbon’ ’’ and ‘‘Manganese AND biochar’’ with
the search conducted on title, abstract and keywords of the publications
indexed in the Scopus©Database. Activated Carbon was added to the
earch terms as it is often bio-based and there are significant inconsis-
encies in the usage of both terms (see Section 1.1.1). The entries found
or ‘‘activated carbon’’ (AC) were then assessed based on whether there
as an indication in the abstract of the paper, identifying the AC as
io-based or not by following the definition of Hagemann et al. [4].
apers were rejected if they included activated carbon of unclear origin,
r commercial activated carbon which could not be attributed to a
eedstock. Only protocols producing manganese oxides or mixed oxides
ere considered; other Mn compounds such as phosphates or sulphides
ere not included in the search. The full list of inclusion/exclusion

riteria are listed in Table 2 and the screening procedure according
o PRISMA guidelines is given by the scheme in Fig. 3. After pre-
creening, only entries fitting the above eligibility criteria were retained
n the record list. Of these, entries were divided into four categories
ased on the information presented in the abstract, depending on the
redominant application types for MnOx-BC materials: ‘‘Remediation
hrough sorption’’, ‘‘catalysis’’, ‘‘capacitors’’, and ‘‘other’’. The methods
ections of all recorded papers were then read and information was
abulated as outlined in Table 3. Information on analytical techniques
nd MnOx phase/morphology were also collected where available.
pon closer reading, a total of 432 different synthesis protocols were

etrieved from the included publications.

.2. Appraisal of information quality

Most of the collected information for this review (e.g. biochar
eedstock, synthesis method and procedure, intended application) did
ot require additional quality assurance. The suitability of a MnOx-
A)BC composite for the specified application was clearly indicated in
he studies through experimental data, which were also collected in the
atabase and can be compared against each other, taking into account
he specific experimental conditions. This information was tabulated,
ut does not present the main body of this review, which focuses on
reparation procedures. However, as MnOx are often poorly crystalline,
4

it can be difficult to determine the exact mineralogy and manganese
oxidation states of a phase using only X-ray diffraction or energy
dispersive spectrometry on a scanning electron microscope. Where this
information was collected from individual studies, the combination of
analysis techniques which led to the result were recorded as well, to
ensure a solid base for the identification.

3. Discussion: MnOx-(A)BC synthesis

The results are grouped into key insights pertaining to the role of the
biochar phase in the literature sample and particularly the relationship
between synthesis method and MnOx phase, and application-specific
observations.

3.1. The biochar phase: Feedstocks, activation procedure and pyrolysis

Key Insight 1: Biochar feedstocks are presented as sustainable,
cheap and versatile in most of the papers utilising them. Few
studies compare different biochar feedstocks or justify the use of one
particular biomass feedstock over another, showing large potential
in exploring and fine-tuning the precursor choice, the pyrolysis
temperatures, specific pore structures, surface functionalities and/or
activation procedures of biochars.

The biochar feedstocks of the reviewed literature represent a great
ariety of biomass and waste materials, from agricultural residues
enerated in large quantities, to manure, sewage sludge, and wastes
rom brewing or production of medicinal herbs. On top of this diver-
ity, the choice of pyrolysis temperatures adds variability in material
roperties, and different activation procedures were applied to the
ubset of activated biochars (denominated ABC), ranging from physical
ctivation with steam or CO2, to chemical activation using KMnO4
e.g. [31]), KOH or acids as activation agents. Depending on the
esignated application of an (A)BC-MnOx, either activated ABC or ‘raw’
C dominate the reviewed literature: while in catalysis applications,
ver 87% of publications used ABC, oer 70% of sorbent publications
elied on unmodified BC. The frequency of use of different activation
gents is given Table 4.

It becomes clear that apart from the common ‘operational’ definition
f biochars, it is challenging to interpret how different biochars would
eact during synthesis, or even to extract predictive synthesis-function
elationships of this dataset. It is notable how few explicitly mentioned
roperties of their biochar or even feedstock biomass in the discussion,
eyond observations of BET surface area and bulk chemistry. While
apacitor literature frequently included detailed descriptions of the
iochar phase nanomorphology (e.g. [32,33]) as a crucial factor for
he efficacy of the supercapacitor, other papers only refer to mixtures
f biochar feedstocks like ‘agro-waste’ without further characterisation
efore pyrolysis (e.g. [34]). This reflects that the price point, avail-
bility and low environmental impact of a feedstock are often key
onsiderations for the use of a certain material, rather than unique suit-
bility to the studied application. Where different feedstocks, pyrolysis
onditions and/or activation procedures were compared, a difference
n performance could be found:
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Table 3
Details on the full-text data collection from included references.
Title, abstract, author list

Paper identifiers Author, year, DOI
Type of biogenic carbonaceous material 𝑁 - not biogenic, not carbonaceous ⟶ rejection;

Y - biogenic, carbonaceous ⟶ inclusion; Biomass: raw, non-pyrolysed biomass; specify
biomass; Char: specify biomass; AC: Activated carbon; specify biomass and activation
agent; Other bio-based carbonaceous materials: graphene, nanotubes, nanowires,
nanofibres

Materials and methods

Synthesis protocol Mn reagents used for synthesis; In case of mixed oxides: which other dopant/metal salt
was used?; Reaction conditions (Acidic? Basic? Organic solvent(s)? Autoclave?
Temperature? Stirring/Sonication?)

Heat treatment N;
Y- Oxic/anoxic? How long?

Final washing/drying Washed with water? A solvent?
Analytical techniques applied XRD, BET, XPS, SEM, TEM, Raman spectroscopy, FT-IR, others

Introduction, Results, Discussion

Mn oxide phase MnOx, Mn-Fe oxide, Mn-Ce oxide, etc.
Mn oxidation state(s) ‘‘Mn4+ ’’, ‘‘Mn4+, Mn3+ ’’, ‘‘Mn3+ ’’, ‘‘Mn3+, Mn2+ ’’, ‘‘mixed’’, ‘‘unknown’’
Application area and details Sorption: Aqueous or gaseous application? Target sorbent?

Catalysis: Low temperature catalysis? Which reaction is catalysed?
Capacitors: Supercapacitors or capacitative deionisation?

Any mention of ‘competing’ materials for this
particular application?

Free text, only selected publications

Which factors are listed to identify the
MnOx-BC as a success/failure?

Free text, only selected publications
f
a
a
s
A

s
a
a
w
t
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1. Different pyrolysis and activation procedures on the same material.
Whether optimising the pore structure, surface functionality or other
properties of a biochar, pyrolysis and activation procedures have a
large influence on the final product. Of the surveyed publications,
45% opted for physical or chemical activation, while 55% used ‘raw’
biochar for further MnOx impregnation, the remaining using different
or unspecified protocols. Systematic comparison between pyrolysis and
activation procedures of the (A)BC phase were much fewer, but shed
light on the large differences in functionality of the materials.

Pyrolysis temperatures: Chacón et al. [35] compared KMnO4 activa-
ion on olive branch biochar at 400 ◦C and 1000 ◦C, which had a clear
nfluence on the results of soil remediation incubation experiments
or this char. Under aerobic conditions, BC-1000 ◦C showed the best
egradation performance for pentachlorophenol, while the oxidised BC-
00 ◦C performed well under both aerobic and anaerobic conditions
nd showed the highest redox capacity. The extent of remediation was
ound to depend on redox capacity, but the rate of the reaction was
etermined by the material’s conductivity. Similarly, Qiu et al. [36]
ystematically tested the impact of not only pyrolysis temperatures
400–800 ◦C) but also residence times at maximum temperature (0.5–

h) on their sewage sludge-derived biochar sample set. They found
hat ideal biochar porosity was reached at 700 ◦C for their studied
rocess, persulfate activation to degrade an anthraquinone dye. It may
lso be desirable for a MnOx-BC to withstand higher temperatures. For
xample, Li et al. [37] could regenerate their sewage sludge MnOx-BC
t 450 ◦C, desorbing the collected antibiotics from it, as the mate-
ial was originally pyrolysed at 1100 ◦C, thus proving the material’s
ecyclability for antibiotics remediation from waste water.

Activation procedures: Maneechakr and Karnjanakom [38] compared
our different activation procedures on palm kernel cake biochar car-
onised at 350 ◦C: one physical, three chemical with (I) HNO3, (II)
MnO4, (III) HNO3 + KMnO4. The materials were tested for application

n Fe, Ca and Zn sorption and protocol (II) yielded consistently the
ighest sorption capacities for all cations, in the order of Fe2+ > Fe3+ >
n2+ > Ca2+, attributed by the authors to synergistic effects between
he carboxylic groups and surface MnO2. An example of comparison
f two physical activations, Yang et al. [39] prepared steam activated
nd CO2 activated walnut shell biochar, which was then mixed with
5

ifferent commercial pyrolusite samples to make up 𝛽-MnO2-ABC and
ound the H2O-activated sample to show higher and more prolonged
ctivity in selective catalytic reduction due to a larger BET surface area
nd more oxygenated functional groups. Similarly, Liao et al. [40] also
aw differences in properties between pig manure BC and pig manure
C modified by H2O2, KMnO4 for U(VI) sorption. Clearly, activation is

an important factor for the properties and performance of the biochar
in all papers where such comparisons exist. There are not sufficient
systematic studies to draw firm conclusions around which procedures
are best and indeed, it might depend not only on the biochar precursor,
but also on the intended application of the material which poses a
multi-faceted optimisation challenge to every researcher and engineer.

Systematic optimisation: Yu et al. [41] present a true optimisation
procedure, following a Taguchi orthogonal experimental design proce-
dure for screening the best-suited biochar feedstocks, pyrolysis temper-
atures, activation agents and manganese loading of their material [41].
Their detailed observations reveal nitric acid treated ABC to deliver
favourable pore structure for manganese impregnation and 800 ◦C to be
the optimal pyrolysis temperature for low-temperature deNOx of flue
gas. Liu et al. [42] present a different approach, systematically optimis-
ing not only activator concentration, but solid–liquid ratio, calcination
temperature, calcination time and sludge to Fe2O3-MnO2 ratio on their
ewage sludge-derived BC. A further positive example includes Lee
nd Shin [43], who compared different activation procedures (alkaline,
cidic, ‘oxidic’, KMnO4, FeOx) and three different biochars (rice husk,
ood chip, a commercial composite material) at a constant pyrolysis

emperature.

. Different feedstocks on the same synthesis procedure. As opposed to
comparing activation procedures, Yu et al. [41] conducted optimisa-
tion of their material on rice husk, corn cob and lotus leaf biochars,
finding that lotus leaf biochar consistently outperformed the other
two feedstocks at equal pyrolysis conditions, activation procedures and
manganese loading for selective catalytic reduction of NOx by NH3.
They cite good resistance to H2O, suitable surface acidity and a higher
redox capacity as reasons for the good performance. Similarly, Lalh-
munsiama et al. [44] produced ABC and MnOx-ABC from areca nuts
and rice husks. The rice husk MnOx-ABC contained more manganese
by weight percent and showed the highest Cu2+ and Pb2+ removal

under a variety of conditions, which was attributed to a difference
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in pH𝑃𝑍𝐶 of the samples. Pierri et al. [45] also compared different
agricultural residues in their performance as Mn2+ alkene epoxidation
atalysts, finding that chars with a higher degree of graphitisation
xhibited faster reaction kinetics, but that there was a trade-off with
aterial stability and reusability. A larger sample matrix was compiled

y [46], who compared nine different BCs produced at the same
yrolysis temperature and the final jacobsite MnFe2O4-BC were tested
or Cu(II) sorption. The feedstocks included fibres, fruit shells, bamboo,
inecone, and agricultural residues. They did not find correlations
etween surface area and functional groups with aqueous Cu(II) sorp-
ion, concluding that the jacobsite surface impregnation, rather than
C-inherent characteristics, determined successful sorption.

. Variable amount of manganese on the char surface. Several studies
eport that the MnOx impregnation procedure had a negative effect
n BET porosity (e.g. [47]). Jia et al. [48] systematically evaluated
he effect of Mn loading of a Fe-MnOx-BC and a Fe-KMnO4-BC on

BET surface area; while the original walnut shell biochar had a low
BET surface area of 39.21 m2 g−1, surface area generally increased
with Fe-Mn impregnation, but reached a maximum of 288.76 m2 g−1

ith 2% Mn impregnation, which then decreased to 251.14 m2 g−1

t a Mn loading of 6%. The Fe-KMnO4-BC char also increased BET
urface area, but by less; at 2% KMnO4 loading, it reached a maximum
alue at 158.45 m2 g−1 and then decreased to 78.01 m2 g−1 at 6%
MnO4 loading. Similarly, Faheem et al. [49]describe an increase in
ET surface area from 234.8 m2 g−1 of rice husk biochar to 430.2 m2 g−1

n a biochar with 2.26 wt% Mn content after a KMnO4 impregnation
rocedure, but a further decrease in materials with 6.58 wt% Mn
oading (BET = 340.0 m2 g−1) and 6.96 wt% Mn (BET = 260.0 m2 g−1),
lso reporting pore size decreases from 3.34 in the blank biochar to
.18 nm at the highest Mn loading (6.96 wt%). Wang et al. [50] tested
ine wood BC pyrolysed at 700 ◦C, impregnated with 0.9, 3.7 and
0.0 weight % Mn content and concluded that 3.7% was optimal for
b2+ sorption as 10% Mn loading led to pore clogging. Kamran and
ark [51] explore MnO2-BC of rice husk and coconut shell – two of
he most frequently studied BCs – for lithium sorption, finding that
ariation in the amount of KMnO4 used in wet impregnation was the
ain predictor of high Li sorption capacity, rather than differences

n the feedstocks. In conclusion, it appears that MnOx impregnation
rocedures lead to an initial increase in surface area due to the high
urface area of amorphous MnOx materials. However, surface area
eaches a maximum and decreases with further loading, possibly due
o surface pore clogging on the BC.

.2. Interplay between synthesis procedure and MnOx mineralogy

Key Insight 2: The biochar feedstock is a significant part of the
reaction, and there is evidence that it influences the Mn mineralogy
outcome. Systematic studies and experimental design for a specific
application for different feedstocks, pyrolysis conditions and Mn
loading are essential for optimal feedstock choice.

Key Insight 3: The choice of synthesis protocol has a strong bearing
on the manganese oxidation states, mineralogy, surface area and
nanomorphology of the resulting MnOx-(A)BC, in turn influencing
performance. It should be chosen with careful consideration of
literature across research disciplines and across the full MnOx-(A)BC
application range. Special attention should also be paid to heat
treatment of freshly synthesised MnOx-(A)BCs, which can optimise
crystallite size, but also lower Mn oxidation states.

.2.1. Manganese sources
Most papers rely on the chemical reagents KMnO4, MnCl2, MnCO3,

nNO3, MnSO4 and Mn(CH3CO2)2 for MnOx synthesis. Some studies
lso utilise spent batteries [52–54] and pyrolusite mineral powder [39,
5–58] as their Mn feedstock, which is notable from a sustainabil-
6

ty perspective. In some cases where sewage sludge was the biochar
eedstock, Mn was already present in sufficient [59,60]. The use of
anganese-hyperaccumulating plants like Phytolacca americana and

edum alfredii, which were grown in heavily contaminated soil or
rrigated with MnCl2 solution under laboratory conditions, is also re-
orted [61–63]. Of all synthesised MnOx-(A)BC in this review, 40%
f the final products are not pure MnOx, but rather binary mixtures
ith another metal. This is especially common in sorption and catalysis
pplications. For example, more than a quarter (28%) of the protocols
ield MnFeOx-BC composites, which are reported to combine the su-
erior sorption capabilities of Mn oxide impregnated chars with the
ase of handling of magnetic materials, which may be retrieved more
asily from environmental settings (e.g. [64]). In catalyst applications
e.g. mercury oxidation) and sorption of As3+6 [65], synergistic effects
etween Mn and Ce, another common metal pairing, are exploited. Mn
s incorporated into the CeO2 lattice, providing more active sites for
atalytic reactions [66,67]. In addition to re-oxidising Mn3+ to Mn4+

fter a reaction, Ce shows strong resistance to SO2, which commonly
oisons flue gas oxidation catalysts [68]. The impact of synthesis
ethod on the average oxidation state of Mn in MnOx-(A)BC is shown

n Fig. 5 and discussed in the following sections.

.2.2. Findings by synthesis method
This section aims to provide the reader with a comprehensive

verview of MnOx-(A)BC synthesis techniques, reporting how com-
only they are used, and whether the resulting materials show some
otable features to be considered when designing a MnOx-(A)BC for a
pecific application. This is illustrated by case studies, to be followed
p by the reader.

et impregnation. Out of a total of 432 surveyed protocols, 60% are
roduced by wet impregnation procedures whereby a pre-made BC
r AC is immersed in aqueous solution in which at least one type
f manganese salt is dissolved. To better disperse the Mn on and in
he biochar, several protocols use sonication or other forms of agita-
ion at various intensities and lengths (e.g. [69,70]). Further variables
re temperature, acidity and alkalinity of the solution. The applica-
ion of several manganese components with different oxidation states
e.g. manganese(II) such as chloride or sulphate, followed by a second
mpregnation step of manganese(VII) in the form of KMnO4) is required
y many protocols. This variety is well reflected in [71], who produce
our different polymorphs of manganese dioxide (𝛼-MnO2, 𝛾-MnO2, 𝛿-
nO2, 𝜖-MnO2) through various wet impregnation procedures, showing

hat high precision is possible with tight process control. Subsequently,
he solutions are filtered, dried, and in many cases (44%) subjected to
urther heat treatment under oxic or anoxic conditions.

ydrothermal method. The second-most common synthesis technique
s hydrothermal treatment, where one or several manganese salts,
longside other metal salts and biochar, are autoclaved at temperatures
etween 60 and 200 ◦C for 1–24 h. In some cases (e.g. [72]), the prod-
ct is subsequently pyrolysed in an N2 atmosphere at 500 ◦C. In 40%
f the cases, other metal salts are added. The majority of hydrothermal
ynthesis papers explicitly indicate that a specific nanomorphology was
ynthesised, echoing reviews of transition metal synthesis protocols
ike Qiao and Swihart [24] that a high level of process control is possi-
le in hydrothermal systems. To achieve different crystal structures and
orphologies, the hydrothermal reaction parameters are systematically

ested (e.g. [27,73]). The intended use of these materials is usually
or application in cathodes or batteries, or as catalysts [74]. The study
ample did not include literature where the effect of biochar feedstock
n the final MnOx nanomorphologies were reported, indicating a gap
n the literature.
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Deposition pre pyrolysis. Another synthesis option is the immersion of
raw biomass in a solution containing a manganese salt before pyrolysis.
In 34% of the cases, another metal salt, mostly FeCl3, is added to
produce Mn-Fe oxides. This type of synthesis procedure is prevalent
in sorption literature and it is not possible to link it with a preferred
manganese valence. While in most cases, the intention was to produce
actual composites of MnOx and BC, this category also includes instances
in the literature where the introduction of MnOx to the biochar surface
is merely a byproduct of using KMnO4 as the activation agent in the
process of activated carbon production (e.g. [75]). Protocols pyrolysing
naturally Mn-rich sewage sludge are also included here [59]. Wang
et al. [76] compare pre-deposition MnOx-BC (using MnCl2 as the Mn
source) to a material produced by an acidic wet impregnation proce-
dure modelled after a birnessite synthesis protocol [77]. They conclude
that the more crystalline Mn𝐼𝐼Ox-BC, produced by pre-deposition, per-
formed worse in the sorption of As5+ and Pb2+ than the Mn𝐼𝐼𝐼,𝐼𝑉 Ox-BC
from wet impregnation with KMnO4.

Sol–gel methods. Sol–gel processing generates monolithic solids from
colloidal gel-like solutions. Cross-linking is induced in the colloidal
phase to form long range structures within the solution, often with
a low overall volume fraction. The resulting gel is then subject to
one of several possible drying processes which leaves a low density
and often highly porous solid structure. The drying parameters play
a large part in determining the final porosity of the solid. Sol–gel
processes are further divided up into aero-, xero-, and cryogels, as per
the mode of drying used to remove the solvent from solution. Where
hydrothermal techniques such as autoclaving are used, the materials
are called hydrogels. The cross-linking molecules in this literature
collection have varied widely, from liquefied wood char [78–80] to
sugars like glucose and sucrose [34,81], to egg whites [82]. Alginate-
biochar hydrogel beads are noteworthy as they do not rely on the
introduction of a separate cross-linking agent to initiate gelation and
instead present a self-contained structure for MnOx-BC [52,83]. The
important drying step (e.g. vacuum drying [84]) as well as the need
for crosslinking agents makes this synthesis route more involved and
potentially expensive than some other techniques. These materials
allow great process control, especially over the porosity of a material
and also over the manganese phase, as evidenced in Fig. 5, where most
studies report a well-defined Mn oxidation state, but further general-
isation is not possible given the large variability in sol–gel processes
applied. Many reported sol–gel MnOx-BC composites are applied for
(photo)catalytic degradation of water pollutants [78–80] as well as
contaminant immobilisation [82].

Physical mixing. Mixing of commercial MnO2 powder or naturally oc-
curring pyrolusite 𝛽-MnO2 with varying amounts of Fe contents is
nother simple synthesis method. It can also be applied to construct
n asymmetric capacitor. In some cases, the Mn4+ mineral phase and

biochar were subjected to an oxygen-deprived calcination step, which
can be assumed to lead to reduced Mn oxidation states. This accounts
for the trend observed in Fig. 5. Liu et al. [55] report that the mineral-
augmented pyrolysis had a positive effect on the presence of mesopores
in the MnOx-BC, which resulted in more sorption of dye in an aqueous
solution, compared to activated carbon without any mineral addition.

Deposition-precipitation, combustion synthesis and electrochemical depo-
sition. Rather than wet impregnation, where the solid MnOx-BC is
filtered after immersion in a Mn solution for a specified amount of
time, deposition-precipitation synthesis works with a slurry with a
higher solid-to-solution ratio. Instead of a filtering step, the slurry
is subsequently evaporated to dryness in a furnace or water bath,
similar to incipient wetness impregnation (e.g. [65,85]). In combus-
tion synthesis, a wet slurry consisting of biochar precursor and Mn
chemicals and others is heated in a furnace for a short amount of
time [59,86,87]. Electrochemical deposition was applied in two cases of
7

capacitor production, where the conductive activated carbon/biochar
was used as the working electrode in a solution containing Mn acetate
and Na2SO4. In a setup with counter electrode (e.g. platinum foil in the
case of [33]) and reference electrode (e.g. Ag/AgCl [33]) a constant
current was applied [88] and MnO2 was deposited onto the biochar.
After a set deposition time, the MnOx-BC was rinsed and dried. It is
noteworthy that this method can only be applied to (activated) biochars
with enough structural integrity to serve as an electrode, such as the
activated carbon textile in the case of [33] and the pyrolysed wood
platelets in [88]. While there are not enough datapoints for an analysis
of preferred oxidation states in combustion synthesis and electrochem-
ical deposition (see Fig. 5, ‘Other’), deposition-precipitation synthesis
on (A)BCs tends to produce mixed MnOx.

Other notable treatments. A number of other noteworthy synthesis
methods include pen lithography, where MnO2 are mixed into an
ink [89]; or spray sorption, where manganese(II) is sprayed on the
finished biochar, meant to be easily available to the surrounding soil
as micronutrient-boosting soil amendment [90].

3.2.3. Heat treatment after impregnation
Additional heat treatment steps after the impregnation of ABC with

manganese are frequently encountered in literature, either to increase
crystallite size or to achieve a specific mineralogy. However, it is
observed that the most common form of heat treatment, pyrolysis in
an anoxic atmosphere, consistently leads to low manganese valences
(Fig. 6). Examining the anoxic/low oxygen data further, 6 out of the
9 publications which specify Mn4+ oxide only used SEM and XRD to
identify the mineral phase, or refer to other publications, leading to
some uncertainty in the accuracy of this claim. This finding is relevant
because heat treatment in air and under anoxic conditions (N2, Ar) of
manganese oxides is known to induce phase transformations and grad-
ual morphological change to MnOx nanoparticles. Deljoo et al. [91]
studied cryptomelane-type MnOx, noticing a transformation to cubic
Mn2O3 around 500 ◦C and to Mn3O4 at around 1000 ◦C in air, as well
as a transformation from spherical towards platelet-shaped nanomor-
phology. Heat treatments in Ar lead to the formation of Mn3O4, then
Mn2O3 around 475 ◦C, then changing back to Mn3O4 at temperatures
over 830 ◦C and further to MnO above 1000 ◦C. This indicates that,
if applied intentionally, much fine-tuning can be conducted during
the heating step. However, few of the publications included in this
review seemed to display this degree of intentionality about the Mn
oxide phase during transformation, making misinterpretations of their
samples’ manganese mineralogy and subsequent properties possible.

3.2.4. Synthesis procedure and Mn oxidation states
Fig. 5 gives an overview of the relationship between reported Mn

oxidation states and synthesis protocol used in all studies where this
information could be extracted. In wet impregnation, the resulting
composites vary as widely as the synthesis procedures themselves,
exhibiting a range of manganese mineral phases. However, not all
publications report the Mn phase of the final product, often using the
umbrella term ‘‘MnOx’’ and instead reporting the relevant performance
indicators, such as sorption capacity for a specific heavy metal. A
general tendency towards lower oxidation states (Mn2+, Mn3+) can be
observed in wet impregnation protocols using Mn2+ salt precursors, as
well as KMn7+O4 precursors that undergo oxygen-free or deprived heat
treatment (pyrolysis), often under N2 atmosphere. On the other hand,
the majority of hydrothermal synthesis papers explicitly report that
their composite contained Mn4+ as the final Mn phases. In deposition
before pyrolysis, there is a tendency towards mixed-valence MnOx and
lower Mn oxidation states as Mn phases under go a pyrolysis step,
as discussed in Section 3.2.3. Across synthesis procedures, the use of
KMn7+O4 in a synthesis protocol is a strong indication of a resulting
MnOx of higher manganese valence, the median oxidation state of

KMnO4-impregnated samples being 4 (see Fig. 4).
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4. Discussion: Applications

4.1. MnOx-ABC for (super)capacitors

4.1.1. Material properties of MnOx-BC (super)capacitors
Supercapacitors are materials whose capacitance is magnitudes

higher than that of traditional capacitors (10-100x more energy per unit
volume or mass than electrolytic capacitors). They operate on two prin-
ciples: double layer capacitance and pseudocapacitance. [92] Double-
layer capacitance occurs due to charge separation at the interface
between the electrode and electrolyte. Carbonaceous materials such
as activated carbon, graphene and carbon nanotubes are classically
known to exhibit mainly this type of capacitance. Pseudocapacitance,
on the other hand, happens through redox reactions in the electrodes.
Transition metal oxides are typical electrodes for pseudocapacitors.
Manganese dioxide is a strong contender for the positive electrode
of asymmetric supercapacitors due to its high specific capacitance,
wide potential range, low cost, low environmental impact and easy
availability [93]. The main drawback of MnO2 is its poor electrical
onductivity of 10−5-10−6 S cm−1[94]. This is circumvented by syn-
hesising a variety of nanostructures such as porous MnOx, thin films,
eedles or nanosheets through controlled synthesis [95,96]. MnOx-
arbon composites are also attractive due to the carbon’s favourable
ow electrical resistance, thermal stability, large specific surface area
nd porosity. Wu et al. [96] provide an up-to-date review on this
atter. Another encountered application are MnOx-(A)BC for ca-
acitive desalination (CDI): Here, the electrosorption capacity (in mg
−1), surface area, ion storage and ion removal kinetics are additional
ecisive parameters for the success of the material [97–99].

Key Insight 4:MnOx-(A)BC electrodes need highly controlled MnOx
phases and biochar nanomorphology, so the choice of BC feedstock
is highly relevant. Hydrothermal synthesis is preferred for good
process control.

.1.2. MnOx-(A)BC (super)capacitors in literature
Research on supercapacitors tends to focus on advanced carbon ma-

erials such as graphene and carbon nanotubes, as the nanomorphology
f both MnOx and the carbon material are highly important for the
erformance of the composite. Generally, asymmetric supercapacitor
esigns are favoured in the reviewed literature, in many cases made up
y a MnOx-BC (e.g. MnO2/activated biochar) positive electrode and a
ure activated biochar negative electrode (e.g. [33]). Other cases report
MnOx phase as positive electrode and pure activated biochar as the

egative electrode (e.g. [86] or a NiO-MnO2 nanoshell composite and
omelo peel/buckwheat hull biochar [100]).

iochar phase. (A)BC-based supercapacitors tend to perform worse
han materials such as graphenes and carbon nanotubes but activated
arbons are the most common supercapacitor materials due to a better
rice and larger available quantities. A review including literature up
o August 2019 found that roughly 14% of primary research on MnO2-
arbon supercapacitor materials was conducted on activated carbons,
ith the other 86% focusing on composites with graphene, carbon
anotubes and carbon nanofibres [96]. However, the chemical, and
tructural diversity of bio-based activated carbons and biochars can
lso work to their advantage. In several instances, literature in this
eview showed that the macrostructure of the original biomass has
enefit for the biochar morphology, as in [32] where human hair
as used to achieve 2D nanosheet morphology on the biochar and
eedle morphologies in the MnO2 which was well-distributed on the
omposite surface. Wei et al. [101] used porous lotus seed pods for
ollow structures. Comparisons between different biochars reveal sig-
ificant differences in their performance (Table 5). An example is the
omparison of buckwheat hull, pomelo peal and activated carbon as
symmetric capacitors, finding that buckwheat hall MnOx-ABC deliv-
8

red the best cycling stability [100]. The literature shows that intricate s
orphologies such as MnO2-nanoflowers [33] and needles [32] can
lso be achieved with bio-based feedstocks. In the case of [32], the
riginal morphology of the feedstock – human hair – was exploited
or this result.

nOx phase. Where specified, highest specific capacitances and elec-
rosorption capacities are produced by hollandite 𝛼-MnO2 (e.g. [88,
8,99,102]) produced by wet impregnation, hydrothermal and electro-
hemical deposition methods — the latter being exclusively used in
apacitor experiments. Half of the protocols utilise hydrothermal set-
ps, which allow close process control and are suitable to create the
eedle or nanoflower structures which are needed to compensate for
he low electrical conductivity of MnOx.

.2. MnOx-ABC for catalysis applications

.2.1. Material properties of MnOx-BC catalysts
Manganese oxides, being a diverse and tunable class of semicon-

uctor species, have a large potential for application in heteroge-
eous catalysis. Likewise, MnOx-BC composites are frequently studied
or oxidation (photo)-catalysis. It can be generalised that MnOx are
he catalytically active component, while biochar is mostly seen as
he support. However, there is ambiguity surrounding the properties
e.g. band gap) of specific bulk MnOx for specific (photo)oxidation
eactions [103]. Good carbon-based catalyst supports provide appro-
riate mechanical strength, may act as a heat sink or source, and
ct to optimise the dispersion of the active component and the bulk
aterial density. They may deliver optimised surface area, pore size

nd crystallinity of a material, while also adding to the chemistry of
he catalyst, for example an increase in its activity, or minimising neg-
tive effects such as sintering and poisoning [104]. The requirements
or the manganese phase of the composite differ strongly depend-
ng on the type of reaction to be catalysed, and has already been
eviewed elsewhere: Ristig et al. [103] review MnOx in heteroge-
eous (photo)catalysis; Carney et al. [105] summarised reactions of
anganese catalysts in chemical synthesis and [28] do the same for

ryptomelane molecular sieves; Jia et al. [106] review manganese(III)
oxyhydr)oxides in advanced oxidation processes, revealing significant
ifferences in catalytic properties even within Mn𝐼𝐼𝐼Ox phases. The
etailed interplay between crystal structure, band gap, Mn valence,
anomorphology, degree crystallinity and bonding sites on the MnOx
urfaces can only be discussed in relation to the specific target reaction
o be catalysed, and ambiguity still exists around the properties of the
nOx phases, as they often occur in mixed phases. Zhang et al. [107]

eview the application of MnOx catalysts as flue gas NOx reduction
atalysts. In this setting, Mn𝐼𝑉 O2 and Mn𝐼𝐼𝐼

2 O3 were identified has
aving the highest activity and N2 selectivity.

.2.2. Catalytic degradation in aqueous systems
Key Insight 5: Catalytic degradation of contaminants in aqueous
solutions makes use of the (photo)catalytic activity and dynamic
redox potential of MnOx-(A)BCs. While organic carbon moieties
are also known as natural (photo)catalysts, (A)BCs are utilised as
catalyst supports and possibly sorbents in this context. The stability
and activity over a large pH range, as well as large surface area
and microporosity are beneficial in a large range of contexts but
the optimal MnOx-(A)BC depends on the catalysed reaction.

atalytic degradation of synthetic dyes, antibiotics and other organic
olecules is a broad field of application for MnOx-(A)BCs. While
hotodegradation and heterogeneous Fenton-like degradation rely on
he production of free radicals to target and break the bonds of or-
anic molecules, others rely on oxidation–reduction mechanisms for
estruction of their target. Heterogeneous Fenton-like processes are
lso advanced oxidation processes which generate non-selective oxygen

pecies such as hydroxyl radicals in situ. Photo-Fenton reactions can
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be used to degrade organics at a wider pH range than heterogeneous
Fenton-like reactions. Advanced Oxidation Processes (AOP) may be
catalysed by a range of carbons, as well as manganese and its oxides
(e.g. [108]). Catalytic ozonation processes induce ozone decomposi-
tion and hydroxyl radical formation via a variety of pathways, using
transition metal ions as catalysts.

In natural waters, dissolved organic matter and transition metals
are the most common photocatalysts for radical generation, so MnOx-
BC composites are promising materials for this application which may
both mimic and enhance natural processes with little disturbance to
the system [109]. Several publications focus on the photodegrada-
tion of aquatic contaminants such as synthetic dyes or antibiotics
(e.g. [78,110,111]). Successful MnOx-BC exhibit a high photocatalytic
activity under visible light conditions, high photochemical stability
and are durable over long periods of repeated use. Heterogeneous
Fenton-like processes were employed e.g. to degrade tetracycline and
PAHs/naphthalene [110,111]. Especially noted was the ability to ex-
ploit this reaction mechanism with MnOx-(A)BC to be applied to a wide
pH operating range. Nawrocki and Kasprzyk-Hordern [108] provide
a review of different ozonation pathways in the context of aqueous
pollutant degradation, and review a number of publications studying
dissolved Mn ions in homogeneous catalysis, as well as MnOx in
heterogeneous catalytic ozonation, stating that MnO2 is the most widely
studied manganese phase for this purpose. Wu et al. [47] produced
an activated carbon-MnOx composite from yeast feedstock that out-
performed pure yeast AC in the total organic carbon (TOC) removal
efficiency, but exhibited larger phenol uptake and a smaller BET surface
area. Oxalic acid was degraded by heterogeneous catalytic ozonation
using a MnOx-activated sewage sludge composite with different Mn
loadings were studied by [112] and they concluded that the reaction
was only feasible at low pH (optimum at pH 3.5). Other catalytic
applications include peroxydisulfate-AOP of chlorinated organic pol-
lutants using magnetic 𝛼-MnO2-Fe-BC [113] or sulphate radical-based
dvanced oxidation processes where MnFeOx-BC is used to activate
eroxymonosulfate to produce ·SO−

4 radicals [64,114]. The long half life
nd good performance in a large pH range (pH 2–8) are noted. Zhou
t al. [113] also note that graphitic biochars are favourable catalyst
upports in this application. MnO2 is, among suspended particles of
he other semiconductor oxides (e.g. ZnO, Fe2O3 and TiO2 ), the
ost important photocatalyst in natural waters [109] and routinely

ynthesised. However, the surveyed catalyst literature had the largest
roportion (30% of publications) where the manganese oxdiation state
nd phase were unknown. Where specified, mixed manganese(II,III)
xides, often binary oxides like jacobsite MnFe2O4 and LaMnO3 synthe-
ised with iron or lanthanum showed good results for photodegradation
f different pollutants, with FeMnOx being valued for the possibility
f magnetic separation after usage in aqueous systems. One publi-
ation mentioned that the co-existence of manganese(III) and (IV)
s favourable for photocatalytic degradation of synthetic dyes [84].
n4+Ox-BC with controlled nanomorphology showed promising re-

ults for BPA degradation (𝛿-, 𝛼-MnO2), but was reported as under-
erforming as the electrocatalytic support in a microbial fuel cell
𝛽-MnO2). Sol–gel and wet impregnation syntheses were commonly
sed for MnOx-(A)BC catalysts but no clear trend in structure-function
elationship for their particular use in a given application could be
stablished. The presence of biochar (as opposed to its absence) was
oted to prevent aggregation of jacobsite nanoparticles in one publi-
ation [110]. More specifically, Hu et al. [84] mention the positive
ffect of N intrinsic to soybean dregs on photolytic degradation of
ynthetic dye Direct Green BE. Further than that, no comparison of
ifferent (A)BCs for any particular catalytic application was included
n the dataset, therefore, no conclusions could be reached regarding
9

ctivity and Mn oxidation state.
.2.3. Catalysed oxidation/reduction of gas-phase pollutants
Key Insight 6: In the catalytic oxidation/reduction of gaseous pollu-
tants, MnOx-(A)BCs often exhibit a dual catalyst/sorbent character.
The preferred MnOx phase and synthesis depends on the desired
catalysed reaction, but temperature resistance and resistance to
poisoning are important factors for catalyst success, especially in
flue gas settings and can be improved by the introduction of a
second metal phase, such as iron or cerium.

MnOx-BCs are used to catalyse both reduction and oxidation re-
ctions in the gas phase. Selective catalytic reduction is a standard

mechanism to remove NO𝑥 from car exhausts and stationary combus-
tion plants such as thermal power stations and waste incinerators.
While the most commonly used SCRs are vanadium or platinum based,
inorganic MnOx are attractive low-temperature catalysts in SCRs as
they have high activities at these temperatures, outperforming noble
metal catalysts at a lower cost [41,116–118]. Rather than pH stability
as in aquatic applications, temperature resistance plays an important
role for this application. Degradation kinetics, degradation efficiency,
performance in the presence of steam, SO2 and others, as well as
the possibility of catalyst regeneration are relevant parameters. MnOx
have also been considered as alternatives to AC sorbents as they can
form oxides with Hg species, such as Hg manganates. They are al-
ready employed to oxidise hydrocarbons, where the lattice oxygen
serves as the oxidant via the Mars-Maessen mechanism [119], and
researched for simultaneous SO2 and Hg0 oxidation [68]. Other pos-
sible applications include indoor formaldehyde oxidation at room
temperature, which is a challenge for most transition metal catalysts
which perform well above 80 ◦C [120]. It places importance on surface
hydroxyl and chemisorbed oxygen groups of peracetic acid-activated
carbon; in addition, the pore structure of BC precursor material (co-
conut fibre) and poorly crystalline 𝛿-MnO2 are specifically needed for
sustained, successful HCHO removal. This provides a good illustration
of an application optimising for both MnOx and (A)BC to achieve
a successful product. Pierri et al. [45] conducted alkene epoxidation
with different Mn2+-biochars, finding that their biochar catalysts ex-
hibited significantly faster reaction kinetics than SiO2-based hybrid
catalysts, showcasing that a cheap agro-waste feedstock may perform
exceptionally well in this setting.

Although not always specified, manganese(IV) or mixed valences
are often reported for deNOx applications. Yang et al.’s [39] mixed
Mn2+,3+,4+Ox-BC for flue gas desulfurisation indicated that the reaction
was accompanied by a decrease in catalyst activity. They noted that
the SO2 oxidation may simultaneously oxidise the catalyst, as slightly
higher MnO2 XRD signatures were observed. This suggests that this
reaction may, in fact, not be catalytic but a simple oxidation. Liu et al.
[121] utilise a CoMn-BC composite for wet magnesia FGD. While the
study focused on cobalt catalysts, it concluded that the addition of Mn
lowers the price, as well as lowering cobalt leaching into the MgSO3
solid product of the oxidation reaction. Other studies suggest that co-
impregnation with cerium can greatly increase catalytic activity, as
well as re-oxidising spent manganese(IV) on the MnOx-(A)BC surface
(e.g. [116,117,122]). Many studies place an emphasis on the surface
area of the MnOx-(A)BC, and chemical as well as physical activation
is applied to optimise this parameter (e.g. Yang et al. [39]). Wet
impregnation and deposition-precipitation are the dominant synthesis
methods, and most samples are subjected to an anoxic heat treat-
ment step, but no clear rationale for this could be found during data
collection.

4.3. MnOx-ABC as sorbents

4.3.1. Material properties of MnOx-BC sorbents
Manganese oxide-modified biochars have shown great potential for

sorption compared to other biochar modifications. For example, Lee

and Shin [43] demonstrated the highest sorption capacities for Pb,
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Fig. 2. Schematic illustration of sorption capacities of different pure MnOx for methyl orange. Modified from [115]. q𝑒 : equilibrium sorption capacity, A-MnO2 : amorphous
MnO2. Permission for reproduction still pending.

Fig. 3. Flow diagram of systematic review methodology, after [123].
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Table 4
Use of different activation agents for biochars recorded in this literature
review.

Activation agent Frequencya

KOH 53
HCl 30
H3PO4 29
KMnO4 26
HNO3 17
ZnCl2 12
steam 11
H2SO4 9
U|nknown 9
NaOH 7
CO2 5
H2O2 5
K2CO3 5
NH3 5
N2 4
CH3CO3H 2
Others 9
Not specified 3

a Papers listed multiple times if several activation agents were applied.

Cd and Zn on their KMnO4-biochar composite compared to other
biochar modifications. Sorption applications are extensively reviewed
by [124]. They depend intricately on the interactions between sor-
bent and sorbate, which may be characterised as physisorption, ion-
exchange, electrostatic interactions, complexation, redox interactions
and others. These, in turn, are influenced by cation sizes, surface
area and pore sizes, surface charge and cation exchange capacity. In
addition, the environmental conditions surrounding the experiments,
including pH conditions, temperature, and competing ions, have an
effect (e.g. [125]), necessitating detailed characterisation of MnOx-BC
sorbents. Maximum sorption capacity is commonly evaluated through
batch sorption experiments resulting in sorption isotherms. Beyond
that, the most frequently recorded material parameters are sorption
kinetics, calculated thermodynamic parameters, pore volume, pore di-
ameter and point of zero charge. Sorbents are exposed to a wide variety
of potential environmental factors such as variations in pH, temper-
ature, ionic strength of a solution, and competing pollutants to test
the materials’ selectivity for a certain substance. For some, especially
organic, pollutants, there is significant overlap between the sorption
and catalytic degradation of organic pollutants such as antibiotics and
dyes. Plenty of reviews have been written on different MnOx and
their applicability to sorption — for example on different manganese
dioxides [126]. Fig. 2 demonstrates that the sorption capacities of
different MnOx differ strongly — shown in this example for methyl
orange dye [115].

4.3.2. MnOx-(A)BC sorbents in the reviewed literature
Key Insight 7: MnOx-(A)BCs are optimised for surface area, pore
structure and often MnOx phase, in a composite where both MnOx
and (A)BC display high sorption capacities in their own right. Still,
there is much scope for fine-tuning the manganese valence, as well
as biochar properties (more/less ordered, functional groups and
bulk chemistry). Often, mixed Fe-Mn oxides are produced.

Sorption of environmental pollutants is the scientific field which
has produced most MnOx-BC literature to date; With a majority of
studies focusing on the sorption capacity of MnOx-BC on heavy metals
from aqueous solution, a variety of pollutants including synthetic dyes,
antibiotics other aqueous and gaseous pollutants are also addressed.
MnOx-BC is also researched as a soil amendment where it is used
to lower heavy metal and organic pollutant availability or toxicity
to plants and its efficacy is evaluated in growth trials. Additionally,
biochars may be the source of micronutrients and enhance productivity
in growth trials [90]. Parameters for successful applications are surface
11
Fig. 4. Box plot of average Mn oxidation states in samples whose synthesis protocols
included KMnO4 (left, ‘‘KMnO4 ’’) and samples where no KMnO4 was applied (right,
‘‘Other Mn sources’’).

area, porosity, surface functionality and charge of MnOx-(A)BCs, but
practical aspects such as a low price, easy separation from the aqueous
phase and regeneration of spent sorbent play in important role as well.
While surface area and functionality are good predictors of a mate-
rial’s sorption capacity, the most successful manganese oxide phase
cannot be generalised across applications and their performance is
heavily dependent on the environmental conditions (pH, ionic strength,
presence of competing ions, redox potential, temperature, etc.). Fre-
quently, magnetic FeMn phases such as jacobsite are synthesised to
aid the retrieval of the spent sorbent from a body of water. While in
some cases, irreversible binding and inhibition of reduction/oxidation
of toxic metals such as arsenic and chromium are desired, in other
cases, the desorption of the pollutant and reusability of a sorbent are
of primary concern and MnOx-(A)BC are tested for their stability in
several weak acid washing cycles or, in the case of organic pollutants,
heat treatment [37]. Further, there may be competition from non-target
metals for sorption sites, which has to be taken into consideration.
Sorption kinetics can also be a factor. Wan et al. [127] and [128]
primarily studied the influence of pore size on sorption, determining
that micropores were a ‘‘key technical barrier limiting practical application
of these hybrid adsorbents, particularly in high flow systems’’. Sorption
applications have recently been reviewed by [124], where the perfor-
mance of different MnOx-(A)BCs was evaluated and different synthesis
procedures were described, for which there is no need for repetition,
Instead, this section focuses on the diversity in manganese oxide phases
and oxidation states applied in heavy metal sorption, focusing on
chromium and arsenic as case studies.

Out of the three surveyed application areas, sorption literature
is the only dataset where the majority of biochars did not undergo
any physical or chemical activation procedure. Relationships between
sorption behaviour of a particular aqueous substance and a biochar
feedstock is very hard to draw, as evidenced by one study which
showed no correlation between biochar feedstock and Cu(II) sorption
capacity, suggesting that in this case, the manganese-containing oxide
phase was the dominant factor in high sorption success [46].

The synthesised materials naturally depend on the target sorbent,
but are not always characterised for Mn valence, and often mixed
oxides, which is a common result of wet impregnation procedures
(Fig. 7). Table 6 presents data on the MnOx-(A)BCs used in As, Pb, Cd,
Cu, Cr sorption. Taking the example of cadmium, a large variation in
sorption capacity by tested materials does not seem to correlate with
manganese valence and BET surface area measurements — it appears
necessary to take into account a larger set of factors to design an
optimal sorbent, also taking into account experimental conditions.

Arsenic is the most comprehensively studied heavy metal in con-
junction with MnOx-(A)BC sorbents. The toxicity of arsenite As3+ is
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Table 5
Selected performance of MnOx-ABC based capacitors.

Composite Biomass Activation agent Synthesis Specific capacitance Capacity retention Energy density Ref.

at X
[F g−1]

X over Y
cycles [%]

Y [Wh kg−1]

𝛼-MnO2-ABC Wood CO2 ED 55.4–24.1 1–30 mA cm−1 93 10000 [88]
MnO2-ABC Cotton stalk H3PO4 PM 169 2A 99.2 500 [129]
MnO2-ABC Coconut shell KOH, HCl HT 522.7 5 mV [98]
MnO2-ABC Bamboo KOH, HCl WI 158 10 mV s−1 [97]
𝛼-MnO2-ABC Coconut shell KOH, HCl WI 410.4 5 mV [98]
𝛼-MnO2-ABC Coconut shell KOH, HCl WI 479.2 5 mV [98]
MnO2-ABC Citrus peel KOH, HCl HT 58 5 mV cm−2 88 5000 20.37 [100]
𝛼-MnO2-ABC Palm tree KOH, HNO3 HT 259 10 mV 𝑠−1 [99]
MnO2-ABC T-shirt NaF ED 54.5 5 mV 97.5 1000 66.7 [33]
MnO2-ABC Wheat bran HT 258 1 A 93.6 10000 32.6 [130]
MnO2-ABC Commercial AC and

Lignin (separate)
HT 97.5 2000 14.11 [94]

MnO2-ABC Human hair WI 291–410 5 mV s−1 [32]

ED : electrochemical deposition, PM : physical dry mixing, HT : hydrothermal method, WI : wet impregnation, E. : energy, comm. : commercial.
Fig. 5. Average oxidation states by synthesis method of the MnOx-BCs included in this study. ‘‘Other’’ category includes combustion synthesis, spray sorption, covalent grafting,
pen lithography and studies where the synthesis method was not specified.
higher than that of arsenate As5+ and additionally, As5+ may be less
mobile than As3+, so the speciation of the element governs its envi-
ronmental fate, toxicity and mobility [147]. Sorption of As cations in
aqueous solutions depends on the solution pH, the involved MnOx,
their mineral phase and Mn oxidation state. For example, it has been
shown that As3+ oxidation by the Mn3,4+ phyllomanganate birnessite
occurs and Mn2+ is generated through the reaction, and that both
Mn2+ and As5+ may subsequently be released into the aqueous phase
or adsorbed to the mineral surface [148], causing passivation of the
MnOx surface and slowing down oxidation. The formation of Mn2+-
As5+ precipitates has also been observed at higher pH values [149].
To summarise, the success of As3+ oxidation and subsequent sorption
is highly dependent not only on the sorbent, but also on the pH
12
conditions. Passivation of the sorbent might occur, so recycling studies
on sorbents are imperative. Lin et al. not only looked at aqueous
sorption of As3+ to FeMnOx-BC, but also at growth trials using paddy
soil, where the growth in As-polluted soil, including criteria of plant
healthy, enzymatic activity and As bioavailability [150], as well as As
oxidation were studied. Despite expecting As3+ oxidation, Lin et al. only
looked at produced and reported on reduced Mn𝐼𝐼,𝐼𝐼𝐼 mixed oxides,
citing Mn3O4 and Mn2O3 as likely Mn phases [133]. Other research
groups [131,132] also studied Fe-Mn𝐼𝐼,𝐼𝐼𝐼Ox-(A)BC and reported sorp-
tion of As5+. As summarised in Table 6, the prepared sorbents vary
widely in their maximum sorption capacity and surface area, but are
fairly homogeneous in that they are Mn𝐼𝐼,𝐼𝐼Ox, often mixed with Fe.
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Fig. 6. Average manganese oxidation of reviewed papers after heat treatment with
varying levels of oxygen content. Air : calcination in ventilated furnaces; Anoxic :
calcinated in N2, Ar, or other atmosphere specified as anoxic; LowAir : Calcination
under O2-limited conditions such as a muffle furnace or in a closed container; Other :
unknown or other conditions (e.g. hydrothermal, but excluding hydrothermal synthesis,
which is plotted in Fig. 5.).

Table 6
Selected sorption capacities of different MnOx-(A)BCs for the metal cations As3+, As5+,
Pb2+, Cd2+, Cu2+, Cr6+ and Cu2+.

Composite type Cation Max. sorption S𝐵𝐸𝑇 Ref
capacity [mg g−1] [m2 g−1]

FeMn𝐼𝐼Ox-BC As5+ 0.50 386.7 [131]
Mn𝐼𝐼Fe2O4-BC As5+ 3.44 280.0 [131]
FeMn𝐼𝐼,𝐼𝐼𝐼Ox-ABC As5+ 16.84 741 [132]
FeMn𝐼𝐼,𝐼𝐼𝐼Ox-BC As3+ 8.25 208.6 [133]
FeMn𝐼𝐼,𝐼𝐼𝐼Ox-BC As 0.71 – [134]
LaFeMn𝐼𝐼,𝐼𝐼𝐼Ox-BC As3+ 14.9 – [134]
LaFeMn𝐼𝐼,𝐼𝐼𝐼Ox-BC As3+ 15.43 60.67 [135]
FeMnOx-BC As 8.8 – [136]
Mn𝐼𝐼,𝐼𝐼𝐼Ox-BC As 14.36 3.18 [137]
Mn𝐼𝐼,𝐼𝐼𝐼Ox-BC As5+ 0.59 – [76]
Mn𝐼𝑉 Ox-BC As5+ 0.91 – [76]
FeMn𝐼𝑉 Ox-ABC As5+ 1.11 124.4 [138]
MnOx-BC Pb2+ 86.5 340 [49]
FeMnOx-HTCa Pb2+ 99.5 138.5 [53]
Mn𝐼𝐼Fe2O4-BC Pb2+ 39.61 [139]
FeMn𝐼𝐼,𝐼𝐼𝐼Ox-BC Pb2+ 154.9 [82]
Mn𝐼𝐼,𝐼𝐼𝐼Ox-BC Pb2+ 2.35 – [76]
Mn𝐼𝑉 O2-BC Pb2+ 70.9 – [140]
Mn𝐼𝑉 (?)Ox-BC Pb2+ 66.14 364.7 [57]
Mn𝐼𝑉 Ox-BC Pb2+ 47.05 – [76]
Mn𝐼𝐼Fe2O4-BC Cd2+ 23.32 [139]
MnOx-ABC Cd2+ 12.21 [141]
Mn𝐼𝐼,𝐼𝐼𝐼Ox-BC Cd2+ 37.87 26.1 [142]
Mn𝐼𝐼,𝐼𝐼𝐼Fe2O4Ox-BC Cd2+ 127.8 [82]
Mn𝐼𝐼,𝐼𝐼𝐼Fe2O4-BC Cd2+ 181.5 30.4 [143]
Mn𝐼𝑉 O2-BC Cd2+ 84.76 – [140]
Mn𝐼𝑉 Ox-BC Cd2+ > 112 [128]
Mn𝐼𝐼Fe2O4-BC Cu2+ 29.08 [139]
MnOx-ABC Cu2+ 39.48 [141]
𝛿-Mn𝐼𝑉 O2-BC Cu2+ 153.9 [144]
Mn𝐼𝑉 Ox-ABC Cu2+ > 248 513.4 [127]
Mn𝐼𝑉 (?)Ox-BC Cu2+ 56.41 364.7 [57]
FeMn𝐼𝐼,𝐼𝐼𝐼Ox-BC Cr6+ 52.12 183.7 [145]
FeMn4+Ox-BC Cr6+ 31.02 [146]
Mn𝐼𝐼,𝐼𝐼𝐼Fe2O4-BC Sb3+ 237.5 30.4 [143]
Mn𝐼𝑉 Ox-ABC Sb3+ >126 513.4 [127]
Fe-2%Mn𝐼𝑉 Ox-BC Hg(0)𝑔 0.004 288.8 [48]
Fe-2%Mn𝑉 𝐼𝐼Ox-BC Hg(0)𝑔 158.5 [48]

a HTC : hydrothermal carbon.
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Fig. 7. Average manganese oxidation state of reviewed papers, according to application
of the material as a capacitor, catalyst or sorbent.

5. Conclusions and future perspectives

This study reviews the manganese oxide - (activated) biochar com-
posites (MnOx-(A)BC) across application areas. Both component phases
– MnOx and (A)BC – are abundant and economic resources and their
properties and performance vary across feedstocks and synthesis condi-
tions, all of which can be strategically optimised. The means of biomass
conversion into (A)BC exert significant influence on the porosity, polar
functional groups, crystallinity of the carbon phase and (A)BC surface
area. It has also been demonstrated that the morphological features
of a feedstock can be retained to create advantageous pore structure
under the right pyrolysis conditions. To truly optimise a MnOx-(A)BC
sorbent/catalyst/capacitor, attention must also be paid to the man-
ganese phase. Here, the choice of synthesis procedure is central, as
the final porosity, surface area, crystallinity and nanomorphology of
the MnOx phase depend it. Where facile and also cheap synthesis are
prime objectives above process control, a variety of wet impregna-
tion or simple physical mixing procedures are available. For greater
control of the nanomorphology of the MnOx phase, hydrothermal
protocols are favoured. The (A)BC phase can be expected to signifi-
cantly influence the reaction parameters, so fine-tuning the manganese
mineralogy is more complex than synthesising pure MnOx. Based on
this review, the authors suggest that synthesis needs to be optimised
on a case-by-case basis — either by comparing existing protocols across
synthesis methods or desired material application. To facilitate this
task, the supplement to this publication provides a database of all
included publications and collected data on the biochar characteristics,
MnOx characteristics, basic synthesis parameters and intended material
applications.

5.1. Future perspectives

Before we can draw true synthesis-function relationships – either
empirically or through a model – for the full spectrum of MnOx-(A)BC
materials, across the full range of applications, there are still some
major knowledge gaps and opportunities for further research:

Systematic comparisons. Screening studies for a particular application
can help further the synthesis-function relationship only when a full
rationalisation is given about the final material choice and synthesis
parameters. Purely operational reasoning (’Material X had the highest
sorption capacity for application A’) does not suffice for this purpose.
Systematic study of potential biochar feedstocks and their chemical and
structural properties could lead to a synergy between traditional mate-
rial sciences and biochar research communities. Some stand-out studies
from this literature review were those which intentionally utilised the
micro- and nanostructure of bio-based feestocks to the advantage of the
final product.
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Advanced analytical toolkits. In order to achieve a full understanding
of synthesis-function relationships, it is necessary for future research
to look beyond the standard analysis toolkit for inorganic materials
such as MnOx. Firstly, the MnOx valence and crystal structure such as
XRD do not always yield useful data, due to the interplay between the
carbon phase and the MnOx phase reducing crystallinity and increasing
dispersion on the (A)BC surface. Secondly, the nano- and micro-scale
porous structure of biochar is varied dependent on feedstock and highly
tunable with a diverse toolkit of activation protocols. Fully understand-
ing the interplay between biochar, its activation and the performance
of embedded MnOx will only be understood – and therefore optimised
– with techniques such as X-ray tomography and X-ray Absorption
Spectroscopy which capable of yielding detailed chemical, physical and
structural information on materials without long-range order, such as
MnOx-BC composites. Such in-depth studies would also be capable of
progressing understanding of the impacts of minor mineral phases that
are present in some biochar feedstocks, such as sewage sludge, which
may for example alter pore morphology via pore narrowing or MnOx
phase through catalytic transformations.
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