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In the past few years, intensive attention has been focused on birnessite based electrodes for

supercapacitors. Much progress has been achieved in developing birnessite based nanostructures with

high electrochemical performance. However, challenges still remain in taking full advantage of birnessite

and building smart structures to overcome the gap between the obtained capacitance and its theoretical

capacitance. In this review, the basic information on birnessite and its preparation strategies are

summarized and the current challenges are put forward. Finally, some new strategies for preparing high

electrochemical performance birnessite based nanostructures are highlighted.
1. Introduction

Birnessite, also called d-MnO2, an oxide mineral of manganese
along with calcium, potassium and sodium, has always been
deemed to be a promising material in many application areas
because of its unique layer structure resulting in a high specic
surface area and abound chemically active sites.1–3 It is well
accepted that birnessite is not a typical manganese oxide, but
hijin Zhu received his M.S.
egrees in Materials Science and
ngineering from Chongqing
niversity (CQU) in 2015 (Prof.
u Xin Zhang's group).
urrently, he is a PhD. candi-
ate in the Department of Poly-
er Chemistry at Chemnitz
niversity of Technology (TUC),
ermany, under the supervision
f Prof. Michael Sommer. His
esearch interests involve poly-
er based porous carbon and
energy storage materials.

issions, College of Materials Science and

gqing, 400044, P. R. China. E-mail:

Chemnitz, Straße der Nationen 62, 09111

il Recovery Technology and Equipment,

vironment and Resources, Chongqing

ing 400067, China

is work.

hemistry 2020
a hydrous manganese oxide (HMO), formed by edge-sharing
MnO6 octahedra with various combinations of cationic species
and H2O molecules according to the particular birnessite
species.4,5 Additionally, the valence of Mn in birnessite is not
onefold, but combines Mn2+, Mn3+ and Mn4+ in the bulk phase
corresponding to the charge quantity of combined cations,
which maintains the charge stability of the crystal structure.6,7

Thus, birnessite is a kind of semi-stable crystal. Not only the
layer spacing, but also the species of intercalated cations and
the amount of interlayer water of birnessite can be altered.5,8–10

Hence, some physical and chemical properties of birnessite can
be adjusted based on its multifarious constituents, forms,
congurations, etc., which nd applications in many areas such
as oxidation, catalysis, battery technology, water splitting, waste
treatment, etc.

In recent years, birnessites have been widely used as active
materials for electrochemical capacitors (ECs).11–17 The
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theoretical capacitance of Mn-based oxides can be calculated
based on the average charge transfer energy of Mn4+ to Mn3+

and Mn3+ to Mn2+.18–20 Similar to other Mn-based oxides, the
theoretical capacitance of birnessite is also close to 1370 F g�1,
but it is reduced by the inherent low valence Mn in the bulk of
birnessite. However, these inherent low valence Mn are always
coupled with some intercalated cations (Na+, K+, Ca2+, etc.),
which can be consumed and released during the charging–
discharging process and then generate capacitance or
capacity.11,21 Additionally, the electrochemical properties of the
birnessite electrode are not only inuenced by its morphology,
structural size, specic surface area (SSA), etc. which can be
handled easily, but also affected by some inherent factors like
electronic conductivity, ionic conductivity, adsorption activity,
etc. Thus, researchers are mainly focusing on the following
three main points: (1) designing and fabricating nano-size bir-
nessite for enhancing the specic surface area and electro-
chemically active sites.22–25 (2) Altering the morphology and
construction of birnessite for improving contact with the elec-
trolyte.26,27 (3) Reducing the dead mass of birnessite to increase
the active material’s utilization.28–30 Based on these strategies,
birnessites are always designed as ultrathin lms and grow on
the surface of some conductive substrates as these ultrathin
lms are not self-sustaining. Thus, a series of birnessite based
nanostructures were designed, including novel pure birnes-
site,31–33 birnessite/carbon nanocomposites,34–37 birnessite/
metal oxides nanocomposites,38–42 birnessite/polymer nano-
composites,43–46 etc. and some of these structures exhibited
ideal electrochemical properties. However, for most birnessite
based electrodes, the capacitances still range from 15–25% of
its theoretical capacitance. Thus, attention should not be
entirely focused on these macroscopical methods and some
new strategies should be put forward.

More recently, in order to improve the electrochemical
performances of birnessite based electrodes, scientists have
gradually shied their interests to the intrinsic structure of
birnessite, for example, enhancing the electronic conductivity
of birnessite itself by doping other element atoms (e.g. Co, Ni,
Dr Xiaoying Liu received her
bachelor's degree in Inorganic
Nonmetallic Materials from
Hebei University of Engineering
in 2007. She received her M.
Eng. and PhD. degrees in Mate-
rials Science and Engineering
from the Chongqing University
in 2011 and 2018, respectively.
Now Dr. Liu is a full lecturer in
the College of Environment and
Resources in Chongqing Tech-
nology and Business University.

Dr Liu’s research interest is the preparation of nanomaterials for
energy storage devices and photocatalysis.

38 | Nanoscale Adv., 2020, 2, 37–54
Cu, etc.) into the crystal structure, adjusting the ionic conduc-
tivity by increasing the interlayer spacing and improving their
electrochemical activity by manufacturing defects in their
crystal lattices.47,48 In these well-designed strategies, some of the
properties like capacitance were improved, while rate capability
or cycling stability was reduced and vice versa. Thus, some
research studies took a different tack by increasing or reducing
the content of one or two components.49–51 And the applied
working potential windows can be enlarged to even over 1.23 V
in an aqueous electrolyte, which exceeds expectation. By ratio-
nally designing and matching the positive electrode and nega-
tive electrode the working potential window of an assembled
device can be increased to 2.6 V in 1.0 M Na2SO4 with almost
three times the energy density obtained. However, the capaci-
tance values are still the weakness. Actually, for almost all of the
birnessite based structures, the capacitance values are still
lower than 400 F g�1, about 30% of the theoretical capacitance
of Mn-based oxides.52–61 As one of the most easily adjustable
Mn-based oxides, there are still lots of strategies and possibili-
ties to improve its electrochemical performances.

In this review, we intend to provide a comprehensive over-
view of birnessite based nanostructures through in-depth
discussion of the overall crystalline information, energy storage
mechanism, morphology and structure, electrochemical
performance, and practical applications. Furthermore, the
performance bottlenecks of birnessite based electrodes are put
forward and the corresponding solutions are proposed.
2. Crystal information of birnessite

As one member of the phyllomanganate family, birnessite
possesses a two-dimensional layered structure, composed of
alternating stacked Mn–O layers (edge-shared MnO6 octahedra)
and hydration alkali cations (Na+, K+, etc. restricted in the
interlayer region).8,62 Like a-MnO2, b-MnO2, l-MnO2 and g-
MnO2, the basic unit of birnessite is also MnO6 octahedra with
one Mn atom surrounded by six O atoms closely and uniformly
(Fig. 1a). For a single MnO6 octahedron layer (Fig. 1b), every Mn
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Fig. 2 (a) Typical XRD pattern of birnessite.65 (b) SEM image of typical
birnessite.67 (c) and (d) HRTEM images of typical birnessite.49,68
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atom is also surrounded by six O atoms along the c axis, which
means that the Mn atoms are distributed in the layer uniformly.
However, the surrounding six atoms do not lie in the same
plane when observed along the a axis (Fig. 1c), with three of
them lying on the top of Mn atoms and the other three under
the Mn atoms. Additionally, several hydration alkali cationic
species, like H+, Na+, K+, Ca2+, etc. are locked in the interlayer.
Thus, the crystal structure of birnessite is conrmed (Fig. 1d).
The interlayer spacing of birnessite is usually �7 Å.8,62,63 Due to
the replaceability of hydration alkali cations in the interlayer
region, the spacing could be increased to �10 Å upon further
hydration to form a layered structure with double the crystal
water, which closely-related birnessite is buserite structure,64

whilst the spacing can be decreased to �5.5–5.6 Å by dehydra-
tion. In addition, owing to the presence of cations in the
interlayer region, the oxidation state of manganese is not totally
tetravalent, and the average states commonly fall between 3.6
and 3.8, suggesting the presence of mainly Mn(IV) with little
Mn(III) in the birnessite structure.8,49,62

Because of the layer structure feature, the XRD patterns (e.g.
JCPDS: 80-1098; 86-0666) oen exhibit diffraction peaks at
around 12� and 25� corresponding to the interlayer spacing and
half interlayer spacing (001 and 002 planes).65,66 Another two
diffraction peaks oen appear at around 36� and 66�, matching
the 111 and 020 planes (Fig. 2a). These diffraction intensities
depend on the crystalline degree and grain size. However, these
diffraction peaks do not always belong to the 001, 002, 111 and
020 planes because of the existence of many subtype birnessites
due to the different interlayer cationic species and variation of
the interlayer (JCPDS: 86-0666; 18-0802; 23-1046; 27-0751; etc.).
Because of the faster crystalline growth along the a and b axis
compared to the c axis, the morphology of reported birnessite is
oen nanolms or nanosheets, with an interlayer spacing of
0.24 nm and �0.7 nm corresponding to the distance between
adjacent Mn atoms and interlayer spacing (Fig. 2b–d).67,68

3. Energy storage mechanism of
birnessite

The energy storage mechanism of birnessite based electrodes
can be classied as a MnO2 electrode with both electrical
Fig. 1 (a) MnO6 octahedron unit; (b) schematic diagram of birnessite
along the 001 plane; (c) schematic diagram of birnessite viewed along
the 011 plane; (d) stereoscopic schematic diagram of birnessite.

This journal is © The Royal Society of Chemistry 2020
double-layer capacitance (EDLC) and faradaic pseudocapaci-
tance involved.18,69–72 Specically, the EDLC is a kind of surface
adsorption–desorption behavior existing in almost all of the
electrodes. Similar to a parallel-plate capacitor, charge separa-
tion happens with a tight charge layer forming on the surface of
birnessite based electrodes aer being inserted into the elec-
trolyte and an appropriate voltage was applied between these
two electrodes.73–76 The EDLC can be estimated by referring to
the following equation:

C ¼ A3r30/d

where A is the specic surface area of the electrode accessible to
the electrolyte ions, 3r is the electrolyte dielectric constant, 30 is
the permittivity of a vacuum, and d is the effective thickness of
the EDL (the Debye length). Based on the equation above, the
capacitance is directly proportional to the specic surface area
of the applied active materials. Thus, a high SSA is always ex-
pected during the fabrication process of birnessite.

Another energy storage mechanism of birnessite based
electrodes is pseudocapacitance coming from the valence state
changes.77,78 During the charge–discharge process, the alkaline
cations (Na+, K+, H+, etc.) in the electrolyte can be absorbed by
the O atoms of the MnO6 octahedron because of the opposite
electrical properties between alkaline cations and O atoms and
then charges were transformed to the adjacent Mn atom whose
valence changes from +4 to +3 as follows:

(MnO2)surface + C+ + e� / (MnO2
�C+)surface

where C+ ¼ Na+, K+, Li+, etc. Note that this charge storage
mechanism only involves the surface atoms of the birnessite
crystallites or a very thin layer and it is an ultrafast process
which cannot be differentiated from EDLC clearly. Nevertheless,
this process is very similar to the surface adsorption–desorption
mechanism but it is an electrochemical reaction process, which
enhances the capacitance to a great extent.79,80 Thus, the
Nanoscale Adv., 2020, 2, 37–54 | 39
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thickness of the ‘thin layer’ is the key point for enhancing the
capacitance of birnessite electrodes.

Apart from the above two mechanism, the energy storage
mechanism of birnessite electrodes also contains an intercala-
tion–deintercalation process.81,82 In this process, protons (H+) or
alkali metal cations (C+) such as Li+ intercalate into the bulk of
the material upon reduction followed by deintercalation from
the bulk of the material upon oxidation as follows:

MnO2 + C+ + e� / MnOOC

where C+ ¼ H+, Na+, K+, Li+, etc. Two ion-intercalating models
are concurrent in birnessite electrodes separated by the ion
transfer route. Specically, one is the electrolyte ions getting
across the crystal lattices of birnessite, and the other is the
electrolyte ions moving through the gap (tunnel or interlayer
space) of the crystal lattices, as the interlayer spacing (001
plane) of birnessite is large enough (0.72 nm) and this spacing
can be adjusted by the size of the intercalated cations. Addi-
tionally, these intercalated cations can be released during the
charge process and consumed during the discharge process,
and this contributes capacitance or capacity to the birnessite
based electrode.83,84 However, this process is more like a battery
reaction process rather than a capacitive reaction process as
this is a kind of chemical reaction rather than charge transfer,
which can be separated from the rst two energy storage
mechanisms by dening as diffusion-controlled contribution
and surface capacitive contribution by analyzing the CV data at
various sweep rates according to a power law equation as
follows:

i ¼ anb

where i is the current (A), n is the sweep rate (V s�1), a and b are
adjustable parameters uctuating with the voltage. The b-values
reecting the electrode performance were calculated from the
slope of the plot of log i vs. log n. A well-dened condition, b ¼
1.0, is representative of a capacitive response because the
current is proportional to the sweep rate. The measured current
from the surface capacitive contribution follows a linear law
approximately because of the ultrafast reaction process, which
is different from the diffusion-controlled contribution.85–87 A
quantitative distinction of different capacitive contributions to
the overall charge storage was provided based on the following
equation:

i(V) ¼ k1v + k2v
1/2

For analytical purposes, this equation was divided with the
square root of the scan rate, then:

i(V)/v1/2 ¼ k1v
1/2 + k2

where k1v and k2v
1/2 correspond to the current contributions

from the surface capacitive effects and the diffusion-controlled
intercalation process, respectively, i(V) is the current at a given
voltage, v is the scan rate and k1 and k2 are constants uctuating
40 | Nanoscale Adv., 2020, 2, 37–54
with the scan rate calculated from plotting the sweep rate
dependence of the current at each xed potential (k1: the slope
of a straight line; k2: the y-axis intercept point of a straight
line).88

In recent publications, high intercalated cation content bir-
nessites were synthesized by adjusting the species of interca-
lated cations or oxidizing Mn3O4 crystals via an electrochemical
oxidation method. Meanwhile, the energy mechanism of Mn
based oxides with pre-inserted cations (alpha-MnO2 and bir-
nessite) was revised as follows:89

Charge process:

MxMnO2 / MnO2 + xM + xe� (M+ ¼ H+, Na+, K+)

Discharge process:

MnO2 + xM + xe� / MxMnO2 (M
+ ¼ H+, Na+, K+)

However, in this revised mechanism, the pseudocapacitance
was misunderstood because the source of the pseudocapaci-
tance was ignored. Actually, the energy storage process of bir-
nessite based electrodes includes two steps. In the rst step,
once the birnessite based electrode, being a positive electrode,
was immersed in the electrolyte together with a negative elec-
trode, charge separation happens and an electric double layer
forms. Meanwhile, the alkaline cations (Na+, K+, H+, etc.) in the
electrolyte are absorbed by the O atoms of the MnO6 octahedron
because of the opposite electrical properties between alkaline
cations and O atoms and then charges were transferred to the
adjacent Mn atom whose valence changes from +4 to +3. In the
second step, these absorbed alkaline cations are released along
with these pre-inserted cations during the charge process and
consumed during the discharge process. Thus, not all the
participating alkaline cations come from the pre-insertion
process or component cations. Additionally, the energy storage
process involved in the revised mechanism mainly comes from
diffusion-controlled contribution rather than surface capacitive
contribution. However, the capacitance of these prepared
structures is enhanced a lot and the potential window was
found to be increased to 1.2 V or even 1.3 V in an aqueous
electrolyte because the potential window for K+ extracted is
around 1.2 V. Based on these results, some high voltage asym-
metrical supercapacitors (2.7–2.8 V) were assembled, which
possess very high energy density.50,51
4. Challenges for birnessite based
electrodes

In fact, at the present stage, the research hotspot is still the
electronic conductivity of birnessite which inuences the
subsequent electrode reaction by gathering charges originating
from electrochemical reactions. These gathered charges not
only increase the operating potential windows within a short
time resulting in an incomplete electrochemical reaction
between birnessite and the electrolyte leading to a low
This journal is © The Royal Society of Chemistry 2020
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capacitance, but also block the secondary response of active
materials to the electrolyte generating a low rate capability.
Introducing a conductive matrix into the birnessite based
electrode is always a popular approach, but no great break-
throughs have been achieved yet. Note that the intrinsic
conductivity of birnessite seems to be the key point, which
determines the upper limit of birnessite based electrodes. Thus,
charge transfer in the interior of birnessite should be taken into
consideration.

Another challenge is the balance of the crystalline degree of
birnessite and its specic surface area. Many research studies
have reported that it is very hard to achieve these two factors
simultaneously, as a high crystalline degree means few defects
in birnessite crystals, which means a low specic surface area.
However, a higher crystalline degree will provide higher
intrinsic conductivity for birnessite, which is very important for
the electrode, while enhancing specic surface area is consid-
ered to be the most effective strategy to obtain high capacitance.
Thus, some new projects aimed at enhancing the crystalline
degree of birnessite and its specic surface area simultaneously
should be proposed.

Finally, the component of birnessite should be taken into
account. The theoretical capacitance of MnO2 is as high as 1370
F g�1. For some narrow tunnel MnO2 structures, like beta-
MnO2, lambda-MnO2 and gamma-MnO2, the low obtained
capacitance can be ascribed to the ultrahigh dead mass in the
electrode as there is no room to store electrolyte ions in their
bulk. However, for birnessite, most obtained capacitances still
range from 200–400 F g�1, which is far below its theoretical
capacitance. As we know, the theoretical capacitance of MnO2 is
calculated based on the valence transition of Mn3+ to Mn4+,
which happens in the whole operating potential window, while
the capacitance of MnO2 is determined by the content of Mn4+,
which will inuence the adsorption capacity of electrolyte ions.
Nevertheless, the content of Mn3+ in birnessite is around 33%.
Although some results have demonstrated that the intrinsic
electronic conductivity of birnessite can be enhanced by
increasing the content of Mn3+, balancing the content of Mn3+

and the adsorbing capacity of birnessite is necessary.
5. Strategy of enhancing
electrochemical properties
5.1 Enhancing conductivity

The electronic conductivity of active materials is oen supposed
to be one of the main factors affecting their electrochemical
properties as charges originating from electrochemical reac-
tions have to be transferred to an external circuit quickly, or
these superuous charges will impede further electrochemical
reactions. The strategies for enhancing the electronic conduc-
tivity are oen divided into two categories: one is introducing
conductive materials to increase the total specic conductance
of birnessite based structures; the other is improving the
intrinsic conductivity of birnessite to overcome the weakness of
electric conductivity.
This journal is © The Royal Society of Chemistry 2020
5.1.1 Birnessite/conductive species composite. Carbon
based nanomaterials possess lots of advanced properties,
including high specic surface area, abound electrochemically
active sites, light weight and high electronic conductivity, and
were deemed as the most perfect supplementary materials for
birnessite based electrode structures.73,90 Three main kinds of
carbon materials, including graphene,91–95 carbon nano-
tubes96–101 and porous carbon,102–104 are widely investigated in
view of their good electrical conductivity and excellent
mechanical/electrochemical stability.

Graphene, as a two-dimensional, one atom thick and highly
exible carbon, has been widely used in electrodes, not only as
an energy storage material but as a conductive supporting
material, because of its high electrical conductivity (104 S cm�1),
ultrahigh theoretical specic area (2630 m2 g�1) and excellent
electrochemical stability.105 The high surface area and conduc-
tive graphene has the ability to accelerate the charge transfer
and promote the reaction kinetics indeed during charge
storage. Peng et al.106 have demonstrated that the energy storage
process of the birnessite/graphene composite with a layer by
layer structure should occur at the layer spaces and it is very
hard or impossible for charges or ions to cross the graphene
layer (Fig. 3a). The uniform distribution (Fig. 3b) and high
crystalline degree birnessite (Fig. 3c) guarantees the layer-by-
layer structure with high exibility and high controllability. A
planar supercapacitor (Fig. 3d) prepared by an etching method
along the desired trajectory exhibits excellent rate capability
with only 22% capacitance loss when the current density
increases by a factor of 20 (from 0.5 to 10 A g�1) (Fig. 3e). Thus,
a high energy density (18.64 W h kg�1) with a maximum power
density of 12.6 kW kg�1 was obtained for this planar super-
capacitor (Fig. 3f). As a exible supercapacitor, the exibility
was tested in three physical states (at, folded and rolled), and
a very similar capacitance was obtained for these three states
(Fig. 3g). Additionally, over 90% of the capacitance was retained
for the device aer being folded thousands of times (Fig. 3h).
These results highlighted the high electronic conductivity and
exibility of graphene which can be inherited by birnessite/
graphene composites to generate special electrodes.

Compared to graphene, carbon nanotubes (CNTs) are a 1D
highly crystalline tubular carbon with a diameter of several tens
of nanometers, which possess very high electronic conductivity,
high mechanical strength and high chemical stability providing
an effective charge transfer route. Additionally, the surface
properties of multiwalled carbon nanotubes can be changed by
various methods without decreasing their electronic conduc-
tivity markedly, which ensures more approaches to fabricate
birnessite/CNT composites. Wu and co-authors107 reported self-
standing and highly exible d-MnO2@CNTs/CNT composite
lms using a three step strategy (Fig. 4a). The CNTs were
prepared through a CVD process and used as the substrate to
load birnessite with the surface of these CNTs changing from
smooth to rough (Fig. 4b and c). The self-standing exible lms
were obtained by a vacuum ltration method with CNTs and
birnessite/CNT composites applied alternately (Fig. 4d). Thus,
these free-standing electrodes are supposed to have excellent
Nanoscale Adv., 2020, 2, 37–54 | 41
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Fig. 3 (a) Design of hybrid 2D birnessite/graphene structure based planar supercapacitors; (b and c) TEM images of the 2D hybrid structure with
birnessite nanosheets integrated on graphene surfaces; (d) schematic of fabrication procedures for ultraflexible planar supercapacitors; (e)
comparison of specific capacitance values for the hybrid supercapacitors and those based on graphene. (f) A typical Ragone plot of the as-
fabricated supercapacitors. (g) CV curves of the planar supercapacitor under three different bending states and demonstration of three different
bending states: flat, folded, and rolled; (h) cycling stability under repeated flat/folded cycles and demonstration of the flat/folded cycle when
testing cycling stability.106
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electrochemical properties. There is only about 15% fading of
the capacitance when the discharge current increased from 0.2
A g�1 to 5 A g�1 (Fig. 4e). Additionally, the specic capacitance
remains almost unchanged with the mass of the electrode
increasing from 1.97 to 6.18 mg cm�2 and the area capacitance
increasing linearly, indicating the high porosity and high
conductivity of these self-standing lm electrodes (Fig. 4f and
g), while both the specic capacitance and volumetric capaci-
tance remain unchanged with the diameter of the electrode
increasing. Moreover, the specic capacitance was slightly
reduced with the bending angle applied from 0 to 180� (Fig. 4h).
These results highlighted the outstanding mechanical proper-
ties and excellent electrochemical performance, as well as easy
processing of birnessite/CNT free standing electrodes.

Besides conductive carbon species, highly conductive metals
are also a favorable additive used for supporting birnessite.
These conductive metals should possess high chemical inert-
ness which ensures a stable and highly conductive substrate.
Among all the conductive metals, Au is the most attractive
material due to its high electronic conductivity and high
ductility, which may not only provide the electrode with high
electrochemical performance but some special physical prop-
erties as well. Qiu et al.108 reported a template method using PS
spheres as a sacricial template to fabricate a Au@birnessite
nanomesh (Fig. 5a(i)). Au was used not only as a substrate to
support birnessite but also as a conductive path for charges
(Fig. 5a(ii)). Additionally, the uniform pores originating from
42 | Nanoscale Adv., 2020, 2, 37–54
the sacricial PS spheres facilitate ion transfer (Fig. 5a(iii and
iv)). Thus, excellent rate capabilities were obtained for this
structure (Fig. 5a(v)). When connecting two devices together,
a perfect superimposed charge–discharge curve was obtained
(Fig. 5a(vi)). The excellent electrochemical properties are surely
ascribed to the high electronic conductivity of Au, which was
inherited by the Au@birnessite nanomesh. Zhu and co-
authors109 coupled mesoporous gold with birnessite, which
ensures a high electronic conductivity and fast ion transition
(Fig. 5b(i–iii)). These mesoporous gold@birnessite nano-
structures can be pressed into an electrode directly without any
extra current collectors due to the high ductility of Au
(Fig. 5b(iv)). The electrode exhibited a high capacitance of 906.4
F g�1 and good rate capability because of the high conductivity
originating from mesoporous gold (Fig. 5b(v and vi)).

Although the electronic conductivity of birnessite based
composites can be improved by introducing exterior conductive
species and the rate capacitance was enhanced obviously, the
capacitance still lies in a low level if high mass loading bir-
nessite was applied. Note that the conductivity of materials
always followed a “short slab” principle for a single conducting
path. Thus, the intrinsic conductivity of birnessite should not
be ignored.

5.1.2 Enhancing intrinsic conductivity. The intrinsic
conductivity of birnessite is lower than that of most Mn-based
crystals, like alpha-MnO2, beta-MnO2, lambda-MnO2, etc.
because of its unique layer structures and relatively poor
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a and b) SEM images of raw CNTs; SEM images of birnessite@CNT composites, insets show the EDS elemental mapping images, showing
the spatial distribution of Mn andO; (c) cross section of a unit of the birnessite@CNTs/CNT stacked filmwith a thickness of 16.5 mm; (d) schematic
of the preparation process of stacked films; (e) dependence of specific capacitance on the scan rate (bottom axis) and on the current density (top
axis) determined from the CV curves andGCD curves, respectively; (f) mass (left axis) and areal (right axis) specific capacitance as a function of the
areal mass of the flexible films calculated from the GCD curve; (g) dependence of mass (left axis) and volumetric specific capacitance (right axis)
on the diameter determined from the discharge curves at 0.5 A g�1. A photograph of the flexible electrodes with different diameters (inset); (h)
specific capacitance change with bending angles calculated from the CV curves (black) and GCD curves (red). The inset shows photographs of
the three-electrode configuration.107
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crystalline degree. Previous research has shown that there is no
single valence state of Mn in birnessite, but a combination of
+2, +3 and +4.2,4 These polytropic valences of Mn provide an
Fig. 5 (a) Au@birnessite core–shell nanomesh: (i) schematic illustratio
schematic diagram of ion diffusion pathways and charge transport chann
nanomesh; (iv) SEM image of the Au@birnessite core–shell nanomesh
nanomesh, Au@birnessite–200s and Au@birnessite–400s as a function o
a single device and 2 devices connected in series at 5 mA cm�2.108 (
Au@birnessite network (16.5 wt% birnessite); (ii, iii) TEM images of the Au@
the electrode; (v) specific capacitances of Au@birnessite networks at diff
capacitances of the Au@ birnessite network at different current densitie

This journal is © The Royal Society of Chemistry 2020
alternative specic conductance as a “double-exchange” mech-
anism happens in Mn(III)–O–Mn(IV) structures, triggering novel
electron transport behavior.110 Specically, the electrical
n of the fabrication of the Au@birnessite nanomesh-based TFSC; (ii)
els of the Au@birnessite nanomesh electrode; (iii) SEM image of the Au
peeled from the PET substrate; (v) the areal capacitance of the Au
f the current density; (vi) the galvanostatic charge/discharge curves of
b) Mesoporous gold networks@birnessite: (i) FIB/SEM image of the
birnessite network (16.5 wt% birnessite); (iv) the preparation process of
erent current densities based on the weight of birnessite; (vi) specific
s based on the whole weight of the electrode.109

Nanoscale Adv., 2020, 2, 37–54 | 43
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conductivity of manganese oxide with mixed valence states
(Mn3+ and Mn4+) is higher than that with a single valence state
(Mn3+ or Mn4+).111 Mn3+ ions possess 4 electrons in the d orbital
and they can split into 3 local electrons with lower energy
(itinerant electron) in the t2g orbital and an itinerant electron
with higher energy in the eg orbital in the MnO6 crystal eld.
Thus, the electronic structure of the Mn3+ ion is altered into
t2g

3eg
1. The higher energy electron in the eg orbital can jump

from Mn3+ to Mn4+ according to double-exchange interactions
through the O2� ion, since the eg orbital in the Mn4+ ion is
empty. Then, the Mn4+ ion can transform into a Mn3+ ion, and
the adjacent electron in the eg orbital of Mn3+ ion can jump into
the 2p orbital of O2� forming a Mn3+–O–Mn4+ route. Thus, the
electrical conductivity of mixed valence state manganese oxide
is enhanced by jumping of the itinerant electron and the elec-
trical conductivity is inuenced by the ratio of Mn3+/Mn4+

(Fig. 6a(i and ii)).
Based on the “double-exchange” mechanism, the intrinsic

resistance of birnessite was reduced by increasing the content
of Mn3+ within limits, which will inuence its electrochemical
properties markedly. Zhu et al.49 reported structural directed
growth of ultrathin parallel birnessite on b-MnO2 with birnes-
site standing on the surface of b-MnO2 parallelly (Fig. 6b(i)) and
a high Mn3+ content. The crystal structure of the as-prepared
birnessite changed slightly because of the restriction of the
crystal lattice of beta-MnO2, which enhanced the electro-
chemical properties (Fig. 6b(ii–iv)). Birnessite displayed
a regular box-like shape and an ultrahigh capacitance of 657 F
g�1 based on the weight of parallel birnessite and 306 F g�1

based on the whole weight of the nanocomposite in 1 M Na2SO4

electrolyte (Fig. 6b(v)). Additionally, excellent rate capability was
found as the conductivity of this nanostructure improved a lot,
Fig. 6 (a) Double-exchange mechanism in birnessite: (i) diagram of lo
exchange of Mn(III)–O–Mn(IV) in the treated birnessite nanosheet. (ii, iii) Do
2D birnessite nanosheets.110 (b) b-MnO2/parallel birnessite core/shell nan
(ii) high resolution TEM image of a b-MnO2/parallel birnessite core/shell
core/shell nanorod (perpendicular to the 001 plane of parallel birnessite
nanorod (formation 1 and formation 2); (v) cyclic voltammograms at d
capacitance and coulombic efficiency with the current densities (potentia
ASC at different cell voltages at a scan rate of 50 mV s�1.49

44 | Nanoscale Adv., 2020, 2, 37–54
which can be ascribed to the increased content of Mn3+. Thus,
approximately 74% of the capacitance was retained when the
current density increased from 0.25 A g�1 to 64.0 A g�1

(Fig. 6b(vi)). A device assembled with the as-prepared nano-
structure as the positive electrode and reduced graphene oxide
as the negative electrode gives a high energy density of 40.4 W h
kg�1 at a power density of 275W kg�1 as the potential window of
the device was increased to 2.2 V (Fig. 6b(vii)).

Although the electronic conductivity was improved because
of the increased content of Mn3+ and the dead mass of birnes-
site was reduced because of the unique structure and ultrathin
birnessite lms, the dead mass of the whole structure increased
as beta-MnO2 was introduced, which contributed little to the
capacitance, resulting in a very high capacitance based on the
weight of birnessite but ordinary capacitance based on the
weight of the whole mass of the structure. However, a new idea
of enhancing the electrochemical properties of birnessite was
put forward and can be optimized further.

5.1.3 Metal doping. The intrinsic conductivity of birnessite
can also be modulated by the metal doping method without
interface restriction as the crystal structure or physical inter-
action of birnessite can be adjusted by doping with Au, Ag, Ce,
V, Al, Cu, Mg, Co, etc.112–119 Additionally, these doped hetero-
atoms can function as the electron donor to regulate the elec-
tron structure of MnO2, which is responsible for a better
capacitive performance. Liu et al. reported a V-doped birnessite
structure by the reduction of potassium permanganate with
concentrated hydrochloric acid. The morphology of the as-
prepared V-doped birnessites changed a little and the AOS of
Mn decreased a little with increasing content of vanadium
atoms. The capacitance of these structures increases with
increasing content of vanadium atoms and then goes down,
w-oxygen-pressure thermo-annealing treatment to achieve double-
uble-exchange of Mn(III)–O–Mn(IV) results in magnetoresistance in the
orod: (i) SEM image of b-MnO2/parallel birnessite core/shell nanorods;
nanorod; (iii) structural representation of a b-MnO2/parallel birnessite
); (iv) structural computation of a b-MnO2/parallel birnessite core/shell
ifferent scan rates (potential window: 0–0.8 V); (vi) variations of the
l window: 0–0.8 V); (vii) CV curves of b-MnO2/parallel birnessite//AGO

This journal is © The Royal Society of Chemistry 2020
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which can be ascribed to the increased electronic conductivity.
The sample named HB-V 15% exhibited the highest capacitance
of 241 F g�1 and retained about 246 F g�1 aer 200 cycles.48 Peng
et al. reported a Mo-doped hexagonal birnessite by a sol-
vothermal method and used it as a supercapacitor electrode.
The crystalline degree of the as-prepared birnessite and its
morphology become worse and worse with increasing content
of doped heteroatoms (Mo) which may be ascribed to the
destroyed crystal structure because of the high content of the
doped heteroatom (Mo) resulting in a poor conductivity. Thus,
these nanostructures have pretty poor electrochemical
performance.115

A detailed investigation of Fe-doped birnessite including
crystallinity, morphology, valence states, crystal structure,
electronic structure, conductivity and electrochemical perfor-
mance was proposed by Tian's group.114 Specically, the crys-
talline degree of Fe-doped birnessite become poorer and poorer
(Fig. 7a) and the average particle sizes become smaller and
smaller (Fig. 7b) with the increase of the amount of the Fe
dopant. These can be ascribed to the formation of defects (e.g.
vacancies) and distortions, which can hinder crystal growth in
the host structure aer Fe doping. Moreover, the relative
percentage of Mn(III) decreases progressively as the content of
the Fe dopant increased (Fig. 7c), conrming that Mn(III) was
substituted by Fe(III) in the doped birnessite samples. The
electron charge density of Fe-doped birnessite exhibits an
enlarged Fe–O bond (2.086 Å) compared with the Mn–O bond
(2.060 Å) because of the ionic character of Fe atoms (Fig. 7d),
resulting in a metabolic electronic structure of birnessite. Thus,
the band gap of birnessite can be reduced aer Fe doping as
revealed by DFT calculations, leading to the increase of the
intrinsic electronic conductivity of doped-birnessite (Fig. 7e).
Hence, an enhanced rate capability related to the electronic
conductivity of birnessite was found (Fig. 7f).
Fig. 7 (a) XRD patterns of PB, FeB-1, FeB-5, and FeB-10 samples; (b)
SEM images taken from PB, FeB-1, FeB-5, and FeB-10 samples; (c) the
relative content of Mn(II), Mn(III) and Mn(IV) in these prepared samples
calculated from the corresponding XPS spectral fitting; (d) electron
charge density distribution of Fe-doped birnessite with 33.3 mol% Fe
content viewed along the (001) plane; (e) electrical conductivities of
the prepared birnessite samples changing with the molar percentage
of Fe; (f) comparison of the specific capacitances of PB, FeB-1, FeB-5
and FeB-10 samples at different scan rates. The inset shows capaci-
tance retention of these samples at different scan rates.114

This journal is © The Royal Society of Chemistry 2020
These results demonstrate the ion transport kinetics, elec-
tron structure and crystal structure can be altered by doping
with heteroatoms to some extent. However, the variation of
these properties is not always benin. Suitable heteroatoms
should be selected by rst-principles calculations as some
heteroatoms may destroy the original electronic conductive
path. Additionally, metal doped birnessite may have optimized
conductivity and reaction kinetics resulting in enhanced elec-
trochemical properties, which calls for atomic-scale and highly
dispersive doping. Some in situ studies on the intrinsic reaction
process and the interaction mechanism between the doped
atoms and MnO2 also provide a lot of inspiration to construct
high-performance electrodes.
5.2 Crystal dimensional regulation

Despite the high specic surface area and abundant electro-
chemically active sites, the electrical conductivity of birnessite
is pretty low, compared to other crystal type Mn-based oxides,
because of the high content of crystal water, sparse atoms and
poor crystalline degree, resulting in a large amount of dead
mass in birnessite based electrodes which cannot be used for
energy storage. Thus, reducing the dead mass in birnessite
based electrodes is always the greatest demand for enhancing
the energy density of supercapacitors. Many strategies have
been developed to reduce the crystalline size to reduce the dead
mass or increase the utilization ratio of birnessite, thus
providing some superiority for supercapacitor application.

5.2.1 Ultrathin birnessite lms. For birnessite based elec-
trodes, electrochemical reactions occur not only on the surface
according to the EDLC mechanism and pseudocapacitance
mechanism, but also in the interlayer based on the alkaline
intercalation–deintercalation mechanism. The thickness of the
birnessite lms determines the numbers of Mn–O layers,
resulting in the amount of electrochemical active sites
decreasing with increasing thickness of the birnessite lms.
Thus, reducing the thickness of birnessite lms is the most
direct and most efficient way to reduce their dead mass and
then enhance their electrochemical performance. Zhao et al.120

reported a hydrothermal method to synthesize hierarchical
birnessite nanoowers composed of thin birnessite lms. These
hierarchical birnessite nanoowers exhibit a high specic
capacitance of 197.3 F g�1 with good cycling stability. About
94.6% of the initial capacitance was retained aer 1000 cycles.
However, although the surfaces of the owers are very porous,
the composed birnessite lms are very thin and easy to be
involved in the electrochemical reaction and the interior of
birnessite owers is very dense and not accessible to electrolyte
ions, which means that the content of dead mass in these bir-
nessite owers is still very high. In the past few years, lots of
reported birnessite based electrodes exhibited the same disad-
vantage, displaying a capacitance range from 100–200 F
g�1.65,121–124

5.2.2 Hollow structure. In recent years, some studies have
been aimed at reducing the thickness of birnessite lms as well
as cutting down the unnecessary dead volume by designing
some hollow structures, including tube-like structures, sphere-
Nanoscale Adv., 2020, 2, 37–54 | 45
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Fig. 8 (a) Porous birnessite nanotubes: (i) schematic illustration of the procedure to synthesize porous birnessite nanotubes; (ii) SEM images of
birnessite nanotubes; (iii) specific capacitance of birnessite nanotubes measured under different current densities; (iv) (e) the energy density vs.
power density of the birnessite nanotubes//AG asymmetric supercapacitor.33 (b) Coaxial double nanotubes: (i, ii) SEM and TEM images of coaxial
double nanotubes with inner birnessite and outer amorphous carbon; (iii and iv) SEM and TEM images of coaxial double nanotubes with outer
birnessite and inner amorphous carbon; (v) specific capacitance of coaxial double nanotubes with outer birnessite and inner amorphous carbon
measured under different current densities; (vi) variations of capacitance with cycle numbers for coaxial double nanotubes with outer birnessite
and inner amorphous carbon with insets showing the comparison of galvanostatic charge–discharge curves before and after 3000 cycles.125 (c)
Porous birnessite tubular arrays: SEM images of birnessite nanotubes: (i) birnessite-50–100, (ii) birnessite-100–100, (iii) birnessite-200–100, (iv)
birnessite-50–140, (v) birnessite-100–140, and (vi) birnessite-200–140; (vii) specific capacitance under different current densities; (viii) cycling
performance of birnessite-200–100 at a current density of 5 A g�1. The inset shows the charge–discharge curves of the last 10 cycles of the
MnO2-200–100 electrode.126
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like structures and specic template-like structures. Huang
et al.33 fabricated a tube-like structure assembled from ultrathin
birnessite nanolms via a hard template method (Fig. 8a(i and
ii)). These nanotubes exhibited excellent electrochemical
properties, including high specic capacitance (365 F g�1), good
cycling stability (90.4% retained aer 3000 cycles) and high
energy density (22.5 W h kg�1) obtained from a MnO2 nano-
sheet-built nanotubes//AG asymmetric supercapacitor as this
structure consisted of ultrathin birnessite lms and the dead
mass in this structure is reduced to a very low content (Fig. 8-
a(iii, iv)). Moreover, the tube-like structure provides an extra
contact area for the electrolyte which enhanced the utilization
ratio of active materials greatly. However, the large thickness of
the tube wall is still a big problem for enhancing the electro-
chemical properties, which will decrease the ion transfer
signicantly. Thus, Zhu et al.125 reported a birnessite tube
assembled with ultrane birnessite chippings by a spontaneous
reaction between amorphous carbon and KMnO4 (Fig. 8b(i, ii)).
The thickness of the tube wall can even be adjusted to 30 nm
(Fig. 8b(iii, iv)), while the crystalline degree of the birnessite
structure cannot be well controlled because of the mild reaction
conditions. The specic capacitance obtained for this structure
is close to that in previous work (362 F g�1), while the rate
capability and cycling stability of the structure were enhanced
a lot as the thickness of the tube wall was controlled, which
improves the ion transfer (Fig. 8b(v, vi)). Based on these studies,
46 | Nanoscale Adv., 2020, 2, 37–54
Li et al.126 carried out a detailed study by adjusting the thickness
of the tube wall and the diameter of the tube (Fig. 8c(i–vi)), and
the specic capacitance of the structure was optimized to 411.9
F g�1 and the rate capability and cycling stability were enhanced
a lot (Fig. 8c(vii and viii)). Besides, the electrochemical proper-
ties of the tube-like birnessite structure are also inuenced by
the length of the tube, crystalline degree and arrangement of
the lms. By rational combination of these factors, all proper-
ties of the tube-like birnessite structure can be improved on
a large scale.127

For sphere-like hollow structures and specic template-like
structures, the main preponderance is that the morphologies of
these structures are easy to be controlled and can be scaled up
as templates are oen applied in these strategies.128–131 These
structures oen possess high specic capacitance and good rate
capability as the hollow structure can be used as a transit depot
for the electrolyte, which shortens the ion transfer distance.
Zhang et al. reported a yolk and hollow structure assembled
with ultrathin birnessite lms which gives a high specic
capacitance of 273 F g�1 with good rate capability. In this
structure, colloid carbon spheres were used as the sacricial
template which can be adjusted by controlling the pH values of
the reaction solution.132 Munaiah et al. prepared hollow bir-
nessite spheres assembled from ultrathin birnessite lms with
a very poor crystalline degree by a so template method. The
hollow sphere displayed a capacitance of 283 F g�1 in 0.1 M
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) Schematic illustration of the synthesis of PCF and
PCF@birnessite; SEM images of (b) PCF, (c) PCF@birnessite-1h, and (d)
PCF@birnessite-2h; (e) a photograph of a piece of the PCF@birnessite-
2h electrode next to a U.S. penny with a diameter of �1.9 cm; (f)
absolute current density and scan rate follow the power law, i ¼ kvb, in
both the slow and fast scan rate regions; (g) decoupling of the
capacitance contributed by the fast-kinetic processes (yellow) and the
slow-kinetic processes (blue); (h) histograms of the capacitance
contributions by the different processes: yellow, fast-kinetic
processes; blue, slow-kinetic processes; Cdl, electrical double layer
capacitance; (i) the radar chart compares six figures-of-merit of PCF
(black), PCF@birnessite-1h (blue), and PCF@birnessite-2h (red): mass
loading of the activematerials, rate capability (from 10 to 1000mV s�1),
gravimetric capacitance based on the mass of birnessite and active
materials, and areal capacitance based on the geometric area and BET
surface area. All capacitances are obtained at 10 mV s�1.104

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 0

8-
08

-2
4 

08
.0

0.
08

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Ca(NO3)2 solution. However, the cycling stability of this struc-
ture is very poor with 37% of its initial capacitance being lost
aer 1000 cycles, which may be because the hollow sphere was
crushed during the charge–discharge process.133 In recent years,
some studies reported using biological materials as the
template to support ultrathin birnessite for supercapacitors as
some biological materials possess unique pores which are
considered to be one of the most important factors affecting
their electrochemical properties. Zhang's group reported many
studies on ultrathin birnessite lms and diatomite which
exhibited outstanding electrochemical properties including
high specic capacitance and excellent rate capability.38,134–136

However, most of the studies did not give very good cycling
stability, which can be ascribed to the crushing of active
materials during the testing process.

Although the specic capacitance of birnessite has been
improved a lot by these strategies, the electronic conductivity of
the obtained birnessite structure had not been enhanced
resulting in poor rate capability. Additionally, the dimension-
ality of these structures is designed to be smaller and smaller
leading to poor mechanical strength, which inuences the
cycling stability to a great extent.

5.2.3 Lightweight material replacement. Although ultra-
thin birnessite lms possess favorable electrochemical perfor-
mance, their physical and chemical stability still needs to be
enhanced urgently. For ultrathin birnessite lms or single layer
birnessite lms, it is very hard to maintain their initial state
aer drying. One strategy based on coupling birnessite with
some lightweight materials was proposed. These lightweight
materials may not possess any special properties, but they
replace the dead mass of birnessite and signicantly reduce the
applied mass of active materials and enhance its electro-
chemical properties.38,137–140 Very recently, Liu and co-authors104

reported a block polymer derived a uniformmesoporous carbon
supported birnessite composite which enables ultrafast elec-
tron and ion transport (Fig. 9a). The as-prepared bers are very
porous even aer coupling with birnessite (Fig. 9b–d). A textile
cloth of porous carbon ber@birnessite exhibits outstanding
electrochemical performance (Fig. 9e). A high b-value close to
1.0 indicates the excellent capacitive properties of these struc-
tures (Fig. 9f). An ultrahigh ratio of fast-kinetics process even at
a very low scan rate implies an ultrahigh utilization and very low
dead mass of birnessite (Fig. 9g and h). Thus, both gravimetric
capacitance and areal capacitance were boosted (Fig. 9i).
Undeniably, the high conductivity of porous carbon plays a very
important role in its electrochemical performance. The ultra-
high capacitance is mainly contributed by the reduced dead
mass. These results indicate that the utilization of birnessite
can be enhanced and dead mass can be reduced dramatically by
replacing the dead volume of birnessite with lightweight
materials.
5.3 Defect engineering

Recent studies have shown that the conductivity and charge
storage can be effectively improved by introducing anion or
cation vacancies into birnessite because of the promoted
This journal is © The Royal Society of Chemistry 2020
surface redox reaction kinetics resulting in an enhanced elec-
trochemical performance.141–143 Especially, for birnessite with
oxygen vacancies, the oxygen vacancies would lead to charge
compensation by changing the oxidation states of Mn ions
(Mn2+, Mn3+, and Mn4+) in birnessite, which will further result
in variation of the charge carrier density and make the decient
birnessite more conductive.144 Additionally, oxygen vacancies
are capable of providing additional ion intercalation sites to
effectively improve the specic capacitance of birnessite. Gao
et al.145 reported birnessite with Mn vacancies with a control-
lable amount of vacancies by reassembling the as-exfoliated
birnessite at different pH values. The occulated nanosheet
samples exhibit 3D porous nanostructures and equilibration at
different pH values has no inuence on their morphologies
(Fig. 10a–c). XANES spectra of protonated birnessite exhibit
a higher intensity of P0, where the weak pre-edge peaks P and P0

correspond to the dipole-forbidden 1s–3d transition, indicating
the coexistence of Mn3+ and Mn4+ (Fig. 10d). Moreover, a nega-
tive shi of the main absorption peaks with the decrease of pH
values was found aer taking the derivative of XANES spectra,
indicating that lower pH progressively reduces Mn to the
trivalent state (Fig. 10e). Additionally, high-energy X-ray scat-
tering and pair distribution function analysis were performed to
characterize the content of Mn vacancies. Two main pair
distribution function peaks, the in-plane Mn–Mn peak at 2.89 Å
and the Mn–Mnsurf distance at 3.45 Å, related to the content of
Mn vacancies were considered (Fig. 10e). The content was
Nanoscale Adv., 2020, 2, 37–54 | 47
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Fig. 10 (a) SEM image and (b) bright-field TEM image of exfoliated
birnessites, scale bar, 50 nm; (c) SEM image of reassembled birnessite
nanostructures treated in pH ¼ 2 solution for 24 h, scale bar: 500 nm;
(d) XANES spectra of protonated birnessite, pH ¼ 2 and 4 treated
reassembled birnessite; (e) first derivative curves corresponding to the
samples; (f) models of in-plane Mn–Mn and Mn surface and pair
distribution function analysis of reassembled birnessite.145

Fig. 11 (a) CeO2@birnessite core–shell heterostructures: (i–iii) TEM
images of the CeO2 octahedron@birnessite nanostructure; (iv–vi) TEM
images of the CeO2 nanowire@birnessite nanostructure; (vii) specific
capacitance under different current densities; (viii) Ragone plots of the
CeO2 nanowire@birnessite nanostructure//active graphene oxide
(AGO) asymmetric supercapacitor. The inset shows the digital image of
a red light-emitting diode (LED) lit by the as-prepared device.154 (b)
PANI–birnessite coaxial nanofibers: (i, ii) SEM image of PANI nano-
fibers; (ii) low- and high-magnification SEM images; (iii) TEM images
(inset shows the SAED pattern); (iv) line-scanning (indicated by a white
line) of the PANI–birnessite coaxial nanofibers; (v) the specific
capacitance as a function of different current densities.46

Fig. 12 (a) Co3O4 nanowire@birnessite ultrathin nanosheet core/shell
arrays.155 (b) Co3O4@birnessite hierarchical nanoneedle arrays.167 (c)
Hierarchical Co3O4@birnessite core–shell arrays.68
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calculated to be 18.3% at pH <1, 26.5% at pH ¼ 2 and 19.9% at
pH ¼ 4 because of Jahn–Teller distortion, and may be accom-
modated in crystalline birnessites (Fig. 10f). Based on these
results, the as-prepared Mn vacancy birnessite delivered
a greatly enhanced capacitance value of over 300 F g�1 (1 M
Na2SO4 electrolyte) and improved cycling performance.

5.4 Synergistic effect

In recent years, many articles have demonstrated that the
electrochemical properties of birnessite can be enhanced by
introducing another one or two components into birnessite
based materials and the electrochemical performance of the
introduced components can also been improved, which can be
ascribed to the changing of the charge transfer route, interac-
tion of the same involved ions or heterojunction enhanced
electrical performances.16,146–153 In well-designed materials, the
deadmass of birnessite was decreased because the utilization of
birnessite was enhanced, resulting in improved capacitance,
rate capability and cycling stability. Zhu et al. reported
CeO2@birnessite core–shell heterostructures using both CeO2

octahedra and nanowires as the cores to support birnessite
(Fig. 11a(i–vi)). These CeO2 nanowire@birnessite nano-
structures exhibited unprecedented pseudocapacitance perfor-
mance (255 F g�1) with outstanding rate capability and high
energy density (Fig. 11a(vii and viii)). A new mechanism for the
enhanced rate capability has been proposed. Specically,
during the electrochemical test, the CeO2 cores act as an
accelerator. In the process of oxidation, CeO2 and birnessite
release their electron at the same time due to the mandatory
potential difference. However, the high activity of CeO2 makes it
easy to be oxidized and reduced during the oxidation–reduction
process. Thus, CeO2 depopulates the electrons from MnO2

uninterruptedly which enhances the degree of oxidation of
birnessite resulting in an enhanced electrochemical perfor-
mance and vice versa. However, such approaches oen suffer
from poor electronic conductivity of these inorganic
48 | Nanoscale Adv., 2020, 2, 37–54
nanomaterials.154 Jiang and co-authors46 reported the syner-
gistic effect of birnessite and polyaniline with K-birnessite
grown on the surface of polyaniline (Fig. 11b(i–iv)). The as-
prepared PANI–birnessite coaxial nanobers with optimal
composition, when applied as an electrode, exhibited a high
specic capacitance (383 F g�1 at 0.5 A g�1) with a good rate in 1
M Na2SO4 aqueous solution, which is attributed to the syner-
gistic effects of the combined pseudo-capacitive contributions
from the core and shell (Fig. 11b(v)).

There are also lots of papers reporting the “synergistic effect”
of birnessite and other metal oxides,39,41,68,155–157 metal hydrox-
ides,158–161 metal suldes,162,163 or layered double hydroxides
(LDHs),87,164–166 which enhanced the electrochemical properties
by reducing the dead mass of birnessite. Liu et al. reported
Co3O4 nanowire@MnO2 (birnessite) ultrathin nanosheet core/
shell arrays by a three-step hydrothermal method (Fig. 12a).
These nanocomposites exhibit not only high specic capaci-
tance (480 F g�1), but also high areal capacitance (0.56 F cm�2).
Additionally, the cycling stability was also improved (97.3%
retention aer 5000 cycles). The combination of MnO2 and
This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Possible strategies for developing high performance birnessite
based electrodes.
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Co3O4 with a unique morphology and independent electro-
activities into a single engineered hierarchical architecture can
substantially enhance the electrochemical properties.155 Soon
aerwards, Kong and co-authors167 rened this structure and an
ultrahigh capacitance of 1693.2 F g�1 and an excellent long-
term electrochemical stability with only 10.2% capacitance loss
aer 5000 cycles were obtained (Fig. 12b). Based on these
results, Huang et al.68 prepared a similar Co3O4

nanowire@MnO2 (birnessite) composite by a two-step hydro-
thermal method, which also exhibited high capacitance (560 F
g�1) and excellent cycling stability (95% retention aer 5000
cycles) (Fig. 12c). In these kinds of nanostructures, the bulk
birnessite is replaced by metal oxides which not only ensures
that the remaining birnessite can be fully used for energy
storage, but also provides a transfer route for charges as the
conductivity of Mn-based materials (1 � 10�6 S m�1) is pretty
low compared to that of most metal oxides (1� 10�5–1 � 10�4 S
m�1). However, the applied electrolyte is a big problem for these
structures andmany electrolytes, including 1.0 M Na2SO4, 1.0 M
LiOH and 6.0 M KOH, have been tested. However, it is very hard
to choose an optimal electrolyte for these two components. For
1.0 M Na2SO4 electrolyte, which is very suitable for birnessite,
almost no capacitance can be originated for other metal oxides,
like NiO, Ni(OH)2, Co3O4, NiCoO2, LDH, etc. While, if 1.0 M
LiOH or 6.0 M KOH was used, the electrochemical performance
of birnessite was reduced a lot and these embedded metal
oxides also cannot exhibit their full capacitance because of
inadequate contact with the electrolyte as they were covered
with birnessite. As a consequence, the capacitance calculated
for these composites is always lower than that of the embedded
metal oxide, while the capacitances calculated based on the
weight of birnessite are very high, which means that the dead
mass of birnessite can be reduced efficiently by introducing
embedded metal oxides.

To well present the uniqueness and difference of these
strategies to adjust the electrochemical performance of bir-
nessite based electrodes, their generated electrochemical
properties are summarized systematically in Table 1. Generally
speaking, the current results are far away from practical
requirements.

6. Future prospects

In summary, birnessite based structures are still one of themost
promising materials for supercapacitors, and a recent trend in
research is to develop birnessites with high conductivity,
abundant electrochemically active sites and high utilization
rate to reduce the gathering charges, enhance electrochemical
reaction sites and reduce dead mass. Benetting from these
integrated advantages, with excellent pseudocapacitive proper-
ties, super-high theoretical capacitance and a large voltage
window, the supercapacitors fabricated from birnessite are
highly desired in energy storage systems with high energy/
power density. However, there is still a big gap between the
obtained properties and that of available practical electrodes.
To overcome this gap, although scientic researchers focus on
the regulation of the specic surface area, morphology and
50 | Nanoscale Adv., 2020, 2, 37–54
conductivity, there are still lots of possibilities in crystalline
control, affinity of the electrolyte, special element doping and
pore formation to enhance their electrochemical properties.
Thus, several possible strategies to further enhance the high
electrochemical performance of birnessite based structures for
supercapacitor electrodes are listed below:

(i) Increasing the intrinsic electronic conductivity of birnes-
site. As we discussed above, the electronic conductivity of bir-
nessite is one of the most important points for enhancing its
capacitance and rate capability. Introducing heteroatoms,
controlling components, and creating defects are some strate-
gies. Although some relative studies have been reported, more
studies should be performed, as most of the introduced
heteroatoms are common element atoms. Based on this, one
possible strategy should be introducing new heteroatoms, for
example, rare earth atoms to replace Mn atoms or non-metal
atoms to replace O atoms in the crystal lattices of birnessite. Of
course, one should not introducing heteroatoms blindly.
Design and rst principles calculations should be carried out
beforehand (Fig. 13a).

(ii) Constructing more smart structures to enhance the
utilization of birnessite and its electronic conductivity. Previous
reports have demonstrated that building a single or few layer
birnessite structure is the most effective approach to enhance
the utilization of birnessite as an electrode.168 However, the
electronic conductivity of the prepared structure should be also
considered. Constructing single layer birnessite with other 2D
conductive materials, like graphene and MXenes, forming
a layer-by-layer and sandwich structure should be one of the
most optimal strategies, as shown in Fig. 14a and b.169,170

Additionally, the specic surface area of this constructed
structure is boosted maximally. Thus, desirable electrochemical
properties, including high specic capacitance, excellent rate
capability and long cycling stability are considered a realizable
goal. Note that although the electronic conductivity has been
enhanced, these constructed structures may not lead to a very
desirable ionic conductivity as the pore structure is not well
designed. Thus, some follow-up work should be taken into
consideration beforehand, like pore formation, incision and
spatial arrangement (Fig. 13b).
This journal is © The Royal Society of Chemistry 2020
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Fig. 14 (a) Schematic representation of GO–birnessite nano-
composites.169 (b) Illustration of the process of preparing the birnes-
site/MXene composite.170
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(iii) Enhancing the electrolyte ionic adsorbability of birnes-
site. Based on the energy storage mechanism of birnessite, the
electrolyte ionic adsorbabilities of birnessite depend on its
surface oxygen atoms. Enhancing the adsorption affinity of
these oxygen atoms should be a feasible means to boost its
specic capacitance. Introducing other nonmetal heteroatoms,
altering the interlayer ionic species and adjusting the content of
Mn4+ are some possible strategies. Particularly, a desirable
birnessite single-layer slab composed of Mn4+ and all the MnO6

octahedra can be involved in electrochemical reactions, which
will exhibit its theoretical capacitance (Fig. 13c).

(iv) As mentioned in the energy storage mechanism,
reducing the dead mass of birnessite by adjusting the crystal
orientation of birnessite can be another solution to enhance its
electrochemical properties. Increasing the extent of the c axis
and shortening the extent of the c axis and b axis will decrease
the diffusion-controlled contribution and increase surface
capacitive contribution extremely, resulting in an enhanced
electrochemical performance (Fig. 13d).

In conclusion, birnessite, as a layered structure of MnO2,
plays an important role in energy storage applications and
energy conversion systems because of its low cost, nontoxicity
and high operability. To date, birnessite based smart structures
with different functions have been extensively investigated and
some special architectures also can be applied as energy storage
electrodes. We hope that this review can helps us construct
more and more smart birnessite based structures for
supercapacitors.
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