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a  b  s  t  r  a  c  t

Structural  behaviors  of four MnO2 allotropes  are  investigated  by  in situ  synchrotron  X-ray  diffraction
analyses  upon  charge/discharge  cycling  in LiCl  and  KCl  aqueous  media.  During  the anodic/cathodic  scans
of the  2D  birnessite  electrode,  the  interlayer  spacing  respectively  extend/contract  along  the  z direction  by
∼0.2 Å.  This  behavior  is associated  to electrostatic  attractive  forces  between  charged  framework  layers
and hydrated  electrolyte  cations.  In  contrast,  the oxidation/reduction  of  the  3D  spinel  electrode  lead
to the  contraction/swelling  of  (1 1 1) crystalline  planes  by  ∼0.05 Å. Manganese–oxygen  distance  changes
eywords:
n situ X-ray diffraction
ynchrotron
anganese dioxides

upercapacitor
harge–discharge mechanism

induced  by  Mn(III)/Mn(IV)  redox  reactions  are  assigned  to  such  a  mechanism.  Structural  characterizations
are  focused  on  the  (0 0  2),  (2 1 1),  (1 1 0)  and  (2 0 0)  planes  for MnO2 cryptomelane,  while  (0  0  2)  and  (2  0  0)
planes  for  MnO2 OMS-5.  The  1D  cryptomelane  and  OMS-5  electrodes  also  exhibit  contraction/swelling
processes  of  their  structures  upon  discharge/charge  cycling  associated  to  deintercalation/intercalation
of  hydrated  electrolyte  cations  in  their  channels,  respectively,  driven  by size/steric  constraints.
icrostructural material changes

. Introduction

Electrochemical supercapacitors are gaining more interest as
omplementary charge storage devices in various applications that
specially require peak power pulses [1–5]. Numerous compounds
ere investigated as possible supercapacitor materials and man-

anese dioxides are certainly among the most attractive candidates
5–7]. This is mainly due to their low cost, environmental com-
atibility and appropriate electrochemical performances [8–10].
he chemistry of MnO2 is abundant with a variety of structural
ypes [11]. In the field of supercapacitors, the structural complexi-
ies exhibited by the 1D, 2D or 3D arrangement of MnO2 materials
esult in various charge-storage performances [12]. It was recently
emonstrated that, in contrast with the usual assumption, the
lectrochemical performance of MnO2 based electrodes was not
ependent on the specific surface area neither on the electronic
onductivity [12]. However, among a series of seven distinct MnO2

llotropes including 1D pyrolusite, ramsdellite, cryptomelane, Ni-
odorokite and Octahedral Molecular Sieves (OMS-5), 2D birnessite
nd 3D spinel, specific capacitances were found to strongly corre-
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late with the corresponding ionic conductivity, which obviously
rely on the microstructure and more precisely on cavity size and
connectivity. It was also shown that the specific capacitance of
MnO2 is enhanced with the dimensionality of the structure from
the 1D to 3D arrangements, while in the 1D group the highest
capacitance was  reached with the largest channel size [12]. More-
over, Brousse et al. showed that the material bulk of birnessite-like
MnO2 mostly contributes to the electrochemical performance, and
that its crystalline microstructure leads to insertion/extraction
processes of cations present in the electrolyte solution [13]. Never-
theless, studies dealing with the microstructure behaviors during
the charge storage process of MnO2-based electrodes are rather
scarce [14–16].  The insertion/extraction of protons (H+) and elec-
trolyte cations (C+) into/from the bulk structures involved during
the charge/discharge of MnO2-based electrodes may  be described
by the following reactions [6,17]:

MnO2 + H+ + e− ↔ MnOOH (1)

MnO2 + C+ + e− ↔ MnOOC (2)

where C+ = K+, Li+.
Using synchrotron X-ray diffraction measurements on a disor-

dered structure close to Akhtenskite (�-MnO2), Kuo and Wu found

the d-spacings of all reflections to expand upon the cathodic scan
(charge process), while they all contract during the anodic scan
(discharge process) [6].  This reversible swelling was definitively
assigned to volumetric/steric origins and namely the insertion

dx.doi.org/10.1016/j.jpowsour.2012.01.103
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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respectively desinsertion) of hydrated alkali cations from the
lectrolyte into the lattice to cause the swelling (respectively
ontraction) as charge changes induced by Mn(IV)/Mn(III) redox
eactions are balanced thanks to the electrolyte cations [6].  Accord-
ngly, such a structural breathing was expected to be universal to
ll crystallographic directions, and it was indeed observed to be so
6].

The scope of the present paper is to get a better insight
nto the origin of these experimental evidences by perform-
ng in situ synchrotron X-ray diffraction studies on four MnO2
llotropes: cryptomelane, OMS-5, birnessite and spinel. Diffraction
ata collected during the electrochemical charge/discharge of these
nO2-based electrodes are aimed to assign eventual pattern fea-

ure changes to microstructural transformations associated to the
orresponding electrochemical mechanism and induced ion move-
ents through the material structure. These four selected MnO2

hases showed, in our previous work, remarkable electrochemi-
al performances with capacitances at 125 F g−1 for cryptomelane,
17 F g−1 for OMS-5, 225 F g−1 for birnessite and 241 F g−1 for
pinel [12]. As for other MnO2 allotropes, their structures are
uilt on MnO6 octahedral units sharing corners and/or edges:
nO2 cryptomelane and OMS-5 shows 2 × 2 and 2 × 4 1D chan-

els, respectively. The birnessite form is a layered 2D structure
hile MnO2 spinel is a compact 3D cubic structure. Despite

hese drastic differences in their structural arrangements (Fig. 1),
apacitances were found in the same range as for their correspond-
ng ionic conductivities. On the other hand, their corresponding
yclic voltammogram (CV) signatures display such specific fea-
ures that the observed performances are suspected to originate
rom distinct electrochemical mechanisms. Although OMS-5 and
ryptomelane are both sharing a 1D structure, their CVs are
ompletely different, suggesting again distinct electrochemical
echanisms.
The present work presents a detailed study of the relation-

hip between the electrochemical behaviors and the evolution of
rystalline structures of MnO2 birnessite, spinel, cryptomelane and
MS-5. Cyclic voltammetry (CV) experiments were used to inves-

igate the electrochemical properties of MnO2-based electrodes.
n situ synchrotron XRD measurements were performed at vari-
us oxidized and reduced stages of MnO2 materials to follow their
icrostructural changes during charge/discharge cycles. The struc-

ural properties are also discussed in relation to the nature of the
xchanged cations present in the pristine material as well as in the
lectrolyte aqueous solution.

. Experimental

All chemical reagents were analytical grade and have been used
s purchased without further purification. Several techniques were
mployed in order to prepare a set of manganese dioxides show-
ng various microstructures. The synthesis methods are described
elow. All aqueous solutions were prepared using de-ionized water
18 M�,  obtained from an ELGALabWater de-ionized system).

.1. Synthesis of MnO2 Na-birnessite [18]

An aqueous solution (A) was prepared by dissolving 0.04 mol
f KMnO4 (99%, Aldrich) and 1.2 mol  of NaOH (ACS grade, VWR)
n 400 mL  of water. Afterward, another aqueous solution (B) was
repared by dissolving 0.112 mol  of MnCl2·4H2O (99%, Aldrich) in

00 mL  of water. Solution B was added dropwise to solution A with
igorous stirring in an ice bath. The resulting precipitate was  stat-
cally aged at room temperature for 1 day and then washed and
ried at 90 ◦C.
 Sources 206 (2012) 454– 462 455

2.2. Synthesis of MnO2 Na-cryptomelane [19]

The cryptomelane powder was prepared from the ignition in air
of MnO2 Na-birnessite at 400 ◦C for 60 h.

2.3. Synthesis of MnO2 Na-OMS-5 [18]

The Na-birnessite powder (0.5 g) was  autoclaved at 180 ◦C for 2
days with 100 mL  of 0.1 M NaOH aqueous solution giving the title
compound.

2.4. Synthesis of MnO2 H-spinel [13]

Firstly, as MnO2 spinel precursor, LiMn2O4 was prepared as
follows: LiNO3 (99%, Fisher Scientific) and Mn(NO3)2·2H2O (ACS
grade, Fisher Scientific) (molar ratio 1:2) were dissolved in a mix-
ture of citric acid (ACS grade, Aldrich) and ethylene glycol (ACS
grade, Aldrich) (molar ratio 1:4). The solution was  heated at 90 ◦C
for 30 min  and the temperature was  subsequently increased to
140 ◦C in order to trigger esterification and remove the ethylene
glycol excess. This solution was  heated at 180 ◦C under vacuum
and a pale brown powder was obtained. The resulting powder was
annealed at 250 ◦C in air leading to LiMn2O4. Finally, the spinel
phase was synthesized by hydrolyzing LiMn2O4 in a 0.5 M HCl (ACS
grade, Aldrich) aqueous solution for 24 h at ambient temperature.

2.5. Preparation of electrodes and XRD characterization

The electrodes for synchrotron XRD analyses were made of
the mixture of MnO2 particles and conductive carbon black
(VULCAN XC72, Cabot Corp., USA) with a weight ratio of 8:2.
Poly(tetrafluoroethylene) (PTFE) (5 wt%) was  used as the binder
and Ti mesh was  used as the current collector. The electrodes were
finally dried at 120 ◦C for 6 h in vacuum. Analyses were conducted
with the beam line 01-C2 facilities of the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan.

The synchrotron XRD instrument setup is shown in Fig. A.1a, and
the construction of the electrochemical cell for the in situ study
is illustrated in Fig. A.1b. The main body of the cell was made of
acrylics, and the two sides of the cell were perforated and then
sealed with Kapton foils in order to allow the probing beam to pass
through the cell. The X-ray wavelength of 0.0775 nm was used. The
patterns were acquired during the course of a cyclic voltammetric
scan running at a scan rate of 0.2 mV  s−1 between 0.0 and 1.0 V (vs
Ag/AgCl/sat. KCl(aq)), and they were recorded by a curved translat-
ing imaging plate (Fuji BAS2500) with the sample-to-film distance
of 280 mm.  Two-dimensional data were converted using the FIT2D
program.

3. Results and discussion

3.1. Crystallographic microstructures

Crystallographic structures of studied MnO2 phases are depicted
in Fig. 1. XRD measurements were used as a qualitative tool for
phase identification (Fig. A.2). The identification of crystalline sys-
tems, space groups and lattice parameters of each prepared MnO2
phase was previously detailed [12]. In the present work, in situ syn-
chrotron XRD characterizations will focus on the peak series among
all reflections of each MnO2 powder, showing changing diffraction
characteristics (d-spacing) upon voltammetric cycling. As an exam-
ple of resulting data, Fig. 2 depicts a series of diffraction patterns

taken in situ using 1 M LiCl as supporting electrolyte and showing
the reversible shift of the MnO2-birnessite (0 0 1) peak at various
charge/discharge states. On the other hand, some other peaks expe-
riencing any changes can eventually be identified and assigned to
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Fig. 1. Crystallographic structures of MnO2 birnessite (a), spinel (b), cryptomelane (c–e)

Fig. 2. Evolution of the (0 0 1) Bragg peak of MnO2 birnessite-based electrode during
the course of a CV scan in 1 M LiCl. The potential was stopped at each of the indicated
values for 2 min  for data collection.
 and OMS-5 (f) together with selected characteristic crystal planes and distances.

plane distances remaining upon cycling. These latter will not be
discussed in the next sections. For MnO2 birnessite (Fig. 1a), the
study of the 2D layered structure is then based on the (0 0 1) and
(1 1 0) reflections planes. The structural investigation of 3D inter-
connected tunnels of MnO2 spinel (Fig. 1b) is carried out following
the (1 1 1) peak. The study of the 1D channels arrangement of MnO2
cryptomelane (Figs. 1c–e) and MnO2 OMS-5 (Fig. 1f) are based on
their corresponding (0 0 2) and (2 0 0) peaks. In the case of MnO2
cryptomelane, the peak follow-up also concerns the (1 1 0) and
(2 1 1) diffractions (Fig. 1d and e).

3.2. Cyclic voltammetry results

CV curves of MnO2-based electrodes measured in the in situ XRD
setup in 1 M KCl and 1 M LiCl are presented in Fig. 3. Significant
differences in behavior are observed for the four electrodes. The
typical rectangular shape of pseudocapacitive behaviors, where the
current flow is independent of the electrode potential, is observed
for the spinel phase only in KCl electrolyte (Fig. 3a, red curve). In this
case, the onsets of oxygen evolution and MnO2-catalyzed oxygen

reduction reaction are observed at the most positive and nega-
tive potentials, respectively. The broad peak located at 0.1 V on the
anodic scan can be assigned to oxygen reduction catalyzed by the
spinel [20–22]. The CV profile of MnO2 spinel is slightly different
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and H2O molecules) in-between the layers. The interlayer distance
in birnessite can then be considered as resulting from an electro-
static balance between negatively charged layers and intercalated
hydrated cations. The interlayer spacing of the birnessite (>7 Å) is
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ig. 3. CV curves of different MnO2 composite electrodes recorded at 5 mV  s in a
ext,  the reader is referred to the web version of the article.)

n LiCl electrolyte wherein redox waves, of low current intensities,
re exhibited (Fig. 3b, red curve). In fact, quasi-reversible redox
aves are observed at 0.84 V, in addition to a new cathodic wave

ppearing at about 0.1 V. The main difference in CV profiles should
e related to the two distinct ionic radii of K+ and Li+ in crys-
als (K+ radius > Li+ radius) [23]. The reaction of MnO2 electrodes
n K+ containing solutions was assumed to be a proton–electron

echanism due to the larger radius of K+ in crystal [24]. While
or Li+ containing solutions, cation intercalation/deintercalation
eaction can be envisioned [25]. The reaction of MnO2 spinel
lectrode in LiCl solution should be considered as a reversible inser-
ion/extraction of Li+ in the small cavities with charge transfer at
he electrode/electrolyte interface, as ascribed by the following
eaction [25]:

nO2 + xLi+ + xe− ↔ LixMnO2 (3)

For the birnessite, cryptomelane, and OMS-5 electrodes, the
hapes of CV curves exhibit more or less pronounced redox waves.
n the presence of KCl electrolyte, the birnessite curve shows anodic
nd cathodic waves centered at about 0.60 and 0.52 V, respectively
Fig. 3a, black curve). They were associated to faradic reactions
ccurring during the charge storage mechanism [12]. Brousse et al.
ssigned the redox waves of layered manganese dioxides to the
eintercalation of electrolyte cation upon Mn3+ oxidation and the
ation intercalation upon Mn4+ reduction [13]. On the other hand,
he birnessite curve recorded in the presence of LiCl electrolyte
xhibit anodic and cathodic peaks at 0.82 and 0.54 V, respectively
Fig. 3b, black curve). The potential difference between the two
eaks indicates the existence of energy barrier associated with
he transformation between cation-rich and -lean domains within
he oxide matrix. For the cryptomelane electrode in KCl elec-
rolyte (Fig. 3a, blue curve), the CV curve shows two reversible
edox anodic waves centered at 0.28 and 0.80 V (and correspond-
ng cathodic waves at roughly the same potentials). However, in
iCl electrolyte, the cryptomelane curve indicates the presence of
hree anodic waves at 0.24, 0.54 and 0.80 V, while only two cathodic
aves at 0.47 and 0.13 V (Fig. 3b, blue curve). These results sug-

est that the redox reaction mechanisms of MnO2 cryptomelane
n KCl and LiCl should be quite different. The CV curve of MnO2
MS-5 shows an anodic wave centered at about 0.57 and 0.65 V,

n the presence of KCl and LiCl, respectively (Fig. 3a and b, green
urve). When the potential is reversed, a cathodic hump is exhib-

ted at 0.45 V in both electrolyte solutions. These waves, observed
n the cryptomelane and OMS-5 curves, are assigned to reversible
aradic reactions in the complex manganese redox system but pre-
ise assignations are still under investigation.
s 1 M KCl (a) and 1 M LiCl (b). (For interpretation of the references to color in the

3.3. MnO2 Na-birnessite

The formation of the 2D layered structure of MnO2 Birnes-
site (JCPDS 43-1456) is confirmed by the presence of main peaks
at d-spacings = 7.0 (0 0 1), 3.5 (0 0 2), 2.4 (1 1 0) and 1.4 Å (1 1 9)
(Fig. A.2). As mentioned above, among these diffraction peaks, only
the peaks corresponding to (0 0 1) and (0 0 2) reflection planes show
d-spacing changes upon cycling while others, including the (1 1 0)
peak (Figs. A.3 and A.4), remain unchanged. (0 0 1) and (1 1 0) peaks
correspond to the interlayer distance along the z direction (c axis)
and Mn-Mn  distances from edge-sharing MnO6 octahedra building
the layer, respectively. For obvious reason, (0 0 2) d-spacing shifts
will not be discussed. In contrast, Fig. 4 shows the evolution of the
birnessite interlayer distance during the voltammetric cycling in
1 M LiCl (open circles) or KCl (plain circles) solution. The dashed
line at 7.0 Å corresponds to the interlayer distance measured for
the as prepared birnessite dry powder. The immersion of the elec-
trode into the electrolyte solution results in an obvious swelling
of the interlayer space at open circuit voltage (OCV). From dry
state, the interlayer distance increases by +0.9% in aqueous LiCl and
+1.3% in aqueous KCl. Such a behavior results from a spontaneous
insertion of Li+ or K+ hydrated cations (and eventually Cl− anions
Applied potential (V vs. Ag/AgCl)

Fig. 4. Variation of the (0 0 1) Bragg peak of MnO2 birnessite-based electrode during
the course of a CV scan recorded in the presence of 1 M KCl or LiCl aqueous solutions.
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Fig. 5. Schematics showing the electrostatic effect of intercalate

ignificantly larger than the sizes of proton (3.4 Å for H3O+) and
lkali cations (2.25 Å for Li(H2O)4 and 2.92 Å for K(H2O)4

+ for 1M
iCl and KCl solutions respectively) [26] as well as water molecules
2.8 Å) from the electrolyte solution. Thus, there is enough space
or species to move in and out within the layers.

As shown in Fig. 4, in both electrolytes, the (0 0 1) d-spacing
ncreases with increasing the potential during the anodic scan
discharge process) and then contract back to its original value
t the end of the cathodic scan (charge process). This strongly
ontrasts with the changes in the d-spacings observed in disor-
ered Akhtenskite, which shows contraction upon discharge [6],
ut fits well with what was previously observed in birnessite-like

ayered MnO2 materials [14,15].  In those cases, the changes were
ssigned to volumetric/steric origins associated to cation deinter-
alation/intercalation [6,16,27,28]. The existence of a reversible
eintercalation/intercalation process of Na+ cations from/into the
irnessite lattice during electrochemical discharge/charge was
emonstrated in aqueous electrolytes by energy dispersive X-ray
EDX) and ex situ X-ray diffraction [14,15]. Previous studies sug-
ested that the decrease in Na+ amount in the structure upon
ischarge is simultaneously compensated by the intercalation of
2O molecules inducing an increase of the interlayer spacing

14,27,28].  In the same way, the increase in Na+ amount in the
tructure observed upon reduction was associated to the desin-
ercalation of H2O molecules and consequently to the shrinkage of

nO2 interlayer spacing [29,30].
Compared with literature data [14,15], the present observations

n birnessite electrode behavior, especially its d-spacing variations,
re believed to result from another origins. The average contraction
or �V  = 1.0 V is about 0.2 Å (Fig. 4), which is considerably greater
han the d-spacing variation that could arise from volumetric con-
iderations, as observed elsewhere for Mg-doped Na-birnessite
owder [14]. A schematic cartoon of the observed “breathing” of
he birnessite structure is given in Fig. 5. As cations are interca-
ated into the space between MnO2 layers during the cathodic scan
or charge process), increased overall electrostatic attraction forces
ause the (0 0 1) d-spacing to contract. Because of the low elec-
ronic conductivity at 58 × 10−7 S cm−1 of birnessite (the lowest in
he studied MnO2 allotrope series) [12], the charge percolation is
imited through the electrode material. The increase in the negative
harge supported by the layers during the charge process enhances

he observed electrostatic effect. On the other hand, the spacing
xpands during the anodic scan when cations between the layers
re expelled out of the structure and negative charges on the layers
ecreases.
tercalated hydrated cations between MnO2 layers in birnessite.

Nevertheless, some differences between KCl and LiCl elec-
trolytes can be pointed out in Fig. 4: in KCl electrolyte solution,
the maximum variation in d-spacing is relatively smaller in KCl
(0.180 Å) than in LiCl solution (0.216 Å). This clearly confirms the
charge storage mechanism in birnessite as electrostatically rather
sterically driven: K+(H2O)4 is larger than Li+(H2O)4 (2.92 Å vs.
2.25 Å), and hence K+(H2O)4 presents a smaller charge density,
leading to smaller electrostatic attractive forces with MnO2 layers.

On the other hand, in both electrolytes, the birnessite struc-
ture does not experience any structural changes at the beginning of
both anodic and cathodic scans. (0 0 1) d-spacings remain at 7.06 Å
and 7.09 Å in LiCl and KCl, respectively, up to 0.4–0.6 V and then
strongly increase up to 7.27 Å at 1 V during the anodic scan. At the
beginning of the cathodic scan, they remain at 7.27 Å up to 0.6 V
before decreasing down to initial values back to 0 V. As a matter
of fact, these potential limits match the onset potentials of the two
waves corresponding to the birnessite Mn4+/Mn3+ faradic reactions
at 0.60 V and 0.52 V for manganese cation oxidation and reduc-
tion, respectively (Fig. 3, black curves). This definitively confirms
intercalation/deintercalation of alkali cations from the electrolyte
to be associated to the charge compensation in charge–discharge
redox reactions. For this reason, the higher maximum variation
in d-spacing obtained within a cycle in LiCl is attributed to a
higher insertion/extraction rate of Li+, which provides more of
pseudocapacitive contribution to the electrode [24]. In addition,
the more pronounced redox peaks observed on the CV curve of
MnO2 birnessite in LiCl electrolyte (Fig. 3b, black curve) imply that
the charge delivered by the intercalaction/deintercalation process
of Li+ is higher than that of K+ cations. In contrast, Mn4+/Mn3+

redox reactions have a limited impact on the birnessite layer struc-
ture since Mn  Mn  distances remain unchanged as demonstrated
by the stability of the (1 1 0) d-spacing at 2.48 Å all along the
charge–discharge cycle.

3.4. MnO2 H-spinel

The XRD pattern of the spinel phase (Fig. A.2) confirms the for-
mation of the 3D tunneled cubic structure (JCPDS 44-0992) by the
presence of peaks at d-spacings = 4.6 (1 1 1), 2.4 (3 1 1), 2.3 (2 2 2),
2.0 (4 0 0), 1.8 (3 3 1), 1.5 (5 1 1) and 1.4 Å (4 4 0). During the voltam-
metry cycling, the main changes in peak positions concern the

(1 1 1) crystalline planes. However, (2 2 2) as well as (4 0 0) planes
experience moderate peak shifts too, while (3 1 1) plane position is
not affected by the charge state. The variation of the lattice spac-
ing for the (1 1 1) reflection of MnO2 spinel is depicted in Fig. 6 as a
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Table 1
Variations of c and a parameters for MnO2 cryptomelane calculated from (0 0 2) and
(2  0 0) d-spacings, respectively.

Sample type c (Å) �c/c0 (%) a (Å) �a/a0 (%)

Dry fresh powder 2.854 – 9.823 –
Fresh electrode in LiCl 2.856 −0.08 9.811 −0.12
Fresh electrode in KCl 2.852 0.08 9.823 <−0.01

as well as water molecules (2.8 Å). For this reason, the shortening
ig. 6. Variation of the (1 1 1) Bragg peak of MnO2 spinel-based electrode during the
ourse of a CV scan recorded in the presence of 1 M KCl or LiCl aqueous solutions.

unction of the applied potential. As for MnO2 birnessite, immersion
nto LiCl or KCl electrolytes promotes drastic increases in the (1 1 1)
-spacing even before cycling. A similar increase is observed for
ther peaks of the pristine dry MnO2 spinel. This increase of the lat-
ice spacing demonstrates the hosting capabilities of MnO2 spinel
upported by its remarkable ionic conductivity (0.017 S cm−1) [12].
s shown in Fig. 1b, the size of the structural cavities in MnO2
pinel is about 2.9 Å, which tends to be too small in comparison
o the size of hydrated K+(H2O)x and Li+(H2O)x cations as well as
l−(H2O)x anions (6.3 Å). It could however accept water molecules
2.78 Å). The diffusion of alkali cations in MnO2 spinel is only pos-
ible as desolvated species. Alkali cations are then located in Td
ites but can eventually share Oh sites in a lesser extent. The size
f the Td site at 1.94 Å is large enough to allow the insertion of K+

ations (ionic radius: 1.51 Å) as well as Li+ cations (ionic radius:
.73 Å) [31]. MnO2 spinel is known for its ion exchange capac-

ty and is a remarkable host structure for alkali or alkaline-earth
ations giving rise to a large family of AxMnO2 (A = Li, Na, K, Mg,
a, Sr) phases of various compositions [32,33]. After immersing
he as-prepared protonated spinel based electrode into the elec-
rolyte solutions, the (1 1 1) d-spacing increases by +3.5% in LiCl
nd 2.5% in KCl (Fig. 6). These changes originate from proton to
ithium and potassium ion exchanges, respectively. The exchange
apacity of MnO2 spinel towards Li+ and K+ depends on hydration
nergies of these alkali species in the aqueous phase (−511 kJ mol−1

nd −321 kJ mol−1, respectively [34]) and is obviously greater for
i+ than for K+ [32]. Comparatively, a larger amount of Li+ than
+ is inserted upon immersion in the electrolyte solutions. Alkali
ation insertion causes a decrease in the water content because
f H+/A+ (A+ = Li+ or K+) ion exchange reaction and/or of the steric
xclusion of water molecules out from the structure cavities. More
nterestingly, it also promotes the reduction of Mn(IV) to Mn(III)
n the solid phase which is actually responsible for the observed
ncrease in the (1 1 1) d-spacing since Mn  O distances, and conse-
uently the crystal lattice, strongly depend on Mn  oxidation state:
(Mn(III) O) = 2.01 Å while d(Mn(IV) O) = 1.91 Å [35]. The larger
mount of Li+ exchanged, compared to K+, account for the corre-
ponding larger (1 1 1) d-spacing increase.

Figs. 6 and A.5 indicate that the spinel d-spacing variations fol-
ow the same trend during the voltammetric cycling in the presence
f KCl or LiCl solutions. The lattice spacing decreases during the
nodic scan, while roughly increases during the cathodic scan to

egain its initial value. During the anodic scan of the spinel elec-
rode, the oxidation of Mn3+ results in the contraction of (1 1 1)
lanes and in a lower extent the (2 2 2) and (4 0 0) planes of the
c0 and a0 represent the cell parameters from fresh powders along c-axis and a-axis,
respectively.

spinel phase. However, there is no obvious oxidation nor reduc-
tion peaks observed on MnO2 spinel CV (Fig. 3, red curves) and the
short plateau at the beginning of the anodic scan, up to 0.4 V in LiCl
and 0.2 V for KCl in Fig. 6 could not unambiguously be associated
to any Mn4+/Mn3+ redox reactions. Origins from energy barrier of
nucleation for expanded structure domain can be suggested. When
the potential is swept to the cathodic direction, the structure keeps
on contracting at potentials down to 0.8 V. Below this potential,
the decrease of (1 1 1) d-spacing is characteristic of the contraction
of the lattice undergoing the reduction of Mn4+ to Mn3+. The con-
traction at the beginning of the cathodic scan could be associated
to structural distortions along the Jahn–Teller quantification axis
(very strong in Mn3+ system [36]) or to Mn3+ anti-site defects [37].
Fig. 6 indicates that the variation of lattice spacing within a cycle is
fully reversible and slightly larger in aqueous KCl (0.062 Å) than in
LiCl solution (0.048 Å). These weak amplitude changes, compared
to those observed for MnO2 birnessite, confirm that the maximum
variation in lattice parameters is roughly independent to the size
of inserted cations with respect to the size of the Td site. Never-
theless, the current intensity observed on the spinel CV curve in
KCl is indeed greater than that in LiCl (Fig. 3, red curves), attesting
a higher capacitance delivered in the former case. A larger capac-
itance in KCl than in LiCl could originate from a larger amount of
Mn(III) oxidized to Mn(IV) then leading to a larger variation in the
(1 1 1) d-spacing.

3.5. MnO2 Na-cryptomelane

The cryptomelane XRD pattern (Fig. A.2) shows typical reflec-
tions of the 2 × 2 channeled MnO2 (JCPDS 29-1020) located at
d-spacings = 6.9 (1 1 0), 4.9 (2 0 0), 3.1 (3 1 0), 2.4 (2 1 1), 2.1 (3 0 1),
1.8 (4 1 1) and 1.4 Å (0 0 2). MnO2 cryptomelane was prepared by
thermal treatment of NaxMnO2-birnessite [19,38].  Its structure is
formed through roughly squared channels along the b-axis. Those
are built by 2 × 2 edge-sharing MnO6 octahedra (Fig. 1c). The size of
the channels ranges from 5.0 Å (edge) to 6.3 Å (diagonal). The in situ
synchrotron XRD investigation of MnO2 cryptomelane is based on
the (0 0 2), (2 1 1), (2 0 0) and (1 1 0) reflection planes. Fig. 7 sum-
marizes the d-spacings data for the as-prepared electrode cycled in
LiCl or KCl solutions. After immersion into the electrolytes, the crys-
tal structure (tetragonal) of the pristine Na-cryptomelane remains
basically the same but there are slight changes in the d-spacing
series. As shown in Table 1 and Fig. 7a, the crystallographic cell
was  found to enlarge slightly along the c-axis ((0 0 2) planes) in the
presence of KCl (+0.08%) and contract of the same magnitude in
the presence of LiCl solution (−0.08%). On the other hand, the a cell
parameter (calculated from (2 0 0) d-spacings) contracts a bit more
in LiCl solution (−0.12%) while remaining in KCl electrolyte. There
is definitely an extent of ionic exchange upon immersion of the
dry powder into the electrolyte. The channel dimensions are large
enough to host hydrated Li+ or K+ (2.25 and 2.92 Å respectively)
along both a-axis and b-axis by immersion in LiCl electrolyte likely
results from ion exchange of Na+ for Li+ within the 2 × 2 cavity. Thus,
the exchange process involves the diffusion of alkali cations within
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ig. 7. Variations of (a) (0 0 2), (b) (2 1 1), (c) (2 0 0) and (d) (1 1 0) Bragg peaks of Mn
f  1 M KCl or LiCl aqueous solutions.

he lattice and is evidenced by the consistent shortening in lat-
ice parameters in LiCl electrolyte. In the same way, ion exchanges
rom Na+ to K+ promoted by immersion in KCl electrolyte induce
he observed increase in the (2 0 0) d-spacing while effect on (0 0 2)
-spacing is rather limited.

Figs. 7 and A.6 confirm that d-spacings of all planes follow
he same trend: they typically increase during the cathodic scan,
hile decrease during the anodic scan. However, some exceptions

ccur upon potential reversal. For example, the d-spacing decreases
ather than increases when the potential scan is switched from
eing anodic to cathodic within 1.0–0.8 V. On the other hand, the
-spacing increases or remains unchanged rather than decreases
hen the potential change from 0.0 V to 0.2 V. Overall, all these

rregular trends occurring at the potential ends cause large hys-
eresis in d-spacing for all crystal planes during the cycling.

The “breathing” process of the cryptomelane structure is obvi-
usly more complex than either birnessite and spinel MnO2 phases.
ig. 7a and b demonstrates that (0 0 2) and (2 1 1) planes firstly
xpand from 0 to 0.2 V and then contract during the anodic scan.
uring the cathodic scan, these processes are inversed since the
ontraction occurred in a first step. For the (1 1 0) and (2 0 0) reflec-
ions (Fig. 7c and d), both associated to a (and b)-axis, only a
ontraction occurs during the anodic scan since corresponding
-spacings remain unchanged until above 0.4–0.6 V. This poten-
ial region corresponds to major increases of the anodic current
n the cryptomelane CV curves (Fig. 3, blue curves). A similar
henomenon was also observed for the birnessite-based elec-
rode along the c-axis (Fig. 4). Intercalation/deintercalation of alkali

ations from the electrolyte, associated to the charge compen-
ation in charge–discharge redox reactions, can reasonably be
ointed out [39]. When the potential is reversed to the cathodic
irection, the cryptomelane contraction continues until 0.8–0.6 V,
ptomelane-based electrode during the course of a CV scan recorded in the presence

where the swelling process begins. Likewise MnO2-spinel, this
“extra” contraction could be associated to Jahn–Teller induced
structural distortions. At the end of the cathodic scan, the (1 1 0)
and (2 0 0) planes regain their initial d-spacings. The extent of lat-
tice parameter variations reach 0.25–0.28% during cycling in KCl,
which is more than two  times (0.12%) that resulting from the ionic
exchange (immersion) in LiCl. Such a behavior results from a larger
capacitance in KCl than in LiCl, as evidenced by the CV data (Fig. 3,
blue curves). Accordingly, the charge storage mechanism observed
in this material likely involves bulk insertion/deintercalation of
alkali cations.

3.6. MnO2 OMS-5

The formation of Na-OMS-5 phase is confirmed by the XRD pat-
tern shown in Fig. A.2 with diffraction peaks at d-spacings = 7.0
(2 0 0), 5.8 (0 0 4), 3.4 (4 0 0), 3.3 (4 0 2), 2.5 (3 1 1), 2.3 Å (6 0 0) [40].
The structure is built through 2 × 4 channels of rectangular shape
with L = 9.9 Å and l = 5.4 Å, at first sight large enough to host LiCl
as well as KCl electrolyte species. Fig. 8 depicts the increase of the
(0 0 2) and (2 0 0) d-spacings, along c- and a-axes respectively, after
immersing the as prepared Na-OMS-5-based electrode into LiCl or
KCl solutions (Fig. 1f). The electrode immersion directly impacts on
the channel size since (0 0 2) d-spacing corresponds to the largest
section, L, of the channel while (2 0 0) peak corresponds to the low-
est section, l. The same increase (+1.1%) is measured for the (0 0 2)
d-spacing in the presence of both electrolyte solutions (Fig. 8a)
demonstrating a limited size effect thanks to the large L dimension

towards Li(H2O)x

+, K(H2O)x
+ or water molecules. In contrast, the

(2 0 0) d-spacing increases by +1.7% and +1.2% in LiCl and KCl solu-
tions, respectively (Fig. 8b). Likewise MnO2-birnessite, the higher
increase reached in LiCl suggests a better ion exchange capability
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f OMS-5 towards Li+ than K+. The increases of d-spacings upon
he electrode immersion however confirm the ability of OMS-5 to
ccommodate hydrated alkali cations in the large 2 × 4 channels,
s supported by its relevant ionic conductivity at 0.02 S cm−1 (the
ighest in the studied MnO2 allotropes [12]). It should be noticed
hat the swelling of 2 × 4 channels observed in the presence of
Cl is almost the same along the I or L channel section (+1.2 vs.
1.1%). However, in the presence of LiCl, the intercalation process
f Li+ hydrated cations imposes a larger constraint in the small-
st channel section, l, than in the largest section, L (+1.7 vs +1.1%)
hich accommodates species intercalation more easily. For both

0 0 2) and (2 0 0) reflection planes, d-spacings decrease when the
otential is swept in the anodic direction (Fig. A.7). As for MnO2-
ryptomelane, this behavior results from the deintercalation of
lkali cations during the oxidation of Mn3+ to Mn4+. The maximum
ariations for the (0 0 2) reflection plane are estimated at 0.52% in
he presence of LiCl and KCl. For the (2 0 0) reflection plane, the max-
mum variations are about 0.42 and 0.20% in LiCl and KCl solutions,
espectively. This discrepancy in L and l changes demonstrates an
nisotropic distortion of the channel during charge/discharge. Sur-
risingly, the changes of the 2 × 4 OMS-5 cavity are more important
ollowing its large width, L, rather than its short one, l. In LiCl solu-
ion, the (0 0 2) d-spacing continually decreases during the entire
nodic scan (Fig. 8a), while the (2 0 0) d-spacing remains the same
n the 0.1–0.9 V range: cation desintercalation mostly affect the
hannel size in its largest section. While the structural changes
re fully reversible in LiCl (Fig. A.7b and d), irreversible changes
n lattice parameters occur when the electrode is cycled in KCl
Fig. A.7a and c). Here again size effects are pointed out: thank to
heir small size Li+(H2O)x cations are easily and reversibly inter-
alated into the structure all over the charge/discharge process. In
ontrast, in KCl, unexchanged hydrated sodium cations [19,38] are
eintercalated from the cavity of the pristine OMS-5 during the
rst oxidation step (anodic scan), while K+(H2O)x are not inserted
uring the subsequent reduction step (cathodic scan). This behavior
ay  be explained by the larger size of K+(H2O)4 (2.92 Å) and despite

he cavity sizes of MnO2 OMS-5 (Fig. 1f). This latter point explain
he discrepancies upon immersion of the OMS-5 based electrode
n LiCl and KCl: as hydrated Na+ are fully exchanged by Li+(H2O)x

nside the cavities thanks to the ion exchange capabilities of OMS-
, immersion in KCl only promotes the hydration of Na+ without
ny exchange.
Although for both cryptomelane and OMS-5, charge/discharge
rocesses involve intercalation/deintercalation of hydrated elec-
rolyte cations into/from their 1D channels, the observed
rreversibility in the case of OMS-5 operated in KCl electrolyte
 during the course of a CV scan recorded in the presence of 1 M KCl or LiCl aqueous

points out the main difference between these two MnO2 phases:
despite a larger, and eventually more flexible cavity, OMS-5 can-
not accommodate K+(H2O)x size while cryptomelane easily does.
On the other hand, the relatively low current intensities of redox
waves observed on the CV curve of MnO2 OMS-5 (Fig. 3, purple
curves) does not allow any structural relationship between the
deintercalation/insertion process and the oxidation/reduction of
Mn3+/Mn4+.

4. Conclusions

Despite electrochemical performances of roughly the same
level, the four studied MnO2 allotropes display distinct charge stor-
age mechanisms closely related to their structural arrangement.
As evidenced by in situ synchrotron XRD measurements, a specific
“breathing” of each MnO2 structure occurs upon charge/discharge
cycling and mechanisms all involve Mn(III)/Mn(IV) redox reac-
tions inducing (i) electrolyte cation intercalation/deintercalation
or insertion/desinsertion for charge compensation and (ii)
metal oxygen bond distance changes. For the 2D MnO2-birnessite,
the structural breathing in the c-axis direction comes from
the modulation of the electrostatic interaction between neg-
atively charged layers and intercalated hydrated cations from
the electrolyte. Drastic changes in the compact 3D structure of
MnO2-spinel are induced by Mn(III)/Mn(IV) redox reaction through
changes in metal oxygen bond length. In contrast, dehydrated
electrolyte cations lying in the Td sites have limited structural
impact. For MnO2-cryptomelane as well as for MnO2-OMS-5,
charge compensations proceed by intercalation/deintercalation
of hydrated cations in the 1D channels driven by size/steric
considerations.
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