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A B S T R A C T

Todorokite-type manganese oxide (τ-MnO2) with p× 3 tunneled structure is especially captivating as charge
storage material for rechargeable batteries, since the enlarged tunnel dimensions enable rapid electrode kinetics
and superior rate performance. However, its congenitally rich polytypism associated with tunnel heterogeneity
impedes our precise understanding of structure-property relationship in this polytypic material. In this regard,
this work has taken substantial effort to preliminarily achieve uniform 4×3 tunnel-structured τ-MnO2 na-
norods, as corroborated via atomically resolved imaging. Afterwards, the (de)lithiation mechanisms of the
tunnel-specific phase are investigated via in situ transmission electron microscopy including electron diffraction,
high-resolution imaging, and electron energy loss spectroscopy, coupled with density functional theory calcu-
lations and phase field simulations. Upon initial lithiation, the intercalation reaction region β (less than 1.43 Li
insertion) is observed as result of rapid lithium-ion diffusion through the tunnels with slightly increased lattice
constants. By tracing the full lithiation procedure, the evolution of intermediate Mn2O3 phase and the devel-
opment of final Mn and Li2O phases are identified in the conversion reaction region α (more than 1.43 Li
insertion). These results indicate that τ-MnO2 can be applied to a cathode by intercalation reaction and to an
anode by conversion reaction in corresponding to voltage ranges in a lithium-based battery. Upon delithiation,
we observe an unusual reciprocating-motion reaction front (different from one-way lithiation reaction front), for
which the driven dynamics are delineated based on a phase field model. Impressively, a reversible and sym-
metric conversion reaction between Mn2O3 phase and Mn + Li2O phases is established upon subsequent (de)
lithiation cycles. This work can be regarded as a stepping-stone arousing the appetite of a comprehensive un-
derstanding of the highly polytypic material with other tunnel-specific phases.

1. Introduction

Tunnel-structured manganese dioxides (MnO2) have attracted con-
siderable attention because of their potential applications in

heterogeneous catalysis, chemical absorption, molecular sieving, and
ion-exchange [1–4]. Typically, the open tunnel frameworks of these
materials are composed of edge- and corner-sharing MnO6 octahedra,
with internal tunnels being occupied by cations and water molecules
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[5]. Such manganese dioxides, e.g., todorokite MnO2 (τ-MnO2) [6] and
hollandite MnO2 (α-MnO2) [7], are fascinating as charge storage ma-
terials for rechargeable batteries with high-rate capability, because the
unique 1D tunnels enable fast reversible insertion/extraction of charge
carriers [8–10].

As a promising electrode candidate used in lithium-ion batteries
(LIBs), the lithiation mechanism of the α-MnO2 has been investigated in
depth, while little is known about the τ-MnO2 so far. Compared with
the α-MnO2 with 2×2 tunnels (this naming law is based on the
numbers of the MnO6 octahedra constructing the tunnel height and
width, respectively) [11–13], the intrinsically polytypic τ-MnO2 has
larger tunnels with p×3 dimensions (p≥3) [14–16], which likely
enables easier and faster ionic transport and electrode reaction kinetics
within the τ-MnO2 material. Additionally, the tunnels in τ-MnO2 are
well ordered continuously along the b direction [17], rather than along
the c axis in the case of α-MnO2 [18]. These structural differences could
possibly result in disparate lithiation behaviors and lithium storage
mechanisms. Early works have revealed a maximum storage of 0.6 Li
per Mn in τ-MnO2 and focused on the low lithiation levels for the
cathode application [16,19].

Very recently, several research groups have revisited the τ-MnO2 via
advanced atomically resolved imaging, attempting to unveil the un-
derlying structural origin behind the rich polytypism of this material.
Hu et al. have demonstrated that Mg2+-stabilized τ-MnO2 should not be
simplistically seen as a pure 3×3 tunnel structure but rather as a
polytypic p×3 family, where p is an integer generally less than or
equal to 6, with 3× 3, 4×3, and 5× 3 tunnels appearing most fre-
quently [15]. Soon afterwards, Yuan et al. have pointed out that the
tunnel heterogeneity within single τ-MnO2 nanorods possibly affects
the energy storage kinetics even down to sub-nanometer scale [20].
Further, they have corroborated such an effect in the case of single α-
MnO2 (instead of the τ-MnO2) nanorods with the coexistence of 2× 2
and 2× 3 tunnels. Additionally, the theory calculations from Li et al.
have indicated that the origin of tunnel heterogeneity of τ-MnO2 could
be traced back to the layer-to-tunnel transition stage, thus calling for
renewed attention to preparation of high-quality precursors [21]. De-
spite these efforts, a precise (de)lithiation mechanism associated with
tunnel-specific phases of the τ-MnO2 still remains largely unknown as
the highly polytypic nature of this material impedes the thorough un-
derstanding of a precise structure-property relationship, which moti-
vates our present work.

In this report, we first demonstrated the as-synthesized Mg2+-doped
τ-MnO2 nanorods (NRs) featuring a high percentage of 4×3 tunnels
(9.2× 6.9 Å dimensions), as identified via spherical aberration-cor-
rected scanning transmission electron microscopy (Cs-STEM).
Afterwards, the entire lithiation-delithiation cycles of τ-MnO2 NRs were
observed ‘operando’ by using in situ transmission electron microscopy.
Real-time high-resolution observations were utilized to track the
movement of reaction fronts, and electron diffraction (ED) and electron
energy-loss spectroscopy (EELS) were employed to identify the micro-
structure and valence of the reacting phases. Upon initial lithiation, we
observed the one-way motion of two distinct lithiation reaction fronts
(RFs) that highlighted intercalation reaction and conversion reaction
interfaces, respectively. Lithium intercalation was initiated with for-
mation of intermediate phase Mn2O3 that is subsequently converted to
metallic Mn and Li2O phases characterized by substantial volume ex-
pansion. We also notice a limited lateral (a−c oriented) transfer of Li+

between NRs, which is slightly different from the previous finding in
the case of 2×2 tunneled α-MnO2. These experimental findings are
also supported from density functional theory (DFT) calculations.
Furthermore, we discovered an unusual reciprocating-motion RF upon
delithiation, for which the driven dynamics were revealed by em-
ploying a phase field model. To the best of our knowledge, this is the
first time-resolved visualization of the reciprocating-motion delithia-
tion RF, suggesting that the delithiated product could undergo a pre-
nucleation stage directly associated with different degrees of lithium

removal. Subsequently, a symmetric and reversible phase transforma-
tion between Mn2O3 and Mn phases would be established upon re-
peated cycles. The present work aims at the precise evaluation of en-
ergy storage mechanism in certain tunnel-specific phase of the
polytypic τ-MnO2 and may provide a paradigm shift for a comprehen-
sive understanding of the structure-property relation in other tunnel-
structured τ-MnO2 materials.

2. Experimental section

2.1. Material synthesis and characterization

The tunnel-structured τ-MnO2 NRs were formed by autoclaving
high-quality layer-structure manganese oxides [22,23], which were
first prepared using a method modified by us. The nature and thermal
stability of tunnel structured products depend strongly on high-quality
precursors, which were decided by preparation parameters, such as the
temperature, pH, and aging time. Briefly, 50mL of 1M H2O2 and 50mL
of 0.5M NaOH were mixed and then added to 50mL of 0.3M Mn(NO3)2
under stirring for 1 h under ice-water bath. After that, the precipitate of
Na-birnessite manganese oxide was obtained by filtration and washing
with deionized water. Subsequently, the obtained Na-birnessite pre-
cipitate was dispersed in 1 L of 1M MgCl2 solution for 48 h to replace
Na+ ions with Mg2+ ions. Afterwards, the precipitate was filtered,
washed with H2O, and dispersed in another 1 L of 1M MgCl2 solution.
The ion exchange process was repeated three times for a thorough
phase transformation from Na-birnessite to Mg-buserite. After filtration
and washing, 50mg of Mg-buserite in was dispersed in 17mL of 1M
MgCl2 solution and then the mixture was transferred into a Teflon-lined
stainless steel autoclave for a 96 h of hydrothermal reaction at 220 °C.
Finally, the τ-MnO2 NRs were obtained by filtration, washing, and
drying at 100 °C for 12 h. Phase identification and surface morphology
of τ-MnO2 were characterized by a powder X-ray diffractometer
(ARLXTRA, Thermo Electron Co., USA) and a scanning electron mi-
croscope (JSM-7600F, JEOL, Japan, Fig. S1 (Supplementary material).
Cross–section specimens of τ-MnO2 NRs were prepared using a com-
mercially available FIB system (SIM9200: Seiko Instrument Inc.) with a
beam of 30 keV Ga+ ions.

2.2. Electron microscopy characterization

Atomic resolution high angle annular dark field (HAADF) imaging
from the lateral direction, electron diffraction, EEL spectroscopy and
EDS line scanning were performed using a double aberration-corrected
FEI Titan Them G2 microscope operated at 300 kV. The beam current is
~40 pA. The convergence semi-angle is 21mrad. And the collection
semi-angle snap in the range of 80–379mrad. EEL spectrum data were
recorded in scanning TEM (STEM) mode with a convergence angle of
21mrad and a collection angle of 90mrad. The energy resolution of
EEL spectrum measurement was around 0.25 eV. Atomic resolution
high angle annular dark field (HAADF) imaging from axial direction
was carried out using FEI Talos F200X with an X-FEG electron source
module and operated at 200 keV in Brookhaven National Laboratory.
The high source brightness enables near diffraction limited imaging and
dramatically improves the spectroscopic performance.

2.3. In situ TEM (de)lithiation

A high-resolution microscope (FEI Tecnai F20, 200 kV) with an One
View IS (Gatan) camera with frame rates up to 400 frames per second
was carried out for in situ observing the electrochemical behaviors of
the τ-MnO2 NRs during lithiation/delithiation cycles with the assistance
of electron diffraction patterns and HRTEM images. The details of
electrochemical experiment setup inside TEM are described as fol-
lowing. The τ-MnO2 NRs were attached to a half copper grid by con-
ductive silver colloid to ensure a good electrical contact. Metal lithium
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was regarded as the counter electrode and lithium source and adhered
to a sharp grounded tungsten tip that was associated to a piezo-driven
biasing-probe built into the STM-TEM sample holder (Nanofactory
Instruments and PicoFemto). The natural oxide layer Li2O which was
generated in the holder loading process acted as the role of solid elec-
trolyte [24], allowing the transport of lithium ions. All these processes
were accomplished in a glovebox filled with Ar-gas, as lithium is a very
active metal and can be oxidized easily. Afterward, the holder was
immediately transferred into TEM column. A constant −1.5 V/1.5 V
potential was then applied to the τ-MnO2 NRs with respect to lithium
counter electrode to drive the transport of lithium ions through the
solid-state electrolyte Li2O layer, thereby initiating the electrochemical
lithiation/delithiation process. In situ electric biasing experiments were
carried out using the Nanofactory piezo-controlled sample holder and
Pico Femto holder in Peking University.

2.4. DFT calculations

All DFT calculations were performed by generalized gradient ap-
proximation (GGA) parameterized by the Perdew, Burke, and Ernzerhof
(PBE) functional, as implemented in the Vienna Ab initio Simulation
Package (VASP) [25–27]. The DFT + U corrections was applied to 3d
orbitals of Mn [28–30]. Spin polarized was also included in all calcu-
lations. The energy cutoff for the plane-wave basis set was 450 eV and
the Brillouin zone was sampled by 4× 1×7. The electronic iterations
convergence criterion was set as 10−4 eV in energy and 0.01 eVÅ−1 in
force. The initial structure of τ-MnO2 includes twenty-eight manganese
atoms with two large 4× 3 tunnels and two 1×1 tunnels. And it also
includes eight magnesium atoms and sixteen water molecules within
the tunnels. The optimized parameters of τ-MnO2 are a=23.20 Å,
b=5.36 Å, and c=9.14 Å, respectively, which are consistent with the
observed the interplanar spacings in Fig. 1.

2.5. Electrochemical characterization

The electrochemical performance of as-prepared materials was in-
vestigated by coin cells. Binder free self-supporting (BFSS) electrodes of
τ-MnO2 NRs, metallic lithium foils, and electrolyte consisting of 1M
LiPF6 in ethylene carbonate-dimethylcarbonate (1:1 in volume) were
employed in the cells. Galvanostatic discharge-charge profile was ac-
quired with a current density of 0.1 A g−1 in the voltage range of
0.01–4 V using a multichannel battery test system (LAND CT2001A).
Cyclic voltammetry (CV) test was conducted in the voltage range of
0.01–3.0 V with a scan rate of 0.1mV s−1.

2.6. Phase field calculations

The evolution of the microstructure of experimentally observed
were modeled by the phase field theory based on nonequilibrium
thermodynamics developed by Bazant and his collaborator [31]. In that
framework, at the surface of a crystal, the standard phenomenological
model of electrode kinetics can be expressed by the Butler-Volmer
equation [31,32]:

=c
t

I
ne

ne
k T

ne
k T

exp exp (1 )
B B

0

(1)

where c
t
is the change rate of the local filling fraction c of Li-ion; , the

electron-transfer symmetry factor, is approximately constant for many
reaction; is activation overpotential; ne is the net charge transferred
from the solution to the electrode; kB is the Boltzmann's constant and T
is the temperature; I0 is the exchange current which can describe the
inserted or extracted rate of Li-ion. Based on the Cahn-Hilliard phase
field model [32],

=G
c

f
c
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where f is the homogeneous free energy function; and is the Cahn-
Hilliard gradient energy coefficient. The activation overpotential in Eq.
(1) can be written as

= µ
ne (3)

where µ is the thermodynamic driving force and is the self-consistent
definition of diffusional chemical potential. For an inhomogeneous
system, the simplest approximation is =µ G

c .
Inside electrode, the Cahn-Hilliard equation determines the evolu-

tion of Li-ion concentration [33].

Fig. 1. Basic structure characterization of τ-MnO2 NRs. (a) A low-magnification
HAADF-STEM image of a single τ-MnO2 NR with a diameter of 35 nm along
[010] direction. Inset shows the corresponding electron ED pattern viewed
along [100] zone axis. Scale bar, 30 nm. (b) The magnified HAADF-STEM image
of the same τ-MnO2 NR. The green line, along which EDS line scanning was
carried out, indicates the region consists of three elements of Mn, O and Mg.
Scale bar, 2 nm. (c) Atomic resolution HADDF-STEM image and (d) the corre-
sponding atomic structure model of the area in b (dark rectangle). The brightest
lattice planes correspond to rows and columns of Mn (MnO6) atoms which
constitute the tunnel framework. Intensity profile (inset of c) along the white
dashed line shows the interplanar spacing of brightest lattice plane is 9.55 Å.
Three other lattice planes are clearly observed between the bright planes, in-
dicating three MnO6 octahedra on the c side per unit cell. Scale bar, 1 nm. (e)
The magnified HAADF-STEM image of τ-MnO2 NR viewed along [001] zone
axis. Scale bar, 2 nm. (f) Atomic resolution HADDF-STEM image and (g) atomic
structure model of the area in e (dark rectangle). Scale bar, 1 nm. Four other
lattice planes between the bright planes and the intensity profile (inset of f)
along the white dashed line confirms four MnO6 octahedra on a side with a
dimension of 12.5 Å. (h) Cross-sectional HAADF-STEM image of τ-MnO2 NR
viewed along the [010] axis. Scale bar, 2 nm. (i) Atomic resolution HADDF-
STEM image and (j) atomic structure model of the area in h (black rectangle).
Scale bar, 1 nm. The orange ball indicates Mn atom, whereas the green presents
O atom. The bright spots surrounding each tunnel refer to Mn (MnO6) atomic
columns, revealing 4×3 tunnels structure.
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=c
t

Mc µ( ) (4)

Where M is the Li mobility tensor, which is in general a function of Li
concentration. We assign M to be a constant in our simulations. Details
of the parameters chosen and the solutions to the model appear in the
Supplementary material.

3. Results and discussion

The morphology and phase structure of as-synthesized τ-MnO2 NRs
were confirmed by SEM and XRD in Fig. S1 (Supplementary material).
XRD pattern shows three diffraction peaks that can be indexed as (001),
(002) and (004) planes of todorokite material belonging to the mono-
clinic space group P2/m (JCPDS No.38–475) [34,35]. SEM images show
that the NRs are high aspect ratio with diameters of 20–70 nm and
lengths of several micrometers. Individual NRs tend to agglomerate
along their longitudinal axes, forming thick bunches as a result of or-
iented attachment [24].

Further, the basic atomic structure of τ-MnO2 NR from both the
lateral and axial directions were identified using the Cs-STEM with a
high-angle annular dark field (HAADF) detector. Fig. 1a shows a
monocrystalline NR growing in the [010] direction with a uniform
diameter. Fig. 1b shows a high-resolution HAADF-STEM image viewed
along the NR [100] direction. The green line, along which EDS line
scanning was carried out, indicates the region consists of three elements
of Mn, O and Mg, and the chemical composition is found to be
Mg0.29MnO2·0.5H2O. The brightest lattice planes in Fig. 1c correspond
to Mn (MnO6) atomic columns which constitute the tunnel framework.
Three other lattice planes are clearly observed between the bright
planes, indicating three MnO6 octahedra on the c side per unit cell. In
Fig. 1c, the intensity profile along white dashed line shows an inter-
planar spacing of 9.55 Å between the brightest lattice planes, agreeing
well with the XRD result. Similarly, another HAADF-STEM image along
the [001] direction confirms four MnO6 octahedra on the a side with a
dimension of 12.5 Å, as shown in Fig. 1e and f. Oxygen and hydrogen
atoms are invisible in HAADF-STEM image due to the weak scattering
power (lower Z) [18]. In Fig. 1d,g, both the atomic model structures
(orange: Mn, green: O) along the NR [100] and [001] directions are

well consistent with our atomic-resolution observations.
Obviously, these HAADF-STEM characterizations along the a and c

axes reveal the 4×3 tunneled-structure of the NR, which was further
corroborated by the cross-section observation viewed along the b axis of
a NR in Fig. 1h. The cross-section samples were prepared elaborately
using focused ion beam (FIB) cutting approach provided in Experiment
Section. The magnified HAADF-STEM image in Fig. 1i clearly shows
that the atomic structure consists of 4× 3 tunnels where the bright
spots surrounding each tunnel refer to MnO6 atomic columns. This
observation also matches well with the atomic model structure along
the b axis in Fig. 1j. To the best of our knowledge, this is the first omni-
directional atomic-resolution characterization of the τ-MnO2 material.

The in situ electrochemical lithiation experiment is schematically
illustrated in Fig. 2a and the detailed procedure can be found in Ex-
periment Section. Real-time Li+ transport pathways and morphological
evolutions observed for two NRs were sampled by a series of still
images shown in Fig. 2b−l (Movie S1 and S2, Supplementary material).
Throughout the whole process, two distinct transport pathways of Li+

are observed. First, transport of Li+ in NR I propagated along the
longitudinal direction starting from the point of contact with the metal
Li tip. Upon applying the potential, an obvious reaction front (RF,
marked by red arrows) appeared, specifically characterized by sub-
stantial cross-sectional expansion, and propagated longitudinally in
Fig. 2c–f, while the region behind it underwent a 28.78% radial ex-
pansion (66–85 nm) accompanied by the appearance of numerous tiny
crystallites. No fracture and cracking were observed in spite of sub-
stantial volume expansion upon lithiation. Such morphological changes
were undoubtedly due to electrochemical lithiation rather than beam-
induced phase decomposition, as evidenced by repeated careful in situ
experiments (Fig. S2 and S3, Movie S3 and S4, Supplementary mate-
rial).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.036.

The lithiation RF longitudinally propagated ~125 nm within the
first 20 s, corresponding to a speed of 6 nm s−1. Within next 20 s, the RF
moved only ~25 nm. The propagation distance of the RF as a function
of time is plotted in Fig. S4 (Supplementary material). We believe that
this nonuniform motion of the RF could be attributed to the gradually
limited Li+ transport on the surface of the NR, while the NR surface

Fig. 2. In situ visualization of lithium-ion transport
pathways. (a) Schematic illustration of the experi-
ment setup. Electrochemical lithiation is initiated by
applying a constant potential of −1.5 V to the NRs
with respect to the Li counter electrode. (b–f)
Snapshots of τ-MnO2 NR during lithiation, showing
the Li+ transport pathway along b axis. The yellow
arrows correspond to the Li diffusion direction. Scale
bars, 30 nm. (b) Morphology before applying poten-
tial. (c–e) Propagation of the reaction front (RF,
marked by red arrows) with considerable volume
expansion. The V-shaped RF interface (marked by
white dotted lines) proves the surface transport of
Li+ indirectly. (f) The final lithiated state featured by
fully expanded NR Ⅰ. (g–l) TEM projections of τ-
MnO2 NRs during lithiation, showing lateral Li-
transport pathways between NRs. Yellow arrows
show simultaneous lateral and longitudianal Li+

transport pathways. (g) Pristine NR Ⅱ attached to
partially lithiated NR Ⅰ due to oriented attachment
growth mechanism. (h–k) The magnifying area of g
marked by the blue dashed box show lithiation pro-
cess in NR Ⅱ through lateral contacts between NRs Ⅰ
and Ⅱ. (l) Lithiated NR Ⅱ and NR Ⅰ. Scale bars, 10 nm.
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near the Li+ source was firstly wetted by a thin layer of lithium [36],
thus facilitating the initial lithiation reaction. In addition, the V-shaped
RF interfaces (marked by dotted lines) observed in Fig. 2c–f also proved
the initial faster surface transport of Li+ indirectly. Note that the
wetting layer was so thin (< 5 nm) that the flux of Li+ transported by
this layer was outmatched by the flux from solid-state diffusion inside
the NR. Thus, the surface transport of Li+ was gradually restricted with
increasing the transport length.

Starting at 90 s, the RF from NR I reached NR II where a second
pathway for lithium transport was observed in Fig. 2g. In this scenario, the
lithiation-induced expansion of NR I created close lateral contact points
between both NRs. Therefore, the RF can cross their contact interface. The
lithiation of NR II was none the less along its long axis, characterized by a
newly emerged RF starting from the lower end of NR II, as shown in
Fig. 2h–k (Movie S2, Supplementary material). This phenomenon seems to
be slightly different from the lateral transfer of Li+ in the case of 2×2
tunnel-structured α-MnO2 NRs [37], in which the lithiation proceeded in
both radial and longitudinal directions, away from the contact interface
[38]. In particular, although the initial resource of Li+ was different (lat-
eral transfer), the resulting radial expansion of NR II was essentially the
same as that observed in NR I. This lateral transfer of Li+ from a pre-
lithiated NR was further corroborated by additional in situ experiments in
Fig. S5 and S6 (Movie S5 and S6, Supplementary material). Prelithiated
NRs were used to laterally contact pristine NRs and the electrochemical
lithiation was easily transferred to the pristine NRs, proving an unhindered
lateral transport pathway between the NRs. The laterally lithiated NRs also
exhibited the same radial expansion as that of NRs I and II in Fig. 2. The
observation of the facile, local transfer of Li+ between NRs in a localized
contact region clearly indicated ac plane diffusion of Li+ within the lithi-
ated NRs.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.036.

More in-depth understanding of the structural evolution during li-
thiation was used to explore the precise lithiation mechanism. A re-
corded movie of the in situ dynamic TEM lithiation progress of a NR is
shown in Movie S7 (Supplementary material). Fig. 3a shows the clear
lattice fringes of (001) plane viewed along the NR [100] zone axis. In
Fig. 3b, the high-resolution snapshot of lithiation process from the
movie shows two distinct regions observed: the α and β regions, se-
parated by a RF (indicated by red arrow and white dashed line). For the
β region, owing to a small amount of Li+ intercalation, the tunneled
structure was maintained basically, with a 4.7% expansion of the (001)
lattice spacing. While in the α region, the full lithiation resulted in
thorough collapse of the lattice, characterized by a substantial volume
expansion and concomitant phase transformation. The fully lithiated
NR was covered with tiny crystallites (marked with white circles). The
real-time lithiation scenario can be schematically illustrated in Fig. 3c.
Similar findings were also obtained in additional in situ lithiation ex-
periments in Fig. S7a−c (Movie S8, Supplementary material).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.036.

To further delineate the phase evolution of τ-MnO2 NR during li-
thiation, we further analyzed the ED patterns corresponding to the re-
gions marked in Fig. 3a and b. The ED pattern in Fig. 3d showed the
pristine τ-MnO2 structure oriented along the [100] zone axis. Upon
initial lithiation, the ED pattern from the β region in Fig. 3e showed
noticeable changes with diffraction spots beginning to elongate into
circular arcs, but the todorokite structure was none the less well-pre-
served. The lattice change was measured from the diffraction spots,
showing that the b and c values were expanded by 1.4% and 0.52%,
respectively. Some diffraction spots attributable to Mn2O3 (JCPDS
No.41–1442) and Mn (JCPDS No.33–0887) developed, although their
intensities were a little weak. As shown in Fig. 3f, the ED pattern from
the RF showed both Mn and Mn2O3 diffraction spots, and the ED pat-
tern belonging to the τ-MnO2 structure disappeared completely. After
full lithiation, the ED pattern from the α region in Fig. 3g, showed

discrete diffraction rings of only Mn and Li2O phases, revealing metal
Mn as the fully lithiated product. The observed lattice expansion and
intermediate phase Mn2O3 were also observed in additional cases in
Fig. S7 (Supplementary material). Therefore, an intercalation-conver-
sion reaction mechanism can be identified: Li+ firstly intercalated into
the tunneled structure of τ-MnO2 and then reacted with this material,
forming intermediate phase Mn2O3 that was ultimately reduced to Mn
crystallites dispersed into Li2O matrix.

To better understand the phase evolution, we performed local EELS
measurements from the in situ lithiated NR in the order of lithium con-
centration, as shown in Fig. 3h and i. The increased intensity of Li–K edge
and the shift of Mn-M2,3 edge are clearly observed as the lithiation pro-
gressed in Fig. 3h. The integral intensity ratio of the Mn L3 (2p3/2→3d) and
L2 (2p1/2→3d) edges of each spectrum was calculated based on Pearson
method with double step functions to evaluate the change in the valence
states [39,40]. In Fig. 3j, the Mn L3/L2 intensity ratio increases at higher
lithiation levels up to the spectrum labeled “viii”, due to the decreased Mn
oxidation state [41–43]. In particular, the intensity ratio was calculated to
be 2.6 for the spectrum “v”, strongly supporting the formation of the
Mn2O3 intermediate phase and the beginning of the conversion reaction.
Moreover, we also observed three splitting peaks (a1, a2, and a3) in the
prepeak regions of the spectra “iv” and “v”, as inserted in Fig. 3i. According
to the molecular-orbital calculation, the triply peaked structure is char-
acteristic of Mn2O3, attributable to the transition to 3eg↑, 2t2g↓, and 3eg↓
unoccupied states, respectively [44]. However, the Mn L3/L2 intensity ratio
begins to decrease after the spectrum “viii”. A lower L3/L2 intensity ratio
for Mn metal than for the Mn2O3 phase would contribute to this switch
[39,44], implying that the Mn metal phase began to form as a result of the
final conversion reaction in which the Mn2O3 intermediate phase was
converted into Mn metal and Li2O phases [45,46].

DFT calculations, described in Experiment Section, were used to
better comprehend the local atomic structure associated with each
phase. In Fig. 4a, the intergrowth structure of two 4×3 tunnels along
the b axis of τ-MnO2 was modeled based on lattice constants of
a=23.20 Å, b=5.36 Å, c=9.14 Å, and β=99.66°. For more precise
analysis, the tunnel stabilizers such as Mg2+ and H2O have been in-
cluded in the unit cell [47,48], despite considerably heavy computa-
tional workload. Initially, the Li ions were inserted into the unoccupied
sites inside the tunnels, causing a slight tunnel distortion along the c
direction, as illustrated by the stable phases (x=0.29, 0.57 and 1 Li per
MnO2) in Fig. S8 (Supplementary material). The Li ions in the tunnels
formed electrovalent bonds with oxygen, as displayed by electron lo-
calization functions (ELF) in Fig. S9 (Supplementary material). At this
moment, the Li transport was basically restricted within the distorted
tunnels due to the still unbroken MnO6 octahedra tunnel walls, even at
a higher Li+ concentration of 1.43 in Fig. 4b. This lithiation stage
corresponds to the intercalation reaction coincident with slightly in-
creased lattice constants, as reflected by 2–10% radial expansion in the
β region of a lithiating NR oriented along its a axis, as shown in Fig. 4e.
In addition, the slight contrast change in the β region was distin-
guishable in the TEM bright-field image in Fig. 4e (Movie S7, Supple-
mentary material), indicating an initial phase segregation of Mn2O3 and
Mn phases ahead of the full conversion reaction.

As the Li+ concentration increased to x=2.21, the tunnel walls began
to disrupt as a result of large lattice expansion along the a and c directions
(11.7% and 14.2% in Table S1, Supplementary material), as shown in
Fig. 4c. This disruption would facilitate rapid lateral (a−c plane) diffusion
of lithium between NRs as well as within NRs, as observed in situ in
Fig. 2g−l. This stage was characterized by internal disorder in which the
lattice fringes gradually vanished, corresponding to the RF in Fig. 4e. Un-
doubtedly, the conversion reaction had occurred at this lithiation level, as
validated by ED pattern in Fig. 3f. For higher Li+ concentration (x=3.93),
the wall structure fully opened and the cell cross section area was sub-
stantially increased coincident with further lattice expansion up to 27.8 and
25.3% along the a and c directions, respectively, in Fig. 4d. The conversion
reaction dominated the α region with final Mn and Li2O phases, as
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demonstrated by the EELS and ED patterns in Fig. 3g−j. Furthermore, we
also measured a 27.3% b-axis (or longitudinal) elongation after full li-
thiation of a NR in Fig. S10 (Movie S9, Supplementary material). This value
is consistent with the calculation result (27.6%) of b-lattice expansion after
inserting 3.93 Li ions.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.036.

The lithiated products associated with phase transformations were
further delineated using the bader charge analysis [49,50], in Fig. S11
(Supplementary material). In τ-MnO2, Mn can be considered as a po-
sitive center with +1.64 e, whereas O can be a negative center with
−1.64 e. Blue and green stars represent the average bader charges of
Mn in manganese metal and Li in Li2O, respectively. The charge of
+1.64 e for Mn ions drastically descended with increasing Li con-
centration until the charge decreased to 0 e for the formation of Mn

cluster. In the meantime, the charge for Li ions dropped to +0.79 e for
the formation of Li2O. The calculated energies here indicate that the
phase transformation during lithiation is driven by entropy reduction
force. According to the aforementioned results, we can conclude that
during the full lithiation process of τ-MnO2, the lithium ions first in-
tercalate into τ-MnO2 NR under a suitable potential and then react with
τ-MnO2, forming the intermediate product of Mn2O3, which are further
reduced to Mn crystallites dispersed in the Li2O matrix. The stepwise
intercalation-conversion lithiation mechanism suggested here can be
expressed as follows:

MnO2+xLi++xe−→LixMnO2 (5)

2LixMnO2+(2 −2x)Li++(2−2x)e−→Mn2O3+Li2O (6)

Mn2O3+6Li++6e−→2Mn+3Li2O (7)

Fig. 3. Lattice-resolution structural evolution during lithiation. (a) [100] HRTEM image of a pristine τ-MnO2 NR. Scale bar, 10 nm. (b) [100] HRTEM image of a
partially lithiated τ-MnO2 NR. The white arrows correspond to Li diffusion direction. The red arrow and white dashed line represent RF. Two regions with different
characteristics are defined: region α is lithiated section covered with many tiny crystallites (white circles); region β represents lithium intercalation, in which the
lattice of (001) expanded from 9.55 Å to 10 Å. Scale bar, 10 nm. (c) Schematic illustration of a partially lithiated NR. (d–g) ED patterns collected from dashed box in a
and b, showing the structural evolutions during lithiation. (d) ED pattern shows monocrystalline structure of the NR. (e) ED pattern for β region shows tunnels still
preserve at initial lithiation stage. New spots of Mn2O3 emerge (marked by red circles), indicating reduction of Mn4+ to Mn3+. The existence of metal Mn spots
(marked by blue circles) suggests the formation of Mn crystallites. Below shows the lattice parameters of the τ-MnO2 NR calculated from the ED pattern. (f) ED
pattern for RF region. Diffraction spots of τ-MnO2disappear and those of Mn phase are strengthen with brighter spots for Mn (321). Note that Mn2O3 phase still exists
(red circle). (g) ED pattern for α region, revealing the lithiation product is metal Mn, evolved from Mn2O3. (h–j) Arranged STEM-EELS data in the order of Li+

concentration, collected from lithiated NRs. (h) Mn-M and Li–K edges. (i) O–K and Mn-L edges. Inset refers to three splitting peaks (a1, a2, and a3) in the prepeak
region of the spectra “iv” and “v”, indicating the formation of Mn2O3 phase. (j) Intensity ratio of Mn-L3/L2 edge in i.
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Further, the cyclic voltammetry (CV) test at scan rate of 0.1mV s−1 was
performed to delineate the lithiation mechanisms of τ-MnO2 material, as
shown in Fig. 5a. The three reaction regions labeled as I, II, and III are
distinct in the CV curves. In the region I, no intense cathodic peaks appear
and the intercalation reaction should dominate this stage. Following this
initial lithiation, a two-step conversion reaction could take place in the
region II involving the formation of intermediate Mn2O3 phase and in the
region III corresponding to the phase conversion from Mn2O3 to Mn.
Fig. 5b shows the discharge-charge profile acquired with a current rate of
0.1 A g−1 between 0.01V and 4V (vs Li/Li+), which also reflects the same
three reaction regions as those in Fig. 5a. It can be seen from the discharge-
charge profile that the specific capacities of 150 mAh g−1 and 980 mAh
g−1 respectively corresponding to the intercalation reaction and conversion
reaction can be achieved.

Undoubtedly, exploring the full lithiation process makes sense. Further,
understanding reversible delithiation process is significant as much, con-
sidering potential application of this material for rechargeable batteries. In
like manner, we traced structural evolutions during the in situ delithiation
process of a prelithiated NR in Fig. 6a–d (Movie S10, Supplementary ma-
terial). Unexpectedly, we for the first time observed the reciprocating
motion of a delithiation RF (DRF) within single nanomaterials. Different
from the one-way motion of the LRF, the extraction of Li+ upon delithia-
tion is characterized by the round-trip DRF, indicating a two-stage de-
lithiation mechanism. After applying a reversed biasing, a DRF (denoted by
green arrow) first started from the NR end near the Li source and gradually
propagated along the NR to another end in Fig. 6a. As a result, the NR
exhibited a visible decrease in diameter from 59nm to 57 nm, accom-
panied with a slight change in the interior contrast of the NR. During this
stage, we notice that the initially formed LRF basically kept immobile,

implying an incomplete lithium extraction.
Supplementary video related to this article can be found at https://

doi.org/10.1016/j.nanoen.2019.06.036.
Impressively, the immobile LRF seemed to be activated when the DRF

approached it. Apparently, the DRF devoured the LRF and then returned
back to its starting point immediately, further causing substantial cross-
section contraction until ~53 nm in diameter, as shown in Fig. 6d. At this
stage, we clearly observed the contrast changes within the NR where the
dark glossy region gradually became dominant. After the full delithiation,
the ED pattern and EELS data show that only Mn2O3 phase was formed
instead of the original τ-MnO2 phase in Fig. 6b and c. To this extent, we
think that one whole cycle of in situ lithiation-delithiation has been com-
pleted. To the best of our knowledge, this is the first report of a re-
ciprocating-motion DRF associated with two delithiation stages (or levels).
The DRF occurring in the second stage has been frequently observed in
previous works, but little is known about the first stage. Considering the
Mn2O3 phase as the only delithiated product and no intermediate phase
during delithiation, we therefore assume the first stage as the pre-nuclea-
tion stage of the Mn2O3 phase. Due to the partial deinsertion of Li+ from
Li2O, the activated O was generated and subsequently combined with Mn
to form the Mn2O3 phase, due to the favorable binding energy of
−2.024 eV between O and Mn for Mn2O3 phase.

To provide more insights into our conjecture and the experimentally
observed (de)lithiation behaviors, we employed a phase field model to
delineate the driven dynamics of the Li+ concentration inside the ma-
terial via the Cahn-Hilliard equation, an internal free energy functional,
and boundary conditions for the electrochemical interface derived from
the Butler-Volmer equation [51]. For modelling purposes, we assumed
the material had a stable phase for Li concentrations of x=0, 0.5 and

Fig. 4. Atomic-scale DFT calculations associated with
lithiation levels. (a) The intergrowth structure of four
4×3 tunnels along the b axis. Electrochemical lithia-
tion process of τ-MnO2 NR start from the modeled
structure (x=0). The Li atoms insert into the un-
occupied sites of the tunnels for a range of compositions
with 0 < x < 4 for LixMg0.29MnO2·0.57H2O. (b)
Li1.43Mg0.29MnO2·0.57H2O phase. The Li transport is
still restricted inside the distorted tunnels at this mo-
ment due to the unbroken MnO6 octahedra tunnel
walls. (c) Li2.21Mg0.29MnO2·0.57H2O phase, presenting
opened and partially disrupted tunnel walls, which
would facilitate rapid lateral (a−c plane) diffusion of
lithium between NRs as well as within NRs. (d) High Li
concentration phases (Li3.93Mg0.29MnO2·0.57H2O), ex-
hibiting complete disruption of the tunnel walls and
being calculated to phase segregation. (e) [100]
HRTEM image of a partially lithiated τ-MnO2 NR. The
yellow arrows correspond to the Li diffusion direction.
Scale bar, 5 nm.

Fig. 5. Electrochemical performance of τ-MnO2 electrode in lithium-ion battery. (a) CV curves recorded at a sweep rate of 0.1mV s−1. (b) Discharge-charge profile
was acquired with the current rate of 0.1 A g−1 between 0.01 V and 4 V (vs Li/Li+).
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1. The dynamic simulation of lithiation was illustrated in Fig. S12a−f
(Movie S11, Supplementary material). For the delithiation process, we
started with the final lithiation influx of Li+ which had reached an
average concentration x=1 and simulated the evolution of system on
the time scale characterized by the DRF motion in Fig. 6e (Movie S12,
Supplementary material). Model parameters, carefully chosen to qua-
litatively capture the region observed experimentally, are listed in
Table S2 (Supplementary material).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.036.

We first observed that the low Li concentration (x~0.8, γ1 phase)
emerged because of partial extraction of Li+, but the initial LRF still
stood still in Fig. 6f. As the delithiation continued, the DRF moved
down the NR, shrinking the volume of the γ2 phase in Fig. 6g and h. Our
simulations also indicated that the details of microstructure evolution
were sensitive to the coefficients in the free energy function. The γ1 and
γ2 depended on the energy barrier between the two phases. The si-
mulations presented in Fig. 6e−h exhibit the balance between the time
scale associated to the γ1 phase emerging, the γ2 phase coarsening, and
the DRF motion, consistent with the experimental observations in
Fig. 6a−d. Additionally, during subsequent lithiation and delithiation
cycles in Fig. S13 (Movie S13, Supplementary material), a stable and
reversible phase transformation between Mn2O3 and Mn + Li2O phases
would be established, as evidenced by the ED results in Fig. S13k,l
(Supplementary material).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.06.036.

4. Conclusion

In summary, we have successfully attempted to synthesize relatively
pure 4× 3 tunnel-structured τ-MnO2 NRs confirmed via atomically
resolved imaging. A comprehensive study of the (de)lithiation process
of the τ-MnO2 NRs has been conducted using the in situ TEM, revealing
a stepwise intercalation-conversion lithiation mechanism. By com-
bining the in situ HRTEM imaging, ED, EEL spectroscopy, and DFT
calculations, we first traced the entire reaction procedure up to full li-
thiation levels in NRs. The intercalation reaction occurred in early li-
thiation stage with the tunnel distortion and the radial (a−c plane)

expansion. Subsequently, the conversion reaction began, which finally
formed Mn metal and Li2O phases through an Mn2O3 intermediate
phase. Meanwhile, the tunnel walls were disrupted, enabling two dis-
tinct lithium transport pathways including lateral inter-rod and axial
intra-rod lithiations. In contrast to the unidirectional lithiation RF, we
observed an unusual reciprocating-motion delithiation RF, for which
the driven dynamics involving the lithium concentration are revealed
by employing a phase field model. Notably, this is the first time-re-
solved visualization of the reciprocating-motion delithiation RF, sug-
gesting two distinct delithiation stages (or levels). This work has sup-
plied the in-depth understanding of precise (de)lithiation mechanism of
the 4×3 tunnel-structured τ-MnO2 and provided an important new
context for understanding of kinetic limitations for lithium transport in
1D materials, including materials structurally and compositionally re-
lated to the todorokite-type material. Additionally, this work is also
expected to provide a paradigm shift for other tunnel-specific phases of
the τ-MnO2 for establishing more precise structure-property relation.
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