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Mns0, is a possible candidate for use as an electrode material and has been found to undergo structural transfor-
mation during electrochemical cycling. Clarifying the transformation process is important in developing methods
for improving electrochemical performance. Here, using scanning transmission electron microscopy (STEM)
combined with the electron energy loss spectroscopy (EELS) technique in aberration-corrected TEM, we
succeeded in tracking the structural evolution at an atomic-scale and identified the intermediate stage as rock-
salt-structured MnO. A reasonable route was deduced via which the spinel Mn;0,4 was transformed firstly into

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Spinel transition metal oxides exhibit superior electrochemical per-
formance characteristics in applications including energy conversion
and storage systems, and for this reason are attracting considerable sci-
entific attention [1,2]. Mn30y, is a candidate electrode material for cata-
lyzing the oxygen reduction reaction and electrochemical capacitance
[3,4]. For many electrode materials in use, structural evolution usually
occurs on the surface layer as electrochemical cycling takes place; this
in turn has a strong influence on the resulting electrochemical proper-
ties [5-15], as demonstrated by changes in electrochemical perfor-
mance. Clarifying the structural changes that occur in manganese
oxides during cycling is therefore very important in improving their
electrochemical performance. Previous studies have shown that
Mns0Qy is converted into birnessite MnO, during voltammetric cycling
in aqueous Na,SO, electrolyte [16,17]. Although the final conversion
product has been extensively studied by XRD, SEM and Raman scatter-
ing techniques, little attention has been given to the process by which
this change occurs. Tracking the partially transformed state and captur-
ing detailed structural and chemical information is key to identifying
the intermediate products and further understanding the structural
evolution of the spinel Mn304.

In the past few years, Fourier transform infrared spectroscopy
(FTIR), synchrotron X-ray diffraction (XRD) and in situ X-ray absorption
spectroscopy have been used to identify structural changes involving
chemical bonds or lattice structures [18-21]. However, these methods
are not very suitable for studying changes in structure and chemistry
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that occur at an atomic scale. Aberration-corrected HAADF (high angle
annular dark field) STEM with EELS atomic resolution, on the other
hand, is ideally suited for investigating structural transformations at
sub-angstrom levels, capturing real-time direct images [22] which
make it possible to monitor any structural changes taking place as a re-
sult of charge-discharge cycling [5-8,11,12].

Here we use an aberration-corrected TEM technique to study the
structural evolution of Mn30,4 nanoparticles after voltammetric cycling
in aqueous Na,SO, electrolyte. The goal is to follow the changes in struc-
ture and chemistry, thus yielding new insights into the microstructure
evolution process.

2. Materials and methods

Mns0,4 was synthesized by a hydrothermal method reported else-
where [23]. KMnO,4 was used as the manganese source and polyethyl-
ene glycol (PEG200) as both reducing reagent and structure-directing
agent to tailor the morphology of the Mn304 nanoparticles. The
Mns0,4 powder was loaded onto a glassy carbon electrode with diame-
ter of 3 mm (0.1 mg/cm?), which served as the working electrode and
then was treated via cyclic voltammetry (CV) in neutral 1 mol/L
Na,S0, electrolyte. CV was also performed on a blank glassy carbon
electrode to confirm its electrical inactivity and the absence of measur-
able signal contributions. The samples subjected to CV were removed
quickly from the glassy carbon electrode, then ultrasonically cleaned
in ethyl alcohol, dried, and dispersed onto the amorphous carbon
micro grid to produce TEM specimens. The as-synthesized Mn304 pow-
der was also used to produce TEM specimens (blank samples). By ob-
serving the two types of specimens without and with CV treatments
in the TEM, we can identify any structural changes.
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A FEI-NOVA NanoSEM scanning electron microscope operated at
14 kV was used to characterize the morphology, a FEI-T12 transmission
electron microscope was used for the electron diffraction studies and a
Tecnai G2 F30 for the HRTEM imaging. An FEI-Titan G2 60-300 micro-
scope with double aberration (Cs) correctors was used for HAADF-
STEM imaging and EELS analysis. An energy dispersion of 0.25 eV/channel
was used in the EELS spectra acquisitions, and a systemic energy resolu-
tion of 1.5 eV was selected according to the full width at half-magnitude
of the zero loss peak.

A traditional three-electrode system was used in the CV measure-
ments, in which the working electrode is the loaded Mn30,4, the counter
electrode is Pt and reference electrode SCE (saturated with KCl). The
electrolyte was 1 mol/L neutral NaSO,4. The potential scan ranged
from — 200 mV to 800 mV and the scan rate was 100 mV/s. An AUTOLAB
PGSTAT302N electrochemical workstation was used in the CV
measurements.

3. Results and discussion

Fig. 1, the SEM image, shows that most of the as-synthesized Mn304
particles have well-defined octahedral shapes. The octahedrons are ir-
regular but tetragonally distorted due to the Jahn-Teller effect. Fig.
1b-d are the selected-area electron diffraction patterns (EDPs) indicat-
ing a tetragonal structure with lattice parameters a = b = 5.76 A and
¢ = 9.47 A and space group 14;/amd. Fig. 1e, the low-magnification
(LM) bright-field (BF) TEM image, shows a typical rhomboid projection
along the [100] direction of a nano-sized spinel octahedral-shaped
Mn30,4 particle. Fig. 1f-g are the HRTEM and HRSTEM images along
the [100] axis. The sharp and well-defined edge shown in the LMBF
image is also valid at the atomic scale. The structure is obviously homo-
geneous and identical from surface to the interior, showing the typical
atom projection arrangement of spinel.

The Mns04 working electrode was subjected to CV polarization in
1 mol/L Na,SO4 electrolyte and the voltammograms recorded. In the ini-
tial cycles, no apparent redox peaks appeared and the curves were flat
loops. With more cycles, the flat loops became wider and well-defined
redox peaks appeared. The two curves representing the 2nd and
2500th cycles are shown in Fig. 2a. The Mn30,4 after 2500 CV cycles
was then observed in TEM, with particular focus on the changes in mi-
crostructure. The LM HAADF-STEM image (Fig. 2b) shows that most
particles had been converted from an octahedral shape to highly porous
fibroid nanoflakes after 2500 cycles. Some partially converted particles
were still found to retain the octahedral shape but became porous,
with blunted edges, as shown in Fig. 2c. We selected an edge zone in
which only a slight contrast change was found, and obtained its
HRTEM image (Fig. 2d). It can be seen that the structure of the surface
(skin) layer was obviously different from that of the bulk material
(main body). Obviously, the particle represents the fingerprint for the
process of transformation. Through Fourier transform for the skin
layer (indicated by a pink circle in Fig. 2d) and the main body area (in-
dicated by a green circle), the main body was found to keep a tetragonal
structure, whereas the reconstructed layer can be indexed as the [110]
orientation of a face-centered cubic crystal structure (e.g. NaCl type),
which is consistent with MnO. There thus exists an orientation relation-
ship between [110]uno//[100]mn304 and (—110)mno//(010)mn3z04-

High-resolution HAADF-STEM imaging and EELS analysis were then
employed to further examine the structure and chemistry of the recon-
structed layer. The high-resolution HAADF-STEM image in Fig. 3a shows
a well-defined reconstructed layer and a sharp interface. Representa-
tions of the atomic columns are shown in Fig. 3b, with the columns of
Mn(III) cations (shown as green dots) occupying the octahedral sites
and the columns of Mn(II) cations (purple dots) occupying the tetrahe-
dral sites. The EELS analysis focusing on the valence state was per-
formed on the main body and reconstructed layer. The full spectra

Fig. 1. Characterization of the as-synthesized Mn30,4 particles. (a) SEM image showing that the Mn;0, particles have well-defined octahedral shapes. (b-d) EDPs along [110], [100] and
[001] zone axis. (e) Low-magnification bright-field TEM image showing a typical rhombus shape of projection along [100] direction of a spinel octahedral-shape Mn30,4 nanoparticle. (f, g)
HRTEM and high resolution HAADF-STEM image along [100] zone axis showing the edge is sharp and well-defined.
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Fig. 2. The microstructural evolution of Mn304 after 2500 electrochemical cycles. (a) Cyclic voltammogram of Mn304 in 1 mol/L neutral Na,SO, electrolyte at a potential scan rate of
100 mV/s after the 2nd and 2500th cycles. (b) The HAADF-STEM image illustrates that most particles have converted from the octahedral shape to highly porous fibroid nanoflakes
after 2500 cycles. Inset is the HRTEM image of the fibroid nanoflake. (c¢) The TEM bright field image shows that some partially converted particles still keep an octahedral shape but
have become porous and the edges have become ill-defined. (d) The HRTEM image obtained from the edge region of the partially converted particle along [100] direction. The insets
are FFT images taken from the skin layer (pink circle) and the bulk (green circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

covering the EELS edges from O to Mn are shown in Fig. 3c. The EELS
data provide unambiguous recognition of the O K-edges and Mn-L; 3
edges. The chemical shift to lower energy loss for the surface zone is ev-
ident, highlighting the evolution of the bonding or valence state in the
reconstructed layer. Detailed views at an enlarged scale are shown in
Fig. 3d (O-K edges) and Fig. 3e (Mn-L; 3 edges). It is noteworthy that
the EELS peak features of the O-K edges are more related to the geom-
etry of the metal-oxygen bonding rather than the oxidation state, to
which the transition metal is more sensitive [24,25]. As a result, the
pre-peaks are usually observed at the lower energy side of the O-K
edge (peak b) and take on alternating features with alternating bonding
states. As shown in Fig. 3d, one pre-peak (peak a) of O-K exists in the
EELS spectra obtained from the reconstructed region and two split
peaks (peak a; and a;) appear for the body region. The shift of the
onset value of the energy loss and the change in white-line intensity
ratio (Ls/L,) are two essential indicators of valence state modification
[26]. It is well known that the ionic edge of Mn has higher onset at
higher oxidation states [25,27-29]. As shown in Fig. 3e, the onset values
of energy loss of Mn-L, 5 edges for the reconstructed layer are all shifted
towards lower values compared with that of the full-body region, which
point towards the relatively lower average valence of Mn in the recon-
structed layer. The white-line intensity ratio (Ls/L,), on the other
hand, is closely related to the cation oxidation states [26]. Here we
used two approaches - the double arctangent methods [30] and Pearson

method [31], and calculated the L, 5 ratio to be 4.5 and 4.6 for the surface
as well as 3.1 and 3.2 for the bulk body region. The evident increase of
Ls/L, ratio in the reconstructed surface layer reflects the decrease of
the average valence state of Mn, corresponding to MnO formation,
which has a lower Mn valence (+2) than Mns04 (+ 3). The structural
identification and the EELS analysis have therefore identified the inter-
mediate product as MnO. In a similar way, the porous fibroid nanoflakes
are identified as birnessite MnO, via the HRTEM (Fig. 2b insert) and
EELS analysis (Fig. 3c-e).

Some previous reports [16,17,32] have suggested that the Mn304
electrode material transforms irreversibly into MnO, after a series of
electrochemical cycles. A clear understanding of the detailed nature of
the change was however lacking. In this study we have successfully
tracked the partially-converted Mns0, particles, capturing structural
and chemical information, and propose the following route for the
transformation of Mn30,4 into MnO and finally to MnO,. In the cathodic
half-cycle, e.g. potential scanning from + 0.8 V to — 0.2 V, the spinel
Mn30,4 undergoes electrochemical reduction, yielding rock-structured
MnO. The reduction process should be a solid-solid transformation pro-
cess since a sharp interface and good orientation interplay exist be-
tween the reconstruction layer and the full-body zone (as shown in
Fig. 3a and b). Fetisov et al. had initially reported that the electrochem-
ical reductive dissolution of Mn304 in acid solutions proceeded via solid
phase reaction from Mn304 to MnO in the cathodic stage [33], though
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Fig. 3. The EELS analysis on the bulk, reconstruction layer and fibroid nanoflake region of the Mn304. (a) High resolution HAADF-STEM image showing a well-defined reconstruction skin
layer and sharp interface. (b) The enlarged view of (a) illustrating the representations of the atom columns. The Mn (III) cation columns are represented by green dots and the Mn (II)
cation columns by purple dots. (c) The full spectra covering the EELS edges from O to Mn. (d, e) Detailed views showing O K-edges and Mn-L; 5 edges at an enlarged scale. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

they did not perform any experiment to detect the existence of MnO.
The MnO that accumulates on the surface during the cathodic processes
is then chemically dissolved into Mn?* (aq) and diffuses into the bulk of
the electrolyte. A chemical dissolution process of this type is retarded in
the cathodic half-cycle and accelerated in the anodic half-cycle, which
can be explained in terms of charged-particle diffusion in an electric
field [33]. As shown in Fig. 3a, the locations marked by yellow arrows
become obscured and the bright atom columns become unobservable,
indicating that the MnO reconstruction layer has undergone dissolution.
Subsequently, the Mn?* (aq) cations are electrochemically oxidized
into the higher valence MnO, and re-deposited onto the surface. The
dissolution-redeposition process yields the random fibroid products
on display when the regular structural features fade and vanish as
shown in Fig. 2b and c.

4. Conclusions

Using TEM combined with the EELS technique, we have succeeded
in tracking the structural changes in spinel Mn304 nanoparticles at the
atomic scale. After 2500 CV cycles in neutral Na,SO, electrolyte, the oc-
tahedral-shaped Mns04 nanoparticles were fully transformed into high-
ly porous fibroid MnO,, whereas a well-oriented reconstruction skin
layer was formed by the partially converted Mn30,. The transformation
from Mn304 to MnO involved a solid-solid transformation process, ac-
complished by electrochemical reduction during the cathodic stage.
The final product, MnO,_is produced by the dissolution-redeposition
process occurring at the anodic stage.
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