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Spatially Confined MnO, Nanostructure Enabling
Consecutive Reversible Charge Transfer from Mn(1V)
to Mn(ll) in a Mixed Pseudocapacitor-Battery Electrode

Yu-Ting Weng, Hsiao-An Pan, Rung-Chuan Lee, Tzu-Yang Huang, Yun Chu, Jyh-Fu Lee,

Hwo-Shuenn Sheu, and Nae-Lih Wu*

Mn oxides are highly important electrode materials for aqueous electrochem-
ical energy storage devices, including batteries and supercapacitors. Although
MnO, is a promising pseudocapacitor material because of its outstanding
rate and capacity performance, its electrochemical instability in aqueous
electrolyte prevents its use at low electrochemical potential. Here, the pos-
sibility of stabilizing MnO, electrode using SiO,-confined nanostructure is
demonstrated. Remarkably, an exceptionally good electrochemical stability
under large negative polarization in aqueous (Li,SO,) electrolyte, usually
unattainable for MnO,-based electrode, is achieved. Even more interestingly,
this MnO,-SiO, nanostructured composite exhibits unique mixed pseudoca-
pacitance-battery behaviors involving consecutive reversible charge transfer
from Mn(IV) to Mn(l1), which enable simultaneous high-capacity and high-
rate characteristics, via different charge-transfer kinetic mechanisms. This
suggests a strategy to design and stabilize electrochemical materials that are
comprised of intrinsically unstable but high-performing component materials.

1. Introduction

Metal oxide pseudocapacitors,'™”! which use fast redox reac-
tions of electrochemically active metal oxide materials, are
attractive energy-storage cells. The oxide pseudocapacitors can
provide substantially higher power densities than recharge-
able batteries, as well as substantially higher energy densities
than electric double-layer capacitors.[®12 Practical applications
of the oxide pseudocapacitors, ranging from auxiliary power
devices for batteries to stand-alone energy-storage devices, rely
to a large extent on their energy-storage capacity. The specific
energy (E) of a capacitor is described by

E=lycavi =150av (1)
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where C is the specific capacitance, AV
is the operating voltage range, and Q is
the specific charge-storage capacity. For
improving the specific energy, both the
charge-storage capacity and operating
potential window (OPW) of the pseudoca-
pacitor electrodes should be maximized.

First reported by Goodenough and co-
workers, 1314 MnO, has attracted sub-
stantial attention as a promising pseudo-
capacitor electrode material™! because
of its low cost, natural abundance, and
environmental friendliness. The use of
aqueous neutral electrolytes in MnO,-
based pseudocapacitors, in particular,
provides superior device safety compared
with those requiring either organic electro-
lytes or strong acidic (such as for RuO,)!
aqueous electrolytes.

Numerous studies have recently devel-
oped MnO, electrodes either in thin
flm!"71 or as composites with various materials, such as gra-
phene,?%21l porous carbon foam,!??24 and SiC,1?’! to increase
the solid—electrolyte contact area and tailor the electrode archi-
tectures for enhanced capacity and power performances.!'’-%°
However, until now, the charge-storage capacity of MnO,-based
pseudocapacitors has been limited to a small fraction of one-
electron transfer between Mn(IV) and Mn(III) ions per unit
formula of MnO, (¢7/MnO,) with an OPW of <1 V.2l Only in
rare cases of either extremely low oxide loading?*%”:%%] or mixed
valences,?!l the MnO, electrodes have been reported to afford
a specific charge capacity close to 1 ¢e/MnO,. To exceed this
charge-storage limit, new strategies that enable reversible elec-
tron transfer between Mn ions of lower valences are required,
and this also means that the OPW must be extended to lower
potentials.

For an MnO, electrode in an aqueous electrolyte, the
upper limit of its OPW is typically not related to the intrinsic
properties of the oxide; however, it is limited by either water
(solvent) or electrolyte anion (e.g., Cl7) oxidation,?”! or current
collector oxidation,B3% or the combination of both. For example,
water oxidation causes oxygen bubbling, which may lead to
active-layer loosening, and current collector oxidation causes
an increase in the interfacial resistance between the active layer
and the current collector.

By contrast, the lower limit of the OPW of an MnO, elec-
trode is closely related to the fundamental electrochemical
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properties of the oxide. The most common cause to capacity
fading occurring near the lower limit of the OPW is the dis-
solution of the oxide through soluble Mn(II) oxide formation.
Mn(IV) is reduced to Mn(III) during cathodic discharging, and
until below a certain potential, approximately 0 V (the poten-
tial is hereafter referenced to an Ag/AgCl/saturated KCI elec-
trode; EG&G, 197 mV vs NHE at 25 °C), Mn(III) undergoes a
disproportionation reaction to produce Mn(IV) and Mn(II), and
Mn(II) is subsequently dissolved in the electrolyte:[?7:%]

2Mn(II)OOH,) = Mn(IV)O,+Mn(x,+20H (2)

Mn?* dissolution is confirmed by the formation of a
brownish precipitate in the electrolyte. The precipitate origi-
nates from the reoxidation of the dissolved Mn?* caused by O,
in the electrolyte to form insoluble Mn oxides of high valences.

Further reduction of an MnO, electrode to well below 0 V
has shown to result in an irreversible phase transformation to
oxides of lower Mn valences.?132] These oxides typically have a
more compact crystal structure and less favorable electrochem-
ical activity than the starting MnO, phases,?1** which are
mostly birnessite of different crystallinities. Birnessite consists
of layers of edge-sharing Mn(IV)Og octahedra, providing two-
dimensional (2D) tunnels with a large d-spacing (approximately
0.7 nm) between the ab planes. The tunnels facilitate the revers-
ible intercalation of electrolyte cations occurring concurrently
with electron transfer. The open lattice structure is considered
crucial for achieving high charge-storage capacity.2°!

2. Results and Discussion

A new material design strategy was developed in the present
study to extend the electrochemical stability of a MnO, elec-
trode to negative polarization for enhancing the charge-storage
capacity of the oxide electrode. This strategy was based on the
concept of forming space-confined MnO, nanodomains of
which the surfaces may be stabilized using an electrochemically
inactive foreign oxide material that is capable of “retaining”
Mn?* ions through an interfacial bonding to avoid progressive
erosion upon reduction.

Near 0V,

2Mn(IIN)O(-0 - M'—)(S) — Mn(IV)Oy, + Mn(II)(-O - M'—)Z(S) (3)
and well below 0V,
Mn(II)O(—0 — M’~),,, <> Mn(II)(~O - M'~), +&" “

where —O—M’— represents the stabilizing oxide. Furthermore,
from the energetics point of view, a large surface-to-volume
ratio plus an extensive interfacial interaction with the stabi-
lizing oxide may cause different phase transformation behav-
iors of the MnO, nanodomains compared with those of a bulk
MnO, aggregate, which is known to transform into phases of
more compact lattice structures with decreasing charge-storage
capacities.!]

To select the surface oxide that is stable under a low poten-
tial in an aqueous environment, SiO, was used. Spherical
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mesoporous SiO, nanobeads were used as hosts within which
MnO, was deposited. The deposition process was conducted
through a hydrothermal process, which facilitates the forma-
tion of Mn—O—Si composite interfaces. As revealed in various
geological settings,?*l the formation of Mn—Si oxides is facile
under hydrothermal conditions. The precipitated oxide com-
posite beads were finally treated with an alkaline solution to
partially remove SiO, to produce a porous interior, which can
increase the solid—electrolyte contact area. Detailed experi-
mental procedures and conditions are described in the Experi-
mental Section.

The resulting Mn-Si-O (MSO) composite was capable
of undergoing consecutive reversible electron transfer from
Mn(IV) to Mn(II) with an expanded OPW of up to 2 V in an
aqueous electrolyte. Reversible charge transfer with a capacity
substantially greater than one electron per Mn ion of a MnO,
electrode in an aqueous electrolyte over thousands of cycles was
demonstrated for the first time.

2.1. Material Characterization

The SiO, host particles exhibited granular surfaces
(Figure 1a) and were mesoporous, containing regular arrays
of pores (Figure 1b) with a narrow size distribution between
2.0 and 4.5 nm (Figure S1, Supporting Information) and a
pore volume of 0.94 cm?® g!. However, the MSO composite
particles resulting from the hydrothermal treatment exhibited
solid smooth surfaces (Figure 1c) and appeared opaque under
a transmission electron microscope (TEM) (Figure 1d). MnO,
appeared to preferentially deposit within the SiO, particles; only
a small amount of MnO, flakes was observed attached to the sur-
faces of the composite particles. In contrast to the black color of
the control MnO, powder that was synthesized under the same
conditions, except for the absence of SiO,, the hydrothermally
derived MSO composite powder exhibited a dark brownish
color. After the treatment in an alkaline aqueous solution, the
MSO particles turned porous and showed different hollow inte-
rior structures (Figure le-h), indicating partial dissolution of
SiO,. The SiO, could not be completely dissolved even with a
prolonged etching treatment. Extensive energy-dispersive X-ray
(EDX) line scan analysis indicated that the remaining skeletons
of the hollow spheres after prolonged etching contained both Si
and Mn (Figure 1e). In addition, Barrett—Joyner—Halenda (BJH)
analysis (Figure S1, Supporting Information) indicated the
absence of meso- and micropores in the etched MSO powder.
Therefore, the etched MSO is a macroporous material with a
solid skeleton. High-resolution TEM analysis revealed a domain
structure within the remaining skeleton (Figure S2, Supporting
Information). The Si oxide that remained in the skeleton exhib-
ited chemical properties different from pure SiO,, which would
have dissolved in the alkaline solution. The brownish color of
the MSO powder suggested doping of SiO, by Mn ions, and the
doping may have reduced the solubility of SiO, in the alkaline
solution. Composition analysis based on the inductively cou-
pled plasma analysis was not successful because of incomplete
leaching of Mn by the conventional nitric acid digestion treat-
ment. Extensive EDX analysis indicated an average MnO, con-
tent of 32% (£3%) by weight.
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Figure 1. a) SEM and b) TEM images of mesoporous SiO, host parti-
cles; c) SEM and d) TEM images of hydrothermally derived fresh MSO
composite particles; e,f) TEM and g,h) SEM images of MSO particles
after dissolution in an aqueous alkaline solution. The solid lines in (e)
delineate the EDX signal intensities of Si and Mn.

XRD analysis of the porous MSO composite showed reflec-
tions of MnO, birnessite along with a strong broad hump near
26 = =22° (Figure 2). This hump can be attributed to the SiO,
component. For comparison, the MnO, control powder showed
reflections of only birnessite. The birnessite reflection peaks of
the MSO sample were much broader than those of the MnO,
control sample, suggesting that the average size of the birnes-
site crystallites in the MSO sample was substantially smaller
than that in the control powder. Estimation of the crystallite
size based on the Debye-Scherrer equation!**! gave an average
birnessite crystallite size of 4.2 nm for the MSO powder and
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Figure 2. XRD patterns of (from bottom to top) a) the mesoporous SiO,
host powder, b) MnO, control (birnessite), c) MnO, after the condi-
tioning cycles (spinel) between —1 and 1V, d) MSO composite powder,
and e) MSO electrode after the conditioning cycles between —1 and 1 V.

13.8 nm for the MnO, control powder. The size of the birnes-
site crystallite in the MSO powder closely matched the pore
dimensions of the starting SiO, powder. This dimensional con-
sistency further proves that MnO, birnessite crystallites mainly
form within the pores of the SiO, matrix.

All fresh electrodes were subjected to five conditioning cyclic
voltammetry (CV) cycles over selected potential ranges prior to
electrochemical characterization. For the MnO, control powder,
the oxide particles within the electrode retained the birnes-
site structure after the conditioning cycles between 0 and 1V,
whereas they transformed into a crystalline spinel when the
potential range was from -1 to 1 V (curve c, Figure 2). For the
MSO electrode, the XRD birnessite reflections of the oxide par-
ticles disappeared after the conditioning cycles between —1 and
1V; instead, only a small hump of birnessite (001) reflection,
in addition to the hump of SiO,, was detected using synchro-
tron XRD (curve e, Figure 2). The presence of the broad birnes-
site (001) hump indicates a highly defected layered structure
of MnOg octahedra that retains the feature of a large d-spacing
between the ab planes of birnessite; however, it lacks a long-
range ordering along the c-axis. The XRD data acquired before
and after the conditioning cycles indicate two major conclu-
sions. First, electrochemical reduction of pure birnessite leads
to an irreversible transformation into a more compact spinel
structure. Second, the birnessite-to-spinel transformation is
prohibited in the confined MnO, nanodomains within the
MSO powder. The transformation from birnessite to spinel is
accompanied by volume contraction. The extensive interfacial
bonding between the MnO, nanodomains and SiO, might have
prevented such contraction, thereby enabled the MSO electrode
to retain a more open (although defected) birnessite structure
suitable for a high charge-storage capacity.

Figure 3 shows the comparison of the Raman spectra of
differently treated MnO,-containing powders. As-synthesized
MSO and MnO, control powders show two prominent Raman
peaks at 556 and 621 cm™, respectively, and a small peak at
479 ecm™!, which can be attributed to the symmetric stretching
vibrations of MnOg octahedra in the birnessite structure.(°!
However, an additional small band at approximately 590 cm™!
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MSO after conditioning cycles
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Figure 3. Raman spectra of the MnO, (birnessite) control powder, MSO
composite powder, and MSO electrode after the conditioning cycles.
The dashed lines delineate individual deconvoluted peaks and the fitted
spectra.

is observed for the MSO powder (* in Figure 3), and this band,
to our knowledge, cannot be attributed to any of the known Mn
oxides of various valences. This new band is suggested to origi-
nate from the Mn—O—Si interfacial bonding. In addition, a new
structural feature was observed in the extended X-ray absorp-
tion fine structure (EXAFS) analysis. As shown in Figure 4a, the
EXAFS spectrum of the Mn k-edge of the MSO sample shows
two prominent peaks at 1.28 and 2.44 A, which respectively cor-
respond to the typical Mn—O and Mn—Mn bond lengths within
the layers of the MnOg octahedra of birnessite. An additional
small peak was observed at 1.82 A (* in Figure 4). This new
peak corresponds to the bond length of a less polarized Mn—O
bond than that in typical MnOg octahedra, and this is in accord-
ance with the assumption of the Mn—O—Si bonding.*’]

After the conditioning cycles, the Raman band caused by
MnOg was not observed for the MSO electrode (Figure 3).
This result is in accordance with the XRD results, which indi-
cate the loss of long-range ordering within the MnO, domains
after the conditioning cycles (Figure 2). EXAFS Mn k-edge
analysis of MSO after the conditioning cycles (Figure 4) showed
a spectrum characteristic of birnessite, except for broadened
Mn—O and Mn—Mn peaks, confirming that the Mn ions
retained a local structure close to that of birnessite, but with
increasing disordering.

~ Mn(lV)-O  Mn-Mn
(o]
%
X MSO
=
L%} *
=
=
=
=
en
<
E MSO
&) after conditioning cycles
N N N N
0 1 2 3 4 5 6
RA)

Figure 4. EXAFS spectra of the MSO powder and the MSO electrode after
the conditioning cycles.
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The material characterization data depict a unique nanostruc-
ture of the hydrothermally derived MSO powder, which con-
tains birnessite nanodomains spatially confined by Mn-doped
SiO, with an extensive Mn—O—Si interfacial bonding. After the
conditioning cycles, the MnO, nanodomains in MSO turned
amorphous and retained the feature of large 2D tunnels of the
birnessite structure. The retention of the 2D tunnel structure
is crucial because it can facilitate reversible cation intercalation
involved in the charge—discharge process of the oxide electrode.

2.2. Electrochemical Characterization and Performance

The CV test of the MSO electrode showed a step reduction
in the responsive current between the first and second condi-
tioning cycles (Figure S3, Supporting Information). However,
the voltammogram quickly converged to a stable profile within
a few cycles. The step reduction in the charge-storage capacity
within the initial conditioning cycles is in agreement with
the aforementioned phase transformation of the MnO, nano-
domains from crystalline birnessite to amorphous. Because
of the transient behavior of the MSO electrode, all electrodes
were subjected to five conditioning cycles prior to systematic
electrochemical characterization. Therefore, all the following
electrochemical data should be recognized as the properties of
amorphous, but not crystalline, birnessite nanodomains.

Figure 5a,b shows respectively the plots of responsive cur-
rent and dQ/dV (=current/scan-rate), which is equivalent to
a capacitance, of the MSO electrode for CV measurements
between —1 and 1 V. The MSO electrode exhibited a specific
charge-storage capacity based on the mass of active material
(AM; MnO, + SiO,) of 572 C g''-AM at 2 mV s~!. Because
the SiO, component is inert, the MnO, nanodomains are esti-
mated to have a specific capacity of 1786 C g~'~MnO,, which is
equivalent to 1.61 ¢ /MnO,. The galvanostatic charge—discharge
curves of the MSO electrodes exhibited a sloped potential pro-
file with nearly 100% Coulombic efficiency (Figure 5c).

Figure 5b also shows the dQ/dV plot of the MSO electrode
cycled at 2 mV s7! between 0 and 1 V (the dashed line) for
comparison. This plot has a nearly rectangular profile and is
consistent with the pseudocapacitance that has previously been
attributed to the surface redox reaction between the Mn(IV) and
Mn(III) oxides, well known to the pure MnO, birnessite elec-
trodes. From Figure 5b, it can be seen that the Mn(IV)-Mn(III)
pseudocapacitance is the dominant charge-storage mechanism
during the cathodic scan of the MSO electrode from 1 to 0 V at
2mVsh

Below 0 V during the cathodic scan at 2 mV s7!, a wave
peak occurs at —0.2 V, followed by a broad band up to -1 V.
The charge transferred between 1 and —0.4 V approximately
amounts to 1.0 e/MnO,, and therefore it can be concluded that
the wave peak at —0.2 V is mainly associated with bulk Mn(IV)-
to-Mn(III) reduction. The broad band following the peak within
the lower potential range can therefore be primarily ascribed
to Mn(III)-to-Mn(II) reduction. The assignment of these two
reduction events is consistent with that reported for the MnO,
battery cathodes.®® The anodic branch of the dQ/dV plot shows
two prominent wave peaks at 0.17 and 0.92 V, respectively, and
they correspond to the reverse of the aforementioned reduction

Adv. Energy Mater. 2015, 1500772
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Figure 5. Electrochemical characterizations of the MSO electrode: a) current and b) dQ/dV plots of the MSO electrode by CV analysis at different scan
rates between —1 and 1 V; the dashed line in (b) shows the dQ/dV plot acquired at 2 mV s™' between 0 and 1 V; c) galvanostatic charge-discharge
curves of the MSO electrode; d) current plots acquired between —1 and —0.3 V of the MSO electrode after being kept at =1 V for 24 h.

reactions. With an increase in the scan rate, the intensities of
all the redox peaks in the dQ/dV plots of the MSO electrode
progressively reduced (Figure 5b).

It is critical to understand if pseudocapacitance also arises
from the Mn(III)-Mn(II) redox reactions. For the dQ/dV plot
acquired at 2 mV s7!, as shown in Figure 5b, the anodic curve
showed negative capacitance after potential reversal at -1 V
until it reached the onset of the peak of bulk Mn(II)-to-Mn(III)
oxidation. The curve showed the characteristic expected from
a battery electrode. However, when the scan rate was raised to
5 mV s7! or higher scan rates, the anodic curves were found
to turn positive shortly after the potential reversal at —1 V and
then quickly attained nearly the same capacitance that extended
over a substantial potential range up to =—0.3 V, where the bulk
Mn(II)-to-Mn(III) oxidation peak started to emerge. The higher
the scan rate, the earlier the constant-capacitance level was
reached after the potential reversal. The constant-capacitance
characteristic signifies the capacitor behavior, which is further
verified in the following experiments.

To elucidate the pseudocapacitance behavior originating
from the Mn(II)-Mn(III) redox reactions, an MSO electrode
was first subjected to a cathodic scan from 1 to —1 V and then
kept at —1 V for 24 h to enable completion of Mn(III)-to-Mn(II)
reduction. The MSO electrode was subsequently subjected to
CV scans between —1 and —0.3 V. By keeping the upper poten-
tial end below —0.3 V during the anodic scan, the contribution
of the bulk Mn(II)-Mn(III) redox reactions to the responsive
current was minimized, if not completely avoided. As shown in
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Figure 5d, nearly rectangular current plots typical of a capacitor
were indeed obtained. The correlation of the responsive cur-
rent with the scan rate gave an average specific capacitance of
51 (+ 3) F g'-AM, which was close to the constant capacitance
read from the anodic curves within the potential range between
—0.6 and —0.3 V in Figure 5b. Given the small surface area of
the MSO powder as shown by the adsorption data (Figure S1,
Supporting Information), the capacitance is too high to be
accounted for by the electric double-layer capacitance and is
therefore pseudocapacitance in origin.

Figure 6 schematically summarizes the aforementioned
charge-storage mechanisms based on the combination of the
dQ/dV plots of 2 and 100 mV s~%. The pseudocapacitance origi-
nating from the Mn(IV)-Mn(IIl) charge transfer, denoted as
PC (IV)—(I1I), occurs between 0 and 1V, and the specific capaci-
tance is 181 F g"'-AM at the scan rate of 2 mV s'. Pseudo-
capacitance from Mn(III)-Mn(II) redox reactions, denoted as
PC (III)—(II), commences at certain potential below 0 V. The
transition between PC (IV)—(III) and PC (III)—(II) is partially
delineated by the anodic curve of the dQ/dV plot of 100 mV s~
By taking the constant capacitance of 51 F g™! for PC (III)—(11),
the overall charge-storage capacity of pseudocapacitance over
the entire 2 V range is estimated to be 0.65 ¢ /MnO,, which
accounts for nearly 40% of the total charge-storage capacity,
at the scan rate of 2 mV s™%. Battery behavior involving bulk
reduction from Mn(IV) to Mn(III) and then to Mn(II), denoted
respectively as B (IV)—(III) and B (III)—(II) in Figure 6, takes
place primarily between 0 and —1 V. On the other hand, the
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Figure 6. Schematic expression of various charge-storage mechanisms
as a function of potential; B: battery behavior; PC: pseudocapacitance;
(1IV), (1), and (11): Mn ions having valences of 4, 3, and 2, respectively.
The red and blue lines are the dQ/dV plots of the MSO electrode acquired
at 2 and 100 mV s, respectively.

battery behavior involving oxidation from Mn(II) to Mn(III)
and then to Mn(IV), ie., B (II)—>(III) and B(III)—(IV), occur
concurrently with PC (IV)—(III) during the anodic scan from
—0.3 to 1 V. Overlapping over certain potential ranges between
the consecutive reduction or oxidation reactions are expected.
Figure 6 also illustrates the fact that the battery behavior pro-
vides a substantial amount of charge-storage capacity additional
to pseudocapacitance at low scan rates.

For the MnO, control electrode, by contrast, the two redox
pairs could not be clearly identified but showed broad humps in
the dQ/dV plots of Figure 7 even at the scan rate of 2 mV s!
The poorly resolved redox peaks indicate that the charge-transfer
kinetics taking place in the MnO, control electrode is much
slower than that in the MSO electrode. Moreover, the anodic
curves of the dQ/dV plots always showed negative capacitances
below —0.4 V, irrespective of the scan rate, indicating the lack

600 - 2
5
400 | 10
g scan rate: 20
1 ]
Top 0 @mVsh) g
% 0 I
Q -200 -
-400 |-
-600 -
1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0
Potential (V vs. Ag/AgCl)

Figure 7. dQ/dV plots of the MnO, control electrode acquired between
-1 and 1V (dashed line: dQ/dV plot at 2 mV s™' between 0 and 1 V).
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of pseudocapacitance from Mn(III)-Mn(II) redox reactions.
Figure 7 also plots the dQ/dV plot of the MnO, control elec-
trode measured between 0 and 1 V (177 F g"'-MnO,). It is
interesting to note that, while the MnO, control electrode and
the MSO electrode behaves similarly when scanned between
1 and 0 V (dashed lines in Figures 5b and 7), they perform
dramatically differently when the lower end of the OPW is
extended to —1 V.

Figure 8a,b plots the specific capacity data based on either
MnO, (C g'-MnO,) or total AM loading (C g'-AM) versus
scan rate. The MSO electrode possesses a specific capacity of
1786 C g '-MnO, (Figure 8a) or 572 C g"'-AM (Figure 8b) at
the scan rate of 2 mV s7. They are markedly higher than that
(363 C g'=MnO,) of the MnO, control electrode, and the dif-
ference increases with increasing scan rate. The AM specific
capacity of the MSO electrode at a scan rate of 200 mV s7,
for example, is 157 C g"'-AM, which is more than five times
that (30 C g"'-AM) of the MnO, control electrode. Further-
more, capacity data calculated from recent literature on various
MnO,-based composite pseudocapacitive electrodes, such as
MnO,—metal 18] MnO,-C?*?2 and MnO,-SiC,* have also
been plotted in Figure 8a,b for comparison. (The literature data
reported on the basis of MnO, are plotted in Figure 8a, while
those on total AM loading in Figure 8b.) As shown, compared
with these electrodes, the MSO electrode shows superior or
comparable charge-storage capacities and rate performance. It
is worth mentioning that the MSO electrode is operable over
a potential range of 2 V (-1 to 1 V; Figure 5a,b), whereas those
reported in the literature are practically no greater than 1 V.
Therefore, according to Equation (1), the MSO electrode may
afford an even greater advantage in terms of the energy-storage
capacity in the full-cell configuration.

The cycling stability of the MSO electrode was tested using
CV scanning at 20 mV s}, and the electrode retained 68% sta-
bility after 5000 cycles (Figure 9). By contrast, the MnO, con-
trol electrode lost more than 90% capacity in <500 cycles. The
cycle test of the MnO, control electrode led to the formation
of a brownish precipitate in the electrolyte, indicating extensive
Mn?* dissolution (inset in Figure 9). By contrast, no precipita-
tion was observed during the cycle test of the MSO electrode,
indicating no Mn?* dissolution. These results clearly show that
the MSO material design successively protects MnO, from ero-
sion when the electrode operates in a low-potential region.

2.3. Charge-Transfer Kinetic Mechanisms

Electron transfer during the charge—discharge of MnO, pseu-
docapacitive electrodes has been shown to involve not only the
adsorption—desorption of cations, such as electrolyte cation
(Li* in this case) and proton, at surfaces but also the insertion—
extraction of the cations through the crystallographic tunnels of
various dimensions and sizes within the crystal structures of
MnO, polymorphs.3*#% The cation insertion—extraction may
proceed through two types of kinetic mechanisms, namely the
homogeneous solid—solution intercalation (SSI) mechanism
and the heterogeneous two-phase reaction (TPR) mechanism.
In the SSI mechanism, the inserting cations randomly and
homogenously enter/leave the host matrix without creating
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Figure 8. Specific capacity versus scan rate for MSO and MnO, control electrodes; a) specific capacity based on MnO, only; b) specific capacity based
on total mass of active material (AM; composite). The open-square points are data derived from the literature and they are calculated based on reported

specific capacitance values and operating potential windows.

a new domain therein. By contrast, in the TPR mechanism,
domains having different, either local or long-ranged, struc-
tures coexist within the AM during charge—discharge. The TPR
mechanism involves nucleation and growth of the evolving
domains, whereas the SSI mechanism does not.

The kinetic mechanism of the MSO electrode was inves-
tigated based on in operando X-ray absorption near-edge
spectroscopy (XANES) analysis of the Mn k-edge absorp-
tion. The nature of the Mn ions within the bulk of the MnO,
nanodomains may be probed based on the Mn k-edge energy

Capacity retention (%)

40
204 Mno, |
r'y 4 A A A A
0 1 1 1 T
0 1000 2000 3000 4000 5000

Cycle number

Figure 9. Specific capacity versus the cycle number for MSO and MnO,
electrodes. The insets show the solution at the end of the cycling tests.
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and the profile of the near-edge absorption spectrum. As indi-
cated by the absorption spectra of standard Mn oxides shown
in Figure 10a, the Mn k-edge energy in general decreases with
reducing Mn valence,*>343] and some of the Mn oxides, for
instance Mn;0, and MnO, exhibit unique spectrum profiles
that are distinctly different from those of the other Mn oxides.

During the cathodic CV scan from 1 to -1 V, as shown in
Figure 10Db, the absorption edge progressively shifted toward
lower energies. The Mn k-edge of the oxide nanodomains
coincided with that of Mn;0, at —1 V, which corresponds to a
Mn valence of 2.7. The overall change in Mn valence for the
cathodic scan from 1 to —1 V determined from XANES was
approximately 1.3, which was slightly smaller than that (1.6)
from the CV measurement. However, it should be pointed out
that the structure of the MnO, nanodomains is not the same
as the standard samples of the Mn oxides, and therefore the
XANES analysis gives only approximated values of Mn valence.

It is also found in Figure 10b that there is no isosbestic
point existing among all the absorption spectra falling within
the range between Mn(IV) and Mn(III). The data indicate that
the Mn oxide domains remained single-phased and the charge
transfer between Mn(IV) and Mn(I1I) proceeds through the SSI
mechanism (Figure 11a).

During the anodic scan from -1 to —0.3 V, the absorption
edge further shifted to lower energies (Figure 10c); that is, while
the entire electrode was undergoing oxidation, the average
valence of the Mn ions within the bulk Mn oxide domains con-
tinued to decrease. The data indicate that charge transfer from
Mn(III) to Mn(II) is incomplete when the cathodic scan reaches
—1 V and that a battery current continues to flow into the elec-
trode during the early stage of the anodic scan, as indicated by
a negative capacitance appearing during the early stage of the
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in operando spectra of the MSO electrode acquired during reduction from
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oxidation from —1 to 0.2 V; and d) spectra during oxidation from 0.2 to 1V (the dashed line indicates the starting spectrum of the electrode).

anodic scan at the scan rate of 2 mV s7! (Figure 5b). Isosbestic
points are observed among the absorption spectra, including
those taken at -1, 0.3, and 0.2 V (Figure 10c), within the range
of Mn(Il) and Mn(IlI), indicating that the cation insertion/
extraction proceeds through the TPR mechanism (Figure 11b).
With further oxidation from 0.5 to 1V, the absorption spec-
trum progressively shifted back to its position at the beginning

(a) Solid solution intercalation mechanism

° H ‘ H o

(b) Two-phase reaction mechanism

Mn(II)-O

wano € ‘ <> wmmo

Figure 11. Schematics of the charge-transfer mechanisms involved in the
MSO electrode; a) the solid—solution intercalation mechanism for charge
transfer between Mn(IV)O and Mn(l11)O and b) the two-phase reaction
mechanism between Mn(I11)O and Mn(I)O
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of the cycle, indicating high reversibility of the entire charge
transfer process (Figure 10d).

Figure 12 shows the comparison of the EXAFS spectra
acquired within the potential ranges of the two charge-transfer
mechanisms. The spectra acquired at 1 and —0.5 V, which fall
within the SSI range, show the same two prominent peaks
that are characteristic of Mn(IV)-O and Mn(IV)-Mn(IV) of
birnessite. The spectra indicate that the fundamental birnes-
site structures do not change within this range, and this is con-
sistent with the SSI mechanism. A decrease in intensity with
an increase in Li ion upon reduction is due to the scattering
caused by the inserting Li ions, and it is commonly observed

4k Mn(II)-Mn(II)
ld

FT Magnitude (k=3)

Figure 12. EXAFS spectra of the MSO electrode acquired at three poten-
tials, namely 1,-0.5, and =1V, during a complete CV cycle between 1 and
—1 V. The dashed line plots the spectrum of MnO standard sample. The
down arrows locate the major peaks of the Mn (1V)-O phase, while the up
arrows locate those of the Mn(I)-O phase.

Adv. Energy Mater. 2015, 1500772



M

ADVANCED
ENERGY
MATERIALS

www.MaterlaIsV|ews.com

during the lithiation of an Li battery electrode.!! By contrast,
the spectrum acquired at —1 V, which is within the TPR range,
shows two sets of Mn—O and Mn—Mn peaks, including one set
of birnessite (the Mn—Mn peak is too weak to be observed) and
the other set close to that of crystalline MnO. The coexistence
of domains of Mn oxides with different local structures is con-
sistent with the TPR mechanism.

Finally, the XANES spectra of the MnO, control electrode
acquired at different potentials (Figure S4, Supporting Infor-
mation) showed profile characteristics of Mn(IV) with an edge
front shifting over a substantially narrower energy range than
that observed for the MSO electrode. The profile was irrevers-
ible, showing a reduction in the edge energy upon the comple-
tion of a CV cycle.

3. Conclusion

A novel material design strategy is demonstrated to substan-
tially widen (up to 2 V) the OPW of MnO,-based aqueous
pseudocapacitive electrode and to enable consecutive reversible
charge transfer from Mn(IV) to Mn(II) over thousands of cycles.
The material design involves forming spatially confined MnO,
nanodomains of which the surfaces are surrounded by electro-
chemically inactive SiO, with extensive interfacial Mn—O—Si
bonding. The resulting MSO electrode exhibits mixed pseudo-
capacitor—battery behavior with high charge-storage capacity in
an aqueous Li,SO, electrolyte between —1 and 1 V with no Mn
ion dissolution, which otherwise occurs in the conventional
bulk MnO, electrode and leads to fast charge-storage capacity
deterioration, during cycling. In operando synchrotron X-ray
absorption analyses reveal a two-step charge-transfer process,
consisting of a solid-solution mechanism between Mn(IV) and
Mn(III) and a TPR mechanism between Mn(III) and Mn(II).
The presented MSO nanostructure holds great promise for
high-capacity, high-energy supercapacitor applications.

4. Experimental Section

Synthesis  of MnQO,/SiO, Nanostructured Composite ~Material:
Mesoporous SiO, nanoparticles were purchased from Sigma Aldrich
and all chemical reagents used in this study were of an analytical grade.
To synthesize MnO,, 0.5 g of KMnO, was added to 40 mL of aqueous
dispersion solution containing 1.92 g of SiO,, and the solution was
treated at 150 °C for 48 h. After washing with distilled water, brownish
MnO,/SiO, powder (precipitate) was obtained. The product was
subsequently etched using 1 m NaOH solution for 12 h, washed with
distilled water, and finally dried in air at 60 °C.

Material ~ Characterization: Microstructural characterization was
conducted using scanning electron microscopy (SEM; JSM-7600F, JEOL)
and a TEM (FEI Tecnai TF20, Philips). Pore-size distribution of powder
samples were determined using BJH analysis on N, adsorption with
Micromeritics, ASAP2020. Raman scattering spectra were obtained using
a PROMaker system mounted with one thermoelectrically cooled CCD of
1024 x 256 pixels. Powder XRD was performed using a diffractometer
(X-pert/Philips) with Cu K, radiation. Synchrotron XRD and XANES
analyses were conducted using the beam-line 01-C2 (for XRD) and 17-C1
(for XANES) facilities at the National Synchrotron Radiation Research
Center in Taiwan. In operando XANES analysis was performed using Ti
mesh as the current collector and by placing the electrode in an acrylic
cell. The two sides of the cell were perforated and sealed using Kapton
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foils to allow the probing beam to pass through the cell. The scan rate
for the in operando XANES analyses was 2 mV s, and the scan was
stopped at each selected potential for 10 min before collecting data.

Electrochemical Characterization: To prepare the working electrode,
an electroactive material, carbon black (Aldrich), multi-wall carbon
nanotube (Scientech Corporation), and polytetrafluoroethylene (Aldrich)
with weight ratios of 70/10/5/15 in dry basis were mixed with ethanol to
produce a slurry, which was then casted into a film on a Ti foil and dried
at 50 °C for 60 min. The electrochemical properties of the electrodes
were characterized using CV and galvanostatic charge—discharge on a
potentiostat (608, CH Instruments; Eco Chemie PGSTAT30, AUTOLAB)
in 2 m Li,SO, aqueous solution. The fundamental electrochemical
properties of the electrodes were characterized in a three-electrode
configuration, which consists of a working electrode, platinum foil
counter electrode, and Ag/AgCl/saturated KCl (EG&G, 197 mV vs NHE
at 25 °C) reference electrode. The specific capacity (Q;) was calculated
by integrating the current over an entire CV cycle:

Q. =(§1av)/(wxmx2), )

where [ is the current, v is the potential scan rate, and m is the mass of
either MnO, or total AM.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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