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Battery and capacitor are each an indispensable 
component of electronic products in contempo-
rary human life. Many researchers devote time to 
related topics and fields. In this work, Nae-Lih Wu 
led his group to develop a new mixed pseudoca-
pacitor-battery electrode material. A metal oxide 
such as MnO2 is an electrode material famous for 
not only its low cost, natural abundance and envi-
ronmental compatibility but also its outstanding 
rate and high-capacity performance. The specific 
energy (E) of a capacitor is described with

E=1/2CΔV 2=1/2QΔV

in which C is the specific capacitance, ΔV is the 
operating voltage range, and Q is the specific 
charge-storage capacity. There are two obvious 
factors to improve the specific energy, the charge-
storage capacity and the operating potential win-
dow (OPW) of the pseudocapacitor electrodes. 
Until now, the charge-storage capacity of MnO2-
based pseudocapacitors has been limited to a 
small fraction of a one-electron transfer between 
Mn(IV) and Mn(III) ions per unit formula of 
MnO2  with OPW ≤ 1 V.1 To exceed this charge-
storage limit, new strategies that enable revers-
ible electron transfer between Mn ions of lower 
valences are required, which also means that the 
OPW must be extended to lower potentials. A 
novel design of metal-oxide pseudocapacitor 
demonstrated to widen substantially the operat-
ing potential window can store electrical energy 
by electron-charge transfer between electrode and 

electrolyte. Wu’s group designed a MnO2-SiO2 
nanostructured composite exhibiting unique 
mixed pseudocapacitance-battery behavior.2

Synchrotron powder diffraction patterns were 
measured at BL01C2. Patterns of porous Mn-Si-
O (MSO) composite show also a broad hump 
that is attributed to the SiO2 component. The 
signals of MSO are much broader than those of 
MnO2 control powder, which means that the 
average size of birnessite crystallites in the MSO 
sample is less than that in the control powder. 
Based on the Debye-Scherrer equation, the 
average crystallite size of MSO powder is 4.2 nm 
and 13.8 nm for the MnO2 control powder. For 
the MnO2 control powder, the structure changes 
from birnessite to spinel when the potential 
ranges from -1 to 1 V (shown in Figs. 1(b) and 
1(c)). In contrast, for the MSO powder, the oxide 
particles disappeared after the conditioning cycles 
between -1 and 1 V. The XRD data acquired 
before and after the conditioning cycles enabled 
two major conclusions. First, electrochemical 
reduction of birnessite leads to an irreversible 
structure transformation into a more compact 
spinel structure. Second, the interfacial binding 
between the MnO2 nanodomains and SiO2 might 
help to prevent the structure transformation and 
volume contraction. These conditions might 
form the reason that the MSO electrode retains a 
more open birnessite structure suitable for a large 
charge-storage capacity.

The cycling stability of the MSO electrode was 
measured in CV scans at 20 mVs−1. The MnO2 
control electrode lost more than 90 % capacity 
about 500 cycles, but the MSO electrode retained 
68 % stability after 5000 cycles (shown in Fig. 
2). No precipitation was observed during the 
conditioning cycles of the MSO electrode, indi-
cating no Mn2+ dissolution. These results show 
clearly that the MSO material design successively 
protects MnO2 from erosion when the electrode 
operates in a region of low potential.

The kinetic mechanism of the MSO electrode 
was investigated with the aid of Mn K-edge ab-
sorption spectroscopy in operando at BL17C1. 
In Fig. 3(a), the Mn K-edge absorption energy is 
proportional to its oxidation state. In general, the 
energy decreases with decreasing Mn valence. 
During a cathodic CV scan from -1 to 1 V, shown 
in Fig. 3(b), the absorption edge shifted toward 
smaller energy. The lack of an isosbestic point 
among all absorption spectra indicates that the 
Mn oxide domains remained single phase and 
charge transfer between Mn(IV) and Mn(III) 
proceeds through a solid-solution intercalation 
mechanism (SSI). During the anodic scan from 
-1 to -0.3 V, the absorption edge further shifted to 
smaller energy, which reveals that charge transfer 
from Mn(III) to Mn(II) is incomplete and a nega-
tive capacitance appeared during the early stage 
of the anodic scan. In the absorption spectra was 
observed an isosbestic point among data recorded 

A Mixed Pseudocapacitor-Battery Electrode with High 
Capacity and High Rate Character

Fig. 2: Specific capacity versus cycle number for MSO and MnO2 electrodes. 
[Reproduced from Ref. 2]

Fig. 1: Powder diffraction patterns: (a) mesoporous SiO2 host powder, (b) MnO2 
control (birnessite), (c) MnO2 after  conditioning cycles (spinel) between -1 and 1 V, (d) 
MSO composite powder, and e) MSO electrode after conditioning cycles between -1 
and 1 V. [Reproduced from Ref. 2]
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tion and extraction has two kinetic types, a homogeneous SSI mechanism 
and a heterogeneous TPR mechanism (shown in Fig. 4). In the SSI mecha-
nism, the inserting cations randomly enter or leave the host matrix without 
creating a new domain. In contrast, in the TPR mechanism, the inserting 
cations create distinct domains, either local or long-range.

at -1, -0.3 and 0.2 V, indicating that the cation insertion or extraction proceeds 
through a two-phase reaction mechanism (TPR).

In sum, charge transfer during charge and discharge of MnO2 pseudocapaci-
tive electrodes involves not only the adsorption and desorption of cations but 
also the insertion and extraction of cations. The mechanism of cation inser-

Fig. 3: Mn K-edge XANES analysis: (a) spectra of standard powders with varied oxidation states; (b) spectra in operando of the MSO electrode acquired during reduction from 1 to 
-1 V (dashed lines delineate the edge profiles of standard powders including, from left to right, MnO, Mn3O4 and MnO2); (c) spectra during oxidation from -1 to 0.2 V, and (d) spectra 
during oxidation from 0.2 to 1 V (dashed line indicates the initial spectrum of the electrode). [Reproduced from Ref. 2] 

Fig. 4: Charge-transfer mechanisms, two types involved in the MSO electrode. 
(a) Solid solution intercalation mechanism, (b) Two-phase reaction mechanism. 
[Reproduced from Ref. 2]

Fig. 5: EXAFS spectra of a MSO electrode acquired at three potentials, namely 1, 
-0.5 and -1 V, during a complete CV cycle between 1 and -1 V. A dashed line plots the 
spectrum of a MnO standard sample. The downward arrows locate the major signals 
of the Mn(IV)-O phase, while the upward arrows locate those of the Mn(II)-O phase. 
[Reproduced from Ref. 2]

0.0

0.0

0.0

0.0

6.54
6.54

6.546.546.53 6.55

6.55
6.55

6.556.56

1V

1V0.5V0.2V

-1V

-1V0.2V

-0.3V

6.56
6.56

6.566.57 6.58

6.57
6.57

6.576.59

0.8

0.8

0.8

0.8

(a)

(c)

(b)

(d)

0.2

0.2

0.2

0.2

1.0

1.0

1.0

1.0

0.4

0.4

0.4

0.4

1.2

1.2

1.2

1.2

0.6

0.6

0.6

0.6

1.4

1.4

1.4

1.4

1.6

1.6

1.6

1.6

1.8

1.8

1.8

1.8

MnO2 

MnO

Energy (keV) Energy (keV)

Energy (keV) Energy (keV)

isosbestic point

Ab
so

rp
tio

n 
(a

.u.
)

Ab
so

rp
tio

n 
(a

.u.
)

Ab
so

rp
tio

n 
(a

.u.
)

Ab
so

rp
tio

n 
(a

.u.
)

Mn2O3 

Mn3O4 

Mn(IV)-O

Mn(IV)-Mn(IV)

Mn(II)-Mn(II)

1V

-0.5V

Mn(II)-O
-1.0V

FT
 M

ag
ni

tu
de

 (k
=3

)

0
0

2

4

6

8

10

12

14

1 2 3 4

R(A)

(a)

(b)

Mn(IV)-O Mn(III)-O

Mn(III)-O Mn(II)-OMn(III)-O

Mn(II)-O



Physics and M
aterials Science

011

Fig. 1: Variations of lattice parameters (in Å) and volumes (in Å3) with corresponding x values in 
SrxCa0.993-x AlSiN3:Eu2+

0.007 (x = 0 to 0.9) through Rietveld refinements. [Reproduced from Ref. 3]

The Mn K-edge EXAFS spectrum 
acquired at 1 and -0.5 V of the MSO 
sample show two prominent signals at 
1.28 and 2.4 Å, which correspond to 
Mn-O and Mn-Mn bonds, respec-
tively. An additional signal about 1.8 
Å observed before the conditioning 
cycles is in accordance with an as-
sumption of Mn-O-Si bonding. The 
spectra indicate that the fundamental 
birnessite structure does not change 
within the potential ranges of the two 
charge-transfer mechanisms and is 
consistent with the SSI mechanism. In 
contrast, the spectrum acquired at -1 
V is within the TPR mechanism. The 
coexistence of domains of Mn oxides 
with disparate local structures is 
consistent with the TPR mechanism.

A novel strategy for material design is 
demonstrated to widen significantly 
(up to 2 V) the OPW of a MnO2-
based aqueous pseudocapacitive 
electrode and to enable consecu-
tive reversible charge transfer from 
Mn(IV) to Mn(II) over thousands of 
cycles. The material design involves 
forming spatially confined MnO2 
nanodomains of which the surfaces 
are surrounded by electrochemically 
inactive SiO2 with extensive interfacial 
Mn-O-Si binding. The resulting MSO 
electrode exhibits mixed pseudoca-
pacitor−battery behavior with high 
charge-storage capacity, which holds 
great promise for supercapacitor ap-
plications requiring large capacity and 
high energy. (Reported by Yu-Chun 
Chuang)

This report features the work of Nae-Lih 
Wu and his co-workers published in Adv. 
Energy Mater. 5, 1500772 (2015).
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Light-emitting diodes (LED) are the most important 
source of light in our daily life because of not only their 
great energy efficiency and energy consumption but 
also environmental compatibility. White LED can save, 
relative to incandescent light bulbs, approximately 70 
% of energy and lack hazardous mercury commonly 
used in luminescent tubes.1

Two ways to produce a white light LED are (I) mixing 
red, green and blue light, and (II) exciting a red phos-
phor with an ultraviolet or blue LED. Nitride phos-
phors, one type of red-emitting phosphor material, are 
known to be suitable for white LED. Such phosphors 
have also been studied extensively to increase the 
color-rendering index (CIE 1931), and the thermal or 
chemical stability.2 Cation substitution is a common 
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Fig. 2: (a) Raman spectrum of SrxCa0.993-x AlSiN3:Eu2+ (x = 0, 0.3, 0.6 and 0.9). (b) Schematic graph of separate 
clusters in the lattice. [Reproduced from Ref. 3]
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