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For manganese oxides with low manganese oxidation states, such as MnO or Mn3Oy, the
electrochemical oxidation during potential cycling is critical to achieve high supercapacitor
performance. In this work, dense Mn3;O, thin films are prepared by pulsed laser deposition. An
electrochemical lithiation/delithiation process is applied to the Mn;04 thin film, which leads to

a nanoporous structure of the film and greatly increases the porosity of the film. The nanoporous MnO,,
thin film electrode exhibits significantly improved supercapacitive performance compared to the as-
prepared Mn30, thin film electrode. After 1000 cyclic voltammetric scans in 1 M Na,SO, electrolyte
between 0 and 1 V, only part of the surface of the as-prepared Mn;0, thin film transforms into a MnO,
porous structure while the complete film of the nanoporous MnO,, transforms into a MnO, porous
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structure. It is believed that the nanoporous structure, which facilitates the electrolyte penetration,
leads to the completion of electrochemical oxidation through the film during the potential cycling,

resulting in promising supercapacitive performance of the film.

Introduction

As alternative energy storage devices, supercapacitors have
gained increasing attention due to their higher specific power and
longer cycle life compared to rechargeable batteries, and higher
specific energy compared to conventional capacitors.’* Due to
the high power feature, supercapacitors can be used as comple-
mentary power devices to rechargeable batteries in various
applications, such as hybrid electric vehicles, mass rapid transit,
power tools etc., that require high/peak power pulses for time-
dependent usage. According to their different energy storage
mechanisms, supercapacitors can be divided into electric double
layer capacitors (EDLCs) using electrostatic charge separation
and pseudocapacitors based on fast superficial redox reactions.?
Among various electrode materials, transitional metal oxides are
redox-active materials and very high specific capacitance has
been reported for ruthenium dioxide.* However, the high cost
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and toxic nature of ruthenium dioxide limit its commercial
application. Therefore, other transition metal oxides with lower
cost, such as NiO, Fe,03, SnO,, MnO,, have attracted consid-
erable attention with the anticipation that they will replace
ruthenium dioxide as low-cost and green electrode materials.>®

In searching for alternative electrode materials, MnO, has
been extensively investigated due to its excellent reversibility and
acceptable specific capacitance.”! However, the supercapacitive
performance of MnQO, is correlated with its crystallographic
structure and specific surface area.’* As the pseudocapacitance
comes from the reversible redox transitions of electrochemical
active materials, a high specific capacitance can only be achieved
when the crystal structure of MnO, can provide favorable
pathways for intercalation and deintercalation of protons or
alkali metal cations. Since the fast, faradic redox reactions occur
at the electrode surface, increasing the specific surface area of
MnO, can increase the utilization of the electrode material, thus
leading to a high specific capacitance. Various methods have
been developed to synthesize nanostructured MnO, with desired
crystal structure including sol-gel method, precipitation, elec-
trochemical deposition, chemical bath deposition, electrostatic
spray deposition, and hydrothermal synthesis.'>'> When Mn has
a lower oxidation state (<4+), the corresponding oxides such as
MnO, Mn;0,4 and Mn,0; do not show a promising capacitive
behavior. However, it was found in many recent papers that
MnO, (x < 2) with a lower oxidation state can be electrochem-
ically oxidized to MnO, during the potential cycling in an
aqueous Na,SO, electrolyte.'**® During the oxidation process,
water incorporation into the MnO, and a porous structure
formation are observed, which greatly improves the capacitive
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performance of the as-prepared MnO,.."” Therefore, electro-
chemical oxidation could be an effective method to synthesize
nanostructured and hydrated MnO, with promising capacitive
performance for supercapacitors. However, the correlation
between the as-prepared microstructure of MnO, and the elec-
trochemical oxidation process is still not clear. Djurfors et al
reported that a Mn/MnO thin film electrode can be prepared by
physical vapor deposition and it exhibits promising capacitive
behavior after the electrochemical oxidation.'® However, their
study indicates that only the surface of the film can be trans-
formed into a porous hydrated layer with a thick dense bottom
layer unchanged.®

It is speculated that the specific capacitance of the MnO,
electrode depends on how much of the electrode material can be
oxidized to MnQO,. The porosity of the electrode material prior to
the electrochemical oxidation could be an important factor
influencing the electrochemical oxidation process. In this work,
dense Mn3;0y thin film electrodes are prepared by pulsed laser
deposition. By using electrochemical lithiation/delithiation,
a nanoporous structure of the film is formed. The electro-
chemical oxidation and supercapacitor performance of the dense
film and the nanoporous film are studied. The relationship
between the microstructure of the MnO, thin film and the elec-
trochemical oxidation process is discussed.

Experimental
Preparation of MnzQy thin film and nanoporous MnQ, thin film

Mn;0,4 thin films were deposited on the stainless steel (SS)
substrates by pulsed laser deposition (PLD) using a metallic Mn
target. A Lambda Physik KrF excimer laser with wavelength
248 nm was used in the deposition. The film was deposited at
a substrate temperature of 600 °C with an oxygen partial pres-
sure of 200 mTorr. To perform the electrochemical lithiation/
delithiation, a lab-made Swagelok cell was assembled with
a Mn;0,4 thin film as the working electrode, a Li foil as both
counter and reference electrode and 1 M LiPF¢ in EC/DEC
(1:1, vol%) as the electrolyte. The cell was charged and dis-
charged between 0.01 and 3 V at a current density of 50 p A cm ™2
for 3 cycles (Fig. S1, ESIT). After the electrochemical lithiation/
delithiation, the cell was disassembled and the prepared MnO,
thin film electrode was rinsed with deionized water, and then
dried for further characterization.

Materials characterization

The crystallographic information of the thin films was investi-
gated using powder X-ray diffraction (XRD, Shimadzu X-ray
diffractometer 6000, Cu-Ka radiation). Morphologies of the
Mn;0, thin film sample, the MnO,, thin film sample, and sample
after electrochemical oxidation were characterized by field
emission scanning electron microscopy (FESEM, Hitachi
S4300). The morphology and structure of thin films were further
investigated by transmission electron microscopy (TEM) and
high resolution transmission electron microscopy (HRTEM,
JEOL, JEM-2010). The oxidation states of Mn for the MnO,
thin film before and after the electrochemical oxidation were
investigated by X-ray photoelectron spectroscopy (XPS, PHI
Quantera SXM Scanning X-ray Microprobe).

Electrochemical measurements

All electrochemical measurements were conducted using
a Solartron 1287 electrochemical interface combined with
a Solartron 1260 frequency response analyzer. For the super-
capacitive performance measurements, a three-electrode cell
system composed of a thin film as the working electrode, a high
surface carbon rod as the counter electrode, and an Ag/AgCl
reference electrode was employed. The capacitive behavior of
both the MnsO, thin film electrode and the MnO, thin film
electrode were characterized by cyclic voltammetry (CV)in 1 M
Na,SO, electrolyte at room temperature. CV measurements were
performed on the three-electrode cells in the voltage window
between 0 and 1.0 V at a scan rate of 50 mV s'. The electro-
chemical oxidation of the Mn3Oy thin film or the MnO,, thin film
occurs at the high potential during the CV scans. Electrochemical
impedance spectra (EIS) of different thin film electrodes were
measured at the open-circuit potential with an AC amplitude of
10 mV in the frequency range from 100 kHz to 100 mHz.

Results and discussion

Fig. 1 shows the XRD patterns of the Mn;0, film prepared by
PLD and the MnO, film after the electrochemical lithiation/
delithiation. The XRD pattern of the as-prepared Mn;O,4 thin
film (Fig. 1b) is in good agreement with that of the tetragonal
hausmannite Mn3Oy, structure (JCPDS card no. 24-0734). The
diffraction peaks from the Mn;QOy film can be indexed as (101),
(112), (103), (211), (004), and (224). After electrochemical lith-
iation/delithiation, the XRD pattern of the MnO, film shows no
diffraction peak from the film. It is probable that the diffraction
peaks of the MnO, thin film are too weak to be observed due to
the strong and sharp diffraction peaks of the SS substrate. The
difference in the XRD patterns between the as-prepared Mn30,
thin film and the MnO, film indicates that there is significant
structure change induced in the Mn304 thin film during the
lithiation/delithiation process.

The FESEM images with different magnifications of the as-
prepared Mn;0, thin film and the MnO, thin film after elec-
trochemical lithiation/delithiation are shown in Fig. 2. As shown
in Fig. 2a, the surface of the as-prepared Mn;0, thin film appears
compact and the film is closely packed with well-defined grains.
The grain size ranges from several tens to several hundreds of
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Fig. 1 XRD patterns for the as-prepared Mn;O, thin film and nano-
porous MnO, thin film.
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Fig. 2 (a) and (b) FESEM images for the as-prepared Mn3;Oy thin film.
(c) and (d) FESEM images for the nanoporous MnO, thin film after
lithiation/delithiation.

nanometres (Fig. 2b). Thin film thickness is estimated to be
about 300 nm from a cross-section FESEM image of a Mn;0,4
thin film deposited on a Si substrate (Fig. S2, ESIt). As shown in
Fig. 2c, cracks with different sizes and lengths form in the MnO,
film after the electrochemical lithiation/delithiation. The lith-
iation/delithiation of Mn;O;, thin film is accompanied with large
volume expansion/contraction, which induces huge strain in the
film and finally leads to crack formation. Despite the formation
of cracks, no peeling of the film is observed, indicating that good
adhesion between the film and the substrate is retained after
lithiation/delithiation. The grains of the MnO, film seem to
retain their original shape as in the as-prepared Mn;QOy thin film.
However, the surface of the grain of the MnO, film is not as
smooth as that of the as-prepared Mn;O, thin film, indicating
changes inside the grains (also see AFM image in Fig. S3, ESI+).

To further investigate the microstructure change of the Mn;Oy4
film before and after the lithiation/delithiation, part of the film
was scratched by a blade for TEM characterization. TEM images
of the as-prepared Mn;O, thin film and the MnO,, thin film are
shown in Fig. 3. A TEM image of several clustered grains from
the as-prepared Mn;Oy thin film is given in Fig. 3a. The grains
appear very compact without any porosity. The electron
diffraction pattern (ED) of a single grain demonstrates the single-
crystalline nature of Mn3;O4 as shown in Fig. 3b. The well-
resolved lattice spacings of about 4.85 and 3.17 A from the ED
pattern correspond to the value of (101) and (112) planes of
tetragonal Mn;QOy,, which are in agreement with the XRD result.
In contrast to the intact single crystal grains, the grains after
lithiation/delithiation are pulverized with a high porosity as
shown in Fig. 3c and 3d. The HRTEM in Fig. 3e demonstrates
the formation of disordered nanograins and nanopores of less
than 10 nm in the original single crystal grain. The lattice fringes
in Fig. 3f clearly confirm the crystallinity of the nanograins. The
inter-planar space measured as 0.23 nm can be attributed to the
(200) plane of the MnO crystal structure. The ED pattern
inserted in Fig. 3f indicates that the original single crystalline
grain becomes polycrystalline after lithiation/delithiation.
Furthermore, instead of Mn;QO,, the ED pattern can be indexed
as the MnO phase. It is speculated that there is some irreversible

Fig. 3 (a) TEM image of the as-prepared Mn;0, thin film sample. (b)
ED pattern of the as-prepared Mn;0, thin film sample. (c) and (d) TEM
images of the nanoporous MnO, thin film sample. (e) and (f) HRTEM
images of the nanoporous MnO, thin film sample (inset in (f) is the ED
pattern of the nanoporous MnO,, thin film sample).

capacity between the lithiation and delithiation (Fig. S1, ESI¥),
which means not all the Li inserted in the as-prepared Mn;O,4
film is removed after the delithiation. Due to incomplete Li
removal, the Mn metal may not be completely oxidized to
Mn304 but to MnO, which is in good agreement with Fang
et al’s result.’ Due to some residual Li in the film, the formula
MnO,, is used to denote the film after lithiation/delithiation for
convenience.

To investigate the electrochemical oxidation and capacitive
performance of the as-prepared Mn3;0,4 and nanoporous MnO,
thin film electrodes, 1000 CV potential scans between 0 and 1 V
at a scan rate of 50 mV s~ were performed on both electrodes.
Fig. 4a shows the CV curves for the first cycle and the 1000th
cycle for the Mn;0y4 thin film electrode. For the first cycle, the CV
curve exhibits an obvious current leap near the upper potential
limit, which could be attributed to the electrochemical oxidation
process and/or water decomposition with oxygen evolution.
According to Broughton and Brett ez al., Mn could be electro-
chemically oxidized to Mn**, Mn3;0,4, Mn,0O3; and MnO, with
increasing anodic potential in the sodium sulfate aqueous solu-
tion, and the onset of MnO, exists in the potential at 0.8 V (vs.
Ag/AgCl) in 1 M sodium sulfate aqueous solution.?® The initial
specific capacitance of the film is only 12.3 F g™', which is
contributed to by the Mn30O4 phase. As the potential scan
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Fig.4 (a) The first and the 1000th cycle CV curves of the as-prepared Mn;Oy thin film. (b) The first cycle CV curve of the as-prepared Mn30, thin film,
the first and 1000th cycle CV curves of the nanoporous MnO, thin film. (c) The specific capacitance of the as-prepared Mn3;0,4 and the nanoporous
MnO, as a function of cycle number. (d) Nyquist plots of the as-prepared Mn30, and the nanoporous MnO,, thin films.

continues, the current density of the CV curve keeps increasing
and becomes stabilized after about 1000 cycles. At the 1000th
cycle, the specific capacitance of the film is increased to 57.6 F g™
with a larger area of the CV curve. The CV curve at the 1000th
cycle exhibits a distorted rectangular shape without an obvious
current leap at the upper potential limit, indicating the electro-
chemical oxidation process is completed. Fig. 4b shows the CV
curves for the first cycle of the as-prepared Mn;0, thin film, the
first cycle and the 1000th cycle of the nanoporous MnO, thin film
electrodes, respectively. For the first cycle, the CV curve of the
nanoporous MnO, thin film exhibits a much larger area
compared to that of the Mn;O, thin film, indicating significantly
improved capacitive performance for the Mn3;0, thin film after
lithiation/delithiation. The specific capacitance of the thin film
electrode is increased to 150 F g™ after the lithiation/delithiation.
This could be explained by the nanoporous structure of the film,
which leads to a much larger surface area of the film. An obvious
current leap at the upper potential limit can be observed from the
first cycle CV curve of the nanoporous MnO, thin film electrode,
which indicates an obvious electrochemical oxidation process. As
shown in Fig. 4b, after 1000 potential scan cycles, the current
leap at the upper potential limit disappears, indicating that the
electrochemical oxidation process is completed and the water
decomposition at high potential could be neglected for this
electrode. The current density of the CV curve of the nanoporous
MnO, thin film electrode keeps increasing during the continuous

potential scan and reaches a maximum after 1000 cycles. After
1000 cycles, the final specific capacitance of the nanoporous
MnO,, thin film electrode reaches about 213 F g™', which is much
larger than that of the Mn;0,4 thin film electrode. The specific
capacitance as a function of cycle number for the as-prepared
Mn;0y4 thin film electrode and the nanoporous MnO, thin film
electrode are compared in Fig. 4c. It seems that the lithiation/
delithiation process plays an important role in improving the
specific capacitance of the thin film electrode. Without such
a process, the final specific capacitance of the thin film electrode
can only reach one fourth of that of the nanoporous MnO, thin
film electrode. For the nanoporous thin film electrode, the
specific capacitance increases significantly in the first 100 cycles
and then increases slowly up to the 1000th cycle. The specific
capacitance reaches a maximum at about the 1000th cycle and
starts to decrease slowly after 1000 cycles. After 2000 cycles, the
thin film electrode still can deliver a specific capacitance of about
193 F g™', which is 91% of the specific capacitance at the 1000th
cycle.

Nyquist plots for the as-prepared Mn;0,4 thin film electrode
and the nanoporous MnO, thin film electrode are shown in
Fig. 4d. For both Nyquist plots, a semicircle in the high-
frequency region and a straight line at low frequency region can
be observed. The diameter of the semicircle in the high-frequency
region corresponds to the charge transfer resistance at the
electrode/electrolyte interface. It is clear to see that the
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charge-transfer resistance of the thin film electrode reduces
remarkably after the electrochemical lithiation/delithiation. The
small charge-transfer resistance of the nanoporous MnO, thin
film electrode is due to the formation of a nanoporous structure,
which facilitates the penetration of the electrolyte into the elec-
trode and greatly increases the interface between the electrode
and electrolyte. For a simple electrode—electrolyte system, the
low frequency straight line should exhibit a slope of 45° if the
process is under diffusion control, or a slope of 90° if the system
is purely capacitive in nature. The finite slope of the straight line
represents the diffusive resistance of the electrolyte in the elec-
trode pores and cation diffusion in the host materials. It can be
seen that the slope of the straight line for the nanoporous MnO,
thin film electrode is larger than that of the as-prepared Mn30,
thin film electrode, indicating a lower diffusive resistance of the
electrolyte for the MnO, thin film electrode. It is believed that the
numerous nanopores in the MnQO, thin film electrode facilitate
the penetration of the electrolyte into the electrode, leading to
fast diffusion of the electrolyte into the pores of the MnO, thin
film electrode.

To investigate the surface morphology evolution induced by
the electrochemical oxidation and the difference of capacitive
behavior between the as-prepared Mn;0y, thin film electrode and
the nanoporous MnO, thin film electrode, we performed
FESEM measurements on the two thin film electrodes after
1000 CV potential scans. FESEM images of the as-prepared
Mn;0y thin film electrode and the nanoporous MnO, thin film
electrode after potential scans are given in Fig. 5a and Sb. After
potential scans, part of the surface of the Mn;O4 thin film is
transformed into a porous structure. However, underneath the
porous layer, most of the film retains its original morphology
before potential scans, indicating the electrochemical oxidization
only occurs at part of the surface of the film (Fig. S4(a), ESIT) In
comparison, the nanoporous MnO, film is fully transformed into
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Fig. 5 (a) FESEM image of the as-prepared Mn3Oy thin film after 1000
CV potential cycles. (b) FESEM image of the nanoporous MnO, thin
film after 1000 CV potential cycles. (¢c) TEM image of the nanoporous
MnO, thin film sample after 1000 CV potential cycles. (d) Mn 2p spectra
of the nanoporous MnO, thin film sample before and after 1000 CV
potential cycles.

a highly porous structure after the potential scans (Fig. S4(b),
ESIt), indicating that the electrochemical oxidization occurs
everywhere in the nanoporous film. To investigate the porous
structure of the film after the electrochemical oxidation, part of
the nanoporous MnO, film after potential scans was scratched to
do the TEM measurement. As shown in Fig. Sc, it can be seen
that the film after the electrochemical oxidation is composed of
interconnected nanosheets. The film after the electrochemical
oxidation exhibits a nearly amorphous structure as confirmed by
the inserted ED pattern in Fig. Sc. Djurfors and Broughton et al.
reported that a porous, amorphous, and hydrated MnO, layer
can form at the surface of a Mn/MnO film after the electro-
chemical oxidation.'® Xie et al. and Lokhande et al. reported that
Mn;0y thin films can transform into birnessite-type MnO, thin
films after the electrochemical oxidation.'®'” To confirm the Mn
is oxidized to a high valence state after the electrochemical
oxidation, XPS measurements on the nanoporous MnO, film
and the film after 1000 CV potential scans were carried out.
Fig. 5d shows the Mn 2p XPS spectra for the two thin film
samples. The peak attributed to Mn 2p3/2 shifts from 654.6 to
642.1 eV, which indicates the oxidation process from Mn?** to
Mn** and formation of MnO, after the CV potential scans.?*

The electrochemical oxidation process is critical to the
capacitive performance for the series of manganese oxides with
low manganese oxidation states (<4+). MnO, (x < 2) usually
exhibits poor capacitive performance and can not be used as
promising electrode materials for supercapacitors. However,
after the electrochemical oxidation, not only can Mn be oxidized
to 4+, as MnQO, is a promising electrode material for super-
capacitor, but also a porous structure is formed in situ, which can
further improve the capacitive performance. Therefore, maxi-
mizing the specific capacitance of the electrode material depends
on the degree of completion of the electrochemical oxidation of
the electrode material. Djurfors et al. found that the electro-
chemical oxidation can only form a porous layer on top of
a dense Mn/MnO film and they believed that the porous layer is
solely responsible for the capacitive behavior of the film.?® If the
initial film is dense and thick, only the surface area can be
transformed into MnO, with a porous structure, resulting in
a low utilization of the film and low specific capacitance. In the
present study, it is found that the porosity of the initial film
before the electrochemical oxidation is critical to the electro-
chemical oxidation process. The electrochemical oxidation
processes of the as-prepared Mn;0, thin film and nanoporous
MnO, thin film are illustrated in Fig. 6. For the as-prepared
Mn;0y thin film, the film is composed of closely packed single
crystal grains and only the surface area of the film can be exposed
to the electrolyte. Since the grains are closely packed and single
crystal in nature, it is difficult for the electrolyte to diffuse into
the electrode, resulting in limited electrode/electrolyte interface.
The potential scans between 0 and 1 V in Na,SOy, electrolyte are
also associated with Na* adsorption/desorption at the film
surface and Na™ intercalation/deintercalation into/from the film.
These electrochemical processes cannot induce significant
volume change or structure change of the film to create pores or
cracks in the film. During the electrochemical oxidation process,
the oxidation of Mn can only occur at the electrode/electrolyte
interface. Without extra pores for the penetration of electrolyte,
the electrochemical oxidation process will stop till a porous layer
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Fig. 6 Schematic illustration of the electrochemical oxidation processes
of the as-prepared Mn;Oy thin film and the nanoporous MnO, thin film.

forms at the surface. For the nanoporous MnO, thin film, the
film is composed of nanograins and nanopores less than 10 nm.
During the lithiation/delithiation process, the film is under high
strain due to the large volume change, which finally leads to
crack formation. At the same time, the original single crystal
Mn;0,4 grains are all pulverized, resulting in the nanoporous
structure with a high porosity. All these cracks and nanopores
formed during the lithiation/delithiation process can facilitate the
electrolyte penetration into the film, enabling the lithiation/
delithiation process to proceed from the top to the bottom of the
film. In this case, the electrolyte can penetrate into the electrode
through the numerous pores, which greatly increases the elec-
trode/electrolyte interface. With the nanoporous structure, the
electrochemical oxidation process can occur anywhere in the
electrode, leading to oxidation of the whole film and complete
transformation of the film into the final porous structure
composed of MnO, nanosheets. The completion degree of elec-
trochemical oxidation of the film is critical to the capacitive
performance of the final product. After electrochemical oxida-
tion, the nanoporous MnO, film delivers a specific capacitance 4
times higher than that of the as-prepared Mn;Oy film. Therefore,
the porosity of the initial electrode is important for the comple-
tion degree of the electrochemical oxidation and the final specific
capacitance of the electrode.

Conclusions

The lithiation/delithiation method has been successfully
employed to form a nanoporous structure in situ from the dense
Mn;0,4 thin film prepared by PLD. The electrochemical
oxidation occurs on both the as-prepared Mn;O, thin film
electrode and the nanoporous MnQO, thin film electrode during
the CV potential scans, which leads to improvement of the
capacitive performance. However, the final specific capacitance
of the nanoporous MnO, thin film electrode after electro-
chemical oxidation is four times higher than that of the as-
prepared Mn3O4 thin film electrode. It was found that the
electrochemical oxidation only occurs at the surface of the as-

prepared Mn3;O, thin film while it take place throughout the
nanoporous film. It is believed that the porosity of the initial
film plays an important role in the electrochemical oxidation
process. The numerous nanopores in the MnO, film serve as
diffusion channels, facilitating the penetration of the electrolyte
and leading to the completion of electrochemical oxidation
through the film. The specific capacitance of the electrode is
correlated to the completion degree of electrochemical oxidation
of the electrode.
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