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Tuning the morphology of manganese
oxide nanostructures for obtaining both high
gravimetric and volumetric capacitancet
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Obtaining both high gravimetric capacitance (Cs_,) and high volumetric capacitance (Cs_y) in
supercapacitors is still a great challenge. We prepared manganese oxide (MO) nanostructures by pulsed
laser deposition, using a metallic Mn target in an O, atmosphere with pressures ranging from 0.1 Torr to
2.0 Torr at room temperature. The morphology gradually changed from a dense film to nanofoam
with different porosities and densities. Raman spectroscopy and X-ray photoelectron spectroscopy
revealed a similar oxidation state despite distinct microstructures. Cs ,, and Cs v for the three typical
nanostructures, namely thin films, perpendicular columnar structures and nanofoams, were compared. It
was found that the highest C , value was not obtained in the nanofoam sample with the highest
porosity, but it was achieved in the sample with a perpendicular columnar structure with a C_, value of
976 F g~* at 5 mV s~%. Such a configuration showed the highest C, v as well with a value of 830 F cm™3
at 5 mV s~ The best performance with voltage scan rates higher than 50 mV s~ was found in the
nanofoam structures with the values of 612 F g~ at 100 mV s~ and 352 F g~ at 300 mV s~ Our
research gives useful suggestions for material design in supercapacitor electrodes: a suitable
microstructure can be used for applications focusing on different parameters of a supercapacitor. The
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1 Introduction

Supercapacitors are promising energy storage devices with
desirable properties such as long life-time, high power density
and faster charge/discharge rate, which fill well the gap
between conventional capacitors and batteries."® The most
commonly used electrode materials are active carbon
materials®® (graphenes,® nanotubes,” and carbon materials
obtained from biomass®), conducting polymers,” metallic
nanoparticles,'® transition metal oxides and selenides,"*™*
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results might be of general interest for the energy storage research community.

and composite materials.’*'” Manganese oxides (MOs) have
been widely studied as electrode materials, due to their high
energy storage capacity, abundancy in nature and low cost.'®2°
MOs can exist in several oxidation states (Mn>*, Mn** and
Mn*"), forming different oxides, such as MnO, Mn;0,, Mn,O;
and Mn0,.>"** The most commonly used MO for supercapaci-
tors is MnO,,2*>3 but other oxides like Mn;0, have been more
and more investigated.>* The gravimetric capacitance (C; )
obtained for the pure Mn;O,4 phase® is 401 Fg " at 10 mV s
and for the Mn,0; crystalline phase, the value is 460 F g~ " at
10 mv s '.%°

Despite many advantages, MOs do not undergo fast ion
diffusion in the bulk form, and thus the pseudo-capacitance
is mainly provided by surface reactions.”” Therefore, the per-
formance of MOs as supercapacitor electrodes is dominated by
a specific surface area® and for this reason, nanostructured
MOs are usually used as supercapacitor electrodes. Nanostruc-
tured electrodes can be prepared by different methods, for
example, chemical and electrochemical methods,'®*® electro-
phoretic deposition,*® physical vapor deposition®*® sol-gel
methods,**? hydrothermal methods®® and successive ionic
layer adsorption and reaction methods.***® Pulsed laser
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deposition (PLD) in the presence of a buffer gas has been
reported as a versatile tool for fabricating nanoparticles and
other nanostructures with controlled size.**”*® This technique
is used to synthesize MO electrodes as well.**** Yang synthe-
sized MOs using manganese metallic and Mn;0, targets in an
0O, atmosphere with pressures ranging from 1 mTorr to 0.5 Torr
and obtained crystalline phases of Mn,03, Mn;O, and amor-
phous MnO,.**> With the background gas pressures being
higher than those used for the production of nanoparticles, a
new type of nanostructure, namely nanofoam, can be fabri-
cated, with a highly porous and interconnected foam-like
morphology.**™*° Nanofoams of different materials, such as
carbon**** and metal oxides (ZnO, TiO,, SnO, and MoO,),*®
have been produced by PLD.

Due to the progress in the study of nanostructured materials,
the performance of supercapacitors has been continuously
improved as a result of the larger surface area and better
activity of electrode materials. However, the high specific sur-
face area usually comes together with a low packing density,
which results in a large volume occupancy of the produced
devices. Huan Li et al. discussed the importance of volumetric
capacitance (Cs v) and studied methods to quantify the volu-
metric performance of supercapacitors.”” Zhuangnan Li et al.
reported that a maximum Cy vy can be achieved when the pore
sizes match the diameter of the electrolyte ions by tuning the
interlayer spacing of freestanding graphene laminate films.*?
Our group recently reported the production of MO nanofoams
by PLD, which showed a very large specific surface area and a
high specific capacitance as electrodes in supercapacitors.*!
However, there are still several points which are unclear or can
be improved for the understanding of the MO nanofoam: first,
the MO nanofoam shows a large surface area but a small
density, ie., although its Cs ,, is high, its Cs y is quite low.
Second, there is an activation process within the first 200 cycles
whose mechanism is still not very clear. Last, there is still space
to improve the mechanical properties by increasing the density
and strengthening the connection between the MO nano-
particles that build the MO nanoform. As discussed above,
Cs_m and Cg vy are closely related to the density and the specific
surface area of the nanostructures, and hence high Cs v, is
usually accompanied with low Cs v and vice versa. In order to
obtain both high C; ., and Cs v in a supercapacitor, nano-
materials with a suitable density are desirable. However, it is
still a challenge to produce nanostructures with a controlled
particle and pore size. By using PLD, it is practically simple to
change the pressure in the PLD chamber and consequently, to
tune the density of the prepared nanostructures in a straight-
forward way.*®>*> The oxidation state of the transition metal
oxides prepared by this method is expected to be similar, and
thus one can focus on the pure morphology effect on the
supercapacitive properties.

In this work, we report on the synthesis and characterization
of MO nanostructures by PLD with a tunable microstructure,
driven by only one parameter: the background gas pressure.
How the gas pressure affects the microstructure and the
deposition rate will be discussed in this work. We aim at the
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fabrication of a suitable nanostructure showing both high C ,
and Cs_y. The purely morphological effect on the supercapaci-
tive properties is the main objective of this investigation.

2 Methods

The MO nanofoam was prepared by PLD from a metallic Mn
target in the presence of O, with a pressure range of 0.1, 0.5, 1.0
and 2.0 Torr at room temperature (the samples are named as
MOO01, MO05, MO10 and MO20). The deposition conditions
and other parameters for the samples are listed in Table S1 in
the ESI.{ Target ablation was done using the first harmonic
(1064 nm wavelength) of a pulsed Nd:YAG laser with 200 m]
energy of each pulse, 0.12 ] mm 2 energy density, 7 ns pulse
duration and 10 Hz repetition rate. The beam was focused
onto the Mn target with an incidence angle of 45° and the
ablated Mn plume expanded in the direction of the substrate,
which was mounted on a sample holder, at a fixed 3.5 cm
distance from the target. Samples for structure and morphology
studies were deposited over Si single crystal wafers (100) and
samples for electrochemical studies were prepared over
stainless-steel sheets as substrates, with the deposition time
fixed for 30 minutes duration. The deposition rates were
measured with a quartz crystal balance mounted inside the
PLD vacuum chamber. The as-prepared samples were then
heat-treated in air for 90 minutes at 300 °C in order to improve
the mechanical bonding properties. The morphology and thick-
ness of the samples were investigated with field-emission
scanning electron microscopy (SEM: JEOL JSM 7100F). The
chemical composition and the electronic structure of the
products were characterized by Raman spectroscopy (Witec
alpha 300 Raman spectrometer, 532 nm wavelength excitation)
and X-ray photoelectron spectroscopy (XPS: a Thermo Scientific
ESCALAB 250XI spectrometer with monochromatized Mg-Ko
radiation). A typical three-electrode glass cell equipped with a
working electrode (stainless steel with manganese oxide depos-
ited), a platinum foil counter electrode, and a Ag|AgCl (3 M)
reference electrode was used for electrochemical measurements.
Cyclic voltammetry (CV) was performed using an electrochemical
workstation (Ivium Technologies model: IviumnStat) in a 0.1 M
Na,SO, aqueous solution.

3 Results and discussion

Fig. 1(a) shows the deposition rates of MO measured with
the quartz balance. We could see that the deposition rates
decreased with the increasing pressure. Fig. 1(c) and (d)
illustrate the laser ablation process in vacuum and with the
background gas in the chamber. When the laser pulse reached
the target surface, it evaporated atoms and small clusters of the
target material with a quite high speed inside the plasma
plume and they could deposit on the substrate with plume
expansion. In vacuum, the mean-free-path of the atoms is
much higher than the target-substrate distance. As a result,
the atoms could arrive at the substrate with very low collision

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Deposition rates measured by the quartz balance as a function
of pressure in the chamber. (b) Densities and thicknesses of the samples as
a function of pressure. Schematic illustration of the deposition process (c)
in vacuum and (d) with the background gas. The black dots in (c) and the
bigger black dots in (d) indicate Mn atoms and nanoparticles, respectively.
The smaller gray dots in (d) illustrate the gas molecules in the chamber.

probability [see Fig. 1(c)]. This process resulted in the formation of
compact thin films. The presence of the gas in the chamber
decreased the mean-free-path of the atoms and generated
collisions and reactions between the ablated atoms and gas
molecules. This process decreased the velocity of the atoms and
those lower energy atoms interacted and consequently gener-
ated nanoparticles before they arrived at the substrate as shown
in Fig. 1(d). Due to the collision processes, which led to plume
scattering, the deposition rates decreased with the increasing
pressure. The mass of the active materials on the electrodes was
obtained with the deposition rates and the area of the electrodes.

From the above discussion we know that the pressure in the
PLD chamber determines the microstructure of the deposited
materials, for example, thin films can be obtained in vacuum?®?
and the nanofoam can be formed with 5 Torr of O,.* Thus, it is
simple to tune the density of the deposited materials gradually
by changing the pressure in the PLD chamber. For the samples
prepared in this work, the thickness measured with the cross-
section SEM images and the density calculated with the mass
and the volume as a function of gas pressure are shown in
Fig. 1(b). Their values can be found in Table S1 of the ESL¥
A less thickness increase is observed when the pressure
increased to 0.5 Torr. From then on, the thickness of the
prepared material increased very rapidly with the increase of
the pressure. The density of the samples, on the other hand,
shows an opposite behavior. It shows a very fast decrease when
the pressure changes from 10 ° Torr to 1 Torr. Since the
main goal of this work is to study the morphology effect and
consequently to find a suitable structure of MO with both high
Cs_m and Cg v, the pressure range between 0 and 2 Torr is thus
sufficient for the present study.

In this work, the presence of the background gas O, served
not only as collision media but also as a reaction source, resulting in

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Raman spectra of the MO samples. The vertical lines indicate

the position of the main peaks of a-MnO, (solid lines) and tetragonal
MnszO,4 (dashed line). (b) Deconvolution of the main peak for the sample
MO20.

the formation of MO nanoparticles. A complete understanding
of the oxidation state of manganese was necessary, and there-
fore the electrical structures were studied with Raman spectro-
scopy and XPS.

Fig. 2(a) shows the most relevant portion of the Raman
spectra obtained from the studied samples, since no features
were observed at higher wavenumbers. The vertical lines in the
graph designated the positions of o-MnO, (solid lines) and
tetragonal Mn;0, (dashed line). The spectra were similar and
noisy, as can be observed. In fact, better spectra could be
obtained with a higher laser power. However, the oxidation
states were modified by stronger laser radiation in the major
presence of Mn;0,. In this case, a very low laser density was
applied during the spectrum collection and the accumulating
time for each spectrum was more than 8 hours. Since all the
spectra showed some features of the MnO, Raman spectrum,
we associated the weak spectra to the dominance of this oxide
in the samples. In addition, the spectra were also compatible
with the presence of Mn;0,, probably due to partial damage of
the sample by the incident laser. The mean peak of MO20 was
fitted with the Raman shift of MnO, and Mn;0O, as shown in
Fig. 2(b). This clearly demonstrated that most of the Raman
scattering was from MnO, (634 cm ' and 512 cm™ ') and the
intensity of the Mn;O4 (657 cm™"') scattering was very low.
However, the integrated intensity ratio of MnO, and Mn;O,
does not correspond to the real proportion of the two oxides in
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the sample due to different Raman scattering probabilities for
different manganese oxides. It is well known that MnO, has a
much smaller Raman activity, as compared to other manganese
oxides.>® So there was even less Mn;O, in the deposited
material than what the Raman spectrum indicated. Considering
the above discussion, we can conclude that the samples had
very similar structures, majorly composed of MnO,.

Fig. 3 shows the XPS Mn 2p and O 1s spectra of the samples
studied in this work. The Mn 2p spectra were placed at the
same minimum background level, and normalized to the
maximum intensity of the higher peak, in order to make
the comparison easier. The O 1s spectra were, instead, Shirley
background subtracted and normalized to the maximum inten-
sity of the higher peak, for the same purpose. The Mn 2p
spectra of the four samples were practically identical, with the
Mn 2p,/, peak maximum located in the 642.2-642.25 eV region
and the Mn 2p;/, peak maximum located in the 653.8-654.05 eV
range. These peak positions were compatible with those
reported for a-MnO, by Gu et al.,> at 644.2 eV and 653.8 eV,
respectively, in accordance with the Raman results. On the
other hand, the O 1s spectra showed small to moderate
differences in shape. To analyze them we should consider the
presence of the O-Mn-O, Mn-O-H and H-O-H peaks located at
about 529.7 €V, 530.5 eV and 531.5 eV. In order to get informa-
tion on the Mn oxidation state, we analyzed the O 1s spectra by
fitting the above-mentioned peaks to the Shirley background
subtracted O 1s spectra (see the fitting results in the ESIT). We
estimated the Mn oxidation number by using the O-Mn-O and
Mn-O-H and H-O-H peak areas, within the procedure sug-
gested by Tholkappiyan et al.>® We obtained the oxidation
numbers for the samples from 0.5 to 2 Torr to be equal to
2.8,2.7, 2.9, and 3.2, respectively. The oxidation numbers of the
three samples were situated in the 2.9 + 0.3 range, constituting
a relatively small variation. The expected value of the oxidation
number for MnO, should be near 4.0 and the origin of the
smaller oxidation number in our samples is unclear. With the
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Fig. 3 (a) High resolution XPS spectra of Mn 2p for the MO samples.

(b) Deconvolution of the Mn 2p spectrum for MO10. (c) High resolution
XPS spectra of O 1s for the samples. (d) Deconvolution of the O 1s
spectrum for MO10.

2436 | Mater. Adv., 2020, 1, 2433-2442

View Article Online

Materials Advances

results we can conclude that the sampes had similar oxidation
states, which was consistent with the minor difference
observed in the Raman spectra and the Mn 2p XPS spectra.
Apparently all the samples had very similar electronic struc-
tures and compositions.

The morphology of the MO nanostructures was investigated
by SEM and the images are shown in Fig. 4. The surface of
MOO01 was quite flat with several spheres on top. The high
resolution image revealed that the sample was formed by
nanoparticles with size less than 10 nm. The cross-section
image showed that the film was still quite dense with a
thickness of ~600 nm although it was formed by nano-
particles. When the pressure increased to 0.5 Torr, the MOO05
sample showed a very rough, cracked surface with big balls
on it. From the high resolution image one could see that the
surface had a cauliflower-like morphology, and that each big
ball on the surface was constructed by nanoparticles. The
observed cracks were the voids between the big balls. From
the cross-section image one could see that the cracks came
from the sample surface to the substrate, and the sample
showed a perpendicular columnar structure with a 150 nm
mean column diameter. The measured thickness was about
1 um, bigger than that of MOO01, which corresponds to the
decreased density. With 1.0 Torr O, pressure inside the cham-
ber, the density of MO10 decreased even more. The surface of
the sample still showed the presence of big balls as in MOO05,
but with a larger distance between the nanoparticles. The cross
section image exhibited a tree-like structure in the perpendi-
cular direction and the thickness reached about 5 um. When
the O, pressure increased to 2.0 Torr, the microstructure was
nanofoam-like with a very low density, as reported before.*" The
nanofoam was constructed by nanofilaments, which were
assemblies of nanoparticles. The thickness of this sample was
as high as ~25 um although it had less material compared with
other samples. No obvious texture was observed in this sample.
The thicknesses would be used to calculate the volumes of the
active materials on the electrodes.

The mechanism of the different structure formation was as
follows. As shown in Fig. 1(c), the vaporized atoms by the laser
pulse possessed very high energy and they deposited directly
onto the substrate. The impact of the atoms was very high, and
furthermore the atoms could form chemical bonds only with
the deposited materials on the substrate since most of the
materials arriving at the substrate were single atoms. As a
result, thin films could be obtained in vacuum. With the gas
molecules in the chamber, as shown in Fig. 1(d), the collision
among the atoms and gases greatly decreased the energy of the
atoms and as a result, the atoms formed nanoparticles before
reaching the substrate. At the same time, the velocity of the
nanoparticles was much less than the single atoms in vacuum.
The nanoparticles with less energy had much less impact
energy on the substrate and this resulted in the formation of
less dense materials than the thin films. With an even higher
pressure, due to more scattering and an even lower velocity, the
nanoparticles could move to different directions and they were
able to find low energy positions, which were sharp points on

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 SEM images of the MO nanostructures prepared by PLD with gas pressures of (a) 0.1 Torr, (b) 0.5 Torr, (c) 1.0 Torr and (d) 2.0 Torr. The left row is
the low magnification; in the middle, the high magnification and the right, the cross-section images.

the surface. The sharp ends on the surface always have a higher
statistic charge to attract the nanoparticles during deposition.
As a result, the nanoparticles formed filaments, and further-
more nanofoams. Detailed microstructural studies demon-
strate a crystalline structure of similar MO samples.*

After understanding the morphology and the oxidation
states, we studied the supercapacitive properties by cyclic
voltammetry (CV) in a 0.1 M Na,SO, aqueous solution with a
three-electrode system. The representative CV curves of the MO
electrodes over a range of scan rates from 5 to 350 mV s~ * could
be found in the ESL{ The CV curves exhibited typical charge
and discharge hysteresis as we expected, indicating the kinetic
reversibility of the redox process. We estimated the capacitive
behaviors of the MO electrode from the CV curves, by calculating
the charge during the anodic and cathodic scan. The calculated
Cs_m and C y values are shown in Fig. 5. The four samples

This journal is © The Royal Society of Chemistry 2020

demonstrated a huge C; ,, difference both at low and high scan
rates, with variations from 200 to 1000 F g~ ' at a scan rate of
5 mV s ' and 30 to 300 F g at 350 mV s, as shown in
Fig. 5(a). The MOO01 showed the lowest Cs_y, value in the range of
all the scan rates. The Cy_,,, of MO20 was much higher than that
of MOO1 but lower than those of both MO05 and MO10. The two
samples, namely, MOO05 and MO10, showed a high Cs ,, value
but with a different behavior as a function of scan rate. With the
scan rates ranging from 5 to 25 mV s ', the MOO05 had higher
Cs_m than MO10 and above 25 mV s~ ', the MO10 became better
and the C, ,, value (315 F g ') was 60% higher than that of
MOO5 (190 F g~ ') at a scan rate of 350 mV s~ .

The Cs v values, however, showed very different behavior
compared with the Cs ,, value, as shown in Fig. 5(b). The
volume of each sample was obtained by the area and thickness
of the active material and the values can be found in Table S1 of

Mater. Adv., 2020, 1, 2433-2442 | 2437
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Fig. 5 (a) Gravimetric capacitance (Cs_n) and (b) volumetric capacitance

(Cs_v) as a function of voltage scan rate for the MO nanostructures.

the ESI.{ Although M0O20 had a very high C;_n,, it had the lowest
Cs_v due to the sponge-like morphology with an extremely low
density. MO10 exhibited the highest Cg ,,, above the voltage
scan rate of 50 mV s~ '; however, it had even lower C, v than
that of MOO1, the one with the lowest Cs ;. The highest Cs v
was found in the sample MOO05, which had the highest Cs 1,
below the voltage scan rate of 50 mV s~ ' as well. A comparison
of the MOO01 and MOO5 samples in Fig. 5(b) shows that the C; y
of MOO1 decreased much faster than that of MOO05, for exam-
ple, from 515 Fem ™2 at 5mV s~ ' to 251 Fem ™2 at 50 mv s~ for
MOO1, it decreased by more than 50%. The Cy y values were
830 Fcm 2 at5mVs 'and 580 Fecm ™ at 50 mV s~ * for MOO5,
and decreased by only ~30%.

Usually the theoretical values of the specific capacitance are
determined by the intrinsic properties of the active electrode
materials for supercapacitors. The real specific capacitance, on
the other hand, depends strongly on the morphologies. In this
work, the MO samples are all with similar oxidation states, as
can be derived from the Raman and XPS spectra. The most
robust difference for them is the morphology, and therefore the
different C_,,, and Cs_y values observed in the present work are
closely related to the morphologies of the different nanostruc-
tures. In order to get a better understanding, we separated the
electrical double layer capacitance (EDLC) and the diffusion
controlled pseudocapacitance for the three typical electrodes
with the Trasatti method®”>° and for different voltage scan
rates with the Dunn method.®®®" The results are presented in
Fig. 6, together with schematic illustrations of the three typical
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ogies of the active materials, as indicated by the SEM images below. The
circles with + and — signals inside indicate positive and negative ions.

corresponding microstructures observed in this work. The
detailed calculations can be found in the ESI.{ As can be seen
in Fig. 6(a), the capacitive contribution significantly increased
from 8.1% for the thin film sample MOO01 to 87.1% for the
nanofoam sample MO10. By changing the scan rates, for
example, in MO10 as shown in Fig. 6(b), the capacitive con-
tribution increased upon increasing the voltage scan rate, from
~ 8% with a scan rate of 10 mV s~ to ~34% with a scan rate of
350. The values shown in Fig. 6(a) were obtained by the Trasatti
Method under the conditions of the voltage scan rate v — 0 and
v — oo and that is why they are different from the results for
the intermediate scan rates shown in Fig. 6(b), which have been
calculated with the Dunn method. The significant increase of
the capacitive contribution in this work is due to the increase of
the specific surface areas for the different nanostructures, as
can be clearly seen from the SEM images. The values of the
specific surface area vary from several m* for the thin films
(estimated by supposing a thin film with 600 nm of thickness)
to ~150 m” for the nanofoam measured by N, adsorption.*'
We will discuss the detailed morphology effects further on the
capacitive contribution in the three nanostructures.

As is well known, there are two different processes for the
charge storage mechanism for MO-based supercapacitors:
capacitive contribution associated with the adsorption/
desorption (a/d) process that occurs at the electrode surface
and/or diffusion controlled contribution associated with the
insertion/extraction (i/e) process that happens in the electrode
bulk.®>%® The a/d process dominates in the MO samples with a
high surface area, whereas the i/e process occurs mostly in
crystalline MO compounds.®>®® For 2D materials with only one
dimension in the nanometer scale, such as thin films, as shown
in Fig. 6(c), the positive and negatives ions were in touch with

This journal is © The Royal Society of Chemistry 2020
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the active materials only from one side. Such a configuration
had a less surface area, which leads to less capacitive contribu-
tion and diffusion controlled pseudocapacitance dominates. As
a result, it had the lowest Cg ,,,. Since the active material was
quite dense, the Cg y of such a sample was not as bad as Cs_p,.

The perpendicular columnar structure, as shown in
Fig. 6(d), had a higher specific surface area than the thin films.
The positive and negative ions were surrounding each pillar in
this configuration. The mean diameter of the pillars was
smaller than the thickness of the thin films as shown in
Fig. 6(c). Thus, the i/e process of ions became much easier.
Together with the high surface area, which favors the charge
a/d process, the perpendicular columnar structures had a much
higher C,_,,, value. Since the density of the material decreased
but not much, Cs vy was the highest among all the samples as
well. Since all the pillars were connected with the substrate, the
charge transfer path from the active materials to the substrate
was short as well and almost all the materials participated in
the charge/discharge process.

The foam like structures, as shown in Fig. 6(e), had a much
higher specific surface area and lower density than the other
structures. Each nanoparticle was in contact with positive and
negative ions. With the mean diameter of the nanoparticles
being much smaller than the diameter of the pillars as shown
in Fig. 6(d), both of the a/d and i/e processes of the ions in
the foam-like structure were the easiest among the three
configurations. Due to large surface areas, this sample shows
the highest capacitive contribution and for such a reason,
MO10 had the highest C;_,,, with voltage scan rates bigger than
50 mV s '. Due to bad contacts between the nanoparticles
constructing the filaments, some of them might not participate
in the charge/discharge process and as a result, the Cs ,, values
of this nanostructure were lower than those of the columnar
structures with a voltage scan rate lower than 50 mV s~ . The
foam-like structure had an extremely low density, which
resulted in a significant decrease of Cs y. Usually one would
expect much higher C; ,, for the nanofoam samples, namely,
MO10 and MO20. In this work, the Cs_, value was calculated by
using the total mass of the MO for each electrode. For MO10
and MO20, although part of the nanoparticles was assumed to
not participate in the charge/discharge processes, their mass
was still included in the calculation. As a result, lower values of
Cs_m were obtained for the nanofoam samples.

Compared with the results in the literature, the Cs ,, and
Cs v values of the MnO thin film and the nanofoam were
normal, as shown in Fig. 7. The MO thin film had moderate
Cs v but low Cg ,, and the nanofoam was opposite. The Cs p,
value in the thin film structure (205 F ¢~ " at 5 mV s~ ') in this work
was similar to the reported value (298 F ¢~ " at 0.5 mA cm ™ 2).”*
The most astonishing result was obtained from the sample with a
perpendicular columnar structure, with the maximum Cs_,,, value
of 976 F g~ " and a C;_y value of 830 F cm ™ ? at 5 mV s~ . Although
none of the values were the best as shown in Fig. 7, the
combination of both high C; ,,, and C, v was very significant. It
showed a much higher C;_,, than that of the pure MO nanofibers
(526 F g~ " at 0.5 mA cm™?),”> and moreover, even slightly higher
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than that of the MO/graphene oxide composites (729 F g~ " at
5 mV s~ ').”® The C, y value of the same sample (830 F cm > at
5 mV s~ ') was superior to that for a 2D titanium carbide film
decorated with manganese oxide nanoparticles as well (602 F cm >
at2mV s "and 480 Fcm > at 5 mV s~ ').”” The highest C; _,, value
in this work was slightly lower than that for the samples
prepared at 5 Torr by PLD*! and the reason can be due to the
different oxidation states of the Mn ions (can be seen from the
Raman spectra).

In the MO electrodes prepared by PLD with an O, pressure of
5 Torr,*" a significant increase of C; ,, was observed during the
life-cycle tests. The normal capacitance increase at the early
stage of the cycles due to the activation effect’®’® cannot
explain such a big change. This has been interpreted as a result
of the contact improvement between nanoparticles during the
charge/discharge cycles. With the four samples prepared in
different O, pressures and persisting distinct microstructures,
we did further investigation on the Cs_,, increase at the begin-
ning of the life-cycle tests. The cycling test was carried out at
50 mV s~ " for 500 cycles. The CV curves for MO20 and Cs ,, as a
function of cycle numbers for all the samples are presented in
Fig. 6. Other CV curves could be found in the ESI.f From
Fig. 8(a) one could see clearly the modifications of the CV
curves with the increase of the cycle numbers (indicated by the
arrow in the figure). The current at a voltage higher than 0.8 V
continuously decreased. On the contrary, the current between
0.2 and 0.8 V in the upper branch and between 0 and 0.6 V in
the lower branch increased more significantly than the current
decrease with a voltage above 0.8 V. As a result, the area in the
CV curves increased with the increase of the cycle numbers.
The same effect was observed in MO10 but it was much weaker.
The CV curves of the other two samples, MO01 and MOO05, did
not show such a modification (see the ESIT).
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The C_, values obtained from the CV curves are plotted in
Fig. 8(b). No Cs_,,, increase was observed for the samples MOO01
and MOO5. The C; y, values increased by only ~1% for MO10
from cycle 1 to cycle 200 (681 F g™ " to 689 F g~ ') and by more
than 18% for MO20 (from 361 F g~ ' to 426 F g~ '). Both of them
were much smaller than that for the sample prepared in 5 Torr
of 0,,*" in which the C, ., value increases by more than 100%
from cycle 1 to cycle 200. The results clearly indicated that the
increase of Cs_p, was closely related with the morphology of the
active material on the electrodes. For the thin films and
perpendicular columnar structures, all MOs had good contact
with the substrate and consequently, no Cs ,, increase was
observed. The phenomenon occurred only in the samples with
foam-like microstructures. However, the percentage of increase
was related to the O, pressure during deposition, which deter-
mines the density of the MO nanofoam. The higher the
pressure of the O, atmosphere, the lower the density and
weaker contact between the nanoparticles. Structural modifica-
tion accompanied with the loss of conductive pathways during
the i/e process induced by mechanical stress normally leads to
a capacitance decrease.®® In our case, the i/e process of the ions
during charge/discharge cycles induced a mechanical pressure
on the active materials and such a pressure had a much
stronger effect on the samples with lower density and weaker
contacts. As a result, a Cs_p,, increase in the foam-like samples
was observed. The long-term stability of the MO electrodes
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should be tested for up to at least 5000 cycles. However, due to
the great difficulty of access to laboratories during this time, we
could not perform the experiment.

4 Conclusions

In summary, we prepared MO nanostructures by PLD in differ-
ent O, pressures with a metallic Mn target. The deposition rates
decreased with the increase of the O, pressure. Different
microstructures were obtained for the MO samples, from thin
films to perpendicular columnar structures and eventually to
extra-low density nanofoams. The prepared nanomaterials were
investigated as supercapacitor electrodes. The microstructures
had a great effect on supercapacitor properties. The EDLC
contribution increased significantly when the nanostructures
changed from thin films to nanofoams due to the increase of
the specific surface area. The thin film had the lowest Cs ,
value but a quite high Cs v because of the high density.
The electrode with a perpendicular columnar structure
showed both high Cs ., (976 F ¢°') and C,v and (830 F
em?), suggesting a good choice for most of the applications
of supercapacitors. The foam-like structure with extra-low
densities exhibited the best performance with fast charge/
discharge rates. For some special applications with respect to
the high charge/discharge rates and no limitation of the volume,
the MO nanofoam could be a good candidate. The life-cycle test
showed that there was an activation effect for the MO nano-
foams and the effect was stronger with the lower density MO
nanomaterials. We concluded that the mechanical pressure
induced by the ion i/e process during charge/discharge improved
the contacts between the MO nanoparticles and as a result, the
Cs_m increased after several cycles. The stability for more cycles
still needs further investigation to study the morphology effect on
the mechanical stability of the electrodes. Our results showed clearly
the pure morphology effect on the supercapacitive properties of the
MO nanostructures and hence might benefit the material design for
supercapacitor electrodes.
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