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ABSTRACT: The development of permeable three-dimensional
(3D) macroporous carbon architectures loaded with active
pseudocapacitive nanomaterials offers hybrid supercapacitor (SC)
materials with higher energy density, shortened diffusion length for
ions, and higher charge—discharge rate capability and thereby is
highly relevant for electrical energy storage (EES). Herein,
structurally complex and tailorable 3D pyrolytic carbon/Mn;0,
hybrid SC electrode materials are synthesized through the self-
assembly of MnO, nanoflakes and nanoflowers onto the surface of
stereolithography 3D-printed architectures via a facile wet chemical
deposition route, followed by a single thermal treatment. Thermal
annealing of the MnO, nanostructures concurrent with carbon-
ization of the polymer precursor leads to the formation of a 3D
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hybrid SC electrode material with unique structural integrity and uniformity. The microstructural and chemical characterization of
the hybrid electrode reveals the predominant formation of crystalline hausmannite-Mn;O, after the pyrolysis/annealing process,
which is a favorable pseudocapacitive material for EES. With the combination of the 3D free-standing carbon architecture and self-
assembled binder-free Mn;O, nanostructures, electrochemical capacitive charge storage with very good rate capability, gravimetric
and areal capacitances (186 F g~' and 968 mF cm™?, respectively), and a long lifespan (>92% after 5000 cycles) is demonstrated. It is
worth noting that the gravimetric capacitance value is obtained by considering the full mass of the electrode including the carbon
current collector. When only the mass of the pseudocapacitive nanomaterial is considered, a capacitance value of 457 F g™' is
achieved, which is comparable to state-of-the-art Mn;O,-based SC electrode materials.

KEYWORDS: additive manufacturing, pseudocapacitive nanomaterial, hybrid supercapacitor material, stereolithography, self-assembly,

free-standing electrodes

1. INTRODUCTION

The development of hierarchically organized porous nanoma-
terials with modular structures is an area of considerable
research interest in diverse applications ranging from catalysis to
sensing."”” As a consequence of the steadily growing demand for
electrical energy storage (EES) for portable electronic devices,
the development and discovery of high-performance and small-
scale energy storage materials have aroused considerable
attention.” Driven by the need for EES, a variety of technologies,
such as batteries, fuel cells, and electrochemical capacitors, with
different charge storage mechanisms and performance charac-
teristics have been developecl.4 Among them, electrochemical
capacitors, often referred to as supercapacitors (SCs), have
emerged as highly competitive energy storage devices providing
high power density, rapid charge—discharge rate, low main-
tenance cost, and long cycle life.”° Depending on the
mechanism of charge storage and the types of electrode
materials, SCs can be divided into two major categories: electric
double-layer capacitors (EDLCs) and pseudocapacitors.”” In
© 2021 The Authors. Published by
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EDLCs, pure electrostatic charge is accumulated through
physical adsorption and desorption (non-Faradaic reactions)
of electrolyte ions on the high surface area of carbonaceous
materials. In comparison, pseudocapacitors store charge via fast
and reversible electrochemical redox reactions (Faradaic
reactions) at the surface or in the first few tens of nanometers
of the bulk of transition-metal oxides/sulfides and conducting
polymers.*” Although these materials have proven to be useful
and promising for EES, they also suffer from some intrinsic
drawbacks, such as low energy density for EDLCs and poor cycle
life for pseudocapacitors. More recently, remarkable efforts have
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been undertaken to address these limitations by exploring the
respective advantages of carbonaceous and pseudocapacitive
materials, obtaining novel hybrid SC materials. Here the former
are able to provide a high energy density, while the latter can
effectively improve the electrode capacitance.'”'" Moreover, it
has been shown that this combination results in synergistic
effects, further improving the performance.12 Carbon-based
materials are widely employed not only in hybrid SC materials
because of their electric double-layer contribution to the overall
capacitance but also as an electron current collectors because of
their outstanding electrical conductivity, large specific surface
area, and cycle stability.

Different combinations of pseudocapacitive materials, such as
RuO,, NiO, Co;0,, Ni(OH),, MnO,, V,0;, polythiophenes,
polyaniline, and polypyrrole, and carbonaceous materials have
been extensively studied for the development of hybrid SC
materials. Of these, MnO,-based hybrid SCs are particularly
attractive because MnO, possesses the prominent advantages of
high theoretical specific capacitance, natural abundance,
environmental compatibility, and low cost.”' Among the
various oxidation states of MnO,, lower valence states such as
Mn, 05 and Mn;0, are known as the most favorable materials
for EES because of (i) the higher stability of these oxidation
states, which is crucial for long-term performance and good
corrosion stability, (ii) the redox reaction of manganese ions in
these oxidation states occurring spontaneously during the
charge—discharge process, and (iii) their relatively broad work
potential window in aqueous electrolyte solutions."*”'® To
apply various MnO, nanostructures synthesized by different
methods, such as solvothermal, hydrothermal, sonochemical,
and sol—gel, to the surface of the electrodes, these are usually
combined with a conductive agent and a polymer binder
[poly(vinylidene fluoride), poly(tetrafluoroethylene), or Na-
fion] in a paste. This paste is cast and dried onto the surface of a
conductive current collector or substrate (e.g., aluminum,
stainless steel sheets, silicon wafer, etc.). The overall
capacitances of the resulting hybrid electrodes are typically
higher than those of the bare substrates. However, they are
considerably lower than the theoretically estimated values
because of (i) the indirect electrical connection of the
nanoparticles and the electrode surface, (ii) the internal
resistance of the polymer binder, and (iii) the significant
contribution of the employed paste on the overall mass of the SC
electrode.'”"”'® More recently, some binder-free approaches
have been developed based on the in situ synthesis and direct
decoration of the electrode surface with MnO, nanostructures,
such as chemical vapor deposition and electrochemical
deposition methods.'” The direct decoration of the electrode
surface with MnO, nanostructures offers great promise for
producing high-performance hybrid SC electrodes. However, a
postannealing treatment is required to remove the intercalated
ions, enhance the crystallization of the particles, and improve the
integrity of the nanostructured layer deposited on the electrode
surface.”””!

The electrochemical behavior of the SC electrodes strongly
relies on their physicochemical characteristics such as the
surface area, structural integrity, electrical conductivity,
wettability of the electrode surface with an electrolyte, and
permeability of the electrolyte solution.” Besides these factors,
the overall electrochemical performance of the SC is also largely
dependent on the morphology and architecture of the electrode
materials.”” In this regard, employing permeable three-dimen-
sional (3D) architectures loaded with active material offers
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higher energy density, shortened diffusion length for the ions,
and higher charge—discharge rate capability compared with the
same footprint area of 2D materials.”**** Therefore, recent
efforts have been directed toward constructing novel 3D
electrode architectures by various microfabrication techniques
such as photolithography,””” an elastocapillary self-assembly
process,”” or deep reactive ion etching combined with
photolithography.”” However, the construction of structurally
complex and tailorable hierarchical SC electrodes with these
methods is challenging because of the inherent process
limitations for the fabrication of more complex 3D architectures
and the expensive and time-consuming procedures.”** There-
fore, more facile, cost-effective, and innovative fabrication
techniques are required to achieve structurally complex and
tailorable 3D carbon electrodes for energy storage in SCs.

Here, we report for the first time a simple, yet versatile
approach for the fabrication of 3D hierarchical hybrid SC
electrodes by the self-assembly of MnO, nanostructures onto
the surface of stereolithography (SLA) 3D-printed polymer
precursor structures via a wet chemical deposition route,
followed by a pyrolysis process. Carbonization of the 3D
polymer network and annealing of the metal oxide nanomaterial
on its surface occurred concurrently in a single thermal
processing step in an inert atmosphere. Simultaneous
annealing/pyrolysis contributes to the high structural integrity
and stability of the electrodes and thereby provides excellent
electrical contact between the MnO, nanostructures and the
carbon and enhances the electron transport/collection. The
hybrid SC electrode developed in this research is (i) binder-free,
(ii) self-supported, with the very lightweight 3D pyrolytic
carbon (PyrC) structure itself acting as a current collector, (iii)
free-standing, meaning that no additional substrate is needed,
and (iv) permeable for ions and electrolytes because of their
specific open design. With the novel combination of hierarchical
MnO, nanostructures and a SLA-derived 3D complex carbon
architecture, a free-standing hybrid SC electrode with good rate
capability, high gravimetric and areal capacitances (186 F g™
and 968 mF cm?, respectively), and capacitance retention of
92.3% after 5000 cycles is obtained. Moreover, the MnO,
nanomaterial itself showed a specific capacitance value of 457
F g™' ata current density of 0.5 mA cm ™2 We are convinced that
the introduced approach opens new avenues to design tailorable
3D hybrid SC electrodes for energy storage.

2. EXPERIMENTAL APPROACH

In previous work, a commercial photopolymer (Formlabs high-
temperature resin, HTR), composed of acrylated monomers and
methacrylated oligomers,”” was employed to print complex 3D
structures and identified as pyrolyzable material.>* More details about
the physicochemical properties of the commercial photopolymer resin
utilized in this research are summarized in Table S1. For fabrication of
the complex 3D polymer precursor structures, 3D models were
designed using Fusion360 software and directly SLA-printed (support-
free printing) on the surface of a 6-in. silicon wafer mounted on the
printer platform. Support-free printing on the smooth silicon substrate
contributes to the improved uniformity and repeatability of the 3D-
printed structures. A further postcuring process was carried out for 2 h
in an UV exposure chamber (wavelength of 405 nm, BSL-01, Opsytec
Dr. Grobel, Germany) to enhance the cross-linking efficiency and
strength of the polymer network. The postcured 3D-printed structures
were utilized as the substrates for the subsequent deposition of MnO,,
nanoflakes and nanoflowers via a facile one-step wet chemical reduction
of manganese salt in a HCI solution. Briefly, a measured amount of
KMnO, (1.25, 2.5, S, and 10 mM) was dissolved in 25 mL of a 0.01 M
HCl solution and transferred to a 100 mL round-bottom flask equipped
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Figure 1. Schematic illustrations: (a) SLA 3D-printing procedure to generate a 3D free-standing reticular configuration of a pyrolyzable photopolymer
resin. (b) Synthesis and self-assembly of the MnO, nanostructures onto the surface of the 3D-printed polymer network through the WCBD method.
(c) Original .stl models of the honeycomb, gyroid, and reticular geometries and digital photographs of their SLA 3D prints before and after decoration
with MnO,. (d) Pyrolysis/annealing process of the 3D-printed polymer/MnO, hybrid materials in a ceramic tube furnace with a piece of stainless steel
sheet to increase the uniformity of thermal degradation and gas evolution. (e) Digital photograph of the 3D PyrCMO hybrid electrode with different

geometries.

with a heating oil bath, a magnetic stirrer, and a reflux condenser. Prior
to transferring the 3D-printed object to the flask, it was exposed to
oxygen plasma (Zepto, Diener plasma surface technology, Germany)
for 60 s to boost its wettability in the metal oxide precursor solution.
The mixture was heated to reflux at boiling temperature for 4 h. After
cooling to room temperature, the sample was removed from the flask,
rinsed gently three times with deionized water to remove the excess of
weakly bound particles, and dried under ambient conditions overnight.
Afterward, carbonization of the polymer network, annealing, and
purification of the MnO, nanostructures decorated on the surface of the
3D-printed sample were conducted simultaneously in a single thermal
process in a horizontal tube furnace (MTI Corp., GSL 1700x) under a
nitrogen gas flow (200 sccm). In order to obtain an effective and
uniform gasification condition during the carbonization process, the
sample was placed in a stainless steel mesh boat. The boat, located
inside the furnace, was heated at 2 °C min™" to 450 °C and then at 3 °C
min~" up to 900 °C and kept at 900 °C for 5 h. Next, the furnace was
cooled to room temperature under a nitrogen gas flow.

The morphology and surface topography of the MnO, nanostruc-
tures decorated on the surface of the SLA 3D-printed samples before
and after the pyrolysis/annealing process were evaluated by scanning
electron microscopy (SEM; Zeiss Supra VP 40, Germany). Image]
software (National Institute of Health, USA) was used to estimate the
average thickness and diameter of the MnO, nanoflakes and
nanoparticles, respectively. X-ray diffraction (XRD) spectra of the
samples were obtained using PANalitycal model AERIS X-ray
diffractometer (Malvern Panalytical Ltd., Almedo, The Netherlands)
with Cu Ka radiation (4 = 1.5406 A, voltage = 40 kV, and beam current
=30 mA). X-ray photoelectron spectroscopy (XPS; Thermo Scientific
Nexsa, USA) and energy-dispersive X-ray spectrometry (EDS; FEI
Quanta FEG 200 ESEM scanning electron microscope equipped with
an Oxford X Max EDS detector) were employed for analysis of the
elemental composition and chemical states of the synthesized samples
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before and after thermal treatment. Raman spectroscopy was
conducted using a micro-Raman system (Thermo Scientific Nexsa,
USA) with a laser wavelength of 532 nm. High-resolution transmission
electron microscopy (HRTEM) was carried out in an FEI Tecnai T20
transmission electron microscope. The samples were prepared by
grinding the as-synthesized PyrCMO with ethanol and drop-casting the
powder—ethanol suspension on a gold grid with a carbon support film.
The electrochemical studies were conducted in a 10 mL three-
electrode electrochemical cell comprising an Ag/AgCl electrode as the
reference electrode, a 10 mm X 20 mm piece of silicon wafer on which
both sides are coated with a platinum thin film (200 nm thickness;
physical vapor deposition coating method) as the counter electrode,
and 3D PyrCMO as the working electrode. The circular part of the
electrode (effective area ~0.96 cm”) was dipped into electrolyte
solutions and then transferred to a vacuum chamber prior to
electrochemical measurements to ensure effective infiltration of the
electrolyte into the porous structure of the electrode. Electrochemical
analysis of the PyrCMO electrodes was carried out by cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD) measure-
ments, and electrochemical impedance spectroscopy (EIS) conducted
on an Autolab PGSTAT128N potentiostat/galvanostat in combination
with the NOVA program, version 2.1.4 (Metrohm Autolab BV, The
Netherlands). The CV test was performed at the voltage range of —0.3
to +0.8 V and different scan rates ranging from 2 to 100 mV s™". The
GCD test was conducted at various current densities from 0.5 to 10 mA
em™* and a voltage cutoff window of —0.3 to +0.8 V. EIS measurements
were carried out with the same electrochemical cell and electrodes, at
the corresponding open-circuit potential over a frequency range of 100
kHz to 10 mHz with a sinusoidal perturbation amplitude of 10 mV.
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Figure 2. SEM images of (a) a bare 3D-printed polymer and 3D-printed polymer/MnO,, hybrid materials obtained by using different MnO,, precursor
concentrations of 1.25 mM (b) and 2.5 mM with low (c) and high (d) magnifications, S mM with low (e) and high (f) magnifications, and 10 mM with

low (g) and high (h) magnifications.

3. RESULTS AND DISCUSSION

As schematically illustrated in Figure 1, first, free-standing 3D
polymer precursor structures in a 3D reticular configuration
were 0produced with SLA printing of a pyrolyzable resin (Figure
1a).”° Figure 1b schematically shows the subsequent in situ
synthesis of MnO,, nanostructures directly on the surface of the
3D-printed resin. Under very mild acidic conditions, a slow
acidic reduction of potassium permanganate leads to the
nucleation and self-assembly of nanostructures on the surface
of the 3D-printed structure.””’’ The presence of oxygen-
containing groups (e.g., hydroxyl and carboxyl groups) on the
surface of the 3D-printed structure due to the chemical
composition of the utilized photopolymer as well as the oxygen
plasma treatment of the polymer surface prior to deposition
renders it susceptible to oxidation and thereby decoration with a
thin layer of MnO,."”** The XPS spectra of the 3D-printed
HTR before and after oxygen plasma treatment are shown in
Figure Sla, and their elemental compositions are summarized in
Table S2. As can be seen, the surface oxygen content increased
from 19.8 to 28.6 atom % after plasma treatment, revealing the
surface functionalization with oxygen-containing groups. More-
over, deconvolution of the high-resolution XPS spectra of C 1s
(Figure Slb,c) indicates that the peak area ratios for C—O
(hydroxyl and epoxy groups) at 285.8 eV, C=0O (carbonyl
group) at 286.7 eV, and O—C=0 (carboxyl groups) at 289.2
eV increased after oxygen plasma treatment.”””* These results
further confirm the surface functionalization of the polymer with
oxygen-containing groups through oxygen plasma exposure.
To demonstrate the capability of the developed approach to
generate a 3D free-standing hybrid with various geometric

1811

architectures, honeycomb, gyroid, and reticular patterns were
designed, SLA 3D-printed, and chemically decorated with
MnO,, as shown in Figure 1c. As can be seen, the samples show
excellent structural integrity and coating uniformity after wet
chemical bath deposition (WCBD), regardless of the geometry
of the 3D structures. The hybrid materials were heated at 900 °C
under flowing N, to convert the 3D-printed polymer into a
conductive 3D PyrC electrode (Figure 1d). Simultaneously,
recrystallization and purification through inert-atmosphere
annealing of the nanostructured MnO,, layer on the surface of
the 3D-printed specimens lead to the formation of a PyrC/
MnO, (PyrCMO) hybrid material with very good structural
integrity and stability. The preservation of the 3D geometry and
aspect ratios of different complex architectures during the
pyrolysis/annealing treatment is illustrated in Figure le.

SEM images with different magnifications of the as-
synthesized MnO, nanostructures on the 3D-printed polymer
precursor surface obtained by using different MnO,, precursor
concentrations are shown in Figure 2. For a 1.25 mM KMnO,
concentration, the 3D-printed polymer surface was completely
decorated with an interconnected ultrathin nanoflake layer and
displayed a rugged surface (Figure 2b). From the SEM images,
the average thickness of the nanoflakes is found to be about 26
8 nm. When the precursor concentration reached 2.5 mM,
carnation flowerlike MnO, (CFMnO,) nanostructures com-
posed of a cluster of leaves radiating from the middle were
identified on the surface of the nanoflake structures (Figure 2
c,d). It was also found that the CFMnO, diameter increased
when the metal oxide precursor concentration was further
increased. A high-magnification SEM image of a single CFMnO,,

https://doi.org/10.1021/acsanm.1c03251
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Figure 3. SEM images of the surface morphology of 3D PyrCMO hybrid electrodes after a pyrolysis/annealing process, fabricated with different metal

oxide precursor concentrations of (a) 1.25, (b) 2.5, (c) 5, and (d) 10

mM.
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Figure 4. (a) XRD patterns of PyrC, PyrCMO, and MONP samples. (b) XPS survey spectra of the HTRMO, PyrC, and PyrCMO samples. High-
resolution spectra for the Mn 2p (c) and O 1s (d) regions of the PyrCMO hybrid material. (e) Raman spectra of the PyrC and PyrCMO samples. (f)
EDS spectrum, SEM image (inset left), and its corresponding elemental mappings of manganese (red) and oxygen (green) of the PyrCMO hybrid

electrode.

nanostructure is presented in Figure 2f, illustrating the similarity
of the synthesized structures with a real carnation flower (Figure

2f, bottom).
All of the samples were thermally treated in an inert

environment at 900 °C to achieve (i) pyrolysis of the 3D-
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printed polymer precursor and the fabrication of a 3D PyrC
structure with complex and permeable architecture and (ii)
purification, reorientation, and recrystallization of the MnO,
nanostructures decorating the surface of the 3D polymer

35-37

structure. Kinetically, with a thermal annealing process,
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R,

Figure S. (a) TEM and (b) HRTEM images of the PyrCMO material with the corresponding FFT (inset) of the single-crystal Mn;O,, nanoparticle.

amorphous MnO, is first converted into crystalline MnO,, and a
further increase of the annealing temperature results in the
dissociation of crystalline MnO, into manganese oxide crystals
with lower oxidation states.” It is known that the mentioned
phase transformations are temperature-dependent, and different
oxidation states could form by controlling the final annealing
temperature.””’®* SEM images of the PyrCMO electrodes
fabricated with different precursor concentrations are shown
in Figure 3. As can be seen, after the thermal annealing process, a
highly crystalline tetragonal structure of MnO, is formed on the
surface of a 3D PyrC. With an increase in the KMnO,
concentration, the average size of the tetragonal particles
increased and a more dense distribution of the nanoparticles was
obtained. For instance, the average size of the nanoparticles
increased from 36 + 9 to 203 + 46 nm as the metal oxide
precursor concentration was raised from 1.25 to 2.5 mM. The
high-magnification SEM image for the sample with a 2.5 mM
precursor concentration (inset image of Figure 3b) reveals the
formation of tiny rodlike nanoparticles concurrent with the
formation of tetragonal metal oxide nanoparticles. Furthermore,
for a 10 mM precursor concentration, a larger number of
vertically grown nanorods was detected on the surface of the
resulting PyrC materials (marked with arrows in Figure 3d).
For identification of the physicochemical reactions occurring
during the thermal treatment, the chemical composition, phase
purity, and crystal structures of the materials were assessed
before and after the pyrolysis/annealing process using several
analytical methods. Figure 4a shows the acquired powder XRD
patterns for the as-synthesized MnO,, nanoparticles (MONPs),
PyrC, and PyrCMO. The weak and broad diffraction peaks of
the MONP could be ascribed to its poor crystalline properties.
However, the clear characteristic peaks at 20 of 12.3° 24.4°,
36.6° and 66.1°, indexing into the (001), (002), (—111), and
(114) facets, respectively (JCPDS 80-1098), indicate that the
birnessite-type manganese oxide (5-MnO,) structure is
synthesized.””” Moreover, the diffraction peaks at 26 of 20.6°,
42.3° and $6.3° may be attributed to the (120), (300), and
(160) planes of y-MnO,, respectively (JCPDS 44-0412).*
These results reveal that multiple crystalline phases are formed
through the employed wet chemical deposition method. The
XRD patterns of PyrC and PyrCMO exhibit two broad peaks
around 25° and 43°, corresponding to the (002) and (100)
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diffraction patterns of the pseudographitic carbon phases,
respectively.”' For the PyrCMO sample, the (002) diffraction
peak became narrower and moved to higher angles, which
means that the graphene interlayer distance (dy,) decreased
from 3.67 to 3.3 A, indicating enhanced graphitization.*” The
diffraction peaks of PyrCMO further reveal the presence of
mixed phases of crystalline hausmannite-Mn;0, (JCPDS 00-24-
0734) and a-MnO, (JCPDS 44-0141).*** The XPS survey
spectra (Figure 4b) before and after the pyrolysis/annealing
process confirm the presence of manganese atoms on the surface
of the 3D-printed and carbon structures. The low atomic
percentage of carbon (Table S3) on the surface of the high-
temperature resin/MnO, (HTRMO) and PyrCMO indicate a
uniform surface coating with MnO, suppressing the background
carbon signal. The XPS results also show the presence of
potassium, which can be related to the formation of monoclinic
potassium birnessite, constructed by the double chains of edge-
sharing MnOjg octahedral molecular layers separated from each
other and stabilized with K* ions.”*”** The atomic percentage
of the potassium element was found to increase with increasing
Pprecursor concentration (Figure S2a). The K" ion content has a
profound effect on the morphology and phase conversion of
manganese oxide during the annealing process and is known to
act as a “growth director” in the formation of nanorods.””****¢
Therefore, the observed formation of more and longer nanorods
for the samples with higher precursor concentrations (Figure
3d) could be ascribed to the higher number of intercalated K*
ions within the structure. The high-resolution XPS spectra of
Mn 2p and O 1s of PyrCMO are shown in parts c and d of Figure
4, respectively. Deconvolution of the Mn 2p;,, peak into three
peaks at the binding energies of 640.4 eV (Mn*"), 641.8 eV
(Mn*"), and 643.9 €V (Mn*") reveals that the manganese exists
in different valences and confirms the formation of multiple
crystalline phases.””*” Moreover, PyrCMO exhibited a separa-
tion energy of 5.5 eV for the Mn 3s doublet peaks (Figure S2b),
suggesting that the predominant oxide phase is Mn;O,,”*
which was further confirmed by XRD. Deconvolution of the O
1s peak (Figure 4d) reveals different states of oxygen atoms that
chemically bond with carbon and manganese on the surface.”
The crystalline structure of the annealed manganese oxide as
well as the microcrystalline structure of PyrC was further
investigated with Raman analysis. In the Raman spectrum shown
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Figure 6. (a) CV curves at a scan rate of S mV s}, (b) GCD curves at a current density of 0.5 mA cm™2 and (c) EIS results of the PyrC and PyrCMO
hybrid electrodes prepared with different precursor concentrations, in a2 M KCl solution as the electrolyte. (d) CV curves at a scan rate of S mV s ™,
(e) GCD curves at a current density of 0.5 mA cm™, and (f) the corresponding calculated gravimetric capacitances of the PyrCMO-S mM hybrid
electrode measured in different electrolyte solutions. (g) CV curves at different scan rates, (h) GCD curves, and (i) gravimetric and geometric
capacitances of the PyrCMO-5 mM electrode at different current densities in a 1 M H,SO, solution.

in Figure 4e, the peaks at 1590 and 1360 cm™, observed for both
the PyrC and PyrCMO samples, correspond to crystalline
graphite (G band) and disordered carbon (D band),
respectively. The in-plane crystallite size (L,), which represents
the graphitic microcrystalline domain size, is empirically known
to be inversely proportional to the D and G peak intensity ratio
lie, L, o 1/(Ip/I5)].*">° The PyrCMO sample shows a slightly
higher I,/I; ratio (1.05) than the PyrC electrode (0.97), which
might be due to a lower fraction of graphitic microcrystalline
domains and/or the formation of more disorder or defects in the
carbon during the pyrolysis process in the presence of MnO,
nanostructures.” ~>> This could be ascribed to the chemical
reduction of the MnO, ions on the surface of the 3D-printed
polymer precursor structure during the metal oxide synthesis
process, which might change the surface chemistry and surface
packing density and form structural defects in the polymer
network.”" Furthermore, the Raman spectrum of PyrCMO
shows peaks at 655,361, and 316 cm ™" corresponding to the Ay
T, and E, symmetric vibration modes, respectively. These are
typical Raman peaks for crystalline hausmannite-Mn;O, with a
spinel structure,"”** confirming the predominant presence of
this oxide phase. EDS elemental mapping (Figure 4f) confirms
that the manganese element is homogeneously distributed over
the entire surface of the 3D carbon electrode.
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Further investigation of the PyrCMO hybrid material was
performed by TEM and HRTEM. Figure Sa shows a low-
magnification TEM image of the PyrCMO hybrid material,
which identifies that the Mn;O, nanoparticles with different
dimensions were distributed on the surface of the PyrC material.
The single-crystal characteristics of the Mn;O, nanoparticles are
revealed in the HRTEM image and its corresponding fast
Fourier transform (FFT; Figure Sb). It can be seen that the
lattice fringes are arranged regularly with d spacings of 3.2 and
2.7 A, corresponding to the (101) and (211) planes of the
tetragonal Mn;O, crystals, respectively, consistent with the XRD
patterns.ls’55

The electrochemical performance of the PyrCMO 3D hybrid
material as SC electrodes was explored using a three-electrode
cell and different aqueous electrolytes. For all of the PyrCMO
electrodes synthesized with different MnO,, precursor concen-
trations (0—10 mM), the CV (Figure 6a) and GCD (Figure 6b)
curves exhibited quasi-rectangular and triangular shapesina2 M
KCl electrolyte solution, respectively. It is also observed that the
voltammetric currents and discharging times of the hybrid
PyrCMO electrodes are significantly higher than those of the
bare PyrC electrode. These parameters are directly proportional
to the electrochemical capacitance, demonstrating that the
incorporation of a nanostructured MnO,, layer on the surface of
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the hierarchical 3D carbon electrode greatly enhanced the
overall capacitance. The capacitance of the metal oxide layers
mainly arises from (i) surface Faradaic reactions due to the
adsorption/desorption of cations at the electrode/electrolyte
interface and (ii) bulk Faradaic reactions due to the insertion/
removal of cations in the bulk of the material in proximity to the
electrode/electrolyte interface.””*” The results showed that the
voltammetric currents and discharging times of the PyrCMO
electrodes increased as the metal oxide precursor concentration
increased from 1.25 to S mM and then decreased slightly with a
further increase of the precursor concentration. The initial
increase with higher concentrations is correlated with a larger
amount of MnO, on the electrode, which was confirmed by
SEM imaging. The observed decrease in the voltammetric
current and discharging time for the PyrCMO-10 mM sample
could be mainly ascribed to the poor intrinsic electrical
conductivity of MnO,, as well as limitations for the diffusion
and migration of ions within the thicker MnO, layer.”"*"*
Moreover, the iR drop was found to gradually increase with an
increase in the metal oxide precursor concentration (marked
with arrows in Figure 6b). This observation could be attributed
to deterioration of the electric contact among the MONPs and
the 3D carbon structure with an increase in the amount of metal
oxide deposition, which is also consistent with their poor
intrinsic electrical conductivity.*”>”

Figure 6¢ shows the EIS results of the PyrC and PyrCMO
electrodes fabricated with different metal oxide precursor
concentrations in a 2 M KCI aqueous electrolyte. Moreover,
the equivalent Randles circuit model employed for data fitting is
represented in the inset of Figure 6c, and the results are
summarized in Table S4. The Nyquist plots are roughly similar
in shape, with a semicircle in the high-frequency region and a
straight line in the low-frequency domain, illustrating the
electrochemical stability of the synthesized electrodes in a large
frequency range. It is noteworthy that the semicircle diameter,
which corresponds to the charge-transfer resistance (R.),
increases with an increase of the metal oxide precursor
concentration. This validates the assumption of a poor intrinsic
electrical conductivity of the MnO, layer and its inhibitory effect
on ion diffusion.>® Altogether, considering the electrochemical
performances, the PyrCMO-5 mM hybrid material was
identified as the optimum electrode with the largest
pseudocapacitive contribution to the overall capacitance and
therefore chosen for further characterization.

In order to further evaluate the electrochemical capacitive
performance of the PyrCMO hybrid electrode, CV tests at a scan
rate of S mV s~ and GCD measurements at the current density
of 0.5 mA cm™? (parts d and e of Figure 6, respectively) were
conducted in different acidic (1 M H,SO, and 1 M HCIO,),
alkaline (6 M KOH), and neutral (1 M Na,SO, and 2 M KCl)
electrolytes. Because the optimal operating potential window of
the PyrCMO hybrid electrode in the KOH electrolyte was found
to be different from the other studied electrolytes, the CV and
GCD curves measured in this electrolyte are shown in separate
graphs (Figure S3). According to the GCD curves, the
gravimetric specific capacitance C, (F g™") of an electrode can
be calculated as C, = IAt/WAV, where I, At, W, and AV
represent the discharge current (A), discharging duration (s),
mass of the active material (i.e., the electrode’s circular part, g),
and potential window (V), respectively.

The specific gravimetric capacitances calculated from the
GCD curves for the PyrCMO electrode in the above-mentioned
electrolytes are shown in Figure 6f. In Figure 6d, a fast rise/decay

1815

in the currents upon a change of the direction of the potential
sweep is clearly identified, demonstrating that very fast and
reversible Faradaic reactions occur between the PyrCMO
electrode and all of the electrolytes. The higher voltammetric
currents and longer discharging times in acidic solutions reveal
that the PyrCMO hybrid electrode has a superior capacitive
performance in these electrolytes. Most of the electrochemical
capacitance arises from the absorption and/or insertion of
cations at the electrode/electrolyte interface. Therefore, the
improved capacitive performance attained for the acidic
electrolytes could be ascribed to the smaller hydrated ion size
and higher ionic conductivity of the H" cations (2.8 A and 350.1
S cm?® mol ™}, respectively) compared to the K* and Na* cations
(3.31Aand 73.5 S cm® mol ™! and 3.58 A and 50.11 S cm? mol ™,
respectively).”” Moreover, to have an accurate comparison of
the effect of acidic electrolytes on the electrochemical
capacitance of the PyrCMO hybrid electrode, electrolytes with
the same H* cation concentration (0.5 M H,SO, compared with
1 M HCIO,) were evaluated, and the results are presented in
Figure S4. As can be understood from the results, although the
capacitance for 0.5 M H,SO, is slightly lower than that for 1 M
H,S0,, it is still higher than the capacitance obtained in 1 M
HCIO,. The better electrochemical capacitive performance
measured in a H,SO, solution might be related to the
considerably higher ionic conductivity of SO, anions (160.0 S
cm?® mol™") compared to that of ClO, anions (67.3 S cm?
mol™"), which leads to higher mobility and transfer rate. It is
worth mentioning that only a minor increase in the specific
capacitance was observed with doubling of the concentration of
a H,SO, solution from 0.5 to 1 M. This might be due to the
decrease in the distance between the ions at higher
concentrations and thereby their repulsions, which could limit
the diffusion rate of protons to the electrode/electrolyte
interface.’”!

In the past, very diverse capacitance values have been reported
for Mn;O,4-based materials as SC electrodes. For instance, Dai et
al. reported a specific capacitance of 133 F g™ for spinel Mn;0,-
layered nanoarchitectures within an operational potential
window of 0—0.9 V.*® Dubal et al. reported specific capacitances
of 284 F ¢! for a Mn;O, thin film with triangular-shaped
nanoparticles over a potential window of —0.1 to +0.9 V°* and
398 F g~ for vertically arran_ged stacked Mn;0, nanosheets in
the same potential window.”” Li et al. reported 153 F g™" for a
Mn;O,-anchored graphene sheet nanocomposite in the
potential range from —0.1 to +0.8 V.'* Wang et al. synthesized
a porous graphene/Mn;O, nanocomposite with a specific
capacitance of 208.3 F ¢! in the potential window of —0.2 to
+0.8 V. Li et al. synthesized Mn;O, nanoparticles via the
hydrothermal method and showed a specific capacitance of 401
F g~' in the potential range of 0—0.9 V.%* It is important to note
that, in almost all of the relevant reported studies, only the mass
of active nanomaterials is used to calculate the specific
gravimetric capacitance. However, in reality, the mass of the
current collector, conductive agents, and polymer binder are also
a part of the electrochemical capacitor electrodes and eventually
should be considered. Therefore, to have more practical and
realistic values, the specific capacitances in Figure 6 are
calculated by considering the complete mass of the electrode
including the carbon current collector and Mn;O, nanomateri-
als. A specific gravimetric capacitance of 186 F g™" is obtained for
the PyrCMO hybrid electrode at a current density of 0.5 mA
ecm™ in the 1 M H,SO, electrolyte. Additionally, for a fair
comparison of the capacitance value with the state-of-the-art
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Figure 7. (a) Cycling performance of the PyrCMO hybrid electrode at a current density of 10 mA cm™in a 1 M H,SO, solution as the electrolyte. The
inset shows the first and last five charge—discharge curves. (b) Nyquist plots of the PyrCMO electrode before and after a S000 cycling test ina 1 M

H,S0, solution.

Mn;0,-based SC electrodes discussed above, the specific
gravimetric capacitance value was recalculated considering
onlgf the mass of an active pseudocapacitive material using eq
1

B L(Atpycmo — Ate)

m —

AVm Mn,0,

(1)

where myy, o, is the mass of a Mn;0, thin layer decorated on the

surface of the 3D carbon current collector, Atp,,cyp and At are
the discharging times of the PyrCMO and PyrC electrodes,
respectively, and AV is the operational potential window. The
mass of the MnO,, nanostructures was estimated by subtracting
the mass of the electrode after dissolving the metal oxide thin
layer from the total mass of the electrode before dissolution.
Dissolution of the MnO, thin layer was carried out by soaking
the electrode at least three times in 2 mL of a freshly prepared
solution of hydrochloric acid (S wt %) and hydrogen peroxide (5
wt %) under vacuum for 8 h each time.*® The leaching process
was repeated until no weight change in the dried electrode was
observed. The resulting specific gravimetric capacitance of about
457 F g' at a current density of 0.5 mA cm ™ is comparable with
those of state-of-the-art SC electrodes.'®!#3537,967%

The PyrCMO hybrid electrode exhibited an ideal rate
performance, which can be concluded based on quasi-
rectangular CV curves at different scan rates (Figure 6g) and
maintenance of the symmetric triangular GCD shapes at
different current densities (Figure 6h). The slight deformation
of CV curves at high scan rates of 50 and 100 mV s™' might be
attributed to the kinetically slow pseudocapacitive reactions and
diffusion-limited charge-transfer processes within the MnO,
layer.z" The specific gravimetric and geometric capacitance
values were calculated and plotted as a function of the current
density in Figure 6i. At a low current density, diffusion of ions
through a porous electrode is facilitated, typically resulting in a
higher specific capacitance. Contrarily, when the current density
is high, the effective utilization of the electrode materials is
mainly confined to the outer surface layers, leading to a lower
specific capacitance. The PyrCMO electrodes overall followed
this behavior typical for porous electrodes. However, Figure 6i
shows that, despite a 10-fold increase of the current density from
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0.5 to S mA cm™?, around 60% of the initial specific capacitance
was still retained. This implies that the PyrCMO hybrid
electrode has a good rate capability and electrochemical
reversibility, which are very crucial material properties to
provide sufficient power density in SCs.

The long-term cycling performance of the 3D PyrCMO
hybrid electrode was evaluated by repeating the GCD
measurements at 10 mA cm™> for 5000 continuous cycles. As
shown in Figure 7a, almost 92.3% of its capacitance is retained
after 5000 cycles, indicating that the integrity of the MnO, layer
and 3D carbon electrode is stable and well-preserved after long-
term operation. Nyquist plots of the optimized PyrCMO hybrid
electrode before and after cyclic stability testing in a 1 M H,SO,
electrolyte solution are shown in Figure 7b, and the results are
summarized in Table SS. The intercept of the EIS curve and the
real resistance (Z’) in the high-frequency region corresponds to
the combined resistance R, of the (i) ionic resistance of the
electrolyte, (ii) intrinsic resistance of the substrate, and (iii)
electrode material/current collector contact resistance. This
value is almost identical for the PyrCMO hybrid electrode
before and after successive charge—discharge cycling, which
means that the intrinsic ohmic resistance of the supercapacitive
materials is well-preserved even after long-term operation. The
major differences are the diameters of the semicircles,
corresponding to R, caused by Faradaic reactions and the
double-layer capacitance at the electrode/electrolyte interface.”
The calculated R for the PyrCMO hybrid electrode increased
after 5000 charge—discharge cycles. Increasing the R for the
PyrCMO hybrid electrode after 5000 charge—discharge cycles
while almost 92.3% of its capacitance is retained might be
ascribed to the gradual activation and increasing accessibility of
ions into the porous Mn;O, layer during long-term cycling,
which has compensated the loss of adhesion of some
pseudocapacitive materials with the 3D carbon sublayer.””

4. CONCLUSIONS

In summary, a novel free-standing and binder-free 3D hybrid SC
material with complex carbon architecture and metal oxide
nanomaterials was fabricated using a simple and tailorable
method. The most salient and distinctive features of the
developed approach are (i) the flexibility to tailor the design and
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fabricate on-demand and customized 3D electrode architec-
tures, (ii) the in situ self-assembly of MnO, nanostructures
directly on the polymer precursor, providing excellent integrity
of the pseudocapacitive nanomaterials and the 3D PyrC
electrode after thermal treatment, (iii) the simplicity and
accessibility of the fabrication process combining simultaneous
pyrolysis of the polymer precursor and annealing of a manganese
oxide nanostructured layer in one single thermal processing step,
and (IV) mass production capability. The method resulted in
predominant decoration of 3D PyrC with crystalline Mn;0,
nanoparticles, which is one of the most preferred materials for
electrochemical capacitive energy storage.

The electrochemical performance of the novel hybrid SC
electrodes developed in this research is comparable to values
reported in other studies. The results clearly reveal the potential
capability of the 3D PyrCMO hybrid SC materials developed to
meet the requirements for architectural tailorability, good
capacitance (gravimetric and areal capacitances of 186 F g™
and 968 mF cm ™2, respectively) and rate capability, and a long
cycling life of up to 5000 times (less than 8% loss), which are
crucial parameters for high-performance EES devices. If solely
the mass of the active MnO, nanomaterial is considered, the
gravimetric capacitance is 457 F g, which is comparable to the
values for state-of-the art materials reported in the literature.
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