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CHAPTER I
INTRODUCTION
This chapter has been published as: Y. Liu, Z. Zeng, J. Wei,* Nano-architectured
Carbon-metal Oxide Electrodes for Supercapacitance Energy Storage, Handbook
of Nanoparticles and Architectural Nanostructured Materials, Elsevier Publisher,
2017, In press.
I.I An Overview
Since the fossil fuel depletion has been identified as a future challenge, the needs
of efficient, renewable, sustainable energy sources are very urgent in the long term. Energy
storage systems, such as fuel cells, batteries and supercapacitors, are good power sources
for electronic devices ranging from cellphones to vehicles. Electrochemical double layer
capacitors (EDLC), are promising energy storage devices which provide higher energy
density than conventional capacitors and higher power density than batteries, hence drawn
a lot of attention due to their unique characteristics, such as high power density, fast
charging/discharging rate, large cycling stability, and safety. There is an unmet need to
develop a breakthrough solution that would complement existing EDLC structures with
significantly enhanced energy storage capacity.
EDLC coupled with active materials (usually transition metal oxides) was
developed in the past decade since it can enhance the energy density while maintaining a
good cyclic performance which is categorized as supercapacitors (also called pseudo1

capacitors). In recent years, research on the topic of supercapacitors has greatly reduced
since the overall performance is decreasing when large amount of active materials was
introduced into the system. Therefore, there’s an urgent need of the fundamental
mechanism study of the active materials including their formation, crystallization, and
potential enhancement during energy storage processes when their mass loading is high.
In this work, I describe the studies of energy storage through a super-aligned carbon
fibers film with the deposition of manganese dioxide. In this chapter, a brief indroduction
of fundamental energy storage mechanism, along with the review of studies in different
platforms such as carbon-based nano-architectures, carbon-metal oxides-based nanoarchitectures, etc. for supercapacitors applications was introduced. In chapter II, a lowcurrent electrodeposition of the α-MnO2 film was described by a three-stage growth
process offering a structure and crystal study during the high mass loading of MnO2. The
first step involves small cluster formation on a boundary layer distributed along the fibers
(0-2 h). The second step involves “kebab”-like structure formation and growth from small
to big nodules of MnO2 around the SA-ECNF (2-4 h). The final step involves the cessation
of MnO2 nodule growth and establishment of a dense film with a self-limiting thickness
(>4 h). In chapter III, I present a magnetization-induced capacitance enhancement in
MnO2/ECNFs nanocomposite electrodes fabricated by electrochemical deposition of
MnO2 on ECNFs. Experimental performance and data analysis indicate that the magnetic
susceptibility largely increases the charge transfer rate thus improves the pseudo-reactions
2

of MnO2 at the electrode and interfaces. A supercapacitor nanocomposite electrode
composed of MnO2 deposition on ECNFs exhibits significantly enhanced galvanostatic
charge/discharge cycling at a 1.34 mT of magnetic field, suggesting that the enhanced
magneto-supercapacitive performance is mainly attributed to magnetic susceptibility of the
MnO2 in the electrode because of the improvement of the pseudocapacitive behavior at the
electrode and the electrode/electrolyte interfaces. In chapter IV, a separator-free
configuration in which ultra-thick MnO2 layers functions as both the pseudo-material and
separator was presented. For the first time, we found the relationship between the thickness
of deposited metal oxide and energy density generated from the electrode. To elucidate this,
the important factor, htotal, should be divided into two parts: MnO2 thickness as a
pseudocapatance role (hps) and as a separator role (hsep). Herein, hps contributes to the
reversible redox reactions between Mn(IV)/Mn(III) species and K+ intercalation/deintercalation at the MnO2/electrolyte interfaces while hsep applies high resistance between
two electrodes while allowing free ions to flow. Furthermore, since the hsep is ascribed to
different electrodeposition currents, to balance the pseudocapacitance role with the
separator role of MnO2, an optimal electrodeposition current (Iopt) should be modeled.
Chapter V summarizes all the energy storage methodologies or mechanisms examined in
this thesis work and provides a brief perspective comment on future research.
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I.II A Brief Review
Energy drives the evolution of nature and human beings since the beginning of
creation. However, modern civilization along with industrial revolution rapidly accelerates
the consumption of fossil fuel energy and lead to serious greenhouse gas emissions and
environmental pollution. Facing these challenges, humankind is forced to move towards
efficient, renewable, sustainable energy sources.[3]
Energy storage systems, such as fuel cells, batteries, and supercapacitors, are good
power sources for electronic devices ranging from cellphones to vehicles. Among these
energy storage technologies, fuel cells have the highest energy density, but their power
densities are the lowest and unit size/weight is large.[4] Batteries have high energy density,
but their power densities are low and cycle lives are limited.[5]

Figure 1.1. Specific Power as a Function of Specific Energy for Various Energy Storage Devices.[4]
4

Supercapacitors are promising energy storage devices which provide much higher
energy density than conventional capacitors and higher power density than batteries
(Figure 1.1), hence they have drawn a lot of attention due to their unique characteristics,
such as high power density, fast charging/discharging rate, and large cycling stability.[4, 6,
7] However, the lower energy density limits its applications as compared to batteries. For
example, carbon-based electrochemical double layer capacitors usually have energy
density less than 10 Wh/kg, which is much lower than that of lead-acid batteries (33-42
Wh/kg)[8] and lithium-ion batteries (100–265 Wh/kg).[9] Such low energy density cannot
fulfill the need of energy storage devices for vehicles and power plants. Thus there is a
great demand for improving both capacitance and energy density of supercapacitors.
Batteries including primary battery (e.g. alkaline, lead acid) and secondary battery
(e.g. silver zinc, lithium-ion) are dominating in use for portable devices.[10] There is a
1354% increase in the global market of supercapacitors in comparison to a 174% increase
of battery. While based on the data in Figure 1.1 the performance of supercapacitors is still
limited in energy density. Therefore, the potential supercapacitors market is huge and a
breakthrough strategy is needed which can complement existing electrochemical double
layer capacitors with significantly enhanced energy storage capacity. Fundamentally,
supercapacitors use electric double layer capacitance (EDLC) or pseudocapacitance or a
combination of both to store charges.

5

I.III Electric Double Layer Capacitance (EDLC)

Figure 1.2. Scheme of Formation of Electric Double Layers.

EDLC comes from a capacitor consisting of electrolyte as the dielectric media,
permeable membrane (usually nonwoven fiber or polymer film) as a separator, and
conductive (usually carbon derived) materials as electrodes. For the formation of electric
double layers as Figure 1.2 shown, the solvated anions and cations are polarized toward
anode and cathode during a charging process. Then the polarized anions and cations move
backward carrying charges when an external circuit is connected between the two
electrodes, which is also called discharge. For the electrochemical (EC) activity center,
high-performance electric double layer capacitors usually utilize activated carbon
nanotubes, graphene, reduced graphene oxides (rGO), or carbon nanoparticles as electrodes
since its capacitance is proportional to the surface area of the electrodes.
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I.IV Pseudocapacitance
Pseudocapacitance comes from the processes when specific cations and anions
were desolvated-adsorbed between the electrolyte and active materials (usually transition
metal oxides) on the electrode as Figure 1.3 shown. It can be categorized as a faradaic
charge transfer process which includes reversible faradaic redox, electrosorption or
intercalation.
Equation (1.1) – (1.4) further describe these processes, including reversible faradaic
redox reaction, intercalation, electrosorption or any of the combination when hybrid active
materials are introduced.[2]
Redox system: 𝑂𝑥 + ne− ↔ Red

.. (1.1)

Intercalation system: My + xLi + xe− ↔ Lix My

(1.2)

Electrosorption system: (MO)S + C + + e− ↔ (C + MO− )S

-----------

----or H + + e− + S ↔ SH

………... .

-.-.. (1.3)----. .. (1.4)

where Ox is the oxidizing agent, Red is the reducing agent, M is the transition metal (e.g.,
Mn, Fe, Ni, Co, Ti, or hybrid), C+ is the insertion cations (e.g., Li+, K+, Na+, Al3+), and S is
the surface lattice site.
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A carbon nanomaterials-based pseudocapacitor usually has pseudocapacitance
comes from the reversible reactions of the active materials in addition to double layer
capacitance formed on electrode surface, which can largely improve the faradaic electron
charge-transfer efficiency.

Figure 1.3. Scheme of a Pseudocapacitance Electrode.

In this chapter, recent progress on nano-architectured CNM and MO-CNM
composites for high electrochemical performance supercapacitors will be introduced. The
advanced design in terms of the critical parameters, e.g., architecture, specific surface area,
mass loading will be presented and discussed in detail.
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I.V Carbon Nano-architecture
Carbon nanomaterial (CNM), such as carbon nanotube (CNT), carbon nanotube
forest (CNTF), graphene, reduced graphene oxide (rGO), templated graphene foam (TGF),
carbon onion/sphere (CO/CS) and electrospun carbon nanofiber (ECNF), possesses unique
sizes, surface dependent (e.g., morphological) properties and excellent intrinsic physical
(e.g., electrical, thermal and mechanical) properties which are ideal for application in
supercapacitors. Since CNT[3] and rGO[4] had been introduced to the applications of
supercapacitors, tremendous progress has been made in the period of 1999-2010 including,
but not limited to, zero-dimensional carbon nanoparticles (e.g. CO/CS),[5, 6] onedimensional highly densely packed single-walled carbon nanotubes (SWNT),[7] onedimensional ECNF,[8] and two-dimensional graphene-based Supercapacitors.[9]
In 2006, a study of a controlled synthesis of carbide-derived carbons showing that
specific surface area (SSA, normally analyzed by Brunauer–Emmett–Teller (BET)
method) and pore size are key factors of EDLC (Figure 1.4).[11] Inspired by this study, a
universal model with equations (1.5)–(1.7) for nanoporous carbon materials was built to
accurately estimate the contributions of pores with different sizes.[10]
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Figure 1.4. Schematic Diagrams (a) an Electric Double-layer Formed at the Carbon/electrolyte
Interface (Anode). The inner and outer Helmholtz planes are represented by blue and red dashed
lines (distance d), respectively. Cations are shown to be solvated by the solvent molecules. (b) a
negatively charged mesopore with solvated cations approaching the pore wall to form an electric
double-cylinder capacitor with radii b and a for the outer and inner cylinders, respectively, separated
by a distance d, and (c) a negatively charged micropore of radius b with solvated cations of radius
a0 lining up to form an electric wire-in-cylinder capacitor. Reproduced with permission from [10].

Macropores (> 50 nm): C = εr ε0 A⁄d

(1.5)

Mesopores (2 – 50 nm): C = 2πεr ε0 L⁄ln(b⁄a)

. ... (1.6)

Micropores (< 2 nm): C = 2πεr ε0 L⁄ln(b⁄a0 )

. (1.7)

where Ɛr is the electrolyte dielectric constant, Ɛ0 is the permittivity of a vacuum, A is the
SSA of the electrode, d is the thickness of the double layer and L is the pore length. As a
milestone, it summarizes that the performance of EDLC capacitors can be estimated by
three factors: SSA, pore size distribution (PSD) and conductivity.
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A lot of efforts have been put into enlarging SSA of CNM with multiple techniques,
e.g. control oxidation,[12] KOH thermal activation,[13] and microwave activation.[9] In
2010, a ‘‘surface-only solid’’ was synthesized by slowly heating the electrodes in dry air to
a target temperature.[12] The SSA increment of the SWNT forests from 1300 m2/g to 2240
m2/g grants the electrode high energy (24.7 Wh/kg) and power (98.9 kW/kg) densities
along with specific capacitance of 114 F/g. The novel “stretch out” process (Figure 1.5
inset) illustrates a new route for CNT activation.

Figure 1.5. N2 Adsorption and Desorption Isotherm of Opened-forests (Red) and Opened-solid
(Green). The inset diagram depicts density difference between forest and solid. Reproduced with
permission from [12].
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Figure 1.6. The High-resolution Transmission Electron Microscopy Images Before (a) and After (b)
Activation. The graphene in (a) shows a smooth surface and (b) demonstrates the porous
morphology. The arrows in (b) show the pores caused by the activation. (c) The illustration of
SWNT grown between the graphene sheets, forming a unique network CNM. Reproduced with
permission from [14].

In 2012, an in-situ synthesis of a hybrid structure of SWNT and graphene by arcingdischarge method was reported.[14] This unique sandwich-like structure (Figure 1.6c)
offers channels and pores for electrolyte ions to penetrate. The SSA analysis shows an
increase from 65 m2/g to 190 m2/g after KOH activation, which brings one of the best
specific capacitance of 350 F/g among CNT or rGO electrodes. A high energy density of
68 Wh/kg with no decrease after 8000 cycles was observed. This work indicates a powerful
and effective technique to enlarge the SSA of CNM.
12

Figure 1.7. (a) Schematic Diagrams of Cylindrical Pore, Cross-section of Cylindrical Pore and
Spherical IL Electrolyte Ions. The gray cycle represents the cylindrical pore wall with negative
charges and the green ball represents the cations of IL electrolytes. Schematic diagrams of IL
electrolyte ion packing mode in pores at the state of (b) tightly stacked ions together because of the
completely matching between the ion and pore size and (c) not tightly stacked together due to
mismatch. The d value is equal to the radius of electrolyte ions for both the two states. Schematic
diagrams (d) and (e) for the utilized cylindrical pore surface in the states of (b) and (c). The blue
part in (e) represents the unused or wasted cylindrical pore surface.[15]

In 2013, a detailed study of the SSA and pore size control of sp2 carbon materials
and their impacts on capacitance performance was realized.[15] Hydrothermal
carbonization of different carbon sources has been done to control the SSA of the sp 2
carbon products. Furthermore, the as-prepared sp2 carbon materials were treated with
various chemicals (KOH, NaOH, K2CO3, ZnCl2, H3PO4, and CaO) and various mass
13

ratio/temperature to control the PSD. Equation (1.8) has been established for specific
capacitance calculation after a full study of the SSA (i.e. cumulative nonlocal-densityfunctional-theory-SSA of pores with size above the diameter of positive ions in ionic liquid
(IL) electrolytes) of different sp2 carbon materials, which is in good agreement with
experimental results.

C(F⁄g) = 0.142 × SSA(m2 /g) − 7.8

(1.8)

The studies in this section have shown advances in increasing SSA and controlling
PSD of CNM to acquire high EDLC solely for supercapacitors applications. Moreover,
several fundamental strategies should be considered in the design of EDLC capacitors: 1.
Solvated ions have a “dimensional effect” when ions’ radii approached the pore size,[16]
thus appropriate electrolyte should be considered based on given pore volume and PSD; 2.
Mesopores with preferred length/diameter ratio can facilitate ion transport by providing
entries to millions of micropores, which play the main role in both electroadsorption
processes and electrodes’ capacitance;[17] 3. Since non-solvated ions have smaller radii
which may fit into ultra-micropores (< 0.7 nm), electrolyte such as IL is promising in nanoarchitectures with small pore sizes.
Transition MO (e.g., ruthenium(IV) oxide (RuO2), manganese(IV) dioxide (MnO2),
Iron(II, III) oxide (FeO, Fe2O3), nickel(II) oxide (NiO), cobalt(II, III) oxide (CoO, Co2O3),
nickel cobaltite (NiCo2O4), etc.) have been widely used in the studies of pseudocapacitors
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as active materials due to their ultra-high theoretical specific capacitance (up to ~3560 F/g).
However, the theoretical value of the active materials has rarely been achieved in
experiment due to their limited electric conductivities. Thus, a series of CNM (e.g. CNT,
CNTF, rGO, TGF, ECNF, etc.) were introduced into the systems to create a high electric
conductive region to increase the electron charge transfer efficiency of these materials.

I.VI Carbon Nanotubes (CNT) Metal Oxide Nano-architecture

Figure 1.8. (a) Scanning Electron Microscope (SEM) Images of a Representative CNT-V2O5
Nanocomposite Film Containing 18 wt% of CNT. The same film etched by 1 wt% hydrogen
fluoride solution (inset); (b) TEM and HRTEM (inset) images of a V 2O5 nanowire with a layered
crystalline structure. Reproduced with permission from [19].

CNT is well-known for the electrode materials of electrochemical energy storage
devices owing to its unique tubular structures (high length to diameter ratio (up to
132,000,000:1)), excellent chemical stability, intrinsically metallic property and large
SSA.[18] Furthermore, the electrical, optical and thermal properties of the CNT are
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extremely anisotropic and tunable compared to those of typical semiconductors, which
make it one of the most attractive materials in recent decades.
In 2011, a facial one-step hydrothermal fabrication of the CNT-V2O5 composites
was reported.[19] The large voltage window of V2O5 allows the electrode to operate
between 2.2 V – 4 V (vs. Li/Li+) organic electrolyte. An energy density of 40 Wh/kg at a
power density of 210 W/kg was achieved. While the relatively low specific capacitance
(115 F/g) may attribute to its intertwined structure (Figure 1.8a inset) and densely formed
MO layer (Figure 1.8b), which can lower the contact area between MO and electrolyte
resulting in a moderate SSA (125 m2/g). The retention of ~80% after 10,000 cycles benefits
from the densely grown MO.

Figure 1.9. Characterizations of MnO2-CNT-sponge. (a) An Overall View of 3D Macroporous
Hierarchical MnO2-CNT-sponge Electrode. (b) MnO2 uniformly deposited on the skeleton of CNTsponge; (c) high magnification of porous MnO2 nanoparticles on CNT-sponge, inset shows an
individual MnO2 flower-like particle. Reproduced with permission from [20].
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Templated methods were used to create a three-dimensional (3D) space for MO
nano-architecture to coat onto.
In 2011, a scalable method was reported to fabricate MnO2–CNT hybrid
electrodes.[20] Carbon nanotubes are coated onto the sponge by a “dip-coating” method
followed by galvanostatic electrochemical deposition of layered MnO2 spheres. The high
SSA (174 m2/g) among foam materials results in a specific capacitance of 1230 F/g (based
on the mass of MnO2), the power density of 63 kW/kg and energy density of 31 Wh/kg,
respectively. The outstanding cycle performance with only 2% degradation after 100,000
cycles may attribute to the delicate electrochemical deposition. The as-prepared CNTsponge can serve as a moderate conductive substrate for depositing MO. However, the
sponge takes up the limited space of the electrode and the removal process remains a
problem (Figure 1.9a).

Figure 1.10. Schematic Illustration of the Synthesis and Morphology of NiMn-LDH/CNT. Step (I):
the surface modiﬁcation of CNT by functional groups. Step (II): the grafting of NiMn-LDH
nanosheets onto CNT backbone by an in-situ growth method. High-resolution SEM image shows
the detailed structure of NiMn-LDH on CNT. Reproduced with permission from [21].
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Later in 2014, a hierarchical nano-architecture composed of nickel-manganese
layered double hydroxide (LDH) crystals coated on CNT was developed by an in-situ
room-temperature growth.[21]
The resulting material displays a porous structure with tunable Ni/Mn ratio, welldefined core-shell configuration (Figure 1.10), and enlarged surface area of 198 m2/g. The
superior capacitance of 2960 F/g (at 1.5 A/g) and energy density of 88.3 Wh/kg may
attribute to the redox reactions of the hybrid MO. But the retention of 94 % after 1,000
cycles implies the low cyclic life may due to the infirm room-temperature deposition.
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I.VII Carbon Nanotubes Forests (CNTF) Metal Oxide Nano-architecture
Individual CNT preserves an exceptional vertical growth mechanism facilitating
the formation of a continuous network for perfect charge transport along the longitude
direction. This mechanism can also form an excellent 3D nano-architecture, known as
“vertically aligned CNT” or “CNT-forest”, onto a silicon wafer by chemical vapor
deposition (CVD) method.

Figure 1.11. (a) Schematic of the CNTF Functionalized with NiO Nanoparticles as the Electrode.
(b-d) The SEM images of the cross-sections of the NiO nanoparticle embedded the CNTF after the
electrodeposition of 20 s (b), 2 min (c), and 8 min (d), respectively. The current density was 50
mA/cm2 for all of the cases. The scale bar in b-d is 300 nm. (e) Relationship between NiO
nanoparticle diameters versus deposition time. Reproduced with permission from [23].
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Rather than thermal-assisted growth, electrochemical deposition has been applied
to improve the morphology control of MO. Nickel nanoparticles were uniformly
electrodeposited onto CNTF to improve the pseudocapacitance of the composite.[23]
Electrochemical deposition offers excellent control of particle sizes (Figure 1.11e) to
optimize the overall performance. Finally, the CNTF-NiO nanocomposite delivers 5.7
times higher capacitance (1.26 F/cm3) comparing to pure CNTF and a capacitance retention
of 94.2% after 10,000 cycles.

Figure 1.12. Procedure for the Preparation of Manganese Oxide/CNTF Composite Electrode.
Reproduced with permission from [24].
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In 2016, well-dispersed manganese oxide nanoflowers were synthesized with the
combination of a CNTF framework by the electrochemical deposition (Figure 1.12).[24]
The morphology and electrochemical capacitive properties of manganese oxide/CNTF
composite can be simply controlled by changing the cyclic voltammetry (CV) cycle
number (or current in a galvanic technique). The facial and accurate control created a good
specific capacitance of 199 F/g and 305 F/cm3, which may attribute to its dominating
mesopore volume and high SSA of 234 m2/g. Furthermore, long cycle life (3% capacity
loss after 20,000 cycles) was achieved indicating the good stability of the MO nanoarchitecture deposited by electrochemical technique.
The as-prepared CNTF varies little in SSA value due to the exclusive synthesis
method. Therefore, the MO and deposition method both play important roles in the energy
storage performance of CNTF-MO composites. Dip-coating provides a simple and lowcost method for depositing MO onto CNM. However, the MO will stop growing at a certain
thickness since the reactant can’t access to the carbon surface. In contrast, electrochemical
deposition, with controllable power output, can precisely control the morphology of the
MO and easily scale up for industrial production.

I.VIII Reduced Graphene Oxide (rGO) Metal Oxide Nano-architecture
Graphene is one kind of two-dimensional (2D) carbon structures composed of the
honeycomb-shaped crystal lattice. Graphene is the thinnest known material in the world
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and possesses a theoretical SSA of 2620 m2/g as well as the best mechanical and electrical
properties.[25] Unlike SWNT, graphene is not soluble in water or organic solvents, which
makes it difficult to handle with. Graphene oxide is obtained by treating graphite with
strong oxidizers (usually by modified Hummers method), thus it contains a range of
reactive oxygen groups (carbonyl (C=O), hydroxyl (-OH), phenol (−C6H5), etc.). Those
functional groups grant the potential for further physical or chemical treatment, while after
reduction it still maintains the excellent properties of graphene, e.g. electrical, mechanical,
and thermal properties. Several studies have been done to demonstrate that rGO-MnO2
composites are feasible materials for supercapacitors applications.

Figure 1.13. (a) AFM image of Exfoliated GO Sheets with Height Profiles. (b) SEM image of
graphene (the inset shows the TEM image of graphene nanosheets with the thickness of about 2–5
nm). (c and d) Low-magnification SEM and TEM images of graphene–78 % MnO2, showing the
preferred growth of MnO2 near the edges of graphene (marked by arrows). Reproduced with
permission from [26].
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In 2010, a self-limiting chemical deposition of MnO2 on rGO sheets was
reported.[26] The as-prepared composite has a specific capacitance of 310 F/g at 2 mV/s,
which is almost three times higher than that of pure graphene (104 F/g). This huge
increment is probably due to the growing surface of the lettuce-like MnO2(Figure 13(b)).
The SSA of graphene synthesized with such method is 267 m2/g (far less than the
theoretical value of 2600 m2/g), which can be attributed to the agglomeration of rGO in
solution-based processing.

Figure 1.14. Schematics Illustrating Coating of Graphene with MnO2 Nanoflowers. (a) Schematic
of the graphene electrode and the MnO2-coated graphene electrode. (b) Schematic of asymmetric
SC with graphene as the anode and MnO2-coated graphene as the cathode. (c) SEM image of the
MnO2-coated graphene. It also shows the graphene nanosheets which are indicated by arrows.
Reproduced with permission from [27].
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In another study, binderless SC electrodes were fabricated using rGO (reduced by
hydrazine hydrate) and MnO2-nanoflowers grown with electrochemical technique.[27] A
high specific capacitance of 328 F/g for the MnO2-nanoflowers coated graphene was
achieved. Its energy and power density are 11.4 Wh/kg and 25.8 kW/kg with 1% decrease
after 1300 charge-discharge cycles. Though the SSA of the rGO or composites were not
characterized, SEM images illustrate that the MnO2-nanoflowers obtained an increased
SSA compared to the chemical deposited MnO2 nano-architectures (Figure 1.14).

Figure 1.15. SEM Images of Graphene Aerogels (a) and MnO2/graphene Aerogels (b) Composite.
TEM images of (c) graphene aerogels and (d) MnO2/graphene aerogels composite. Inset shows an
HRTEM image for MnO2/graphene aerogels composite. Reproduced with permission from [28].
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In order to overcome the agglomeration problem of rGO, sol–gel chemical
technique was deployed in synthesizing rGO-based nano-architectures. After the report of
a new method of synthesis of graphene aerogels by either supercritical drying or freeze
drying of hydrogel precursors,[29] a carbonaceous support (graphene aerogels) was
developed in graphene-MnO2 supercapacitors applications in 2014 (Figure 1.15).[28] Such
graphene aerogels produce a wrinkled structure with SSA of 793 m2/g and large pore sizes.
A high specific capacitance of 410 F/g was achieved with 95 % retention after 50,000
cycles.
With the deployment of same CNM platform and MO active material, studies in
this section indicate that the SSA is the primary parameter in the design of CNM-MO
composite. Therefore, the advances of CNM synthesis and activation treatment toward high
SSA is crucial in developing high-performance SC electrode.

I.IX Templated Graphene Foam (TGF) Metal Oxide Nano-architecture
Although the supercritical or freeze-drying method can relieve the agglomeration
of rGO, graphene layers still partially aggregate and suffer from high inter-sheet junction
contact resistance. Therefore, the synthesis of 3D TGF was developed by nickel foamtemplated CVD with SSA of 850 m2/g in 2010.[30] TGF is a good platform for depositing
MO because there’s no need to use binders or metal-based current collector, which
dramatically decreases the total resistance as well as the total mass of the cell. Several
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TGF-MO studies have been reported after that using paste-coating (nickel-aluminum
double hydroxide,[31]), hydrothermal synthesis MnO2,[32] Co3O4,[33] CoMoO4,[34]),
and electrochemical deposition (NiCo2O4[35]).
Nickel-aluminum LDH spheres have been paste-coated on TGF as a suitable
electrode for pseudocapacitors.[31] In this study, a low SSA of 90.36 m2/g was reported
due to the failure to remove the nickel foam, which should have created a large amount of
macro- and mesopores. This electrode material gives a specific capacitance of 1252 F/g
and a capacitive retention of about 97% after 1000 cycles. The relatively high farad per
gram value is probably due to the calculation is based on pristine MO only.

Figure 1.16. SEM Images of 3D Graphene Foam (a) and 3D Graphene/Co3O4 Nanowire composite
(b). (c,d) Low- / high-magnification SEM images of graphene/Co3O4 nanowire composite. Inset
panel d shows an enlarged view. (e,f) Low- and high- resolution TEM images of Co3O4 nanowire
grown on the surface of 3D graphene foam. Reproduced with permission from [33].
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Rather than nonuniform and infirm paste-coating, the hydrothermal method
provides firm growth of the TGF-MO framework (Figure 1.16). 3D TGF-MnO2 and TGFCo3O4 hybrid electrodes were reported with the hydrothermal synthesis with KMnO4 and
CoCl2·6H2O as precursors by the same research group. The as-prepared flower-like MnO2
and nanowire Co3O4 architecture offer specific capacitances of 560 F/g and 1100 F/g,
respectively. The retention of TGF-MnO2 is 79 % after 1000 cycles, while TGF-Co3O4
shows a stable performance after 500 cycles. TGF-MnO2 has lower capacity, but the
morphology of the MnO2 nanostructures can be readily controlled by the solution acidity.

Figure 1.17. Growth Mechanism and the Morphology of CoMoO4–3D Graphene Hybrid Electrodes.
(a) the Typical Synthesis Procedure of the Graphene Hybrid Electrodes, (b) SEM images of 3D
graphene, (c-d) honeycomb-like strongly coupled CoMoO4–3D graphene hybrid at various
magnifications. Reproduced with permission from [34].
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Superior to single-phase MO, hybrid MO may have synergistic effects which can
enhance the electrical/ionic conductivity, electrochemical reactivity, and mechanical
stability of each component.[36] Furthermore, it can offer fast and effective surface
intercalation/electrosorption

by

decreasing

the

surface

energy

of

the

active

nanomaterials.[37] In 2013, a cost-effective strategy for the growth of novel honeycomblike CoMoO4 strongly coupled on 3D TGF was presented (Figure 1.17).[34] The
nanohoneycomb-like

strongly

coupled

TGF-CoMoO4

illustrates

an

ultra-high

pseudocapacitive performance from 1101 F/g to 2741 F/g at current densities from 85.71
to 1.43 A/g. It also exhibits an excellent cyclic stability (96.36% retention after 100,000
cycles).

Figure 1.18. FESEM Images of Ni Foam Covered by the Bimetallic (Ni, Co) Hydroxide Precursor
(a,b) and the Derived NiCo2O4 Ultra-thin Nanosheets/Ni Foam (c,d). Image in (b) is taken from the
region marked with a rectangle in (a). Reproduced with permission from [35].
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Electrochemical deposition has also been applied in hybrid MO system, ultrathin
mesoporous NiCo2O4 nano-sheets were grown on Ni foam with strong adhesion for
supercapacitors applications (Figure 1.18).[35] The as-obtained NiCo2O4 nano-sheets
possess an ultrahigh specific capacitance of 2010 and 1450 F/g at current densities of 2 and
20 A/g, respectively, and able to retain 94 % of its initial capacitance after 2400 cycles.
Generally, TGF is an ideal structure for depositing MO to realize high pseudocapacitance.
However, the supercapacitors applications of TGF are limited because the CVD synthesis
requires additional cost and time, and produces relatively low SSA.

I.X Electrospun Carbon Nanofiber (ECNF) Metal Oxide Nano-architecture
ECNF is well known for its large porosity, high conductivity, cheap and
freestanding nature as electrode materials for supercapacitors applications and commercial
production.[38, 39] Moreover, ECNF structures can also be served as scaffolds to
uniformly support MO nano-architecture because of their reliable 3D-network structure
significantly enhancing the rate capability by shortening the distance of electron transport.
Therefore, huge amount of studies have been done focusing on ECNF-MO synthesis via
co-electrospinning, dip-coating and electrochemical deposition[40].
Activated ECNF has been coupled with SnO2[41] and Co3O4[42] by incorporating
MO precursors (e.g. SnCl2 ﹒ 2H2O, cobalt(II) acetylacetonate (Co(acac)2)) into
polyacrylonitrile (PAN) via a one-step co-electrospinning method. Activated porous
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ECNF-SnO2 electrode has been synthesized using this method with an enhanced SSA of
1082.1 m2/g, total pore volumes of 0.64 cm3/g, and volume percentages of mesoporous
(35.0%) compared with conventional ECNF (Figure 1.19). The capacitive tests indicate a
specific capacitance of 289.0 F/g, power density ranging from 80–8000 W/kg at 0.2-20 A/g
current density, and energy density around 14.4–7.7 Wh/kg.

Figure. 1.19 FESEM Images of Samples Obtained After Carbonization at 800 °C Under N2
Atmosphere (a–c). after H2-reduction (d–f), and after acid treatment (g–i). Reproduced with
permission from [41].
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Figure 1.20. Left Panel: Ideal Schematic Illustration for Obtaining Porous ECNF Electrodes
Synthesized Using Co-electrospinning Method with H2-reduction and Post Annealing Strategy.
Right panel: (a) the photograph of Co(acac)2-PNFs and Co3O4-ECNF hybrid films. (b,c) The sideview SEM images and (d) the top-view SEM image of the Co3O4-ECNF hybrid films. Reproduced
with permission from [42].

Similarly, activated ECNF-Co3O4 composites show a relatively high specific
capacitance of 556 F/g with an excellent cyclic performance of 2000 cycles with a
negligible specific capacitance decay of about 1%.[42] The advantage of this method is the
facial synthesis/processes and ultrahigh surface area (>1000 m2/g) compared to nonactivated ECNF (<100 m2/g). The activation treatment increases the SSA but undermines
the internal structure of the ECNF network (Figure 1.20), therefore its potential
applications in stretchable devices will be limited.
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Carbon fiber paper (CFP), also known as carbon fabric or carbon cloth, is a
commercial product physically similar to ECNF. NiCo2O4 is the most popular metal oxide
material coupled with CFP in the forms of NiCo2O4 nanosheet arrays,[43] CFP-NiCo2O4NiO,[44] CFP-NiCo LDH[45] and CFP-Ni/Co LDH-ZnO.[46] NiCo2O4 precursor was
electrodeposited onto CFP to form ultrathin (10 nm) nanosheet arrays. The interconnected
structure with a good conductivity of the composites delivered an astonishing high specific
capacitance of 2658 F/g with retention of 80% after 3000 cycles.[43]

Figure 1.21. (a) Schematic Illustration of the Growth Process of Porous NiCo2O4 Nanowires on
Carbon Cloth and Subsequent Chemical Bath to Deposit NiO Nanoflakes on NiCo2O4/CFP. To
prepare the NiCo2O4@NiO/CFP composite, NiCo2O4@NiO/CFP composite and NiCo2O4/CC
samples prepared by annealing their precursor in nitrogen (NiCo2O4/CFP-N2) and in air
(NiCo2O4/CFP-Air) respectively; SEM images of sample NiCo2O4/CFP-N2 (b and c) and
NiCo2O4/CFP-Air (d and e) at different magnifications. Reproduced with permission from [44].
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Figure 1.22. (a) SEM Image of CFP Before (inset) and After Growth of NiCo2O4 Nanowires. (b)
High-magnification SEM image of NiCo2O4 nanowires grown on CFP. (c) TEM image and
HRTEM image (inset) of 2 NiCo2O4 nanowires. (d) Diffraction pattern of a NiCo2O4 nanowire. (e)
SEM image of a CoxNi1−x hydroxide coating on NiCo2O4 nanowire grown on CFP. (f) TEM image
of CoDHs/ NiCo2O4 nanowires grown on CFP. Reproduced with permission from [45].

NiCo2O4-NiO core–shell hetero-nanowire on CFP (Figure 23) has been assembled
by dip-coating for a high-performance flexible all-solid-state SC (Figure 1.21),[44] while
CoxNi1−x hydroxide was electrodeposited onto CFP to form CFP-NiCo2O4 nanowire arrays
(Figure 1.22).[45] Both of the designs have shown extraordinary performance in captivity,
stability, and simplicity. Their high specific capacitances (1500-1800 F/g), energy density
(33-42 Wh/kg) and power density (41-42 kW/kg) can be attributed to the unique 3D
micrometer architecture of the CFP-Ni/Co-MO hybrid structures.
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CNTF, TGF and ECNF are ideal for depositing MO since they optimize all CNM’s
characterizations to provide a conductive and mechanical 3D network. These structures can
dramatically decrease the total resistance as well as the mass of the cell because there’s no
need to deploy binder or metal-based current collector. ECNF stands out due to its facial
and scalable synthesis, thus it has good potential for the development of light, compact,
and high-performance supercapacitors.

I.XI CNM Hybrid Nano-architecture
CNT, rGO, TGF and ECNF are the most promising carbon nano-architecture
materials for energy storage applications. Each of them has some superior properties, e.g.
physical, morphological. Therefore, the structures that bundle multiple CNM together as
hybrid materials are very attractive since they may hold their intrinsic properties and grant
new characteristics prior to single CNM.

Figure 1.23. Schematic of Preparation of Supercapacitor Electrode Material. Reproduced with
permission from [47].
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Figure 1.24. Schematic Illustration of the Fabricated Flexible and Conductive Film Using
Graphene/MnO2/CNT. Note the difference in the possible electron paths for the two architectures:
electron has to pass the insulating MnO2 layers for the graphene/MnO2 composite. Reproduced
with permission from [48].

Two hybrid syntheses of rGO-CNT electrode coupled with SnO2 (Figure 1.23)[47]
and MnO2 (Figure 1.24)[48] were developed for supercapacitors applications. Their
specific capacitance of 224 F/g and 372 F/g were obtained for SnO2 and MnO2,
respectively. The difference is SnO2 was firstly deposited onto CNT via calcination method
at 350 °C then intercalated with rGO, while MnO2 was chemically deposited onto rGO via
coprecipitation method then CNT added as a conductive network. Their competing energy,
power density, and cycle life were 31 Wh/kg versus 2.2 Wh/kg, 17.6 kW/kg versus. 42
kW/kg, and 81% ~ 6000 versus. 5% ~ 1000, respectively. The different coupling orders
(CNT-rGO versus rGO-CNT) offer very close electrochemical performances except for the
higher capacitance of MnO2.
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Rather than CNT and rGO, CNTF and TGF can offer excellent conductive network
without agglomeration, thus they were combined then coupled with various MO for highperformance supercapacitors. TGF-CNTF with Fe2O3[49] and MnO2[50] were developed
as novel 3D hierarchical nano-architectures.

Figure 1.25. (a-c) SEM and (d-e) HRTEM Images of TGF-CNT@Fe2O3. (f) high-angle annular
dark-field STEM image of a single CNT@Fe2O3 and (g-i) the corresponding STEM element
mapping. The scale bar in (f) is 10 nm. Reproduced with permission from [49].

Atomic layer deposition (ALD) is an advanced deposition method which can
produce thin, conformal films with control of the thickness and composition at an atomic
level. A novel TGF-CNTF hybrid structure was firstly synthesized by growing CNT on the
nickel-foam templated graphene 3D scaffold.[49] Then ALD has been utilized to deposit
Fe2O3 on the TGF-CNTF for energy storage tests.[49] A record-breaking specific
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capacitance of 2555.6 F/g was achieved plus the full-cell charge-discharge based test gave
a high energy of 74.7 Wh/kg at the power density of 1400 W/kg. The combination of TGF
and CNTF maximizes the conductivity and porosity of the composite (Figure 1.25), and
the advanced ALD deposition leads to a superior cyclic performance of 95.4% retention
after 50,000 cycles. The top-level specific capacitance may attribute to the relatively small
mass loading of Fe2O3, which is lowered to 210 F/g when the whole electrode mass was
considered.

Figure 1.26. Schematic Illustration of 3D Micro/nano-interconnected Structure as Flexible SC
Electrode. The designed 3D micro/nano-interconnected structure is based on the bulk hierarchical
graphene/ECNF/MnO2 composite (with the dimension >1 cm), where primary structure (with a
dimension of 100 μm) is made by the graphene networks, secondary structure (with a dimension of
1 μm) is made by the CVD grown-CNTF on graphene skeletons, and tertiary structure (with a
dimension of 10 nm) is made by a hemicylindrical MnO2 nanosheet-like shell. Moreover, this 3D
micro/nano-interconnected structure can provide uninterrupted charges transfer pathways in
storage reaction. Reproduced with permission from [51].

Similarly, a synthesis of TGF-CNTF on nickel foam followed with dip-coating to
deposit MnO2 onto the hybrid structure was reported with a high specific capacitance of
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948 F/g (Figure 1.26).[51] The as-prepared electrode delivers an energy density of 53.4
Wh/kg, a power density of 332.5 W/kg, and a retention of 94.1 % after 1000 cycles. The
dip-coating method usually provides a higher mass loading than ALD, thus the specific
capacitance based on whole electrode mass may be higher compared to ALD. However,
the less stable binding between the TGF-CNTF and MnO2 may undermine the retention
performance.

I.XII Summary
As summarized from the results and discussions in this chapter, CNM such as CNT,
rGO and CO/CS, intrinsically has large surface area, controllable PSD and excellent
conductivity for EDLC applications. CNM nano-architecture may replace the current
industrial supercapacitors materials with higher energy and power density. However, the
increased energy density of CNM compare to activated carbon is still limited and the high
cost of the synthesis is the bottleneck. CNM-based structures, such as CNTF, TGF,
ECNF/CFP, possess extensive options of chemical modification and optimal mechanical
property, which are used as substrates to stabilize active MO layers, e.g. by integrating
pseudocapacitance with EDLC. Among these candidates, CNTF possesses the most
uniform morphology with ballistic electron transport along the vertical direction, which
provides the best interface-to-conductor conductivity, but the small gap between CNTF
may block the electrolyte infiltration after deposited with MO. TGF has interconnected
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foam-like structure with the best electric conductivity and mechanical strength of a 3D
framework, but its pore size is limited by the foam template which is large (usually
hundreds of micrometers). Furthermore, both of them utilize hash synthesis conditions
which are costly. Therefore, ECNF/CFP stands out for its competitive properties, scalable
and facial synthesis. However, the challenges remain on how to order the orientation of the
fibers and prevent the active coating from deformation/degradation. The desirable
deposition method for MO or post-treatment of the CNM-MO is one of the key factors for
high energy storage performance. Thermal-chemical reaction, dip-coating, and pastecoating use the simplest apparatus with control of the coating time. They offer MO loose
and porous nano-architectures from moderate to good, but the immobility of the MO is
poor. Hydrothermal method offers homogeneous MO morphology with control of the
temperature and the concentration of the solution, but the crystals typically have high
density with no porosity which lowers the SSA of MO architecture. Same as hydrothermal,
microwave-assisted synthesis is taken in an autoclave reactor but with different nucleation
mechanism. Thus the later is better in controlling the morphology of MO with porous nanoarchitecture with higher SSA. ALD demonstrates its outstanding capacitance and high
stability with the most accurate control of MO thickness, however, the mass loading is low
and the cost is high. Electrochemical deposition is a facial and applicable method which
provides relatively firm deposition with high SSA and low cost. Vast opportunities remain
for developing nano-architecture electrodes by electrochemical deposition with
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performances from great to superior. Based on the discussion above, the combination of
ECNF and electrochemical deposition is a promising route towards the next generation
supercapacitors. Though many exciting results have been reported, they are not
representing the overall performance since the mass ratio of MnO2/cell are very small.
Research have been done to increase the whole cell performance by loading large amount
of MnO2 onto the electrode.[7-9] These studies offered solutions toward commercial level
mass loading but also indicating that the accumulation of MnO2 will suffer from high
electronic resistance which can lower their galvanic charge-discharge efficiency.[10, 11]
In this thesis, the crucial factors including deposition time, specific capacitance, etc.
of ECNF/metal oxide hybrid electrodes synthesized via dip-coating will be discussed. The
electrochemical growth processes of MnO2 on super-aligned ECNF (SA-ECNF) will be
reported with respect to mass loading, energy density and retention life. The energy storage
ability enhancement of MnO2 regards magnetic properties will be studied. Moreover, a
unique self-sustainable separator-free configuration of a MnO2-SA-ECNF electrodes
which is capable of providing good energy storage performance while saving the space of
a separator will be presented.
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CHAPTER II
STABLE LOW-CURRENT ELECTRODEPOSITION OF α-MnO2 ON
SUPER-ALIGNED ELECTROSPUN CARBON NANOFIBERS
FOR HIGH-PERFORMANCE ENERGY STORAGE
This chapter has been published as: Liu, Y., Zeng, Z., Bloom, B., Waldeck, D. H.,
Wei, J. Stable Low‐Current Electrodeposition of α‐MnO2 on Superaligned
Electrospun Carbon Nanofibers for High‐Performance Energy Storage. Small,
2017, 1703237.
II.I Introduction
Manganese dioxide (MnO2) has been demonstrated to be one of the most promising
electrode materials for lithium batteries and pseudocapacitors/ supercapacitors, with a
theoretical specific capacitance of 1370 F/g,[1] ecofriendly, magneto property,[2] and
abundant earth reserves.[3] However, MnO2 electrodes often suffer from low proton
diffusion constant (∼ 10-13 cm2/(V s)) and low electrical conductivity (∼ 10-5 S/cm) which
can lower their galvanic charge-discharge capacity.[4, 5] In contrast, carbon-based
nanomaterials, e.g. carbon nanotubes (CNT), graphene,[6] and carbon nanofibers (CNF),
can display high electrical conductivity, high charge transfer capability, large specific
surface area mesoporosity, and high electrolyte accessibility.[7] In the past decade, a series
of carbon nanomaterials (CNT,[8-12] CNT-forest (CNTF),[13] reduced graphene
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voxide,[14-16] templated graphene foam (TGF),[17-19] CNF[20]) have been coupled with
MnO2 to lower their electrical resistance while retaining high charge capacity.

Figure 2.1. Schematic Illustration of the Electrons Flow Through Different Carbon Nanomaterials
(CNMs). (a) CNT, (b) graphene/rGO, and (c) carbon spheres/onions coupled with active materials
(MnO2 in this case) to the current collector. Yellow and red arrows indicate the electron flow
through CNMs and electrolyte, respectively.

Figure 2.1 illustrates the scheme of electrons flow in a typical “CNMs-active
material” platform. Since these CNMs usually are individual particles or flakes, the active
materials deposited on their surfaces will largely increase the resistance when electrons
flow between CNMs particles or flakes which lead to an electron transfer route similar to
typical batteries (entirely through electrolyte) with decreased power density and lifetime.
In contrast, CNTF and CNF have shown great potential in building CNMs-active materials
hybrid electrodes for energy storage applications when optimized to provide a conductive
network and maintain mechanical strength (Figure 2.2).[21] These structure can direct the
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electrons generated from the redox reaction of the pseudo-active materials (adsorbeddesolvated ions) flow through the tubular carbon structures to current collector instead of
through electrolyte, downsizing the energy consumed by electrolyte or dielectric active
materials to a insignificant level.

Figure 2.2. Schematic Illustration of Electrons Flow Through CNTF (a) and Super-aligned CNF (b)
which Coupled with Active Material (MnO2 in this Case) to the Current Collector. Red arrows
indicate the electron flow through CNMs.

A number of studies report on well-aligned MnO2/CNT and MnO2/CNF with
different morphologies and crystal structures, rarely do they address the mechanism of the
MnO2 crystal formation during the electrode preparation. In 2008, the fabrication of MnOx
nanoflowers on CNTF using techniques of chemical vapor deposition and
electrodeposition was reported.[22] This study showed that MnOx nucleated at the
junctions of CNTF, rather than at the curved surfaces, during electrodeposition and
demonstrated a strategy for forming MnO2 on an aligned structure for high-capacity
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electrochemical energy storage devices. The mass loading of metal oxides on CNTF is,
however, limited and the synthesis of CNTF is time-consuming and costly.
Electrospun carbon nanofibers (ECNF) are well known for their inexpensive
production, freestanding nature, large porosity, and high conductivity as electrode materials
for supercapacitor applications. Electrospinning is a facial and versatile technique for
generating ultrathin fibers especially carbon nanofibers. In electrospinning, a continuous
solid fiber is drawn out of the droplet composed of a highly viscous polymer solution on
the syringe needle. The high voltage electric field is applied between the needle and metal
collector to introduce electrostatic repulsions forces between the surface charges and the
evaporation of solvent.[23, 24] The collected fiber mats are usually with diameter range
from nanometers to microns. (Figure 2.3)

Figure 2.3. Schematic Illustration of the Setup for Electrospinning. The insets show a drawing of
the electrified Taylor cone and a typical SEM image of the nonwoven mat of poly(vinyl pyrrolidone)
(PVP) nanofibers. Reproduced with permission from [25].
49

Electrospinning usually form randomly distributed nonwoven mat due to lack of
driven force and orientation control which may lead to low uniformity in thickness and
homogeneity in electrical properties.[26] Yet the SA-ECNF structure can be used as
scaffolds to uniformly support metal oxide nano-architectures because their alignment can
significantly enhance the deposition rate by shortening the distance of electron transport.
Figure 2.4 illustrates a self-designed setup for SA-ECNF synthesis. Metal
oxide/carbonaceous nanomaterials are promising candidates for energy storage
applications.[21] However, inhomogeneous mass and charge transfer across the
electrode/electrolyte interface due to unstable metal oxide/carbonaceous nanomaterial
synthesis limit their performance in supercapacitors. The above problems can be mitigated
through a stable low-current electrodeposition of MnO2 on super-aligned electrospun
carbon nanofibers (SA-ECNF). The key to this approach is coupling a self-designed four
steel poles collector for aligned SA-ECNF and a constant low-current (40 μA)
electrodeposition technique to form a uniform Na+ induced α-MnO2 film which proceeds
by a time-dependent growth mechanism involving cluster-“kebab” structures and ending
with a compact, uniform MnO2 film.
Because of the importance of structure of metal oxide/carbonaceous nanomaterials
in determining their chemical and electrochemical properties, architectural control of metal
oxides in the nano- and micro-scale regime is an important goal in materials science.[1, 27,
28] Metal oxides are essential electrode materials in lithium-ion batteries[5, 29, 30] and
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pseudocapacitors/ supercapacitors,[31, 32] and the study of their stable synthesis and
growth mechanism can lead to better strategies for improving their electrochemical
performance in specific capacitance, energy density, and lifecycle stability.[33, 34]
We hypothesize that the combination of these two materials (MnO2 and superaligned SA-ECNF) in a nanoscale structure will exhibit excellent electrical,
electrochemical, and mechanical properties for electrochemical energy storage. In this
study, we describe the rational design and fabrication of MnO2/SA-ECNF by wrapping
MnO2 onto super-aligned SA-ECNF. The low-current electrodeposition of the α-MnO2 film
can be described by a three-stage growth process. The as-prepared MnO2/SA-ECNF
(formed by a 4 h electrodeposition) electrode exhibits a high capacitance of 630 F/g, high
specific energy density of 56.4 Wh/kg and flexibility, enabling a practical supercapacitor
with a lifespan of 2000 cycles of a desirable retention value.

II.II Synthsis of SA-ECNF
The fabrication technique for the super-aligned SA-ECNF is based on a facile
electrospinning method with a self-designed sample collector; see the schematic diagram
in Figure 2.4a. Different from a normal cylinder design, four steel poles were welded on a
plate in order to collect the SA-ECNF without any substrates. A 10 wt.% polyacrylonitrile
(PAN, Mw = 150,000) solution in dimethylformamide was electrospun onto the collector.
The applied positive voltage was 18 kV and the distance between the needle tip and the
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collector was 15 cm. The collector was maintained at a rate of 2000 revolutions per minute
during the electrospinning to form super-aligned precursors. The obtained sheets were then
put into a furnace for stabilization to ensure that the fibers did not melt during pyrolysis.
The heating rate was 1 °C/min from room temperature to 280 °C and kept for 6 h. The asstabilized nanofibers were finally carbonized at 1200 °C for 1 h at a heating rate of 5 °C/min
under N2 atmosphere to yield high mechanical strength SA-ECNF.

II.III MnO2 Electrodeposition on SA-ECNF
After the super-aligned SA-ECNF were prepared, MnO2 was electrodeposited onto
1 cm2 SA-ECNF by a galvanostatic method with a three-electrode setup using a charging
current of 40 µA. Here, an Au electrode taped with SA-ECNF, platinum wire, and Ag/AgCl
were used as working electrode, counter electrode, and reference electrode, respectively.
To assure that the deposition of MnO2 took place uniformly and firmly at the SA-ECNF’
surfaces, the SA-ECNF electrode was treated with 4 M HNO3 solution at 70 ℃ for 2 h to
introduce –OH and –COOH groups to facilitate the deposition. An aqueous precursor
solution with 10 mM MnSO4 and 100 mM Na2SO4 was used as the supporting electrolyte.
After the deposition, the working electrodes were washed with deionized water and then
dried at 80 °C for 5 h.
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II.IV Materials Characterization
Field emission scanning electron microscope (FESEM) (Carl Zeiss Auriga-BU FIB
FESEM Microscope) was performed to study the morphological properties of MnO2/SAECNF.
X-ray powder diffraction (XRD) (Agilent Technologies Oxford Germini X-Ray
Diffractometer) was employed to study the crystal structures of MnO2/SA-ECNF.
Energy-dispersive X-ray spectroscopy (EDX) (Hitachi S-4800-I FESEM
w/Backscattered Detector & EDX) was performed to study the atomic ratio on MnO2/SAECNF.
X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB 250 Xi) was
used to determine the elemental composition of MnO2/SA-ECNF.

II.V Electrochemical Measurements
Electrochemical performance of the as-prepared electrodes was performed on a biologic VMP3 electrochemical workstation using a three-electrode system. The SA-ECNF
film was cut into 1 cm2 pieces then attached onto a gold electrode as the working electrode.
A platinum wire was used as the counter-electrode and Ag/AgCl was used as the reference
electrode in a 6 M KOH electrolyte solution.
The three-electrode was used for cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and galvanostatic charge/discharge experiments.
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The voltammetry was scanned from a potential of 0.0 V to 0.8 V vs Ag/AgCl at
different scan rates. Electrochemical impedance spectroscopy (EIS) was performed from
100 kHz to 0.1 Hz, and charge/discharge tests were performed at different current densities.

II.VI Calculation Section
From the cyclic voltammograms, the specific capacitance was calculated using the
following equation: 1-3

C

E2

E1

idE
2mS ( E2  E1 )

(2.1)

From the charge/discharge curves, the specific capacitance was calculated using the
following equation:

C

It
m( E2  E1 )

.

where C is the specific capacitance (F/g),



E2

E1

(2.2)

idE is the integrated area in the

voltammograms, m is the mass of the active sample (g), S is the scan rate (V/s), (E2-E1) is
the potential window (V), I is the discharge current (A), and t is the discharge time in the
potential window (s).
The energy density (De) of the capacitors was calculated using the following
equation:
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De  C ( E2  E1 ) 2 / 2

(2.3)

The power density (Dp) of the capacitors was calculated using the following
equation:

De  D p / t

.

where t is the discharge time.
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(2.4)

II.VII Results

Figure 2.4. (a) Illustrations of the Aligned Electrospinning Technique. (b) ordered electron flows
that initiate uniform electrodeposition on the super-aligned SA-ECNF using a three-electrode setup
with a SA-ECNF working electrode, an Ag/AgCl reference electrode, and a platinum counter
electrode.
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Figure 2.5. SEM Images of Super-aligned SA-ECNF and MnO2/SA-ECNF for Different
Electrodeposition Times from 0.5 h to 4 h with the Histograms of Size Distribution Analysis. All
of the scale bars are 2 μm. Note that enlarged images are shown for super-aligned SA-ECNF and
MnO2/SA-ECNF (2.5 h, 3 h, 3.5 h, and 4 h).
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The as-prepared pure SA-ECNF exhibit super-aligned structure (Figure 2.5a-b). It
is hypothesized that the alignment of SA-ECNF can reduce disordered electron flow,
leading to a more uniform electrodeposition process. A nitric acid pre-treatment, which
introduces hydroxyl and carboxyl groups, was used to make the SA-ECNF surface more
hydrophilic and to introduce reaction sites for nucleation of MnO2 crystallites. MnO2 was
electrodeposited onto the SA-ECNF with a three-electrode setup (Figure 2.4b). A constant
low current (40 μA) was applied by an electrochemical workstation for various times
ranging from 0.5 h to 4 h under an inert N2 atmosphere with an aqueous precursor solution
containing 10 mM MnSO4 and 100 mM Na2SO4. The composites’ structure and
morphology were characterized by scanning electron microscopy (SEM) (Figure 2.5c-j).
When the electrodeposition starts, small clusters form on the functionalized sites
distributed on the fibers (Figure 2.5c-d). As the electrodeposition continues, the clusters
begin to grow larger into a morphology (Figure 2.5e-f) that is denser than that of the porous
flowers reported elsewhere using high current or cyclic voltammetry (CV) techniques in
the electrodeposition.[9-11, 35] After electrodeposition for 2 h, the clusters begin to merge
with one another to form small balls around the SA-ECNF (Figure 2.7a-b); the SEM images
clearly show surface structures corresponding to these firmly merged balls (Figure 2.5gh). As the electrodeposition time increases, the “kebab”-like structures keep growing until
the fibers are fully covered (Figure 2.5i-j, Figure 2.6a-b).
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(a)

(b)

Figure 2.6. SEM Image of Aligned MnO2/SA-ECNF After Deposition Time for 4 Hours Showing
Detail Structures of MnO2 Crystals at Different Magnifications.

(a)

(b)

Figure 2.7. SEM Image of Aligned MnO2/SA-ECNF After Deposition Time for 8 Hours (a) and
MnO2/SA-ECNF without Alignment After Deposition Time for 3 Hours (b).

A size distribution analysis shows a monotonic increase in average size of the
nodules (“kebab”-like structures) with the increase of the electrodeposition time (Figure
2.5c-j). After electrodeposition for 4 h, the SA-ECNF with nanofiber diameter of about 208
nm are decorated by a MnO2 film with a thickness of about 1660 nm, making a total
diameter of ~1868 nm (Figure 2.5j, Figure 2.6a-b). MnO2 electrodeposition beyond a 4 h
time (Figure 2.7a of 8 h deposition) does not show an obvious increase in thickness with
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the applied current, a feature that probably arises from the high resistance of the MnO2
layers. In a control experiment, MnO2 was electrodeposited on randomly distributed SAECNF using the same electrochemical conditions (Figure 2.7b). Under these conditions
MnO2 favors the nucleation and growth of clusters at the junctions of SA-ECNF rather than
the uniform distribution along the fiber surfaces that is found for super-aligned SA-ECNF.
These data corroborate the inference that the SA-ECNF’ alignment promotes the
homogenous electron flow and facilitates the uniform MnO2 growth.

Figure 2.8. (a) SEM Associated with EDX Mapping Analysis and (b) XPS Spectrum of the
MnO2/SA-ECNF Under Electrodeposition for 4 h. (c) XRD analysis of the MnO2/SA-ECNF under
electrodeposition for 1 h, 2 h, 3 h, and 4 h.
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Figure 2.9 EDX of MnO2/SA-ECNF after Electrodeposition for 4 Hours. The atom% of C, O and
Mn is 12.88%, 58.76%, 28.36% respectively.

The chemical composition of the MnO2/SA-ECNF was analyzed by energy
dispersive X-ray (EDX) spectroscopy and X-ray photoelectron spectroscopy (XPS). The
EDX spectrum (Figure 2.8a, Figure 2.9) shows that the surface composition of the
electrochemically deposited electrodes is composed of the elements C, O, and Mn. The
atomic ratio of O and Mn is close to 2:1, which implies the formation of MnO2. The
chemical composition of the MnO2/SA-ECNF sample was also investigated by XPS. The
strong C (supported by SA-ECNF (Figure 2.10b)), Mn, and O signals in the survey XPS
spectrum reveal the existence of Mn atoms (Figure 2.8b). The high resolution Mn 2p
spectra for MnO2/SA-ECNF is presented in Figure 2.11. Two strong peaks at 642.3 and
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653.9 eV can be clearly seen, corresponding to the Mn 2p3/2 and Mn 2p1/2 spin–orbit peaks
of MnO2, respectively.[36, 37] The pronounced peak in the O 1s XPS spectrum (Figure
2.12) at 530.0 eV is assigned to Mn−O−Mn in the composite, and the peak at 531.4 eV can
be assigned to Mn-OH formation.[38, 39]
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Figure 2.10. XRD (a) and XPS (with C (b) and O (c)) of the Pure SA-ECNF.
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Figure 2.11. Mn 2p XPS Spectrum of the MnO2/SA-ECNF Under Electrodeposition for 1 h, 2 h, 3
h, and 4 h.

Figure 2.12. O1s XPS Spectrum (Black Line) and Its Simulated Peak Fitting (Blue Lines) of the
MnO2/SA-ECNF Under Electrodeposition for 1 h, 2 h, 3 h, and 4 h. The green line is the
background for the XPS spectrum. The peak at 530.0 is associated with Mn-O-Mn, the peak at
531.4 is associated with Mn-OH and the peak at 533.0 is associated with H-O-H.
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To investigate the MnO2 crystal structure, the as-prepared MnO2/SA-ECNF
materials were examined by X-ray diffraction (XRD) (Figure 2.8c). The XRD patterns
could be fully indexed to α-MnO2 (JCPDS No. 44-0141), and become more distinct (like
the (200) plane) with longer electrodeposition time.[40]

Figure 2.13. Mechanistic View of the MnO2 Growth Including the Schematic Description of Mn2+
Uniform Flux. (a), α-MnO2 crystalline (b), and time-dependent MnO2 growth with data analysis
(c).
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The comprehensive electrodeposition of MnO2 originates from the stable structure
of SA-ECNF, which contributes to a uniform Mn2+ flux (Figure 2.13a).
The electrochemical reaction occurs according to:[41]

Mn 2  2 H 2O  MnO2  4 H   2e 
The MnO2 matrix has different structural motifs arising from edge- or cornersharing MnO6 octahedra in different connectivity schemes, resulting in channels that
extend in a direction parallel to the unit cell; and the MnO2 appears in a number of
crystallographic polymorphs, such as α-, β-, γ-, δ-, and ε-MnO2.[42, 43] In this study,
cations (Na+) were introduced during the synthetic process, but the 1×1 channels (with a
size of 0.189 nm) are too small for Na+ to intercalate and stabilize the structure, which
results in the formation of α-MnO2.
In contrast double chains of edge-sharing MnO6 octahedra, which are linked at the
corners to form 2×2 channels (with a size of 0.46 nm) and 1×1 tunnel structures, are large
enough for cation placement (Figure 2.13b).[42, 43] The cations, which reside inside the
2×2 channels of α-MnO2, increase the electronic conductivity of the MnO2/SA-ECNF’
system and indirectly enhance the electrodeposition of α-MnO2.[44] The time-dependent
growth analysis suggests a three-step kinetics mechanism for the electrodeposition (Figure
2.13c).
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The first step involves small cluster formation on a boundary layer distributed along
the fibers (0-2 h).
The second step involves “kebab”-like structure formation and growth from small
to big nodules of MnO2 around the SA-ECNF (2-4 h).
The final step involves the cessation of MnO2 nodule growth and establishment of
a dense film with a self-limiting thickness (>4 h).
In the growth process, the thickness of the MnO2 film can be controlled by the
electrodeposition time (Figure 2.5).
We can write a kinetic equation (2.5) to describe the MnO2 growth for the
electrodeposition as:[45]

dh dt  c  j  jd 

(2.5)

where dh/dt is the rate of MnO2 film formation and growth, c is the coulombic efficiency
(cm3/C), j is the measured current density, and jd is the required current density to prevent
dissolution. The measured current density has a nonlinear exponential relationship with
the applied voltage (V):[46]
(2.6)

j = Aexp(B ∙ V/h)

where A and B are characteristic constants of the system. According to the nonlinear
relationship between current density and electric field strength, the saturation of film
growth is thus given by the equation:
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hmax  BV  ln  jd A  

(2.7)

Figure 4c shows a best fit of the MnO2 thickness (h) versus deposition time (t) data
by the equation:
h  hmax (1  10 0.5  )  t  0 


t

(2.8)

with a hmax of about 1693 nm and a half-life time constant (τ0.5) of about 2.78 h. The MnO2
thickness increases in a time-dependent manner (from 0.5 h to 8 h) until the MnO2
thickness is observed to plateau after 4 hours of electrodeposition, which supports a threestage kinetic mechanism for the MnO2 electrodeposition process.
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Figure 2.14. Electrochemical Characterization of the Films Includes Cyclic Voltammetry at 20
mV/s in 6.0 M KOH Electrolyte. (a), electrochemical impedance spectroscopy at frequencies from
100 kHz to 0.1 Hz (b), galvanic charge-discharge profiles at 1 A/g (c), and retention performance
(d) of MnO2/SA-ECNF under 1 h, 2 h, 3 h and 4 h electrodeposition. Note that the impedance
spectra also include an 8 h electrodeposition data and the insert in (d) shows the specific energy
density changes after 2000 cycles.

The as-prepared MnO2/SA-ECNF films were examined for their performance as
supercapacitor electrodes. Cyclic voltammetry studies (Figure 2.14a, Figure 2.15 ) in a
three electrode-electrochemical cell with 6.0 M KOH electrolyte solution were performed
to calculate the specific capacitance of the MnO2/SA-ECNF electrodes (details in
Experimental Section).
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Figure 2.15. Cyclic Voltammetry of MnO2/SA-ECNF Electrodes at 10 mV/s and 50 mV/s in 6.0 M
KOH Electrolyte Solution.

Figure 2.16. CV of the Pure SA-ECNF Electrodes Tested at Different Scan Rates.
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The specific capacitance calculated with respect to the whole mass of the
MnO2/SA-ECNF electrodes shows a monotonic increase with the MnO2 electrodeposition
time (up to 4 h). The capacitance of the MnO2/SA-ECNF with 1h, 2h, 3h, and 4h deposition
is 146, 219, 336, and 630 F/g, respectively.
MnO2/SA-ECNF electrodes with less than 2 h electrodeposition time show an
enhanced specific capacitance as compared to bare SA-ECNF (Figure 2.16) while
maintaining flat (parallelogram) voltammogram shapes. Moreover, the MnO2/SA-ECNF
electrode possesses a combined contribution of the electrochemical double layer
capacitance and the pseudocapacitance from MnO2. The double layer stores charge
electrostatically, mainly based on the specific surface area and the adsorption of ions at
electrode surface. The pseudo-capacitance depends on the reversible redox reactions
between

Mn(IV)/Mn(III)

species

and

K+

intercalation/de-intercalation

at

the

MnO2/electrolyte interfaces.[47-49] The longer electrodeposition (3 h and 4 h) results in
thicker and more uniform MnO2 films, which enhances the successive multiple surface
redox reactions between the Mn(IV)/Mn(III) complexes as the redox peaks in Figure 5a
shown.
The electrochemical equilibrium involves the KOH electrolyte and can be
expressed as:[31, 50]

Mn ( IV )O2  mH   nK   Mn ( III ) Mn ( IV )OOH m K n
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In addition, the presence of K+ inside the 2×2 channels of the α-MnO2 has a strong
beneficial effect on the electrochemical performance of the electrodes by enhancing the
electronic conductivity through electron hopping between Mn4+/Mn3+. The MnO2/SAECNF electrodes with 3 h (charge transfer resistance of about 257 Ohms) and 4 h (charge
transfer resistance of about 326 Ohms) electrodeposition have higher resistance, which is
deduced from the electrochemical impedance spectroscopy (EIS) Nyquist plots (Figure
2.14b). These plots consist of a semicircle in the high-frequency region and a straight line
in the low-frequency region, which display an increase in charge transfer resistance and
diffusive resistance with an increase in electrodeposition time.[51, 52] No obvious
difference was found between the 4 h and 8 h electrodeposited MnO2/SA-ECNF, further
corroborating the conclusion that MnO2 film growth ceases after 4 h of electrodeposition.

Figure 2.17. Galvanic Charge-discharge Profiles of MnO2/SA-ECNF Electrodes at 5 A/g and 10
A/g.
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Figure 2.18. Schematic and Photo of a Self-designed Platform. It consists of two stainless steel
plates as current collectors, an o-ring to seal the cell, U-shape holder and a fasten bolt to adjust the
distance between the electrodes.

Figure 2.19. Ragone Plot of this Work Compare to Others.
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Figure 2.20. Retention Performance at 1 A/g of MnO2/SA-ECNF Under 4 h Electrodeposition.

Figure 2.21. Charge-discharge with Folding with 0° (original), 60°, 120°, 180°, Respectively.
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The galvanic charge/discharge time under longer electrodeposition time increases
more significantly than that under shorter electrodeposition time (Figure 2.14c, Figure
2.17). Note that both EIS and galvanic charge−discharge were tested in a self-designed
symmetrical capacitor platform (Figure 2.18, provided by colleagues for supercapacitor
testing30-32) assembled in a glove box.
For practical purposes, retention tests were also performed for up to 2000 cycles of
charge and discharge at current densities of 1 A/g. Figure 2.14d shows the first cycle of
each sample and its specific energy density is 16.7, 25.7, 37.1, and 56.4 Wh/kg,
respectively. Considering that a power density of around 1 kW/kg was achieved at the
current density of 10 A/g, it is superior among most recent reports (Figure 2.19[53-56]).
After 2000 cycles, the MnO2/SA-ECNF electrode with 1 h electrodeposition drops
to 58.9% of its initial energy density. This loss may occur because the small MnO2 clusters
have higher surface contact with the electrolyte and undergo irreversible solvation and
reduction. The MnO2/SA-ECNF electrodes with 2 h and 3 h electrodeposition show higher
retention performances of 68.4% and 72.9%, respectively.
The 4 h MnO2/SA-ECNF electrode has the highest retention value of 81.8 % (an
extended test of 5000 cycles were performed with retention value of 66.7 % in Figure 2.20)
which agrees with the conclusion that the compact and uniform MnO2 coatings provide
stable

ion

exchange

and

charge-discharge

rates

while

maintaining

a

high

pseudocapacitance. In order to verify its flexibility, a folding test was also performed. The
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4 h MnO2/SA-ECNF electrode can be folded at different degrees within 2% changes in
discharge time. (Figure 2.21)

II.VIII Conclusions
This work demonstrates a new strategy for uniformly electrodepositing MnO2 on
aligned SA-ECNF and the change in the mechanism of MnO2 growth with the
electrodeposition time was explored. In contrast to earlier studies with a much higher
current, the reported electrodeposition was conducted with a constant low-current of 40
μA. Film growth proceeds by a three-stage kinetic process with a halfway growth time of
2.78 h. From the electrochemical performance, MnO2/SA-ECNF with a 4 h
electrodeposition display a high capacitance of 630 F/g and a specific energy density of
56.4 Wh/kg. These findings represent a significant improvement in stable metal
oxide/carbonaceous nanomaterial-based pseudocapacitance energy storage.
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CHAPTER III
IMPROVED SUPERCAPACITOR PERFORMANCE OF
MnO2-ELECTROSPUN CARBON NANOFIBERS
ELECTRODES BY mT MAGNETIC FIELD
This chapter has been published as: Zeng, Z., Liu, Y., Zhang, W., Chevva, H., &
Wei, J. Improved supercapacitor performance of MnO2-electrospun carbon
nanofibers electrodes by mT magnetic field. Journal of Power Sources, 2017, 358,
22-28.
III.I Introduction
Electrochemical double layer supercapacitors have drawn a lot of attention due to
fast charging/discharging rate, increased energy density and power density, and large
lifecycle stability.[1-4] However, regarding the energy storage capability, there is an
emerging need to develop supercapacitors with high relative dielectric constant in the
double layer and surface area of the electrode for higher energy density.[5-7] Some of the
electroactive metal oxide, e.g. ruthenium oxide (RuO2),[8] manganese oxide (MnOx),[9]
nickel oxide (NiOx),[10] cobalt oxide (Co3O4),[11] tin oxide (SnO2),[12] zinc oxide
(ZnO),[13] and vanadium (V) oxide (V2O5) [14] etc. were used in supercapacitor (so-called
pseudocapacitor) electrodes to offer fast and reversible redox reactions, contributing to
higher energy density capacity.[15] To increase surface area, carbon nanomaterials, such
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as carbon nanotubes (CNTs),[16] carbon nanofibers (CNFs),[17] graphene nanofoam
(GF),[18] and reduced graphene oxide (rGO)[19] were used in supercapacitors, which not
only provide unique size and surfacedependent properties but also excellent intrinsic
chemical and physical (e.g. electrical, thermal, and mechanical) properties. Among these,
electrospun carbon nanofibers (ECNFs) is known for its relatively large porosity, high
conductivity, low cost in production with freestanding nature, and good scaffolds to
uniformly support nanostructured metal oxide.[20]
Electrospinning is an efficient fiber production method which uses electric force to
draw charged threads of polymer solutions or polymer melts up to form polymer
nanofibers[21] which can be converted to porous ECNFs with subsequent
carbonization.[22] Electrospinning has become a powerful and easy method to form carbon
nanofibers in large scale for broad applications. It has been used for electrode production
or separator materials for supercapacitors,[23-25] Li-ion batteries,[26-29] as well as
preparation of electrical double-layer capacitor half-cells.[30]
Recently, the influence of an external magnetic field over the capacitance of
electrodes has won some attention due to effects of Lorentz force acting on moving
charges/ions, charge density gradient modulation, electron state excitation and oscillatory
magnetization,[31-33] thus energy storage improvement. Two magnetic strategies for
enhancing the electrochemical process in capacitors have been demonstrated. One is to
introduce magnetic nanoparticles into the electrode in the presence of an external magnetic
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field.

For

instance,

Fe2O3/graphene

nanocomposites,[34] and

Fe3O4/active

nanocomposites,[33]
carbon

Fe3O4/active

nanocomposites[35]

carbon

demonstrated

enhancement of the capacitance and energy density with an external magnetic field. The
other one is to reconstruct the charge density and electric polarization in the magnetic
material system. For example, ionic liquid was used in charge carrier engineering to
achieve tunable dielectric permittivity.[31]
During the past years, MnO2 has been one of the most commonly used transitionmetal oxides that have been used as pseudocapacitive electrode materials due to its unique
characteristics, such as easy-for-deposition, stability and significantly enhanced energy
storage performance;[36,37] however, little is known about the magnetic field effect on its
energy storage. Herein, for the first time, we present a magnetization-induced capacitance
enhancement in MnO2/ECNFs nanocomposite electrodes fabricated by electrochemical
deposition of MnO2 on ECNFs.
The MnO2/ECNFs electrode was characterized by scanning electron microscopy
(SEM), x-ray powder diffraction (XRD), energy-dispersive x-ray spectroscopy (EDX),
Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), and superconducting quantum interference device vibrating sample
magnetometer (SQUID VSM). The electrochemical performance of the MnO2/ECNFs
electrodes for capacitive energy storage was studied by cyclic voltammetry (CV),
galvanostatic charge/discharge, electrochemical impedance spectroscopy (EIS), and
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lifecycle stability tests in the presence/absence of milli-Tesla (mT) to sub-mT magnetic
fields derived by Helmholtz coils.

III.II Synthesis of MnO2/ECNFs Nanocomposites
Electrospinning was used to produce carbon nanofibers. 10 wt.% Polyacrylonitrile
(PAN, Mw = 150,000, Aldrich) solution in dimethylformamide was electrospun onto a
collector to form a fiber fabric film. The applied positive voltage was 18 kV and the
distance between the needle tip and the collector was 15 cm. The dense fiber fabric was
collected from the steel collector covered with aluminum foil and pressed by two heated
metal plates into a compact sheet at 100 °C under 5 MPa pressure for 5 min. The obtained
sheet was then put into a furnace for stabilization. The heating rate was 3 °C/min from
room temperature to 280 °C and kept for 2 h. The as-stabilized nanofibers were carbonized
at 1000 °C for 2 h at a heating rate of 5 °C/min under N2 atmosphere. After the ECNFs
were prepared, MnO2 was electrodeposited onto 1 cm2 ECNFs by the galvanostatic method
with a three-electrode setup using the charging current of 40 µA, and the charge time of 3
h, where Au electrode taped with ECNFs, platinum wire and Ag/AgCl were used as
working electrode, counter electrode and reference electrode, respectively. To assure that
the deposition of MnO2 took place uniformly and firmly at the ECNFs’ surfaces, the ECNFs
electrode was treated with 5% HNO3 solution for 2 h to introduce –OH and –COOH groups
to facilitate the deposition. An aqueous precursor solution with 10 mM MnSO4 and 100
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mM Na2SO4 was used as the supporting electrolyte. After the deposition, the working
electrodes were washed with distilled water and then dried at 80 °C for 5 h.

III.III Electrochemical Measurements
Electrochemical performance of the as-prepared electrodes was performed on a biologic VMP3 electrochemical workstation using a three-electrode testing system with a
platinum wire as counter-electrode and Ag/AgCl as reference electrode in 6 M KOH
electrolyte solution. The ECNFs film was cut 1 cm2 for cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and galvanostatic charge/discharge tests.
CV was carried out at different scan rates with a potential window of 0.8 V vs Ag/AgCl.
CV tests were performed at scan rates range from 5 mV s-1 to 100 mV s-1, electrochemical
impedance spectroscopy (EIS) was performed between 0.01 Hz -10 kHz, and
charge/discharge tests were performed at current density from 0.5 A/g to 20 A/g.

III.IV Magnetic Field Setup
Since the magnetic field of each coil is non-uniform, the arrangement of the two
narrow coils with a large radius r is built parallel to one another and on the same axis with
a distance of the same radius size r, so that the magnetic field is uniform in a typical region
based on the superimposition of the two fields. Given the Helmholtz arrangement of the
pair of coils, the following equation is used to calculate the magnetic field:
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B = 0.72μI

n

.

r

(3.1)

where B is the magnetic flux density, µ is the magnetic field constant, I is the coil current,
n is the number of turns in each coil, and r is the coil radius. In this way, we can get the
magnetic field of 0.45 mT, 0.89 mT, and 1.34 mT by setting the power supply current for
the Helmholtz coils as shown in Figure 3.2a.

III.V Materials Characterization
Field emission scanning electron microscope (FESEM) (Carl Zeiss Auriga-BU FIB
FESEM Microscope) was performed to study the morphological properties of
ECNFs/MnO2. Raman spectroscopy (Horiba XploRA One Raman Confocal Microscope
System), x-ray powder diffraction (XRD) (Agilent Technologies Oxford Germini X-Ray
Diffractometer), and Fourier transform infrared spectroscopy (FTIR) (Varian 670) were
employed to study the elements components of ECNFs/MnO2. Thermogravimetric analysis
(TGA) (SDT Q600) and energy-dispersive X-ray spectroscopy (EDX) (Hitachi S-4800-I
FESEM w/Backscattered Detector & EDX) were performed to study the weight ratio of
MnO2 on MnO2/ECNFs. Superconducting quantum interference device vibrating sample
magnetometer (SQUID VSM, Quantum Design, Inc.) was used to measure the magnetic
properties of the MnO2/ECNFs electrodes.
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III.VI Calculation and Analysis Method
From the CV curves, the specific capacitance could be calculated on the basis of
the following equation:
E2

C = ∫E1 i dE⁄2mS(E2-E1)

(3.2)

From the charge/discharge curves, the specific capacitance could be calculated as
the following equation:

C = It⁄m(E2-E1)

(3.3)
E2

where C is the specific capacitance (F/g), ∫E1 i dE is the integrated area in cyclic
voltammograms, m is the mass of the active sample (g), S is the scan rate (V/s), and (E2E1) is the potential window (V), I is the discharge current (A), t is the discharge time in the
potential window (s).[1-3]
For an electron transfer at electrode:

A + e —> D

.

(3.4)

Based on molecular basis, transition state theory expresses the electron transfer rate
at the equilibrium state as:

 G0* 
k  A exp

 kBT 

(3.5)
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where k (s−1) is rate constant, kB is Boltzmann’s constant (1.3806568 × 10−23 J/K), and T
is temperature in Kelvin. For an activated redox group,

G0  H 0  TS0
*

*

.

*

 S * 
 H 0* 
k0  A exp 0  exp

 kb 
 k bT 

(3.6)

(3.7)

When a magnetic field applied to the MnO2 electrode:
entropy: S 0 —> S0  S m
*

*

*

enthalpy: H 0 —> H 0  H m
*

*

*

The rate constant then is expressed as:

 S * 
 S * 
 H 0* 
 H m* 
km  A exp 0  exp m  exp
exp



k
k
k
T
b
b
b






 kbT 

(3.8)

with H m   gHS
*

In Eq. 3.8, the effects of magnetic field are expressed in enthalpy and entropy, and
separated from non-magnetic entropy and enthalpy.
To simplify the process, only one of the unpaired electrons in Mn(IV/III) with spin
½ is considered for this derivative regarding the rate constant, scheme 3.1 below illustrates
the simplified model for the energetics of the electron transfer/exchange reaction between
Mn(IV/III).
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Figure 3.1. Schematic Illustration of a Case at Magnetic Field Effects on the Electron
Transfer/exchange Between Mn(IV/III). The gβHS represents the energetic degeneracy of the
electron spin S under magnetic field. Two electron configurations (high spin and low spin) of the
Mn(III) are illusSStrated.

The ratio of the rate constant change of magnetic field to non-magnetic field is:

 Sm* 
 H m* 
 Sm* 
 gHS 
km
 exp
 exp
  exp
 exp

k0
 kbT 
 kb 
 kbT 
 kb 

(3.9)

If gHSβ<<kbT, and lim exp x  1  x , the Equation 3.9 becomes:
x 0

 Sm* 
km  gHS 
 1 
exp



k0 
kbT 
 kb 

(3.10)

The entropy of spin state can be expressed as:

S*
  ni pi ln pi
kb
i

(3.11)

where the n is the number of species (electrons) and each electron has several assessable
states and the probability of the species being in a state i is pi. With sufficient magnetic
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field for spin polarization, one unpaired spin only has one state then the entropy term is
one; while no magnetic field, the unpaired electron may be present in one of the two states,
spin up and spin down. Thus the equation 3.10 can be derived as:

 gHS 
km
 21 

k0
kbT 


(3.12)

This equation gives us how the magnetic field induced degeneracy effects on the
electron transfer reaction rate constant between Mn(IV/III) at the electrode. The actual case
is more complicated because the number of unpaired electrons and spin states involved
while also changes with the redox status. However, one can conclude that the magnetic
field polarization on unpaired electron spin and the energy degeneracy would facilitate the
redox reaction.
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III.VII Results and Discussion
The morphologies of ECNFs and MnO2/ECNFs were characterized by SEM
(Figure 3.2b,d). The ECNFs with nanofiber diameter of about 521 nm (Figure 3.2c) are
decorated by MnO2 coating with thickness of ~2.1 µm making a total diameter of the fiber
as about 2.63 µm (Figure 3.2e). The charge current of 40 µA, the charge time of 3 hours in
an aqueous precursor solution with 10 mM MnSO4 and 100 mM Na2SO4 were applied to
achieve the electrochemical deposition of the MnO2 at the 1 cm2 ECNFs film. The success
of MnO2 deposition was confirmed with Raman spectra (Figure 3.3 Mn-O at the Raman
shift of 627 cm-1), XRD pattern (in Figure 3.4, the well resolved peak at 37.1° is attributed
to MnO2), and FTIR spectra (in Figure 3.5 Mn-O stretch is presented at the wavenumber
of 648 cm-1 and 731 cm-1).[38,39] TGA shows the weight fraction of MnO2 of the
MnO2/ECNFs electrode is about 53% (Figure 3.6), which was verified using EDX analysis
by averaging different spectrum zones (Figure 3.7).
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Figure 3.2. (a) The Schematic Illustration of the Electrochemical Cell in the Presence of an External
Magnetic Field. (b)-(e) SEM images of the electrode materials (b) ECNFs, (c) enlarged ECNFs, (d)
MnO2/ECNFs, and (e) enlarged MnO2.

As a pseudocapacitive electrode, the MnO2/ECNFs electrode possesses combined
contribution of spacers and redox reaction, i.e., the electrochemical double layer
capacitance and the pseudocapacitance from MnO2 for energy storage. The former stores
charge electrostatically due to the adsorption of ions at electrode surfaces and is mainly
determined by the electrode surface area. While, for the latter, the energy is stored in virtue
of highly reversible redox reactions (e.g. electron transfer reactions) between
Mn(IV)/Mn(III) species and cation intercalation/de-intercalation at the MnO2/electrolyte
interfaces.[36,40,41] The charge storage mechanism of the MnO2/ECNFs electrode
involving the KOH electrolyte can be expressed as[36,40,42]:
Mn ( IV )O2  mH   nK   Mn ( III ) Mn ( IV )OOH m K n
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(3.13)

Equation 3.13 represents the successive multiple surface redox reactions between
the Mn(IV)/Mn(III) complexes leading to the pseudo-capacitive charge storage
mechanism.[42]

Figure 3.3 Raman Spectra of ECNFs and MnO2/ ECNFs. At Raman shift of 1328 cm-1 and 1572
cm-1. ECNFs shows D-band and G-band, respectively. While, for MnO2/ECNFs, Mn-O presents at
the Raman shift of 627 cm-1.
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Figure 3.4 XRD Spectra of ECNFs (a) and MnO2 (b). The well-resolved peak at 37.1° in the XRD
pattern is attributed to MnO2.[5]

Figure 3.5 FTIR Spectra of ECNFs and MnO2/ECNFs. At wavenumber of 1623 cm-1, ECNFs shows
C=C. While, for MnO2/ECNFs, Mn-O present at the wavenumber of 648 cm-1 and 731 cm-1. C-O
presents at the Raman shift of 1104 cm-1.[6]
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Figure 3.6 TGA and DSC of ECNFs and MnO2/ECNFs to 800 °C in Air. Due to the residue solvent
evaporation, the ECNFs shows a weight loss before 431 °C. And then ECNFs decomposes until
605 °C. Unlike ECNFs, the MNO2/ECNFs still achieve about 53% after 605 °C. So the
MnO2/ECNFs comprise 53% MnO2 and 47% ECNFs.

Figure 3.7 EDX of MnO2/ECNFs. The weight% of C, O and Mn is 56.84%, 15.19%, 27.97%
respectively. And the weight ratio of Mn: O is about 2:1. By averaging the EDX results of different
spectrum zones, the average weight% of C, O and Mn is about 51.18%, 17.14%, and 31.68%
respectively.
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To measure the specific capacitance of the MnO2/ECNFs electrode and magnetic
field effect, CV was performed using the classical three-electrode method[43] in 6.0 M
KOH electrolyte solution.
Figure 3.8 shows the representative, stable cyclic voltammetry (CV) loops with or
without an external magnetic field, which present a combination of both double layer and
pseudocapacitive behaviors within the scan voltage from 0.0 V to 0.8 V. There are a pair of
peaks at the voltage between 0.4-0.5 V vs. Ag/AgCl which might be attributed to the redox
reaction of the Mn(IV)/Mn(III) species in the form of K+ intercalation.[41] The overall
specific capacitance is calculated from the integrated area of the CV loops. In the absence
of an external magnetic field, the specific capacitance of a MnO2/ECNFs electrode was
calculated to be 119.2, 105.8, 92.8, 71.0, 53.4 F/g at the voltage sweeping rates of 5, 10,
20, 50, and 100 mV/s, respectively. Compared to that of the ECNFs-only electrode (Figure
3.9a), MnO2/ECNFs shows higher capacitance because of the higher relative dielectric
constant of MnO2 and its pseudo-activity. In the presence of 1.34 mT magnetic field, the
capacitance of the MnO2/ECNFs magneto-supercapacitor electrode was obtained to be
141.7, 125.9, 110.2, 86.5, 67.0 F/g at the same voltage sweeping rates of 5, 10, 20, 50, and
100 mV/s, respectively, which increased by about avg. 19% for all sweeping rates (Figure
3.8b-d, Figure 3.10). Since there is no measurable enhancement of capacitance of the
ECNFs-only electrodes at the same range of voltage sweeping rates (Figure 3.9a-b) under
the magnetic field, one can conclude that the magnetocapacitance enhancement of the
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MnO2/ECNFs electrode is resulted from the magnetic field effect on the MnO2 at the
ECNFs substrate.

Figure 3.8. (a) Cyclic Voltammetry Loops of the MnO2/ECNFs Electrodes Tested in the Absence
of Magnetic Field (0 mT) at Different Voltage Sweeping Rates. Cyclic voltammetry loops of the
MnO2/ECNFs electrodes tested in the presence (1.34 mT)/ absence (0 mT) of magnetic field at
different scan rates of 5 mV/s (b), 10 mV/s (c), 20 mV/s (d).
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Figure 3.9 (a) Cyclic Voltammetry Loops of the ECNFs Electrodes Tested in the Absence of
Magnetic Field (0 mT) at Different Scan Rates. (b) Cyclic voltammetry loops of the ECNFs
electrodes tested in the presence of magnetic field (1.34 mT) at different scan rates.
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Figure 3.10 Cyclic Voltammetry Loops of the MnO2/ECNFs Electrodes Tested in the Presence (1.34
mT) / absence (0 mT) of Magnetic Field at Different Scan Rates of 50 mV/s (a) and 100 mV/s (b).

The effect of magnetization on the galvanostatic charge/discharge performance of
MnO2/ECNFs was studied under different current densities (0.5-20 A/g, Figure 3.11a-c &
Figure 3.12). The curvature of the charge step between the voltage of 0.0-0.4 V and larger
growth of the discharge curve between the same range voltages suggest a combined
contribution from pseudocapacitance and double layer capacitance,[44] which is consistent
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with the observation from CV studies. With the applied magnetic field from 0.45 mT to
1.34 mT and the same current density, the charge/discharge time increases (Figure 3.11bc, Figure 3.12) comparing to that of the absence of magnetic field. The charge/discharge
time under smaller current density increases more significantly than that of the larger
current density (e.g. 58.1% increase at 0.5 A/g vs. 13.6% at 1 A/g with 1.34 mT magnetic
field), suggesting the magnetic field effects on both the pseudocapacitive electrolyteelectrode interface and double layer region, resulting in the magneto-capacitance
enhancement.
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Figure 3.11. (a) Galvanostatic Charge/discharge Curves of the MnO2/ECNFs Electrodes Tested in
the Absence of Magnetic Field Under Different Current Densities. Galvanostatic charge/discharge
curves of the MnO2/ECNFs tested in the presence of different magnetic fields under different
current densities of 0.5 A/g (b), and 1 A/g (c).
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Figure 3.12 Galvanostatic Charge/discharge Curves of the MnO2/ECNFs Tested in the Presence of
Different Magnetic Fields Under the Current Density of 2 A/g.

From the charge/discharge curves, specific capacitance is calculated from the
discharge curves,[45] i.e., C  I  t (m  E ) , in which I is the discharge current, t is the
discharge time, and ΔE is the potential drop during discharge in V. It was found that, under
the magnetic field of 1.34 mT, the electrode of MnO2/ECNFs enhanced the capacitance by
58.1% (Figure 3.11b) at the current density of 0.5 A/g, by 13.6% under the current 1 A/g
(Figure 3.11c) and 6% under 2 A/g (Figure 3.12), respectively. Moreover, to quantitatively
analyze the pseudocapacitance contribution to the overall capacitance performance, the
non-faradaic contribution from double layer capacitance and the faradaic contribution from
pseudocapacitance were separated in galvanostatic charge-discharge curves.[44,46] By
considering the area corresponding to faradaic contribution in MnO2/ECNFs electrode, at
current density of 0.5 A/g, the pseudocapacitance contribution from MnO2 in overall
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performance was approximately 56.5%, 61.0%, 62.4%, and 67.8% with the applied
magnetic field of 0 mT, 0.45 mT, 0.89 mT, and 1.34 mT, respectively. The fraction of the
pseudocapacitive contribution in energy storage increases along with the magnetic field
strength, suggesting the more significant effect on pseudo-redox reaction at the
MnO2/ECNFs electrode than that on the non-faradaic contribution.
Next, the effect of magnetic field on the impedance of the MnO2/ECNFs within the
electrochemical cell (6 M KOH electrolyte) was investigated using EIS, which may provide
understanding of the different electrochemical behaviors in the absence/presence of
magnetic field. Figure 3.13 shows the performance of EIS for the MnO2/ECNFs electrodes
over the frequency range of 10 kHz to 0.01 Hz with the potential amplitude of 10 mV. Both
the Nyquist plots of EIS spectra in the absence/presence of an external magnetic field show
a semicircle arc in the high frequency region and a linear line in the low frequency region,
indicating a low internal resistance of the MnO2/ECNFs electrodes.[47] In the presence of
1.34 mT magnetic field, the capacitor system superficially seems to be a more ideal double
layer supercapacitor, since the semicircle arc is more obvious and straight line seems to be
little more vertical. Zhu, et al.[33,47] reported that additional Lorentz force acts on the
moving ions in a perpendicular magnetic field flux density (magnetohydrodynamic
phenomenon), which may promote the electrolyte convection in the bulk electrolyte.
Hence, it is not surprising that the changes of the solution resistance (Rs ~1 Ohms) in bulky
electrolyte, the charge transfer resistance (Rct) at the electrode-electrolyte interface, and the
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leakage resistance (Rleak) of the double layer region at low frequency are observed for
MnO2/ECNFs electrodes under magnetic field. Specifically, the solution resistance (Rs)
with 1.34 mT magnetic field decreases about 0.1 Ohms from 1 Ohms. The resistance of
charge transfer (Rct) of the electrode reaction obtained from the diameter of the semicircle
in the high frequency region (1.26 Ohms) decreased from 1.35 Ohms of the nonmagnetized MnO2/ECNFs electrode, indicating a faster contact and charge transfer which
may result in an improved rate performance.[48] The low frequency leakage resistance
(Rleak)[34] in the double layer region increased for the MnO2/ECNFs electrode with the
presence of magnetic field, suggesting that leakage current flowing across the double layer
at the electrode-electrolyte interface was better restricted, which may also improve the
MnO2/ECNFs electrode capacitance.
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Figure 3.13. Nyquist Plots of the MnO2/ECNFs Electrodes Tested in the Presence (1.34 mT) /
absence (0 mT) of Magnetic Field.

The EIS analysis of this work agrees with the previous studies by Zhu, et al[33,47]
on different metal oxide (Fe, Ni, Co)-carbon supercapacitors. The magnetohydrodynamic
phenomenon is the major factor for the electrode internal resistance decrease and the
magnetic induced electrolyte convection to reach extra electrode surfaces, which may help
to generate larger specific capacitance of the electrodes, and build up a complete double
layer that restricts the leakage of free electrons, thus improving the capacitance
performance. However, in this study, much smaller magnetic field strength, i.e. 1.34 mT
on MnO2/ECNFs electrode and much smaller resistance change, achieved comparable
capacitance enhancement of 72 mT magnetic field on metal-oxide (Fe, Ni, Co)
nanocomposite electrodes.[33,47] It is known that MnO2 has the paramagnetic property
due to multiple unpaired electrons involving in the pseudo-active electron transfer reaction.
Hence it may help to better understand the capacitance enhancement by measuring the
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magnetization of the MnO2/ECNFs electrodes. The magnetic susceptibility of the
MnO2/ECNFs was performed using the SQUID VSM at room temperature and Figure 3.14
shows the moment response of the MnO2/ECNFs electrode under different magnetic field
strength.
The magnetization, measured as the magnetic moment associated with electron’s
spin state, µe, at 1.34 mT magnetic field is found to be 4.23×10-4 emu/g of the MnO2/ECNFs
electrode and ~7.98×10-4 emu/g of the pure MnO2 mass fraction (ca. 53%) in the electrode.
The spin-dependent torque the MnO2 experienced, representing the improved energy state
of the electron, is 1.07×10-9 J/g (~93.0×10-9 J/mol) obtained by multiplying the magnetic
field by the magnetic moment. The magnetic field induced spin-dependent torque on an
electron with spin quantum number ms=+1/2 and -1/2 causes the degeneracy, namely
different energy levels of the “+” and “-” spin states,[49] which is expressed as, hv=gβH
where hv is the quantum of energy corresponding to a characteristic frequency v, g is
dimensionless constant called the “electron g-factor”, β is the electronic Bohr magneton
(9.2740154×10−24 J T−1), and H is the magnetic field strength. The enhanced energy state
of the electrons will increase the electron transfer kinetics between the species of
Mn(IV)/Mn(III), as well as the electron transportation efficiency at the electrolyteMnO2/ECNTs interfaces, hence contributes to the capacitance enhancement.
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Figure 3.14. SQUID VSM Result of MnO2/ECNFs at Room Temperature. The closely straight line
shows the magnetization of MnO2/ECNFs is 4.23×10-4 emu/g at 1.34 mT magnetic field. Since the
weight ratio of MnO2 in MnO2/ECNFs is about 53%, the magnetization on pure MnO2 is calculated
to be 7.98×10-4 emu/g.

The magnetic field effect on the redox electron transfer kinetics of Mn(IV)/Mn(III)
is further analyzed according to transition state theory by considering the contribution of
the enhanced electron energy states to the activation energy due to magnetic field induced
degeneracy. The rise of Zeeman energy, gβHS (S is spin), relative to the reactant energy
when there is no applied field, of the unpaired electrons in MnO2 with magnetic field
contributes to the activation energy by reducing the net enthalpy of activation barrier and
thus the reaction rate is facilitated. The redox electron transfer rate of Mn(IV)/Mn(III) at
the electrode can be expressed in an Arrhenius form as :

 S0* 
 Sm* 
 H 0* 
 H m* 
km  A exp
 exp
 exp
 exp

 kb 
 kb 
 kbT 
 kbT 
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(3.14)

with H m   gHS , A is the pre-factor depending on the convolution of a suitable
*

weighted frequency (vn) for crossing the activation barrier and the transmission coefficient
or averaged transition probability for electron transfer per passage of the system through
the intersection region from reactant to product, and in classical transition theory, A is taken
as kbT/h where kb is Boltzmann’s constant, T is absolute temperature, and h is Planck
constant. With sufficient magnetic field for the energy degeneracy of single unpaired
electron spin, the electron transfer rate can be doubled . The measured magnetic
susceptibility response to the external magnetic field suggests that the MnO2/ECNTs
electrode is sensitive to magnetic field due to the multiple unpaired electron spins of MnO2.
While it is difficult to quantitatively analyze how the field impact the electron transfer in
the electrode, these analyses suggest that the facilitated electron transfer kinetics of the
pseudo-redox reaction in the MnO2/ECNFs electrode contribute significantly in the energy
storage performance with respect to the small magnetic field applied to the electrode.
Building upon the results and analysis, one can find that the mT magnetic field
significantly enhances energy storage capacitance of the MnO2/ECNFs electrodes with a
comprehensive mechanism due to the combined contribution of both the double layer and
pseudo-active capacitance. Firstly, the change of the electrode resistance in electrochemical
cell, though small, indicate that the changes of dipole moment in the transition and
vibrational states of electrolyte at the double layer area can enhance the conductivity and
reduce the resistance (impedance effect), thus enhancing the electrochemical
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adsorption/desorption of cations and anions at the electrode/electrolyte interfaces;
Secondly, and more significantly in this case, the paramagnetic nature of the MnO2 with
multiple unpaired electrons and magnetic susceptibility may largely facilitate the
Mn(IV)/Mn(III) pseudo-redox reaction and electron transfer to the electrolyte-electrode
interfaces, which may result in higher charge density at the electrode interfaces, more
efficiency of cation intercalation/de-intercalation, and thicker double layer, therefore the
enhanced capacitance. Since both the impedance effect and the electron spin energy
degeneracy depend on the strength of the magnetic field, the dissimilarity of the magnetocapacitance enhancement at different magnetic field during charge and discharge process
is expected.
Finally, for practical purpose, the lifecycle performance of the MnO2/ECNFs
electrodes was performed by galvanostatic charge/discharge cycling in term of two
important parts, i.e., cycling capability or capacitance retention, and total discharge time.
As shown in Figure 3.15, in the absence of 1.34 mT magnetic field, 92.3% of the initial
capacitance was maintained after 1000 cycles. With presence of 1.34 mT magnetic field,
90.6% of the initial capacitance was maintained after 1000 cycles. Note that with the same
cycling, the total discharge time increased by 15.1% with presence of magnetic field
(Figure 3.15 inserted) due to magnetic field induced discharge time extension.
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Figure 3.15. Cycling Performance of the MnO2/ECNFs Electrodes Tested in the Presence (1.34
mT)/ absence (0 mT) of Magnetic Field Under the Current Density of 4 A/g.

Experimental performance and data analysis indicate that the magnetic
susceptibility largely increases the charge transfer rate thus improves the pseudo-reactions
of MnO2 at the electrode and interfaces. A supercapacitor nanocomposite electrode
composed of MnO2 deposition on ECNFs exhibits significantly enhanced galvanostatic
charge/discharge cycling at a 1.34 mT of magnetic field even under a high current density
of 4 A/g, suggesting that the enhanced magneto-supercapacitive performance is mainly
attributed to magnetic susceptibility of the MnO2 in the electrode because of the
improvement

of

the

pseudocapacitive

electrode/electrolyte interfaces.
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III.VIII Discussion and Conclusion
In summary, after applying 1.34 mT magnetic field, MnO2/ECNFs showed
enhanced magneto-capacitance of 141.7 F/g at the cyclic voltage sweeping rates of 5 mV/s.
The capacitance of MnO2/ECNFs was increased by 58.1% at the current density of 0.5 A/g
during the galvanostatic charge/discharge test. Meanwhile, in the presence of 1.34 mT
magnetic field, the magneto-supercapacitor presented “low resistance shift” for bulk
electrolyte and the MnO2/ECNFs electrode. Longer charge/discharge time of the electrode
is observed under magnetic field than that without magnetic field, while did not sacrifice
its lifecycle stability. The insightful discussion of the potential mechanism suggests that
the magneto-supercapacitance enhancement can be primarily attributed to the magnetic
susceptibility of MnO2 induced electron spin energy degeneracy for facilitated electron
transfer reaction, the magnetohydrodynamic impact on electrolyte transportation and
improved cation intercalation/de-intercalation under the mT magnetic field, thus resulting
in higher charge density at the electrode/electrolyte interfaces, thicker double layer, and
lower internal resistance. This study may pave a way to the development of sustainable
metal oxide-based supercapacitors with magneto-capacitance enhancement by applying a
low magnetic field.
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CHAPTER IV
SELF-SUSTAINABLE SEPARATOR-FREE CONFIGURATION FOR
A METAL-OXIDE FILM SUPERCAPACITOR
This chapter has been submitted as: Y. Liu, Z. Zeng, J. Wei*, Self-sustainable
separator-free configuration for a metal-oxide film supercapacitor. ACS Applied
Materials & Interfaces, 2017, Submitted.
IV.I Introduction
Supercapacitors have been studied for decades and considered as one of the most
promising energy storage systems.[1-3] Electric double layer capacitance (EDLC)
capacitors utilize carbon or derivatives as electrode followed with activation treatment to
introduce pores and increase the specific surface area (SSA).[4-7] Pseudocapacitance
comes from the desolvated-adsorbed ions when active materials (usually transition metal
oxides) are deposited onto EDLC electrodes, showing higher capacitance compared to
EDLC.[8] Manganese dioxide (MnO2) is demonstrated to be one of the most promising
electrode materials for high pseudocapacitance,[9-13] magneto property,[14] ecofriendly,
and low cost.[15] However, unstable MnO2 loading inhibits the overall performance of a
cell since the mass ratio of MnO2/cell is very small. Researchers have tried to enhance the
whole cell performance by increasing the mass concentration of MnO2 in the cell.[16-18]
Some studies offered solutions toward commercial level of the mass loading,[19] however,
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the accumulation of MnO2 will suffer from its low proton diffusion constant (∼ 10-13
cm2/(V s)) and low electrical conductivity (∼ 10-5 S/cm) which can lower their galvanic
charge-discharge efficiency.[20-22] A separator between two electrodes is a critical
component in both lithium-ion batteries and supercapacitors. Its function is to apply high
resistance between two electrodes while allowing free ions to flow. They usually are
polymeric membrane or non-woven fabric mat with thicknesses ranging from 25 μm to 200
μm.[23-26] However the thicknesses of a typical supercapacitor electrode from leading
studies range from 100 nm to 120 μm,[27,28] indicating that too much space (9.6 % to 50
%) inside the cells was taken by the separator (Figure S1), which adversely affects their
energy storage performance. Therefore, we propose to utilize the electronic resistance of
massive MnO2 film loading to function as a separator while introducing high
pseudocapacitance energy storage to the system.
In this work, a separator-free configuration in which ultra-thick MnO2 layers
functions as both the pseudo-material and separator was presented. This novel design may
save the space of a separator and simplify the assembly procedure in the supercapacitor
assembling. SA-ECNFs were synthesized by a facial electrospinning setup with alignment
(Figure S2). Different deposition settings were applied to explore their separatorfunctioning capability by electrodepositing uniform ultra-thick crystalline α-MnO2 layers
(around 200 nm ~ 2000 nm) onto SA-ECNFs as the cathode of the asymmetrical cell.
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IV.II Electrospun of SA-ECNFs
The fabrication technique for the super-aligned ECNFs is based on a facile
electrospinning method with a self-designed sample collector. Different from a normal
cylinder design, four steel poles were welded on a plate in order to collect the ECNFs
without any substrates. In details, 10 wt.% polyacrylonitrile (PAN, Mw = 150,000, Aldrich)
solution in dimethylformamide was electrospun onto a fast rolling (2000 revolutions per
minute) collector to form a SA-ECNFs fabric. The obtained sheet was stabilizing with a
heat rate of 1 °C/min from 20 °C to 280 °C in air flow, the temperature was kept for 6 h
and then cooled down. The carbonization was controlled at a rate of 5 °C/min from 20 °C
to 1200 °C in N2 atmosphere, then it was maintained for 1 h before cooled down to room
temperature.

IV.III MnO2 Electrodeposition on SA-ECNFs
The SA-ECNFs were cut into 2×1 cm2 SA-ECNFs then half dipped in the
electrolyte to electrodeposite MnO2 by a galvanostatic method with a three-electrode setup
using charging currents from 20 µA to 80 µA. Here, a gold electrode attached with SAECNFs, platinum electrode, and Ag/AgCl were used as working electrode, counter
electrode, and reference electrode, respectively. To assure that the deposition of MnO2 took
place uniformly and firmly at the SA-ECNFs’ surfaces, the SA-ECNFs electrode was
treated with 4 M HNO3 solution at 70 °C for 2 h to introduce –OH and –COOH groups to
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facilitate the deposition. The depositions were protected in an inert N2 atmosphere with an
aqueous solution containing 50 mM MnSO4 and 100 mM Na2SO4 as supporting electrolyte.
After the deposition, the working electrodes were washed with deionized water and then
dried at 80 °C for 2 h.

IV.IV Materials Characterization
Field emission scanning electron microscope (FESEM) (Carl Zeiss Auriga-BU FIB
FESEM Microscope) was performed to study the morphological properties of MnO2/SAECNFs. X-ray powder diffraction (XRD) (Agilent Technologies Oxford Germini X-Ray
Diffractometer) was employed to study the crystal structures of MnO2/SA-ECNFs (Cu Kα
radiation: wavelength 0.15418 nm) operating at 40 kV and 40 mA; the step is 0.02, and the
speed is 1 deg min−1). Energy-dispersive X-ray spectroscopy (EDX) (Hitachi S-4800-I
FESEM w/Backscattered Detector & EDX) was performed to study the atomic ratio on
MnO2/SA-ECNFs. X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB
250 Xi) was used to determine the elemental composition of MnO2/SA-ECNFs.

IV.V Electrochemical Measurements
Electrochemical performance of the as-prepared electrodes was performed on a biologic® VMP3 electrochemical workstation using two types of setup. Three-electrode
system with MnO2/SA-ECNFs as the working electrode, a platinum electrode as the
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counter-electrode and Ag/AgCl as the reference electrode was used in cyclic voltammetry
(CV) tests in a 6 M KOH electrolyte solution; Two-electrode asymmetrical system with
MnO2/SA-ECNFs as the cathode, carbon nanotubes (CNT) paper as the anode in a standard
testing platform (provided by colleagues for supercapacitor testing[30,32]) consists of two
stainless plates, rubber O-ring, insulator (3M vinyl electrical tape), with /without
membrane filter separator (MF-Millipore, cellulose, 0.22 micron pore size) and steel holder
was used in electrochemical impedance spectroscopy (EIS) and galvanostatic
charge/discharge tests in a 6 M KOH electrolyte solution. The voltammetry was scanned
from a potential of 0.0 V to 0.8 V vs Ag/AgCl at different scan rates (5 mV/s – 50 mV/s),
EIS was performed from 100 kHz to 0.01 Hz, and galvanic charge/discharge tests were
performed at different current densities (2.5 A/g to 10 A/g).

IV.VI Calculation Section
From the charge/discharge curves, the specific capacitance was calculated using the
following equation:

C

It
m( E2  E1 )

(4.1)

where C is the specific capacitance (F/g), m is the mass of the MnO2 (g), (E2-E1) is the
potential window (V), I is the discharge current (A), and t is the discharge time in the
potential window (s).
122

The energy density (De) of the capacitors was calculated using the following
equation:

De  C ( E2  E1 ) 2 / 2

(4.2)

where C is the specific capacitance (F/g), m is the mass of the MnO2 (g), (E2-E1) is the
potential window (V). Specific capacitance and specific energy density were calculated
based on the mass of active material.
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IV.VII Results

Figure 4.1. Schematic Illustration of Typical Lithium-ion Battery/supercapacitor Electrode. The
cell is assembled is layer by layer with indication of thickness of cell (T Cell), separator (TSeparator)
and electrode (TElectrode).

Figure 4.2. Schematic Processes of Electrodeposition of MnO2 on SA-ECNFs as a Cathode (a).
Counter with CNT paper anode as an asymmetrical cell (b) and schematic illustration of a selfsustainable separator-free supercapacitor configuration consisting of anode, cathode, current
collectors and cell holder (c). (Orange arrows indicate the electron flows inside the cell)
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Figure 4.2a-c illustrate a non-separator design consisting of MnO2/SA-ECNFs
hybrid film as a cathode, CNT paper as an anode and insulator to prevent undesired circuit
electron flows. Modified half-film electrochemical deposition method along with an
insulator setup was used to better analyze the electrochemical performance of this
configuration. Note that the orange arrows display electron flows from current collector on
the cathode side to the other side (Figure 4.2b). The device assembly is described as follows.
The SA-ECNF film was cut into 2×1 cm2 pieces and half-immersed in the electrolyte for
electrodeposition. The as-prepared MnO2/SA-ECNFs hybrid film, CNT paper, and
insulator were transfer into a glovebox then were assembled in a standard testing platform
(Figure 4.2c).[22] The thicknesses of these films were carefully measured to ensure the
good contact between the current collector and electrodes (Figure 4.3).

Figure 4.3. Schematic Illustration of the Self-sustainable Separator-free Configuration. It includeS
stainless steel plates as current collector, MnO2/SA-ECNFs as cathode, CNT paper as anode,
insulator to prevent undesired current flow, and rubber O-ring. Red double-headed arrows
indicating Tcell is 260 µm ± 70 µm, TSA-ECNFs is 80 µm ± 27 µm, TMnO2 is 120 µm ± 35 µm, Tinsulator
is around 170 µm, and TCNT is 110 ± 15 µm.
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Figure 4.4. SEM Images of SA-ECNFs (a-b) and MnO2/SA-ECNFs (c-f) for Different
Electrodeposition Conditions. Insets are enlarged images to show the MnO2 coating on SA-ECNFs
films (c-f).
Table 4.1. Electrochemical Deposition Settings of SA-ECNFs at Different Current (20 μA – 80 μA)
and Different Times (0.5 h – 12 h). Highlighted cells are the deposition times at which MnO2 mass
loadings were reaching the limit at different currents (the mass loading as Figure 4.15 shows).

Current (μA)
20 μA
40μA
60 μA
80 μA

1
0.5
0.5
0.5

2
1
1
1

Time (h)
4
6
2
3
2
3
2
2.5

3
1.5
1.5
1.5
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8
4
4
3

10
5

12
6

Figure 4.4ab shows the low and high magnification scanning electron microscopy
(SEM) images. The as-prepared pure SA-ECNFs are aligned in an ordered structure. Our
recent study indicates that the alignment of ECNFs can lead to a more uniform
electrodeposition process. Furthermore, it is concluded that the growth of MnO2 on SAECNFs follows a three-steps mechanism based on the electrodeposition time under an
electrodeposition current of 40 μA. Therefore, various low currents (from 20 μA to 80 μA)
were applied by an electrochemical workstation for different time ranging from 0.5 h to 12
h to reach the maximum film thickness (details in Table 4.1). The composites’ structure
and morphology were characterized by SEM (Figure 4.4c-f, Figure 4.5).

Figure 4.5. SEM Images show the Detailed Structures of MnO2 on SA-ECNFs at Different
Electrodeposition Currents of 20 μA (a), 40 μA (b), 60 μA (c) and 80 μA (d) Under
Electrodeposition for 12 h, 4 h, 3 h, and 2.5 h, Respectively. (scale bars are 1 μm)
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As discussed in our recent study, MnO2 keeps growing as electrodeposition time
increases until growth stop at a certain time point. A similar mechanism was observed at
different deposition current from 20 μA to 80 μA (Figure 4.4c-f). MnO2 stops growing
when the SA-ECNFs surface was mostly covered with MnO2 clusters at 20 μA
electrodeposition while currents higher than 40 μA leading to a thick coating. That is
probably due to the increasing resistance on the MnO2-electrolyte interface. The 20 μA
electrodeposition could not achieve a uniform coating (Figure 4.4c). When the
electrodeposition current was higher than 20 μA, the current flow could keep depositing
MnO2 onto SA-ECNFs after all activation sites were occupied. Clusters merge with one
another to form small balls around the SA-ECNFs then the “kebab”-like structures keep
growing until the fibers are fully covered. Figure 4.4d-f show the fully covered structure
of MnO2/SA-ECNFs with single layer thicknesses ranging from 897 nm to 1971 nm under
a current ranging from 40 μA to 80 μA.
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Figure 4.6. (a) SEM Associated with EDX Mapping Analysis. (b) XPS spectrum of Mn signal of
the MnO2/SA-ECNFs at 40 μA electrodeposition for 4 h. (c) XRD analysis of the MnO2/SA-ECNFs
at 20 μA, 40 μA, 60 μA and 80 μA electrodeposition for 12 h, 4 h, 3 h, and 2.5 h, respectively.

The as-prepared MnO2/SA-ECNFs films were also been characterized to study their
chemical composition. The energy dispersive X-ray (EDX) spectrum (Figure 4.6a, Figure
4.7) show that the surface composition of the electrochemically deposited electrodes is
composed of the elements C, O, and Mn. The atomic ratio of O and Mn is close to 2:1,
which implies the formation of MnO2. The chemical composition of the MnO2/SA-ECNFs
sample was also investigated by X-ray Photoelectron Spectroscopy (XPS). The highresolution Mn 2p spectra for MnO2/SA-ECNFs is presented in Figure 4.6b. Two strong
peaks at 642.5 and 654.0 eV can be clearly seen, corresponding to the Mn 2p 3/2 and Mn
2p1/2 spin–orbit peaks of MnO2, respectively.[23,24] The pronounced peak in the O 1s XPS
spectrum (Figure 4.8) at 530.3 eV is assigned to Mn−O−Mn in the composite, and the peak
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at 531.2 eV can be assigned to Mn-OH formation.[25,26] To investigate the MnO2 crystal
structure, the as-prepared MnO2/SA-ECNFs materials were examined by X-ray diffraction
(XRD) (Figure 4.6c). Compared to the results of SA-ECNFs only (Figure 4.9), The XRD
patterns could be fully indexed to α-MnO2 (JCPDS No. 44-0141),[27] and become more
distinct with higher electrodeposition current. Hence the MnO2 film is dominant with αMnO2 crystal structure.

Figure 4.7. EDX of MnO2-ECNFs After Electrodeposition for 4 Hours at 40 μA. The atom% of C,
O and Mn is 18.60%, 55.35%, 26.04% respectively.
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Figure 4.8. XPS Spectrum of the MnO2/SA-ECNFs at 40 μA Electrodeposition for 4 h. Two strong
peaks of O 1s XPS spectrum at 530.3 eV and 531.2 eV can be clearly seen, can be assigned to
Mn−O−Mn in the composite, and to Mn-OH formation, respectively.

The resistance of MnO2/SA-ECNFs electrodes with 40 μA (charge transfer
resistance of about 330 Ohms), 60 μA (charge transfer resistance of about 511 Ohms) and
80 μA (charge transfer resistance of about 709 Ohms) electrodeposition was deduced from
the electrochemical impedance spectroscopy (EIS) Nyquist plots from 100 kHz to 0.01 Hz
(Figure 4.10a) and a Randles circuit model. These plots consist of a semicircle in the highfrequency region, which display an increase in charge transfer resistance with an increase
in electrodeposition current.[28,29]
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Figure 4.9. XRD Spectrum of the Pure SA-ECNFs.

Galvanic charge-discharge tests of different electrodes were performed at current
densities of 2.5 A/g, 5 A/g and 10 A/g with of the configuration using MnO2/SA-ECNFs
electrodes without the use of cellulose separator in the supercapacitor prototype. The
results are shown in Figure 4b-f. Note that cyclic voltammetry tests (Figure S9) of the
electrodes were also conducted in a three-electrode cell (an Au electrode taped with
MnO2/SA-ECNFs, platinum wire, and Ag/AgCl were used as working electrode, counter
electrode, and reference electrode, respectively). Shortcut happens during the chargedischarge of the 20 μA electrode in the separator free configuration testing due to the less
thickness of MnO2. The capacitance of the MnO2/SA-ECNFs with 40 μA, 60 μA and 80
μA deposition is 141 F/g, 69 F/g, 38 F/g, respectively. And the energy density is 45.2 Wh/kg,
22.7 Wh/kg, and 12.1 Wh/kg, respectively. Note that a higher deposition current (MnO2
thickness) leads to lower specific capacitance and energy density, which is in accordance
with a reported phenomenon of high mass loading of MnO2[18] A shape change of bulged
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triangle to concaved triangle between the MnO2/SA-ECNFs with 40 μA and 60 μA/80 μA
deposition was observed, it may correlate to the resistance incensement based on other
reports of MnO2 hybrid electrodes.[14,41-43]

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.10. Electrochemical Characterization of the Electrodes without Separator. EIS from 100
kHz to 0.01 Hz (a) and galvanic charge-discharge profiles at different current density (2.5 A/g, 5
A/g and 10 A/g) of MnO2/SA-ECNFs under 40 μA (b) 60 μA (c) and 80 μA (d) electrodeposition;
and their energy storage performance: specific capacitance (e) and energy density (f).
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Shortcut happens during the charge-discharge of the 20 μA electrode in the
separator free configuration testing due to the less thickness of MnO2. The capacitance of
the MnO2/SA-ECNFs with 40 μA, 60 μA and 80 μA deposition is 141 F/g, 69 F/g, 38 F/g,
respectively. And the energy density is 45.2 Wh/kg, 22.7 Wh/kg, and 12.1 Wh/kg.

(b)

(a)

(d)

(c)

Figure 4.11. Cyclic Voltammetry Tests of the 20 μA, 40 μA, 60 μA and 80 μA MnO2/SA-ECNFs
Films Under 12 h, 4 h, 3 h and 2.5 h Deposition, Respectively.

The pseudo-capacitance depends on the reversible redox reactions between
Mn(IV)/Mn(III) species and K+ intercalation/de-intercalation at the MnO2/electrolyte
interfaces.[30-32]
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Figure 4.12. Histograms of MnO2 Saturation Thickness (htotal) Distribution of 20 μA-12 h (a), 40
μA-4 h (b), 60 μA-3 h (c), and 80 μA-2.5 h (d) Electrodes. (e) 3D plot of the correlation of the
energy density (De) with resistance and MnO2 saturation thickness. (f) The dependence of MnO2
thickness as a separator role (hsep) on the electrodeposition current. (g) A schematic description of
MnO2 thickness as a pseudocapatance role (hps) and as a separator role (hsep).
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After a competing retention test at a current density of 2.5 A/g with and without the
use of cellulose separator, the non-separator configuration shows an acceptable loss of
energy density (Figure 4.13). Therefore, we concluded that the electrodeposition with 40
μA current results in a relatively thick MnO2 dielectric layer while keeping a high energy
density, which is able to survive 500 charge-discharge cycles without the use of a separator.

Figure 4.13. Retention Studies of MnO2/SA-ECNFs at 40 μA Under 4 h Deposition with and
without the Installation of a Typical Cellulous Separator.

As an outstanding type of carbon fibers, SA-ECNFs have a horizontally aligned
structure, which highly facilitates the electron flow through the fiber arrays for a uniform
electrodeposition. SA-ECNFs with diameters of 305 ± 53 nm (Figure 4.14) were
synthesized with a standard electrospinning method followed with stabilization and
carbonization.[33] Then preferred MnO2 can be deposited onto the SA-ECNFs to form a
thick layer and its thickness (Figure 4.12 a-d) and mass (Figure 4.15) were measured.
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According to the measured resistance (Figure 4.10a) and calculated energy density above,
higher MnO2 saturation thickness (htotal) leads to larger resistance (directly) and lower
energy density (indirectly) (Figure 4.12e). For the first time, we found the relationship
between the thickness of deposited metal oxide and energy density generated from the
electrode. To elucidate this, the important factor, htotal, should be divided into two parts:
MnO2 thickness as a pseudocapatance role (hps) and as a separator role (hsep) (Figure 4.12
f,g). Herein, hps contributes to the reversible redox reactions between Mn(IV)/Mn(III)
species and K+ intercalation/de-intercalation at the MnO2/electrolyte interfaces while hsep
applies high resistance between two electrodes while allowing free ions to flow.
Furthermore, since the hsep is ascribed to different electrodeposition currents, to balance
the pseudocapacitance role with the separator role of MnO2, an optimal electrodeposition
current (Iopt) should be modeled. Considering the energy density (De) results, Figure 4.12f
shows a best fit of the hsep versus electrodeposition current data (I) by the equation:

hsep 

hsep (max)
1 e

(4.3)

 I  I opt 
 

 De 

with an Iopt of about 47 μA, which highly supports our result of 40 μA-electrode
achieving a highest energy density of 45.2 Wh/kg. Galvanic charge-discharge tests indicate
MnO2/SA-ECNFs electrodes with a separator exhibit higher specific capacitance and
energy density (Figure S13). The data of figure S13 indicates there is an inverse
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proportional relation between the energy losses and MnO2 thickness. The energy losses can
be ascribed to the deactivation of hps. In the absence of a separator, some of hps will be
changed into hsep, resulting in lower energy density. In our nest research, we will focus on
the ratio of hsep/hps change in the conditions of with/without a separator.

Figure 4.14. Bar Diagram of Analysis of Size Distribution of Pure SA-ECNFs with the Mean
Thickness Value and Error.
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Figure 4.15. Mass Loading of SA-ECNFs at 20 μA, 40 μA, 60 μA and 80 μA Under Different
Deposition Time with Error Bar.

IV.VIII Conclusions
This work demonstrates a novel configuration of supercapacitor free of separator
by uniformly electrodepositing MnO2 on aligned SA-ECNFs and the feasibility of MnO2
layer functioning as separator in different thickness with the electrodeposition current was
explored. From the electrochemical performance, MnO2/SA-ECNFs with 40 μA
electrodeposition display a high capacitance of 141 F/g and a specific energy density of
45.2 Wh/kg. This research presents a potential revolution of traditional metal
oxide/carbonaceous nanomaterial-based pseudocapacitance energy storage by simply
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increasing the thickness of the metal oxide as replacement of a separator to reduce the
manufacturing process for practical applications.
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CHAPTER V
CONCLUDING REMARKS
Energy storage systems such as supercapacitors and lithium-ion battery have
erupted in popularity due to their high energy/power density, low-toxicity, long lifecycles,
and low cost. Supercapacitors and lithium-ion battery have been widely discovered in
nanoscale synthesis, reaction, modification, structures and morphology control of cathode
materials since the early 21st century. Upcoming demand will be focusing on new energy
storage system (e.g. aluminum ion battery), growth mechanism of cathode materials (e.g.
MnO2, LiMnO2, LiCoO2), novel configurations (e.g. separator-free, current collector-free),
magenetic enhancement, etc.
From this thesis work, the following conclusions can be drawn: (1) CNM-based
structures, such as CNTF, TGF, ECNF, possess extensive options of chemical modification
and optimal mechanical property, which are used as substrates to stabilize active MO layers.
Among these candidates, ECNF combined with electrochemical deposition for pseudoactive materials coating is a promising route for synthesizing large-scale energy storage
cells with high performance and low cost. (2) A new strategy for uniformly
electrodepositing MnO2 on aligned ECNFs and the change in the mechanism of MnO2
growth with the electrodeposition time was demonstrated. In contrast to earlier studies with
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a much higher current, the reported electrodeposition was conducted with a constant lowcurrent of 40 μA. Film growth proceeds by a three-stage kinetic process with a halfway
growth time of 2.78 h. These findings represent a significant improvement in stable metal
oxide/carbonaceous nanomaterial-based pseudocapacitance energy storage. (3) In
summary, after applying 1.34 mT magnetic field, MnO2/ECNFs showed enhanced
magneto-capacitance of 141.7 F/g at the cyclic voltage sweeping rates of 5 mV/s. The
capacitance of MnO2/ECNFs was increased by 58.1% at the current density of 0.5 A/g
during the galvanostatic charge/discharge test. Meanwhile, in the presence of 1.34 mT
magnetic field, the magneto-supercapacitor presented “low resistance shift” for bulk
electrolyte and the MnO2/ECNFs electrode. Longer charge/discharge time of the electrode
is observed under magnetic field than that without magnetic field, while did not sacrifice
its lifecycle stability. The insightful discussion of the potential mechanism suggests that
the magneto-supercapacitance enhancement can be primarily attributed to the magnetic
susceptibility of MnO2 induced electron spin energy degeneracy for facilitated electron
transfer reaction, the magnetohydrodynamic impact on electrolyte transportation and
improved cation intercalation/de-intercalation under the mT magnetic field, thus resulting
in higher charge density at the electrode/electrolyte interfaces, thicker double layer, and
lower internal resistance. This study may pave a way to the development of sustainable
metal oxide-based supercapacitors with magneto-capacitance enhancement by applying a
low magnetic field. (4) A novel configuration of supercapacitor free of separator by
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uniformly electrodepositing MnO2 on aligned SAECNFs and the feasibility of MnO2 layer
functioning as a separator in different thickness with the electrodeposition current was
demonstrated. This research presents a potential revolution of traditional metal
oxide/carbonaceous nanomaterial-based pseudocapacitance energy storage by simply
increasing the thickness of the metal oxide as replacement of a separator to reduce the
manufacturing process for practical applications.
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