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ABSTRACT 

Qiang Li, Nanostructured Transition Metal Oxides for Energy Storage and Conversion. 

Master of Science (MS), May, 2014, 109 pp, 33 figures, references, 196 titles. 

The conventional film configuration of electrochemical electrodes hardly fulfills the high 

energy and efficiency requirements because heavy electroactive material deposition restricts ion 

diffusion path, and lowers power density and fault tolerance. In this thesis, I demonstrate that 

novel nanoarchitectured transition metal oxides (TMOs), e.g. MnO2, V2O5, and ZnO, and their 

relevant nanocomposites were designed, fabricated and assembled into devices to deliver 

superior electrochemical performances such as high energy and power densities, and rate 

capacity. These improvements could be attributed to the significant enhancement of surface area, 

shortened ion diffusion distances and facile penetration of electrolyte solution into open 

structures of networks. The utilization of Forcespinning
®
, a newly developed nanofiber 

processing technology, for large-scale energy storage and conversion applications is emphasized. 

This process facilitates the contradiction between the micro-batch production and the ease of 

large-scale manufacturing.    

Key Words: Transition metal oxides, energy storage and conversion, Forcespinning
®
, 

pseudocapacitance domination, high rate capacity 
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CHAPTER I  

INTRODUCTION 

1.1 Statement of the Problem 

It has been a new era since green sources of energy and energy storage have been exploited 

given that fossil fuels are expected to be depleted soon. The overconsumption of fossil fuels has 

become the major source of current environmental problems. Also, the ever-increasing 

developments of portable electronics, hybrid vehicles and large size industrial equipments 

require the rapid advancement of systems that could supply needed power. Lithium-ion batteries, 

fuel cells, supercapacitors and photovoltaic devices are heavily being studied. The contradiction 

of the tradeoff between power and energy densities restrains the commercial advanced energy 

storage. The challenge derives from the fact that an electrochemical device with a high energy 

density usually has a relatively low power density, and a device with a high power density 

usually has a relatively low energy density. For instance, batteries and fuel cells possess low 

power density, whereas supercapacitors deliver relatively low energy density (Figure 1.1). 

Among the alternative systems for energy storage/conversion devices, supercapacitors, also 

known as ultracapacitors, have attracted intensive attention owing to their high power density, 

long stability and rapid charge-discharge rates.
1-2

 The mechanism of traditional electrical double-

layer capacitors (EDLCs) counts on high-surface-area carbon-based structures to store energy 

through electrostatic adsorption of ions.
3-6

 However, the energy density of EDLCs is far from 

satisfactory without the addition of other electrochemically reversible components due to their 
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limited specific capacitance. In contrast, pseudocapacitors employing rapid and reversible redox 

reactions on the surface or near surface of electrode materials exhibit much better 

electrochemical performances, such as higher specific capacitance and larger energy density.
7-10

    

 

Figure 1.1 Ragone plot of the energy storage domains for the various electrochemical energy 

conversion systems.
11

 

In the past decade, many pseudocapacitive transition metal oxides (TMOs), 

predominantly MnO2,
12-14

 V2O5,
15

 Co3O4,
10, 16

 NiO,
17-18

 PbO2,
19-20

 Fe2O3,
21-22

 RuO2,
23-24

 IrO2
25-26

 

and WO3,
27-29

 nanostructures have been deemed to be tunable building blocks for constructing 

promising pseudocapacitors to fill the gap between lithium-ion batteries and supercapacitors. 

However, in terms of the pseudocapacitive materials, the poor electrical conductivity has 

severely prohibited its broad applications in energy storage.
30

 Consequently, various 

hybridization strategies have been exploited to address the aforementioned issues. By 
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hybridizing with carbon nanotubes (CNTs),
31-33

 graphene,
6, 8, 34

 carbon paper/cloth
35-38

 or 

graphitic carbon spheres,
39-40

 the mechanical stability and ionic, electronic conductivity of the 

nanocomposites are greatly enhanced. Moreover, these nanostructured hybrids with carbon as 

backbones establish good charge transport channels to current collectors.  

 

Figure 1.2 Schematic illustration showing the influence of  different silicon morphologies on the 

integrity of electrode during alkali ion intercalation.
41

 

To synthesize pseudocapacitive materials into nano-size is effective to shorten 

electrolyte ion diffusion distances and thus conduct thorough interfacial electrochemistry. In 

contrast with spherical nanostructures, i.e. nanoparticles, one-dimensional (1-D) nanostructures 

possess endurance on volume expansion and network structure for excellent electrolyte 

penetration (Figure 1.2), so the development of coaxial nanowires/fibers is of high importance. 

1-D MnO2 nanocomposites are taken as examples: Ye Hou et al. hanged MnO2 nanospheres on 
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CNTs hierarchically via ultrasonic irradiation;
32

 Liangbing Hu et al. employed electrodeposition 

to coat MnO2 nanoflowers conformally on CNT-enabling conducting textile mats;
35

 and Sang-

Bok Ma et al. grew Birnessite MnO2 nanoflakes on CNTs through hydrothermal process.
42

 

However, the electrochemical cyclic stability of these of carbon/MnO2 hybrids still remains a 

tremendous challenge: (i) ionic and electronic diffusion are uncontrolled due to large particle 

sizes of active materials formed from fast growth processes among domains and on the interfaces 

between active materials and conductive carbon additives; (ii) active materials are exposed to 

electrolyte, which leads to undesired electrode/electrolyte reactions and fast dissolutions;
12

 and 

(iii) adjacent nanostructures without buffer zones between them are prone to aggregate or 

pulverize and consequently flake off carbon backbone. Even though MnO2 nanoparticle-enriched 

conductive poly(3,4-ethylenedioxythioxythiophene) (PEDOT) polymers have been synthesized 

recently,
43

 these electrodes still suffer from mechanical instability and poor recyclability due to 

the coherent weakness of conductive polymers.
30, 44

 Furthermore, an insulating binder, i.e. 

polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE), is necessary to fabricate 

electrodes, and decrease the electrical conductivity and volumetric performance of Li-ion battery 

and supercapacitor electrodes. Other than the to-be-further-enhanced electrochemical 

performance, the previous fabrication procedures of nanocomposites are generally tedious and 

not cost effective. Moreover, the micro-batch production of nano/micro-scale electroactive 

materials literally contradicts the ease of manufacturing. 

In addition to preparations of 1-D nanocomposites for enhancements of electrochemical 

performance, it has been noticed that the simple utilization of pseudocapacitive materials does 

not necessarily improve deliveries of the energy and power densities. The corresponding devices, 

i.e. asymmetric supercapacitors, coupled with carbon-based materials, such as activated carbon, 
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carbon nanotubes, conducting polymers and graphene, as anode materials, are prone to comply 

with electrical double-layer storage mechanism so that their electrochemical performance could 

not be optimized to fill the unmet high requirements of energy and power densities. We 

anticipate that it will be a new field if we allow the devices to be dominated by 

pseudocapacitance storage mechanism by smartly choosing electrode materials and triggering 

spontaneous alkali ion intercalation and deintercalation into and out of novel layered structures 

of pseudocapacitive materials.    

 

1.2 Motivation 

To produce 1-D nano/microfibers, electrospinning technology was firstly discovered by 

Morton and Cooley in 1902 and subsequently Formhals obtained nine US patents. The apparatus 

is capable of producing polymer or its composites’ filament by making use of the electrostatic 

repulsions between the spinning solution and collector. Even though the electrospinning 

technology has been developed at breakneck speed after 1990s, which is reflected by a great 

number of relevant scientific articles and patents, it did not realize the critical application 

potentials and the goal of manufacturing fibers owing to its intrinsic technical limitations. 

Recently, Forcespinning
®

 (FS) technology, which was developed by Lozano et al, demonstrates 

the opportunity of high production rate of fine nano/microfibers. The FS adopts high-speed 

rotational force to drive viscous fluid through orifices and thus produce fine fibers in a large 

scale, provided that the capillary force is exceeded by the centrifugal force and hydrostatic 

pressure (Figure 1.3). The operation of FS is free of complex controlling parameters, such as 

high electrical field strength, intrinsic solution/melt conductivity, electrostatic and ionization 
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fields, that affect Taylor cone and jet instability of conventional electrospinning processes. Its 

unique demonstration of capability as a high-yield manufacturing technology of nano/microfiber 

production will relieve the contradiction of advanced 1-D nanomaterials and industrial demands, 

eventually benefitting a variety of fields, especially energy storage and conversion.  

 

Figure 1.3 Schematic illustration of the Forcespinning setup and process.
45

 

Nanocomposite fibers comprised of nanoscale inorganic fillers and polymer carrier can 

integrate both the merits of the polymers, like lightweight, flexibility and nice moldability, and 

of the inorganic nanofillers, like semiconducting properties, chemical resistance, thermal 

stability, high strength. The combination of advantages makes the nanocomposite fibers superior 

candidates with unpredictable mechanical reinforcement, electrochemical, electrical, optical, 

magnetic, thermal properties for multifunctional applications, such as multifunctional 

membranes, photocatalysts, chemical sensors, nanoelectronics, and electrochemical devices. The 

nanocomposite fibers can be fabricated through either the insertion of inorganic nanoparticles 

into polymer matrix or the calcination thermal treatment on polymer/metal salt precursor 
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composite fibers for conversion to functional counterparts. Worth mentioning is that the FS 

process is capable of spinning highly viscous fluid into fine fibers and consequently the rich 

polymer carrier results in interesting difference of inward and outward metal ion diffusion rates, 

which generates desired heterogeneous structures. The facile fabrication of nanocomposite fibers 

significantly simplifies the conventional tedious hybridization procedures that have been adopted 

to prepare heterogeneous nanostructures. More importantly, the as-prepared nanocomposite 

fibers imply other characteristics that favor the overall electrochemical performances and they 

could be produced in a large scale to meet the demands of markets for advanced electrochemical 

nanomaterials. 

In this thesis, the heterogeneous nanocomposite fibers or other 1-D nanocomposite 

nanostructures using FS processes followed by thermal treatment or all solution-phase synthesis 

were prepared and expected to display superior electrochemical performance because of high 

surface area, heavy electroactive material loading and electrolyte solution penetration with no 

kinetic limitations. The 1-D nanostructures are expected to be upgraded to three-dimensional (3-

D) nanostructures to further increase the accessible surface area and be utilized in different 

applications besides lithium-ion batteries and pseudocapacitors, i.e. photovoltaic devices.   

     

1.3 Research Objectives 

The first system presented in this thesis is heterogeneous MnOx-encased carbon 

nanocomposite fibers. We report the fabrication of heterogeneous MnO nanocrystal (NC)-

encased hierarchical carbon nanocomposite fibers (MCNFs) via a novel and large-scale FS 

followed by low temperature carbonization. Manganese nitrate containing polyvinylpyrrolidone 
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(PVP) polymeric fibers were carbonized at relatively low temperature, i.e. 500 ℃, due to oxidant 

Mn
2+

 cations. Different inward and outward ionic diffusion rates of Mn
2+

 cations concurrently 

resulted in congregation of MnO NCs near the surface of the nanocomposites during thermolysis. 

After anodic and cyclic voltammetric electrochemical oxidations, in situ phase transformation 

from electrochemically inactive MnO NCs to pseudocapacitive MnOx counterparts occurs. This 

yields a MnOx NC/carbon hybrid fiber network with MnOx NC-enriched functional surface. 

These NCs are accessible to aqueous electrolyte ions for Faradic redox reactions. Therefore these 

unique nanocomposites demonstrate a promising potential as pseudocapacitive electrode 

materials.   

The second system presented in this thesis is development of VOx/polymer nanohybrid 

fibers. A large-scale production process composed of the FS technology followed by relatively 

low-temperature calcination (450 ℃) was developed to produce flexible/bendable energy storage 

materials of heterogeneous vanadium oxide/polyvinylpyrrolidone derivative nanofibers with 

bark-like topography. This process overcomes the low fabrication-efficiency and cost-

performance shortcomings of previous techniques, such as tedious synthesis and high 

carbonization/growth temperature. The mechanical flexibility from moderately cross-linked 

polymeric backbones and the mixed valence-induced high electronic conductivity 

(4.48×10
4
 S m

−1
) from vanadium oxide concurrently endow these nanohybrid fibers as high 

performance flexible electrode materials for lithium-ion batteries.  

The third system presented in this thesis is 3-D ZnO@MnO2 core@shell nanostructures. 

Three-dimensional (3-D) ZnO@MnO2 core@shell branched nanowire arrays exhibit five times 

higher areal capacitance, better rate performance and smaller inner resistance than their nanowire 
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array counterparts. These novel 3-D architectures offer promising designs for powering 

microelectronics and other autonomous devices on exceptionally small geometric scales. 

The fourth system presented in this thesis is development of asymmetric supercapacitors 

based on MnO2 nanoflowers. Unique MnO2 nanoflowers (~25 nm) composed of ultrathin 

K0.26MnO2 nanoflake assemblies were synthesized by a facile and green process. Prototype 

MnO2-NFs//KCl//CNTs asymmetric supercapacitors in neutral aqueous electrolyte demonstrated 

pseudocapacitive dominance in addition to outstanding energy and power densities and superior 

cycling performance. 

The fifth system presented in this thesis is 3-D caterpillar-like ZnO nanostructures. We 

report a rational and facile synthesis of hierarchical branched ZnO nanostructures (BZNs) by 

combining novel FS technology and hydrothermal process on a large-scale. The ZnO nanofibers 

that derived from forcespun polyvinylpyrrolidone/zinc nitrate hexahydrate composite fibers were 

first prepared by calcination at 500 ℃ and subsequently disposed on indium tin oxide-coated 

glass substrates, serving as nonwoven netlike seed sites from which ultra-dense and uniform 

nanowires (NWs) in an omnidirectional fashion originated hydrothermally. This work is 

developed, in efforts to replace conventional multistep seeding methods producing upstanding 

nanostructures, to yield high spatial occupancy of NWs and thus substantially promote the 

accessible surface area and roughness factor. The relevant BZN photoanodes showed a 

significant enhancement of photo-to-hydrogen conversion efficiency. 
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CHAPTER II 

HETEROGENEOUS MANGANESE OXIDE/CARBON NANOCOMPOSITE FIBERS FOR 

HIGH PERFORMANCE PSEUDOCAPACITORS 

2.1 Introduction 

The integration of transition metal oxide nanocrystals (TMONCs) and one-dimensional 

(1-D) carbon based skeletons has been exploited for various applications, such as chemical 

sensors,
46-47

 catalysis,
48

 nanoelectronics
49

 and electrochemical devices.
37, 43, 50

 In view of the 

united advantages of functionality of oxide nanocrystals and superior physical characteristics 

including electrical conductivity, mechanical tolerance, thermal stability and surface area of 

carbonaceous nanostructures, rationally constructing TMONC/carbon hybrids is prone to achieve 

unprecedented physical and chemical features with respect to single component counterparts.
51-52

     

Particularly for supercapacitor applications, two well-established synthetic strategies have been 

widely carried out to fabricate 1-D TMONC/carbon hybrids: (1) pseudocapacitive TMONCs are 

anchored onto conductive carbon-based backbones, such as single/multiple walled carbon 

nanotubes, 1-D conducting polymers and carbon cloth, via a variety of approaches including 

hydrothermal method,
42

 electrochemical depositions,
37

 atomic layer deposition,
53

 precursor 

hydrolysis,
54

 and so forth;
43

 and (2) 1-D TMO nanowires/nanoribbons with high aspect ratio are 

surface-shielded by conducting polymers through monomer polymerizations.
50, 55

 For the first 

protocol, hybrid electrodes would suffer from inevitably uncontrolled ionic and electronic 
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diffusions due to fast growth of active oxides during anchoring, capacitance fading caused by 

unexpected reactions between electrode materials and electrolytes as well as dissolution of active 

materials into electrolyte solutions, and pulverization problem because of particle aggregation 

during charge and discharge cycles. On the other hand, the second protocol is unlikely to offer 

stable and fast paths for ionic diffusion and electronic transportation due to the intrinsic 

instability of conductive polymers and relatively large size of active materials. Even though in 

situ carbonation of electrospun hybrid polymeric fibers can incorporate nanocrystals into 

conducting carbon frameworks, the pseudocapacitive target oxides would be reduced into 

electrochemically inactive metal or metal oxides with lower oxidation states of transition metals 

during high temperature carbonations and the nature of homogeneously dispersed NCs in carbon 

matrix can deteriorate the rate capacity when limited electrolyte ion penetration depth is taken 

into consideration. Those are the primary reasons why carbonized hybrids have been explored 

mostly as anode materials with enhanced stability of lithium ion batteries.
56-58

 Therefore, 

establishing an efficient, facile and productive path to fabricate Faradic TMONCs into carbon 

frameworks is still a tremendous challenge for excellent recyclability, high rate 

pseudocapacitors. 

In this work, we present a novel strategy for heterogeneous MnOx NCs/carbon 

nanocomposite fibers via high-yield FS followed by carbonization in inert atmosphere and 

combined with electrochemical oxidations by applying three-electrode configuration. Acting as 

an updated substitution of electrospinning, FS eliminates the necessity of taking solution/melt 

electrical conductivity, electrical field strength, surface charge and ionization field in account by 

simply employing high speed centrifugal force and thus significantly simplifies the fabrication 

process of fine nanofibers.
59-60

 Moreover, the high production rate, ~1g/min, affords great 
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opportunities to introduce nano-scaled 1-D materials into commercial manufacturing in various 

areas. In this case, Mn(NO3)2/PVP fibers (MPFs) were spun onto current collectors directly 

without adding any polymer binder and conductive additive for the first time to form intercross  

 

Figure 2.1 Schematic illustration showing the preparation process of MnOx-encased carbon 

nanocomposite fibers. 

networks for facile electrolyte penetration and boosted gravimetric capacitance. Subsequent 

calcinations led to chronologically uneven ionic diffusion of Mn
2+

 ions, thermolysis and 

carbonization for forming hierarchical hybrid fibers. These fibers consist of MnO NCs evenly 

distributed on the near surface regions but simultaneously shielded by conducting carbon. The 

MnO NC/carbon hybrid carrying electrodes were further phase transformed into 

pseudocapacitively promising MnOx NC/carbon hybrid fibers through anodic and cyclic 

voltammetric electrochemical oxidations (Figure 2.1).  
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2.2 Experimental 

2.2.1 Materials 

Polyvinylpyrrolidone (PVP, average MW = 130,000) and Mn(NO3)2·xH2O (99.99%, x = 

4-6) were purchased from Sigma Aldrich. All reagents were of analytical grade and were used 

without further purification. 

2.2.2 Preparation of MnOx-encased carbon nanocomposite fibers 

The Mn(NO3)2·xH2O/PVP fibers (MPFs) were prepared as follow. PVP (3.7 g) was 

gradually dissolved into 8.7 mL of 10, 18.7, and 25.6 wt.% Mn(NO3)2·xH2O aqueous solution by 

using both vortex mixing and sonication in 2-hour intervals for at least 48 h for a homogeneous 

dissolution. The precursor solution was maintained statically in dark in a vacuum oven at room 

temperature overnight to remove possible trapped air bubbles. To make MPFs, the prepared 

spinning solutions were fed into proprietary designed spinneret with evenly separated eight 

needles around its periphery. These needles have 0.29 mm inner orifice size and are 13 mm long. 

FS was carried out at a rotational speed of 9,000 rpm for 30 s, a 6 cm needle-to-collector distance 

with aluminum foil as collectors. The production rate in a lab scale unit was >1 g min
-1

. 

Moreover, titanium substrates (0.25 mm thick, Aldrich), which were degreased ultrasonically 

prior to collection in acetone and ethanol for 10 min, respectively, were directly applied as 

current collectors. To directly deposit MPFs onto Ti substrate, Ti foil cut into 2 × 0.5 cm was 

fastened onto alumina collectors with polytetrafluoroethylene (PTFE) tape prior to the FS 

process. The MPFs were then calcined at 500 ℃ for 3 h in argon atmosphere with a heating ramp 

rate of 2 ℃ min.  
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2.2.3 Characterization 

Morphological and structural analyses of precursor MPFs, and corresponding calcined 

MnO/carbon nanocomposite fibers (MCNFs) and electrochemically oxidized MCNFs (EO-

MCNFs) were carried out by scanning electron microscopy (SEM, Carl Zeiss Sigma VP Field-

Emission, at 2-5 KV) equipped with scanning transmission electron microscopy (STEM), and 

transmission electron microscopy (TEM, JEOL JEM-2010UHR) coupled with selected area 

electron diffraction (SAED) and energy-dispersive X-ray spectroscopy (EDX). The charging 

effect during SEM imaging on precursor MPFs was eliminated by coating with an approximately 

100 Å thick Au/Pd layer using a Denton Desk II TSC turbo-pumped sputter coater. There was no 

need to sputter coating of MCNFs and EO-MCNFs for SEM imaging. Fourier transform infrared 

(FTIR) spectra were recorded from 4000 to 450 cm
-1

 with a 4 cm
-1

 spectral resolution on a 

Thermal Nicolet Nexus 470 spectrometer with a DTGS detector by signal-averaging 32 scans. 

Differential scanning calorimetry (DSC) of the MPFs was run between 25 ℃ and 300 ℃ at a 

heating rate of 5 ℃ min
-1

 on a TA Instruments Q100 DSC in nitrogen environment. To estimate 

the weight losses and the amounts of manganese oxide for calculating the compositions of 

nanocomposites, Thermogravimetic Analysis (TGA) was performed from 25 ℃ to 800 ℃ at 5 

℃  min
-1

 on a TA Instruments Q500 Thermogravimetric Analyzer for the MPFs and 

corresponding calcined MCNFs in nitrogen and air fluxes, respectively. The structural 

information of the calcined MCNFs were determined by X-ray powder diffraction (XRD) on a 

Rigaku Miniflex II with Cu Kα radiation (λ = 1.5418 Å) between 5° and 80°. The powder X-ray 

diffraction analysis of the electrochemically oxidized EO-MCNF sample was carried out with a 

Bruker AXS D8 QUEST diffractometer with Cu Kα radiation (λ = 1.5406 Å) between 13° and 
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70°. The X-ray photoelectron spectroscopy (XPS) spectra were collected on a Kratos AXIS-165 

XPS/AES instrument using monochromatic Al K radiation. 

2.2.4 Electrochemical Evaluation 

All the electrochemical measurements were also conducted using the Gamry reference 

600 Potentiostat/Galvanostat/ZRA workstation combined with PWR 800 software suit. Cyclic 

voltammetry (CV) were performed at a potential window of 0 to 1.0 V (vs. Ag/AgCl) with scan 

rates ranging from 2 mV s
-1

 to 100 mV s
-1

. Galvanostatic charge/discharge testing was conducted 

between 0 and 1.0 V (vs. Ag/AgCl) at current densities ranging from 0.2 to 1.0 A g
-1

. 

Electrochemical impedance spectroscopy (EIS) measurements were performed under AC 

amplitude of 5 mV and frequency range of 500,000 to 0.001 Hz.  

 

2.3 Results and Discussion 

2.3.1 Morphology and Structure Characterization 

Figure 2.2 shows the SEM images of MPFs with low and high magnifications. MPFs 

were successfully spun into interconnected networks with no beads exhibiting via the FS method 

for different manganese nitrate contents. Bead-free feature can improve gravimetric 

performances when subsequently MPFs thermally decompose and phase transform into 

pseudocapacitive nanohybrids. For convenience, these MPFs are denoted as MPF-1, MPF-2 and 

MPF-3 with the increasing concentration of manganese nitrate. With increasing ratio of 

manganese nitrate to PVP, the as-spun MPFs exhibit more wrinkled surfaces. Additionally, these 

relatively randomly oriented MPFs form an intercrossing network. The average diameters of 

http://www.egmont.com.pl/gamry/katalog/REF3000%20A4.pdf
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these MPFs vary from 400 nm to 1 μm for MPF-1, MPF-2 and MPF-3. According to previous FS 

studies, the fiber diameter is determined by multiple factors, such as spinning solution viscosity, 

solution surface tension, spinning rotational speed and spinneret needle to fiber collector 

distance.
59-60

 Owing to the increases in Mn(NO3)2·xH2O concentrations, the precursor solution 

viscosity increases,  

 

Figure 2.2 SEM images and diameter distributions of MPFs with different Mn(NO3)2·xH2O 

concentrations. (A, B, C) MPF-1, (D, E, F) MPF-2, and (G, H, I) MPF-3. 

which is mainly responsible for the variations of diameters of the MPFs.
61-62

 The rotational force 

and polymeric wettability are creatively utilized to cement MPFs onto current collectors without 

introducing any polymer binder for electrode fabrications. Particularly noteworthy is that 



17 
 

elimination of inactive binder and porous feature of network are critical to constructions of high 

rate devices in energy storage.   

Figure 2.3 shows the FTIR spectra from the three MPF samples. The sharp absorption 

peak at 1383 cm
-1

 is attributed to N-O asymmetric stretching vibrations from NO
3-

 group.
63

 Two 

remarkable broad peaks originating from 3400 to 3480 cm
-1

 and from 1668 to 1630 cm
-1

  

 

Figure 2.3 FTIR spectra of (a) MPF-1, (b) MPF-2, and (c) MPF-3. 

correspond to O-H stretching and bending bands, respectively. They are derived from the 

residual water solvent, the hydrate water from manganese nitrate and absorbed moisture on the 

hygroscopic manganese nitrate and PVP. The fingerprint absorption modes of PVP are distinctly 

identified with prominent peaks at about 1277-1294, 1321, 1424-1468, 1500 cm
-1

 and 2916-2960 

cm
-1

, which are assigned to N-C stretching of N-CH2, C-H2 wagging, C-H2 scissoring, N-C 
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stretching of N-C=O, and symmetric C-H stretching, respectively.
64-65

 The primary absorption 

mode at 1653 cm
-1

 corresponding to the carbonyl group C=O stretching vibration of PVP is 

probably superimposed with strong O-H bending vibration. The FTIR analyses indicate that the 

MPFs consist of nitrate anions and PVP polymer as well as water molecules. Along with the 

increasing manganese nitrate, the intensities of N-O stretching vibrations are apparently 

increased.  

 

Figure 2.4 DSC thermograms of (a) pure PVP NFs, (b) MPF-1, (c) MPF-2, and (d) MPF-3 in 

nitrogen atmosphere. 

Thermal experiments of the as-spun MPFs as well as PVP fibers were performed by 

DSC under nitrogen atmosphere, as showed in Figure 2.4. Each DSC thermogram from the three 

MPFs exhibits a distinct exothermic peak and an endothermic peak, even though the peak 

positions are shifting depending on different Mn(NO3)2·xH2O content. The endothermic peak 
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located in relatively low temperature region is associated with the dehydration of PVP in the 

MPFs.
66

 The upshifted degradation temperature is presumably owing to increasing 

Mn(NO3)2·xH2O content as well as the interactions between Mn(NO3)2·xH2O and PVP.
67-69

 The 

presence of manganese nitrate gives rise to steric hindrance to the mobility of polymeric PVP 

backbone. Coordination complexes formed through van der Waals forces, polar attraction and 

stabilization from p-bond overlap reduce the polymeric PVP flexibility and dehydration rate 

 

Figure 2.5 (A) TGA thermograms and (B) related DTG of (a) pure PVP fibers, (b) MPF-1, 

(c) MPF-2, and (d) MPF-3 in nitrogen atmosphere. 
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while improve its thermal stability in the lower temperature region. On the other hand, the 

exothermic peaks that appear in the region of 210-283 ℃  is downshifting with increasing 

Mn(NO3)2·xH2O content. According to the XPS study toward the residual product from PVP 

degradation at different temperatures by Chen et al.,
70

 the exothermic peaks can be attributed to 

the breaking of the C-N bonds linking pyrrolidone rings to the polymeric backbone during the 

decomposition of PVP. The premature degradation of PVP as shown by the downshifted 

exothermic peak with increasing Mn(NO3)2·xH2O content possibly results from the interaction 

between Mn
2+

 ions and carbonyl groups of PVP. This interaction hinders the formation of free 

radicals and subsequently that of their intermolecular termination reactions and thus accelerates 

the degradation of PVP.
56

 Furthermore, Mn
2+

 ions can act as an oxidant to lower the minimum 

oxidation temperature of PVP.
71-72

 Similar behaviors have been reported in literatures from 

nanocomposites. In addition, the heat released from the decomposition of PVP in the MPF-2 is 

much sharper than that from the other two MPFs. As it is well-known, thermogram study can be 

interpreted to structural variations. The degradation of PVP contains multiple stages, such as 

chain scission, cross-linking, and side-chain cyclization. The intensified peak may be affected by 

complex combination of thermally exothermic processes.
56

  

Figure 2.5A shows the TGA thermograms of the MPFs and PVP fibers under nitrogen 

atmosphere. The first weight loss occurring around 50-110 ℃ is attributed to the evaporation of 

physically adsorbed water molecules. After that, the thermal degradation curves of MPFs show 

two decays whereas pure PVP fibers show only one decay, which is in accordance with other 

observations.
73

 The degradation with the onset of 250 ℃ correlates with the exothermic peaks in 

DSC curves and corresponds to the breakage of pyrrolidone pendant groups from the PVP 

backbone. The second weight drop stretching up to 480 ℃ is attributed to the degradation of the 
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main hydrocarbon chains of PVP. The differential of the weight loss (Figure 2.5B) highlights the 

two stages of PVP degradation more clearly. Interestingly no weight loss related to 

decomposition of anhydrous manganese nitrate from the MPNFs is distinguished in the range of 

200-230 ℃ in DTG associated with DSC pattern, unlike thermal decomposition behavior of the 

pristine manganese nitrate. It is inferred that Mn(NO3)2 decomposition is postponed and occurs 

accompanying the degradation of the side chain of PVP due to the interaction between the 

manganese nitrate and PVP. The interaction may increase the activation energy of the formation 

of manganese oxide from manganese nitrate in PVP. The simultaneous degradation of 

manganese nitrate and PVP in the MPFs is supported by the fact that the decomposition 

percentage in the range of 263-315 ℃ increases proportionally with increasing the manganese 

nitrate content. Another interesting fact is that there is a slow but slight weight loss (~2 %) taking 

place after 480 ℃ from all three MPFs, in contrast to the pure PVP fibers. The decomposition of 

pure PVP completes at 480 ℃. Thereby, the 2 % weight loss after 480 ℃ is tentatively ascribed 

to the reduction of MnO2, the direct decomposition product of Mn(NO3)2, to lower valent 

manganese oxide by surrounding reductive carbon or carbon-rich compounds generated during 

carbonization.
57

 In addition, about 18.1, 19.7, 22.6 and 3.4 wt.% residuals are eventually present 

from the calcination to 800℃ in nitrogen of the MPF-1, -2, -3 and pure PVP fibers, respectively. 

The higher residual percentage from MPFs than that from pure PVP fibers indicates the 

formation of manganese oxide/carbon composites.  

From SEM images shown in Figure 2.6, the diameter of the MCNFs does not shrink 

obviously from the MPFs in spite of ~80 wt.% weight loss during the calcinations. Canal-like 

patterns are present on the surface of the MCNFs and their surface roughness is gradually 

increasing with increasing MnO loading. Dark-field STEM images from individual MCNF 



22 
 

 

Figure 2.6 SEM images of MnO nanoparticle-encased carbon nanocomposite fibers with 

different MnO contents. (A, B) MCNF-1, (D, E) MCNF-2, and (G, H) MCNF-3. Corresponding 

dark-field STEM images are shown as (C) MCNF-1, (F) MCNF-2, and (I) MCNF-3. 

(Figures 2.6C, F and I) demonstrate that MCNF-2 exhibits the most complicated zigzag-shaped 

canals on the surface. Such controllable hierarchical structure obtained by varying manganese 

salt loading in spinning precursor enables the nanocomposite fibers with high electrochemically 

active interfacial area with electrolytes, which improves pseudocapacitive redox reaction 

performance as demonstrated below. 

MPFs are thermally transformed into heterogeneous MnO NC-encased carbon 

nanocomposite fibers through controlled calcinations outlined in the experimental section. Figure 

5 displays morphological and structural information of the typical MCNF-2 sample initially 
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Figure 2.7 (A, B) Low- and high-magnification SEM images, (C) dark field STEM image, (D) 

BackScatter image with inset of corresponding InLens image, (E, F, G) TEM and HRTEM 

images with inset of related SAED pattern in (E), and (H) XRD pattern of MnO nanocrystal-

encased carbon nanocomposite fibers (MCNF-2). 
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originating from MPF-2. Amazingly, the averaged diameter of MCNF-2 does not shrink 

apparently with respect to MPF-2 in spite of about 80 wt.% weight loss during the calcinations 

and this phenomenon is tentatively ascribed to formed carbon skeleton transformed from 

unprecedented heavily loaded polymer in FS recipe in contrast to electrospinning ingredients. 

Figure 2.7A&B show the micro/nanostructures of the nanocomposite fibers. The well-inherited 

intercrossing network of nanocomposites ensures great percolation of electrolyte and sufficient 

mechanical stability for volumetric expansion during battery-like pseudocapacitive TMOs 

performing. In the meanwhile, MCNFs exhibit undulate surface topography which is favorable to 

offer more accessible electrochemically active sites for Faradic redox reactions on the interface 

of electrolyte and electrode materials. The Figure 2.7D shows a cross-section image, taken under 

back-scatter detector, of an individual MCNF. Compared to lightweight carbon atoms, 

manganese with larger atomic number is chosen to be detected under backscattered electron 

imaging and apparently congregates on the surface or near surface regions of MCNFs,
74-75

 unlike 

other homogeneous 1-D hybrids.
58, 76

 The formation of heterogeneous structures with TMONC 

enriched surface is essential for high rate pseudocapacitors because it is widely accepted that the 

pseudocapacitive reactions only effectively occur in the first dozens of nanometers at high 

current densities.
2, 77

 In other words, the utilization efficiency of pseudocapacitive materials in 1-

D configuration will decrease along the radical direction from exterior surface to interior axis. 

Heterogeneous 1-D nanocomposites with active material-enriched surface or near surface utilize 

active materials most thoroughly. TEM studies of MCNF-2 were conducted to offer a further 

comprehension of structural features. In Figure 2.7E, F&G, the MCNFs display small, dark 

domains resulting from nanocrystals and relatively translucent carbon matrix, which indicates 

that the manganese oxide nanoparticles with about 10 nm size are evenly distributed and 
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incorporated into near surface terrains of carbon frameworks and shielded by the surrounding 

meandering-featured carbon.
58

 The meandering-featured carbon is believed to possess a 

graphitic-like structure that formed in relatively low temperature carbonization due to Mn
2+

 as 

oxidant catalyzing the carbonation of polymer.
78-80

 The carbon protection can prevent oxide 

domains from further growth during material synthesis and undesired aggregation during long 

term cycles of charge and discharge, which is one of key structural characteristics of these 

unique nanocomposites to overcome the devastating capacitance fading in current designs of 

pseudocapacitors. The XRD pattern in Figure 2.7H indicates that manganosite-type MnO 

(JCPDS card #75–0626; space group: Fm3
_

m (225); a=4.4435 A
o

) is readily identified by the 

emergence of five characteristic peaks (2θ = 34.94, 40.58, 58.72, 70.20 and 73.82°), marked by 

their corresponding Miller indices ((111), (200), (220), (311), and (222)).
81

 This result is further 

confirmed by two diffraction rings, ascribed to (111), and (220) planes of MnO, in SAED pattern 

and the well-resolved lattice fringes with an interplanar spacing of 0.26 nm of the (111) plane of 

cubic MnO in HRTEM image (Figure 2.7G). The broad peak centered at about 25° is assigned to 

amorphous or graphitic-like carbon.
78-80

  

2.3.2 Electrochemical Oxidation 

To electrochemically oxidize these MCNFs into EO-MCNFs, one cycle of anodic charge 

is first applied on the binder-free electrodes at a current density of 10 μA cm
-1

 between -0.6 to 

0.9 V for approximate 5,000 s, and then 1000 cycles of voltammetric scans with a potential 

window of 0 – 1 V (vs. Ag/AgCl) were conducted to achieve the electrochemical oxidation of 

MnO NPs into MnO2 NPs in the carbon matrix.
82

 These MCNFs also have excellent 

accommodation of strain caused by Na
+
 intercalation/deintercalation, so process long stability as  
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Figure 2.8 SEM images of MnO2 nanoparticle-encased carbon nanocomposite fibers with 

different MnO2 contents after anodic and 1000 cycles of voltammetric oxidation: (A, B) EO-

MCNF-1, (D, E) EO-MCNF-2, and (G, H) EO-MCNF-3 

electrode materials for supercapacitors as demonstrated below. According to Messaoudi et al.,
83

 

the transition sequence is described by the following stoichiometric reaction equations with 

slight modification, even though no particular transition would happen exclusively and 

thoroughly in each stage. 
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Figure 2.9 (A) Low- and (B) high-magnification TEM images, (C) XRD pattern and (D) XPS 

patterns of the EO-MCNF-2. 

3MnO + H2O ↔ Mn3O4 + 2H
+
 + 2e

-
 

Mn3O4·2H2O + OH
-
 ↔ 2MnOOH + Mn(OH)3 + e

-
 

4MnOOH + 2Mn(OH)3 + 3OH
-
 ↔  6MnO2 + 5H2O + 3H

+
 + 6e

-
 

Morphological characterization of electrochemically oxidized MCNFs (denoted as EO-MCNFs 

thereafter) is conducted by SEM (Figure 2.8). As can be clearly seen, no distinct morphological 

change was observed after the transition from MCNFs into EO-MCNFs. Both well-defined 

microscopic and macroscopic morphologies were maintained for the nanocomposite carbon 

fibers. The preservation of the intercrossing network and surface topographies of our 
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nanocomposite fibers also indicates their excellent stability and reversibility as promising 

electrocapacitive materials as demonstrated below.  

The EO-MCNFs electrochemically transformed from the MCNFs were also 

characterized by TEM (Figures 2.9A&B), XRD (Figure 2.9C) and XPS (Figure 2.9D). Apart 

from meandering graphitic structure, no apparent crystal lattice can be distinguished under high 

resolution TEM. The dark domains which represent active MnO2 NPs appear to be amorphous 

structure, similar to some other reports.
13, 82, 84-86

 Powder XRD experiment was carried out on the 

EO-MCNF-2 by scratching the sample off the titanium current collector. The resultant pattern 

shows that the EO-MCNF-2 has poor crystal structure of α-MnO2 (JCPDS card #44-0141). 

Accordingly, some lattice observed in Figure 5B with plane space of ~0.18 nm is tentatively 

assigned to (411) plane of α-MnO2. Also, XPS results validated the phase transformation from 

MnO to MnO2.  

2.3.3 Electrochemical Performance 

Figure 2.10A exhibits the evolutions of CV curves and remarkable uphill leap in higher 

potential regions and expanded CV integrated areas are observed during the first three cyclic 

voltammetric oxidations, which is an evident indication of electrochemical oxidations of MnO 

and increased specific capacitances.
82, 85

 Figure 2.10B compares the CV curves of MCNF-2 

before electrochemical oxidations and after anodic oxidation and 1000 cycles of CV oxidations, 

respectively. Before electrochemical oxidations, the specific capacitance (Cs) of MCNF-2 is 

estimated to be 3.4 F g
-1

 from the calculation of integrated area of CV curve. Partial contribution 

of the Cs can be attributed to the double-layer energy storage that arises from electrostatic 

adsorption of electrolyte ions when hierarchical carbon skeleton with enhanced surface area is  
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Figure 2.10 (A) The first three cyclic voltammetric cycles (CV) of MCNF-2 at a scan rate of 

100 mV s
-1

. (B) CV evolutions before electrochemical oxidations and after anodic and 1000 

cycles of CV oxidations at a scan rate of 50 mV s
-1

. (C) Galvanostatic charge and discharge 

curves at various current densities, and (D) specific capacitances and IR drops as a function of 

the current densities of electrochemically oxidized MCNF-2 (EO-MCNF-2). 

taken into account. Particularly noteworthy is that after anodic oxidation at an areal current 

density of 10 µm cm
-1

 and oxidations of 1000 CV potential cycles, the Cs is dramatically boosted 

to 100.4 and 128.3 F g
-1

, respectively. This can be explained by the phase transformation from 

inactive MnO to pseudocapacitive MnO2/MnOx which activates pseudocapacitive energy storage 
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on the surface or near surface of nanocomposites and eventually converts these unique 

heterogeneous nanostructures into pseudocapacitive electrode materials. Galvanostatic charge 

and discharge measurements are carried out to further investigate nanocomposites at a variety of 

current densities. The excellent symmetry of charge and discharge times and the pyramidal 

waves indicate a superior reversibility of the nanocomposites. The potential plateaus at about 0.7 

V and 0.4 V on pyramids are well consistent with the anodic and cathodic peaks in CV studies 

(Figure 2.10B) and validate the Faradic redox reactions.
7, 33

 Figure 2.10D shows the Cs, 

estimated from discharging times, as a function of the different discharging current densities. 

The nanocomposites deliver a maximum Cs of 257.9 F g
-1

 at a current density of 0.2 A g
-1

. Also, 

the heterogeneous nanocomposite fibers maintain a Cs of 214.2 F g
-1

 at a high current density of 

1.0 A g
-1

, which is about 83.1 % of the value at 0.2 A g
-1

. The fiber-twined network with 

kinetically unlimited ion diffusion is mainly responsible for the extraordinary rate capacity. The 

slope of linear correlation between IR drops and discharging current density can be applied to 

evaluate the internal resistance of electrode materials.
87

 It is interesting to notice that the 

nanocomposites exhibit a low internal resistance without employing conductive and polymeric 

additives, which is owing to the firm attachment between nanocomposite electrode materials and 

current collector. Making use of high speed centrifugal force and wettability of PVP plays an 

important role in fabrication of mechanically stable electrodes.    

   

2.4 Conclusion 

In summary, we have successfully fabricated nanoarchitectured heterogeneous MnOx NC-

encased carbon nanocomposite fibers with MnOx NC-enriched surface via a novel FS method 
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followed by calcination and electrochemical oxidations. The controllable ionic diffusion during 

thermolysis and phase transformation from electrochemically inactive MnO NCs to 

pseudocapacitive MnOx NCs by anodic and CV scan oxidations has near surface regions of 

nanocomposite fibers incorporated with MnOx NCs accessible to Faradic redox reactions that 

occur on the surface/near surface. The nanocomposite electrode with electrochemically oxidative 

enhancements can achieve boosted Cs of 128.3 F g
-1 

from initial value of 3.4 F g
-1

 before 

oxidations at a scan rate of 100 mV s
-1

. The Mn
2+

 cations as oxidizing agent can accelerate 

carbonation of polymeric precursor and make carbonation take place at relatively low 

temperature condition. The fiber-twined network enables a high rate capacity in view of ideal 

pathways for ion percolation and electron transportation without kinetic limitations. When 

current density is up to 1.0 A g
-1

, the Cs still maintain about 83.1 % of the maximum Cs obtained 

at 0.2 A g
-1

. Owing to functional oxide nanoparticles thoroughly shielded by thin layer 

conductive carbon, the unique heterogeneous nanocomposite fibers are expected to resolve the 

uncontrollable aggregation and pulverization problems of oxide nanoparticles and become one of 

the best electrode designs for high performance pseudocapacitors.  
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CHAPTER III  

MIXED-VALENT VOX/POLYMER NANOHYBRID FIBERS FOR FLEXIBLE ENERGY 

STORAGE MATERIALS 

3.1 Introduction 

Flexible/bendable supercapacitors and lithium-ion batteries (LIBs) have becoming 

promising for the next generation of electronic devices in a variety of sectors such as rollup 

displays, paper-like gadgets, miniature biomedical and wearable devices.
88-90

 Hence a plethora of 

research efforts has been prompted to exploit new fabrication routes for lightweight, facile and 

high yielding flexible energy storage materials. In particular, the superior performance of flexible 

energy storage materials resorts to high mechanical resilience and stable electronic conductivity. 

In this point of view, carbon materials have been used as backbones or substrates in combination 

with electroactive transition metal oxides (TMOs).
50, 91-92

 However, these hybrid materials are 

not yet incorporated into devices due to several remaining engineering challenges. These 

challenges include micro-batch processes necessitated by precise control of reactants, long 

reaction duration, multi-step hybridizing procedures and, frequently, low availability of 

expensive carbon nanostructures (including carbon nanotubes, graphene and conductive 

polymers) commonly prepared by inevitable high temperature treatment and/or tedious synthesis 

contradicting the requirements of ease manufacture on large-scale of these materials.
93-94
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Here, a high throughput protocol was developed for producing composite fibers from 

vanadium fluoride/polyvinylpyrrolidone (PVP) precursor with water as the only solvent through 

the FS technology via centrifugal force. The following low temperature calcination of these 

forcespun fibers yields heterogeneous bark-textured VOx/PVP derivative hybrid systems with 

superior mechanical flexibility and high electronic conductivity. The nonwoven nanohybrid fiber 

networks demonstrate fast kinetics, and the nanostructured mixed-valent VOx nanorods exhibit 

rapid electron transport and ion percolation at high scan rates. This effort is envisioned for 

developing various hybrid materials that will bring them closer to widespread production and 

potential energy storage applications for LIBs and supercapacitors.  

 

3.2 Experimental 

3.2.1 Materials 

polyvinylpirrolidone (PVP, MW = 1,300,000, Sigma-Aldrich), vanadium (IV) fluoride 

(VF4, 95% metal basis, Alfa Aesar). All reagents were of analytical grade and were used without 

further purification. 

3.2.2 Preparation of VOx/polymer nanohybrid fibers 

The precursor solution was prepared by mixing polyvinylpirrolidone (PVP, MW = 

1,300,000, Sigma-Aldrich), vanadium (IV) fluoride (VF4, 95% metal basis, Alfa Aesar), and 

deionized water in a Teflon beaker with varying polymer, VF4 and water ratios. The mixture was 

then magnetically stirred for approximately 45 minutes, allowed to degas for 3 h to remove any 

trapped air-bubbles, and spun by a Cyclone 1000-M FS apparatus (Fiberio Technology Corp., 
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TX, USA) equipped with a Teflon-coated spinneret (with 3 equally circumferentially spaced 

orifices) at 7000-12000 rpm with an 8 cm orifice-to-collector distance to create a one-square-foot 

mat of precursor fibers. The as-spun precursor fibers were calcined in air at 420-600 ℃ for 1-6 h 

to generate the nanohybrid fibers. The most desirable product was achieved by heating the 

precursor fibers forcespun from a precursor solution with a PVP/VF4/water weight ratio of 1:1:3 

to 450 ℃ at a ramp rate of 2 ℃ min
-1

 and held isothermally for 1 hour. 

3.2.3 Characterization 

The morphological, structural properties and elemental composition of the resultant 

product were characterized using a Zeiss Sigma VP SEM equipped with a Kleindiek 

micromanipulator and back-scatter detector, a FEI Tecnai F30 HRTEM, a Bruker AXS D8 

QUEST XRD, a TA Instrument Q500 TGA and a Time-of-Flight Secondary Ion Mass 

Spectrometer (TOF-SIMS).      

3.2.4 Electrochemical Evaluation 

The electrochemical performance was studied in a three-compartment cell using a 

Potentiostat/Galvanostat/ZRA (Gamry Reference 600). 1 M LiClO4 ethylene carbonate 

(EC)/diethyl carbonate (DEC) (volume ratio = 1:1) solution was employed as electrolyte. For the 

Galvanostatic charge/discharge testing, the as-calcined free-standing nanohybrid fiber mat was 

used directly as working electrode, and was charged and discharged at 100 mA g
-1

 to the 

potentials of 2.0 V and 4.0 V versus Li/Li
+
. For comparative cyclic voltammetric evaluations at 

50 mV s
-1

, the electrode was fabricated by grinding fibers and polyvinylidene fluoride (PVDF) 

with a weight ratio of 85:15 in ethanol and then pasting the mixture on alumina foil before 
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thoroughly drying at 60 ℃ overnight in a vacuum oven. The electrode can be readily rolled up 

with a tweezer into a rollup electrode.  

 

3.3 Results and Discussion 

3.3.1 Morphology and Structure Characterization 

 

Figure 3.1 (A) Schematic representation of the FS process. (B) SEM image of the as-spun 

precursor fibers taken under environmental conditions. (C) Low and (D) high magnification 

SEM images of the as-calcined nanohybrid fibers. Inset in panel C is the photographic image of 

the corresponding mat exhibiting good flexibility. (E) Back-scattered SEM image of the as-

calcined nanohybrid fibers. (F) Schematic representation of the electrical probing setup of 

micromanipulator under SEM observations. 

The FS method (Figure 3.1A) was employed to prepare VF4/PVP fiber mat (Figure 

3.1B). The as-spun precursor fibers have smooth surface and diameter ranged from 500 nm to 2 
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μm. After feeding the precursor solution into the spinning reservoir of spinneret, the high-speed 

rotational force drove the viscous fluid through and out of orifices, provided the capillary force 

was exceeded by the centrifugal force and hydrostatic pressure.
45, 59-60

 The FS process generates 

submicro/nanofibers regardless of the complex controlling parameters affecting Taylor cone and 

jet instability of widely used electrospinning process, i.e. high electrical field strength, intrinsic 

solution/melt conductivity, electrostatic and ionization fields.
95

 In the FS process, solution 

viscosity and orifice-to-collector distance become the major contributing factors. The production 

rate has been estimated to be ＞ 1 g min
-1

 on a lab scale setup, a demonstration of its unique 

capability as a high-yield manufacturing technology of submicro/nanofibers. 

According to our previous thermal studies on forcespun PVP and corresponding 

composite nanofibers, the cutoff degradation temperature of PVP is 450 ℃ , therefore 

calcinations were performed on the as-spun precursor fibers at 450 ℃ in this study to thermally 

transform VF4 to its oxide counterparts with high electronic conductivity and PVP to its 

moderately cross-linked derivatives with desirable mechanical properties.
96

 Figure 3.1C exhibits 

the randomly oriented network of the as-calcined nanohybrid fibers as free-standing mat capable 

of being bent readily. The nanohybrid fibers did not undergo shrinkage apparently from the 

precursor fibers and possess an average axial length of 200 μm. The bark-textured individual 

nanohybrid fiber is emphasized in Figure 3.1-D. The sheath of vanadium oxide and the backbone 

of the flexible PVP residual can be clearly identified. The formation of this interesting 

heterogeneous structure is ascribed to the premature rigid shell of the precursor fibers during 

uneven heat transmission, which causes distinct inward and outward ionic diffusion rates.
70

 After 

excluding the influence of carbon residual, the back-scattered SEM image (Figure 3.1E) 

indicates that the superficial sheath comprises fine vanadium oxide nanorods. Noteworthy is that 
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the heavily-loaded “carrier polymer” in FS processes can provide adequate medium resulting in 

different ionic diffusion rates at low ramp rates which alleviate burst-nucleation and generate 

electrochemically favored fine nanostructures in comparison with electrospinning.
97

 Therefore, 

the FS process is essential and unique to generate this type of nanohybrid fibers. We also found 

that a lower PVP/VF4 ratio and/or calcination temperature could result in hybrid fibers with 

unassociated highly scattered vanadium oxide nanorods rooted in the polymer skeleton and 

therefore poor electrical transportations. In addition, the resultant product with a high PVP/VF4 

ratio and calcined at 600 ℃ for 6 h showed nanorod-shaped single crystals with high aspect ratio 

but suffered from unfavorable brittleness.    

The electronic conductivity of the nanohybrid fibers was investigated by an electrical 

probe (Kleindiek micromanipulator) (Figure 3.1F). One individual fiber was positioned by 

moving the robotic microgripper under the SEM. The conductivity is estimated based on the I-V 

response. The flexible nanohybrid fibers exhibited a high electronic conductivity of 4.48×10
4
 S 

m
-1

. The XRD pattern (data not shown here) indicates that the vanadium oxide sheath possesses a 

mixed-valent characteristic and is composed of polymorphic V2O5 and V6O13. The incomplete 

oxidation of hydrolytic product of VF4 and phase transformation were responsible for this mixed 

vanadium valence formation and polymorphism phenomenon. The mixed-valent vanadium oxide 

compounds contain both donor and accepter sites interacting by a bridge. The electronic coupling 

of these two redox sites as well as the “reorganization energy” unpredictably enhances the 

electron transfer.
98

 Consequently, the balance between mechanical flexibility and electronic 

conductivity could be achieved by forming mixed-valent vanadium oxides within the nanohybrid 

fiber. The TOF-SIMS study (data not shown here) determined an approximate vanadium/carbon 
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atomic ratio of 19:18. Moreover, the TGA curve (data not shown here) indicates that about 

54.3% oxide residual is eventually present after heating the nanohybrid fibers in air to 800 ℃.  

Further structural information about the heterogenerous nanostructures of vanadium 

oxide was obtained from TEM. Figure 3.2A&B clearly demonstrate the surface of nanohybrid 

fibers is covered with oblique nanorods ranging from 50-100 nm in diameter, in great accordance 

with back-scatter SEM image. The high-resolution TEM image (Figure 3.2C) reveals that the 

individual nanorod is single-crystalline. The characteristic interplane spacings of 0.71 nm and 

 

Figure 3.2 (A) TEM of a nanohybrid fiber. (B&C) High-resolution TEM of the nanorods on the 

nanohybrid fibers. The inset in panel C shows the SAED pattern of the corresponding nanorod. 

0.33 nm (corresponding to the (200) and (041) planes, respectively) and the corresponding 

SAED pattern confirm that these nanorods are made of tetragonal V2O5. The high density of the 

central fiber core constricted the nucleation sites of V2O5 and forced the nanocrystals to grow 

laterally.
99

 In other words, the V6O13 phase congregated in the subsurface region of the 

nanohybrid fibers.     
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3.3.2 Electrochemical Performance 

Figure 3.3A shows the CV measurements of the nanohybrid fibers before and after 

rolling. Shape changes of the CV curves were not observed, reflecting the potential applications 

of these nanohybrid fibers as electrode materials for flexible electrochemical energy storage 

devices. Interestingly, one pair of redox peaks situated at 2.88 and 3.20 V indicating the 

conversion of V
4+

/V
5+

 was still well-defined at a scan rate as high as 50 mV s
-1

. Besides the  

 

Figure 3.3 (A) Cyclic voltammetric curves of the nanohybrid fibers before and after rolling at 50 

mV s
-1

. (B) Cycling performance of the nanohybrid fibers up to 30 cycles at 100 mA g
-1

. Inset in 

panel B shows the galvanostatic charge/discharge curves for the second, 5th and 30th cycles. 
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advantages of high mechanical flexibility, electronic conductivity and tolerance of volumetric 

expansion caused by Li
+
 intercalation, the intertwining networks and the nanostructured sheath 

of the one-dimensional nanohybrid fibers allow efficient ion access and shortened ion diffusions 

without kinetic limitations. The nanohybrid fibers exhibited a first cycle discharge capacity of 

276.2 mAh g
-1

 at a current density of 100 mA g
-1

. After the initial several cycles, they stably 

delivered discharge capacity of about 46.5 mAh g
-1

 once the solid electrolyte interface layer 

forms. Our future endeavor includes (i) to lower carbonization temperature of the flexible cross-

linked backbone and (ii) to incorporate conducting fillers to further promote the electrochemical 

performance of the nanohybrid fibers.  

    

3.4 Conclusion 

A successful preparation of hybrid VF4/PVP precursor fibers via a novel Forcespinning 

process was reported here under the pursuit of a simplified approach and maximized throughput. 

The manipulative low temperature calcination process generates heterogeneous bark-textured 

VOx/PVP derivative nanohybrid fibers. The nanohybrid fibers possess high mechanical stability, 

electrical conductivity and tolerance of volumetric expansion. When used as electrochemical 

electrode materials, they exhibit efficient ion access and shortened ion diffusions without kinetic 

limitations for flexible electrochemical energy storage devices.  
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CHAPTER IV  

THREE-DIMENSIONAL ZNO@MNO2 CORE@SHELL NANOSTRUCTURES FOR 

ELECTROCHEMICAL ENERGY STORAGE  

4.1 Introduction 

Supercapacitors and lithium ion batteries (LIBs) have attracted increasing attention in 

recent years as energy storage devices, owing to the high power density, excellent reversibility, 

long cycle life and good operational safety of the former and the high energy density of the 

latter.
100-102

 However, their miniaturization has not kept pace with advances of 

microelectromechanical systems (MEMS), biomedical and autonomous devices, whose desired 

on-board power storage happens on exceptionally small geometric scales. In either unit weight 

(Wh kg
−1

) or volume (Wh L
−1

), the amount of energy stored on a given footprint (J mm
−2

) of 

these devices is desirable to surpass that of conventional two-dimensional (2-D) battery and 

supercapacitor configurations. To overcome the shortcomings of these technologies while 

developing more powerful energy storage devices,
41

 one major approach pursued very recently is 

based on the fabrication of 3-D electrode structures at the nanoscale.  

Compared with compact 2-D counterparts, 3-D architectures take advantage of the vertical 

dimension-height. 3-D nanostructured electrodes possess higher surface/body ratios, larger 

surface areas, more surface active sites within a small footprint area, and accordingly enlarged 

areal capacity.
103-104

 Therefore, their synthesis is now considered as a new strategy for powering 
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MEMS and other small autonomous devices. Some efforts have been devoted to engineering 3-

Dnanostructures as energy storage electrodes.
105-108

 For example, Liu et al. built  

 

Figure 4.1 Schematic illustration of the fabrication process for the designed 3-D 

ZnO@MnO2 core@shell nanowire array electrode and its nanoforest counterpart. The latter 

possesses further boosted electrochemical performance than the former. 

electrodes of Co3O4@MnO2 nanowire arrays using sacrificial reactive 3-D carbon template 

layers. Xia et al synthesized Co3O4@NiO core@shell nanowire arrays for supercapacitors with 

high capacitance and good cycling stability. Yan et al.coated V2O5 on SnO2 nanowire arrays to 

bridge the performance gap between batteries and supercapacitors for high-rate LIBs. All these 

3-D core@shell heterostructures consist of high conductive one-dimensional (1-D) nanowires as 

the core and electroactive transition metal oxide or hydroxide as shells and branches. 
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In this work, we designed a novel architecture composed of 

branched nanowire arrays, i.e. forest of nanotrees, to further boost electrochemical performance 

over 1-D nanowire arrays, inspired by branched trees with larger surface area to capture more 

sunlight.
109

 Specifically, we first fabricated both 3-D ZnO@MnO2 core@shell nanowire arrays 

and branched nanowire array counterpart, i.e. nanoforest, using hydrothermal and redox 

processes. The whole fabrication process is schematically illustrated in Figure 4.1. Moreover, our 

electrochemical characterization revealed that the 3-D ZnO@MnO2 core@shell nanoforest 

electrodes possess higher capacitance (5 times), better rate performance, and longer retention of 

capacitance at higher current densities, compared to their nanowire array counterparts. 

To the best of our knowledge, no electrodes composed of nanoforests have been applied 

to electrochemical energy storage devices yet. This new design not only fills the void in the 

gallery of heterostructured nanomaterials with a 3-D skeleton applied in electrochemical energy 

storage devices, but also provides a direction to meet the miniaturization requirements of 

powering MEMS and other miniaturized functional devices. 

 

4.2 Experimental 

4.2.1 Materials 

Sodium hydroxide (NaOH), zinc acetate [Zn(O2CCH3)2·2H2O], hexamethylenetetramine 

(C6H12N4, HMTA), polyethylenimine (PEI), ammonia (NH3·H2O) and glucose (C6H12O6) were 

purchased from Sigma-Aldrich. Zinc nitrate hydrate [Zn(NO3)2·6H2O] and potassium 

permanganate (KMnO4) were purchased from Alfa Aesar. All reagents were of analytical grade 

and were used without further purification. 
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4.2.2 Preparation of 3-D ZnO@MnO2 core@shell nanostructures 

To demonstrate the advantages of nanoforests over corresponding nanowire arrays in 

electrochemical energy storage, two different 3-D nanostructures, i.e. ZnO@MnO2 nanowire 

arrays and ZnO@MnO2 nanoforests, were synthesized and compared. The fabrication procedures 

are illustrated in Figure 4.1. In the first step, ZnO nanoparticles seed solution was obtained 

through adding 25 mL of 0.03 M sodium hydroxide (NaOH) ethanol solution into 37.5 mL of 

0.01 M zinc acetate [Zn(O2CCH3)2·2H2O] ethanol solution drop by drop, and then the mixture 

was actively stirred at 60 ℃ for 2 h. The seed solution was drop casted onto a titanium substrate. 

ZnO nanowire arrays were grown from these ZnO quantum dot seeds through immersing in an 

aqueous precursor solution containing 0.025 M zinc nitrate hydrate [Zn(NO3)2·6H2O], 0.025 M 

hexamethylenetetramine (C6H12N4, HMTA), 0.1 M polyethylenimine (PEI), and 0.15 M 

ammonia (NH3·H2O) at 60-90 ℃ for 7-15 h. Then the grown ZnO nanowire arrays were 

thoroughly rinsed with deionized water, and dried in air. After annealed at 350 ℃ in air for 10 

min to remove residual organics, ZnO nanowire arrays on Ti substrate were obtained. ZnO 

nanoforests were obtained through adding ZnO seed solution onto the as-prepared ZnO nanowire 

arrays as the backbone and subsequently conducting a similar hydrothermal reaction as described 

above except without adding ammonia or PEI to grow ZnO nano-branches onto the ZnO 

nanowire array backbones. 

 To fabricate the final ZnO@MnO2 nanowire arrays and ZnO@MnO2 nanoforests, 

ZnO@C nanowire arrays and nanoforests were obtained through immersing ZnO nanowire 

arrays and nanoforests into glucose aqueous solution (0.03 M), respectively, for 1 h and then 

annealed in argon atmosphere at 500 ℃ for 3 h. This annealing step carbonizes the glucose 
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molecules absorbed onto the surface of ZnO nanowire arrays and nanoforests. Subsequently, 

electroactive MnO2 nanoparticle coatings were purposely decorated onto ZnO nanowire arrays 

and nanoforests through immersing the hybrid ZnO@C nanowire arrays and nanoforests in 0.03 

M KMnO4 aqueous solution for 1 h at room temperature, respectively. A thin layer of MnO2 

nanoparticles was grown on the 3-D ZnO nanostructures through the redox reaction between the 

carbon coating on ZnO with the KMnO4 solution. At last, the MnO2 nanoparticles coated ZnO 

nanowire arrays and nanoforests were rinsed with deionized water and dried at 80 ℃ overnight 

in vacuum.  

4.2.3 Characterization 

The morphology and crystal structure of the ZnO@MnO2 nanowire arrays and 

nanoforests were characterized through scanning electron microscopy (Carl Zeiss Sigma VP 

Field-Emission SEM at 2-5 kV), transmission electron microscopy (JEOL JEM-2010 UHR 

TEM) and high-resolution TEM (HRTEM), coupled with selected area electron diffraction 

(SAED) and energy dispersive X-ray spectroscopy (EDS). The surface chemical composition 

and oxidation state of the samples were determined by X-ray photoelectron spectroscopy (XPS) 

measurement (Kratos AXIS 165 X-ray photoelectron spectrometer). Raman spectroscopy was 

conducted on a Bruker SENTERRA RAMAN microscope with a 785 nm laser as the excitation 

source. 

4.2.4 Electrochemical Evaluation 

Cyclic voltammetry (CV) measurements were conducted on a Gamry Reference 600 

electrochemical workstation, using a three-electrode mode in 1 M Na2SO4 aqueous solution with 

a voltage ranging from -0.2 V to 0.6 V at different scan rates (2 mV s
-1

 to 100 mV s
-1

). A piece 
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of 0.6 cm
2
 sample of ZnO@MnO2 nanowire arrays or nanoforests on titanium foil was used as 

the working electrode. The reference electrode and counter electrode were Ag/AgCl and a 

platinum wire, respectively. With a similar setup, charge/discharge (CD) measurements of 

ZnO@MnO2 nanowire arrays or nanoforests as working electrodes were conducted at various 

current densities of 0.02 to 0.2 mA/cm
2
. Electrochemical impedance spectroscopy (EIS) 

measurements were performed by applying an AC amplitude of 5 mV in a frequency range from 

100 kHz to 0.001 Hz. 

 

4.3 Results and Discussion 

4.3.1 Morphology and Structure Characterization 

Figure 4.2A, B clearly present the 3-D ZnO@MnO2 core@shell nanowire arrays, 

and Fig. 1c and d exhibit the typical morphology of the 3-D ZnO@MnO2core@shell nanotrees. 

These arrays have average lengths over 10 μm, grown perpendicularly on the substrate of the 

titanium current collector (inset of Figure 4.2A). These nanotrees consist of 3-D 

ZnO@MnO2 nanowire arrays as the trunks and ZnO@MnO2 nanorods on the trunks as branches 

with an average length of ~ 800 nm. 

HRTEM images of these ZnO@MnO2 core@shell nanowire arrays and nanoforests 

(Figure 4.3) clearly demonstrate that well-dispersed MnO2 nanoparticlelayers with a thickness 

of ~ 3 nm were coated on the well-crystalline ZnO nanowire and nanotree backbones, 

respectively. XPS and Raman data of the as-synthesized 3-D ZnO@MnO2 nanoforests are not 

shown here. The peaks located at 1021 eV and 1044 eV are assigned to Zn 2p3/2 and Zn 2p1/2, 

respectively, indicating that the oxidation state of zinc is +2. The peaks at 653.9 eV and 642.3 eV 
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are attributed to Mn 2p3/2 and Mn 2p1/2 of MnO2. The identity of ZnO and MnO2 from the XPS 

analysis is consistent with that from the Raman spectrum. 

 

Figure 4.2 Typical SEM images of (A, B) ZnO@MnO2 nanowire arrays and (C, D) ZnO@MnO2 

nanoforests. 

 

Figure 4.3 Representative TEM and HRTEM images of the synthesized 3-D ZnO@MnO2 

core@shell (A and B) nanowire arrays and (C and D) Nanoforests. 
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4.3.2 Electrochemical Performance  

Cyclic voltammetry (CV) measurements (Figure 4.4A) were performed on the 

synthesized 3-D ZnO@MnO2 core@shell nanoforest as working electrodes at different scan rates 

of 2, 5, 10, 20, 50, and 100 mV s
−1

. In the potential range of −0.2 to 0.6 V (vs. Ag/AgCl), no 

obvious redox peaks were observed, which is characteristic of electroactive MnO2 in this range. 

These CV curves exhibit approximately rectangular shape, especially at slow scan rates. This 

observation indicates excellent capacitive behaviour and a low contact resistance of the 

electrodes made from our synthesized 3-D ZnO@MnO2 core@shell nanoforest, consistent 

with EIS data discussed below. As commonly observed, the rectangularity gradually expands and 

is distorted with increasing scan rates. However, the CV curves taken at the same scan rates of 

electrodes made of the 3-D nanowire array counterpart are evidently more distorted and possess 

much smaller area (data now shown here). It suggests that the 3-D ZnO@MnO2 nanowire arrays 

possess faster downgrading capacitance than the nanoforests even though both nanoarchitectures 

are composed of the same materials and were fabricated by the same procedure. Furthermore, by 

comparing the CV curves taken at a scan rate of 2 mV s
−1

 with the same lateral size of electrodes 

made from the 3-D ZnO@MnO2 core@shell nanoforest, nanowire array counterpart and pure 

titanium substrate (Figure 4.4B), a significant increase in integrated CV area was observed for 

the 3-D ZnO@MnO2 core@shell nanoforest electrode over the nanowire array electrode, while 

the pure titanium substrate showed barely any capacitance. The much larger capacitance of the 3-

D ZnO@MnO2 core@shell nanoforest electrode can be attributed to the larger accessible surface 

area of its unique nanoarchitecture and higher loading of the electroactive 

MnO2 nanoparticle coating over that of the 3-D ZnO@MnO2 nanowire array counterpart at the 

same footprint. 
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Figure 4.4  (a) Cyclic Voltammetry (CV) curves of ZnO@MnO2 nanforest electrode at different 

scan rates. (b) CV curves of the 3-D ZnO@MnO2 nanoforests, ZnO@MnO2 nanowire arrays, 

and titanium substrate at 2 mV s
-1

. 

From the charge–discharge (CD) measurements conducted on both 3-D 

ZnO@MnO2 core@shell nanoforest and nanowire array electrodes ( Figure 4.5A, B and C), their 

specific areal capacitances Carea at different current densities (Figure 4.5D) were calculated 

according to their discharge profiles. The respective charging time and discharging time are 

nearly the same, indicating superior reversibility of charging and discharging reactions of the 

electrodes made from both the synthesized 3-D ZnO@MnO2 core@shell nanoarchitectures. 

The Carea of 3-D ZnO@MnO2 core@shell nanoforest electrode is estimated to be 31.30 mF cm
−2

, 

which is nearly 5 times that of the 3-D ZnO@MnO2 core@shell nanowire array electrode (6.30 

mF cm
−2

). The high Carea of the nanoforest electrode results from its enhanced surface area and 

higher loading amount of MnO2 nanoparticle coating on the 3-D ZnO nanoforest backbone over 

those of the nanowire array counterpart. It implies the following electrochemical reactions 

between MnO2 and electrolyte with possible intercalation or deintercalation of Na
+
 or H3O

+
. 
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Figure 4.5  (A) Charge/discharge (CD) curves of 3-D ZnO@MnO2 nanoforests as electrode at 

different current densities. (B) Charge/discharge (CD) curves of ZnO@MnO2 nanowire arrays as 

electrode at different current densities. (C) CD curves of ZnO@MnO2 nanowire arrays and 

nanoforests as working electrodes, respectively, at current density of 0.02 mA cm
-2

. (D) Specific 

capacitances of ZnO@MnO2 nanoforest and nanowire arrays at different current densities. 

MnO2 + M
+
 + e

−
 ↔ MnOOM, M

+
 = Na

+
 or H3O

+
 

This novel nanoforest architecture utilizes space more efficiently than 

the nanowire array counterpart, guarantees effective interfacial contact between the electrolyte 
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and the electroactive MnO2 thin layer, and offers improved electron transfer pathways from the 

3-D ZnO nanoforest backbone to the current collector.  

Moreover, it is evident that the 3-D ZnO@MnO2 core@shell nanoforest electrode 

delivers higher capacity than the ZnO@MnO2 core@shell nanowire array electrode. The 3-D 

ZnO@MnO2 core@shell nanoforest electrode possesses 87% capacitance retention while 

the nanowire array counterpart has only 26% when discharging current density increases from 

0.02 to 0.2 mA cm
−2

. The higher rate capability of the 3-D ZnO@MnO2core@shell 

nanoforest electrode may be attributed to the unique 3-D interconnected nanoarchitecture with 

elevated conductivity from the 3-D ZnO nanoforest backbone and larger specific surface area on 

the same footprint. These structural advantages promote the maintenance of good 

electrochemical stability at the larger voltage range and also accelerate charge separation and 

transport. As reported in the literature, the decrease in specific capacitance with increasing 

current density results from the internal resistance of electrodes.
10

 Therefore, the higher 

capacitance retention of the 3-D ZnO@MnO2 core@shell nanoforest electrodesuggests a lower 

internal resistance over the corresponding nanowire array electrode, as confirmed by 

our EIS data not shown. 

Compared to the conventional 2-D electrode configurations of traditional batteries and 

supercapacitors, and even the most recently engineered 3-D nanostructured electrodes, e.g. the 

as-synthesized 3-D ZnO@MnO2 core@shell nanowire arrays shown here, our smartly designed 

electrodes with the 3-D ZnO@MnO2 core@shell nanoforest architecture are able to enhance the 

surface area and loading of electroactive MnO2 on the same lateral footprint, while the 3-D ZnO 

nanotree backbone provides an ideal pathway for efficient charge transport. The main reasons 

behind the superior electrochemical performance of the nanoforest electrode possibly include: (i) 
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more electroactive MnO2 nanoparticles were coated onto the 3-D ZnO nanotrees with larger 

surface area than the nanowire arrays as the backbones with the same footprint; (ii) 

comparatively higher percentages of electroactive MnO2 coating were deposited onto the ZnO 

branches than the ZnO trunk due to the smaller diameter of the former; and (iii) the extra loading 

of the coated electroactive MnO2 nanoparticles on this novel 3-D ZnO nanoforest architecture 

over that of thenanowire array counterpart were also finely dispersed, directly grown on the 

current collector, and so still have fast charge transport paths.  

Moreover, the MnO2 shell coating is amorphous, as confirmed by HRTEM 

and SAED (Figure 4.3). Amorphous MnO2 was reported to be more desirable for supercapacitor 

applications owing to its high surface area and low mass density, compared with crystalline 

MnO2.
110-111

 The thin layer of amorphous MnO2 enables fast and reversible faradaic reaction by a 

shortening ion diffusion path with large areal loading to achieve high specific capacitance while 

the 3-D ZnO nanotree backbone with high specific area provides highly conductive “highway” 

channels for effective electron transport. The novel design contributes to the superior capacitance 

and rate capability of our fabricated 3-D ZnO@MnO2 core@shell nanoforests with reduced 

diffusion lengths of ions, highly accessible surface area and good electrical conductivity. Further 

studies are underway by integrating these novel 3-D ZnO@MnO2 core@shell nanoforest 

electrodes into miniaturized LIBs and supercapacitors.  

 

4.4 Conclusion 

In summary, smartly designed 3-D ZnO@MnO2 core@shell nanostructures have been 

successfully synthesized. These novel nanoarchitectures efficiently increase the accessible 
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surface area of electroactive materials to the electrolyte, loading amount of electroactive 

materials per unit substrate area, and electrical conductivity of the hybrid electrode. The 3-D 

ZnO@MnO2 core@shell nanoforest electrodes offer five times higher areal capacitances, 

advanced rate capability, and better charge-discharge stability, compared with their 

corresponding nanowire array counterpart. The present work indicates that our smartly designed 

3-D nanoforest electrodes possess great application potentials for miniaturized energy storage 

devices. 
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CHAPTER V  

ASYMMETRIC SUPERCAPACITORS WITH DOMINANT PSEUDOCAPACIANCE BASED 

ON MNO2 NANOFLOWERS IN A NEUTRAL AQUEOUS ELECTROLYTE 

5.1 Introduction 

Consumer and industrial demand for compact, low mass and efficient electrical power 

devices is driving the development of higher power and energy density capacitor and 

batteries. As a promising alternative being able to provide a power-energy density balance 

that fills the gap between Li-ion batteries and conventional electric double-layer 

capacitors (EDLCs), supercapacitors which make use of both fast surface/subsurface 

redox reactions accompanying reversible phase changes and electric double-layer 

capacitance recently have attracted intensive interest.
2, 112-113

 They employing aqueous 

electrolytes, especially neutral solutions, offer particular advantages over those using 

organic or ionic liquid electrolytes in terms of higher power density, higher ionic 

conductivity, lower fabrication and maintenance cost, superior safety and environmental 

benignness.
114-115

 To overcome their comparatively narrow stable potential window and 

limited energy density, asymmetric supercapacitors (ASCs) incorporating a 

pseudocapacitive or battery-type electrode (energy source) and an EDLC-type electrode 

(power source) are becoming desirable electrochemical energy storage devices. However, 

some redox-active cathode materials, such as Co3O4, PbO2 and Ni(OH)2/NiOOH, can 

only perform in extreme pH media, thus causing environmental problems. RuO2•xH2O 
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and IrO2 are cost-prohibitive, and VOx systems face toxicity, water-solubility and cycling 

fading issues in aqueous solutions.  

In comparison, MnO2 is a promising pseudocapacitive candidate because of its 

low cost, environmental friendliness and rapid charge-discharge capability. So far, no 

reported MnO2-based ASCs with pure manganese oxides as electrode materials deliver 

satisfactory energy densities, e.g. MnO2//activated carbon (AC) with ≤ 28.8 Wh kg
-1

.
116-

125
 When nanostructured MnO2 is hybridized with conducting carbon nanotube (CNT), 

graphene or graphite nanosphere skeletons via tedious synthetic procedures, only 

reasonable energy and rate performance have been achieved even with the facilitated 

charge transport on hybridized interlayers, as demonstrated recently as graphene-patched 

CNTs@MnO2//CNTs/polyaniline (24.8 Wh kg
-1

),
126

 and MnO2/graphene//graphene/Ag 

(50.8 Wh kg
-1

).
127

 Moreover, these hybridized ASCs sacrifices from their multi-step 

processing, micro-batch production and compromised gravimetric value delivery. 

Consequently, safe and reliable MnO2-based ASCs with high energy/power delivery, low-

cost, environmental friendliness and ease of manufacture are urgently needed to connect 

their sustainable energies to power grids and hybrid vehicles. In this study, one such 

example based on pure manganese oxide nanoflowers (MnO2-NFs) has been prepared by 

a novel and facile process and assembled into high performance ASCs. 

Remarkable results of nanostructured supercapacitors are generally attributed to 

the large surface area (double-layer capacitive effect) and short charge transport path 

lengths (pseudocapacitive effect) of electroactive nanomaterials. As electrochemically 

active materials approach nanoscale dimensions, pseudocapacitive effect becomes 

increasingly important.
128-129

 For example, a layered intercalated NaxMnO2 (x = 0.7 and 
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0.91) has been demonstrated recently as an enhanced electrode material with fast 

spontaneous ionic diffusion into interlayer space and thus optimized pseudocapacitive 

effect.
130

 However, no studies have been reported in the literature on the successful 

fabrication of pseudocapacitance dominant ASCs based on manganese oxides, not even 

mention their pure forms, for high energy applications as we demonstrated here. Our 

cathode material of layered MnO2-NFs (~25 nm in diameter) was synthesized through a 

novel pyrrolidone-ring opening reaction as described below. Without using tedious 

fabrication and hybridization processes (e.g. with graphene as reported in ref. 17), our 

easily assembled MnO2//KCl//CNTs ASCs possess one of the highest reported energy 

densities (45.4 Wh kg
-1

). Moreover, pseudocapacitance domination with rarely observed 

redox peaks was confirmed from our ASCs, for the first time from pure manganese oxide 

cathode material, due to nanoscale size effect, high interlayer ionic mobility, and fast 

kinetics of our electrodes offer. In terms of energy storage performance, our ASC devices 

have realized the intermediate state between supercapacitors and lithium ion batteries in a 

facile, cost-effective and environmentally friendly fashion. It is encouraging that 

dominant pseudocapacitance can outperform previous tedious hybridization efforts for 

high performance energy storage devices. 

 

5.2 Experimental 

5.2.1 Materials 

N-Methyl-2-pyrrolidone (NMP), Potassium permanganate (KMnO4), Multiple-walled 

carbon nanotubes (MWCNTs, product No. 636517) were purchased from Sigma Aldrich. 
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5.2.2 Preparation of MnO2 nanoflowers 

In a typical synthesis, 0.8 mmol of KMnO4 was dissolved into 36 mL of deionized water 

under vigorous magnetic stirring for 20 min. Then 4.385 mL of N-Methyl-2-

pyrrolidone (NMP) was added into the above solution and the mixture was stirred for another 5 

min before kept still at 20-60 ℃ for 16 h. Subsequently, the brown-black precipitate was 

collected and repeatedly washed with deionized water and ethanol, and then dried in a vacuum 

oven overnight. Functionalization of carbon nanotubes (CNTs): 0.1 g of pristine MWCNTs 

(Sigma Aldrich, product No. 636517) were immersed into 150 mL concentrated nitric acid and 

refluxed at 70 ℃ for 3 h to remove metal catalyst impurities and yield oxygenated functional 

groups on the surface. The CNTs were filtered with a 0.45 μm PTFE membrane and washed with 

deionized water until the pH value of the supernatant was close to 7. The resultant CNTs were 

redispersed into ethanol for further utilization.  

5.2.3 Characterization 

The MnO2 were characterized by field emission scanning electron microscopy (SEM, 

Carl Zeiss Sigma VP, equipped with scanning transmission electron microscopy (STEM)), 

energy dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM, Zeiss 

LEO 900), X-ray powder diffraction (XRD, Rigaku Miniflex II with Cu Kα radiation, Raman 

spectroscopy (Bruker SENTERRA, 785 nm laser as excitation source), porosimetry analyzer 

(Micromeritics ASAP 2020 Analyzer, nitrogen adsorption at 77K), and Fourier transform 

infrared spectroscopy (FTIR, Thermal Nicolet Nexus 470 spectrometer).  

5.2.4 Electrochemical Evaluation 
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All electrochemical measurements were conducted using a Gamry reference 600 

Potentiostat/Galvanostat/ZRA workstation. For three-electrode testing, platinum gauze and 

Ag/AgCl were used as the counter and reference electrodes, respectively. The working electrodes 

of MnO2 nanoflowers (NFs) or CNTs were fabricated as below: The as-prepared MnO2-NFs (70 

wt.%) were evenly mixed and grinded with carbon black (20 wt.%) and polyvinylidene fluoride 

(PVDF, 10 wt.%) in ethanol and the formed slurry was pasted onto a graphite paper disk (19 mm 

in diameter). The CNT electrode was prepared by pasting a mixture of CNTs and PVDF (90:10 

in weight ratio) onto graphite fiber paper disk. They were pre-dried in a vacuum oven at 70 °C 

overnight. The graphite fiber papers are chosen as current collectors to prevent capacitance 

fading from delamination issue and an undesirable electrochemical corrosion towards traditional 

metallic foils. The porous characteristic of them allows heavy depositions of electroactive 

materials without penalizing the rate capacity of ASCs to deliver sufficient power for practical 

applications. The specific capacitance in this work is obtained after excluding the slight 

contribution of graphite fiber paper. 

Based on CV measurements, the charges (q) stored on both electrodes were balanced 

according to q = Cs × △V × m, where Cs is the specific capacitance, △V is the potential window, 

and m is the mass of active electrode material.  

To build our ASCs, the optimal mass ratio between the MnO2-NFs and CNTs was 

calculated to be 0.48 based on the relationship of q
+
 = q

-
 with respective Cs of MnO2-NFs and 

CNTs as 145.4 and 70.3 F g
-1

, respectively, at 20 mV s
-1

. The actual loading amount for positive 

and negative materials on graphite current collector is 0.62 mg and 1.02 mg including the 

additives, respectively. The MnO2-NFs//CNTs ASCs separated by an electrolyte-cast glassy fiber 

separator (Millipore Co., 0.45 μm pore size, 19 mm in diameter) were then assembled into a 
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stainless steel split flat cell (MTI Co.) in an Ar-filled glove box. The 2 M KCl aqueous solution 

was purged with high purity argon for 30 min for oxygen removal and used as the electrolyte. 

Chloride electrolyte was chosen over conventional sulfate electrolytes deliberately to improve 

the mobility of cations due to the relatively small ionic radius of chloride anions (ionic radii 1.67 

Å of Cl
-
 vs 2.30 Å of SO4

2-
) in order to further reduce the kinetic limitations. The MnO2-

NFs//MnO2-NFs and CNTs//CNTs symmetric supercapacitors were constructed following the 

same procedure. The mass is measured using A&D HR-202i analytical balance with readability 

of 0.01 mg.  

 

5.3 Results and Discussion 

5.3.1 Morphology and Structure Characterization 

Experimentally, MnO2-NFs composed of K0.26MnO2 nanoflake assemblies were 

first synthesized via a facile and green process, i.e. a pyrrolidone ring-opening reaction 

between N-Methyl-2-pyrrolidone (NMP) and oxidizing KMnO4. FESEM and TEM 

images (Figure 5.1A, B) show that the product possesses a mesoporous network of MnO2-

NFs. These MnO2-NFs with average diameter of ~25 nm are assemblies of ultrathin 

nanoflakes. STEM image and its corresponding size distribution (Figure 5.1C) confirm 

that these MnO2-NFs are highly monodispersed. The hysteresis loop in the nitrogen 

sorption isotherm indicates a surface area of ~ 201.3 m
2
 g

-1
, and the average pore 

diameter between the MnO2-NFs is ~22 nm (Figure 5.1D). Raman spectrum (Figure 5.1E) 

shows two distinct peaks of 575 cm
-1

 and 630 cm
-1

, which are attributed to the Mn-O 

stretching vibration in the MnO6 basal plane and the symmetric stretching vibration of the 
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MnO6 group, respectively.
131

 XRD pattern (Figure 5.1F) matches well with monoclinic 

potassium birnessite (JCPDS no. 80-1098). It means that the ultrathin nanoflakes consist 

of 2D sheets of edge-shared MnO6 octahedra with interlayered K
+
 cations and water 

 

Figure 5.1 The as-synthesized MnO2-NFs: (A) FESEM image, (B) TEM images, (C) STEM 

image (inset shows the size distribution), (D) nitrogen adsorption and desorption isotherms, (E) 

Raman spectrum, and (F) XRD pattern. 

molecules.
132-133

 The EDS pattern confirms an elemental combination of 5.21% K and 

19.84% Mn, i.e. an empirical formula of K0.26MnO2, from the synthesized nanoflowers 

(data now shown here). Based on the IR spectra shown in Figure 5.2, we hypothesized 

that these defined MnO2-based nanostructures were generated from the reduction of 
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KMnO4 by NMP molecules through a pyrrolidone ring-opening reaction. More 

importantly, the generated birnessite-type MnO2 nanoflakes have a unique open layered 

crystal structure with pathways from surface to electroactive subsurface sites for alkali 

cations. The high content of interlayer K
+
 ions endows high mobility for efficient Faradic  

 
Figure 5.2 FTIR spectra of (a) pure NMP, (b) filtrated MnO2-NFs after DI water rinse, and (c) 

thoroughly rinsed MnO2-NFs with DI water and ethanol. 

reactions. At the meantime, the accessible pores with feasible pore diameter between the 

MnO2-NFs offers open straits for electrolyte infiltration. Therefore, these fine ultrathin 

nanoflake assemblies with a large number of accessible active sites are expected to allow 

fast kinetics of spatial electrolyte transportation and alkali ionic diffusion, and thus 

efficient surface and subsurface pseudocapacitive reactions, as confirmed below. 
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In virtue of the strong acidity and oxidizing property of KMnO4, we hypothesize that the 

pyrrolidone ring-opening reaction of the NMP molecules would yield refined MnO2 

nanostructures. In our synthesis, overabundant NMP is used to react with strong oxidizing agent 

KMnO4 to synthesize homogeneously distributed MnO2 nanostructures at relatively low 

temperature. The high bond strength of C-N (292 kJ mol
-1

) would give rise to a high reaction 

activation energy and accordingly brings a significant effect on MnO2 nucleation and growth 

rates. Infrared spectra (Figure 5.2) were recorded to insightfully investigate synthesis process. 

The resultant precipitation was first deliberately filtrated and rinsed with water to exclude the 

influence of residual NMP to the effect that the superficial product compounds on MnO2 could 

be detected by IR spectrum and this sample is denoted as filtrated MnO2 (Figure 5.2b).  

As shown in Figure 5.2, most interesting observation in the IR curve from the filtrated 

MnO2 is that the N-C3 stretching vibration bands, located at 1504 cm
-1

, of N-C=O in the 

pyrrolidone ring disappears, whereas the N-C1 at ~1264 cm
-1

 and N-C2 bonds at ~1301 cm
-1

 have 

similar chemical environments in comparison with IR spectrum of pure NMP. The other great 

change is an apparent absorption peak at ~1567 cm
-1

 corresponding to N-H bending vibration of 

amines emerges in filtrated MnO2 specimen. Additionally, the relative intensity difference 

among the C-H vibrational bands is noticeable, which was regarded as evidence of capping 

ligands chemisorbing on the MnO2 nanocrystals. Meanwhile, a remarkable broad band centered 

at 500 cm
-1

 can be ascribed to the Mn-O vibrations in MnO6 octahedra. The results demonstrate 

that the NMP undergoes the N-C3 breaking of pyrrolidone rings in the presence of KMnO4 and 

generate MnO2 in spite of not eliminating the possibility that the partial NMP might be 

accompanied with their intrinsic hydrolysis in acidic atmosphere. However, whether the 

hypothetic by-product, namely 4-(Methylamino)butyric acid, is able to continue being oxidized 



63 
 

by KMnO4 through the breaking of C-N bonds is still under investigation and the likelihood of 

the occurrence of oxidative azo coupling reaction among the C-NH-C bonds is ruled out due to 

the absence of acidic catalyst and overabundance of NMP addition.  

Therefore, the plausible formation mechanism of these monodisperse sub-30 nm MnO2-

NFs is as follow: N-Methyl-2-pyrrolidone (NMP) reduces KMnO4 to generate MnO2. The 

initially formed MnO2 nuclei experience a rapid growth and fuse into amorphous aggregations. 

As the reaction proceeds, an Ostwald ripening mechanism takes over the growth. The ultrathin 

nanoflakes form according as the lamellar crystal structures of birnessite-type MnO2 and/or 

anisotropic growth caused by the selective chemisorption of 4-(Methylamino)butyric acid on 

certain crystal planes, and subsequently self-assemble into flower-like nanostructures. The 

further growth of these nanoflowers stops after depletion of KMnO4 in the solution. The possible 

surface capping by 4-(Methylamino)butyric acid and/or its protection networks by hydrogen 

bonds between its nitrogen donors may prevent MnO2-NFs from growing. Comparing to 

previous studies, the high activation energy for the pyrrolidone ring-opening of NMP is capable 

of effectively downsizing the formed MnO2-NFs. 

5.3.2 Electrochemical Performance  

Before assembling our ASCs using the as-synthesized MnO2-NFs as cathode 

combining with functionalized CNTs as anode in neutral KCl aqueous electrolyte solution 

(Figure 5.3A), cyclic voltammetric (CV) measurements with a three-electrode setup were 

performed at a scan rate of 20 mV s
-1

 in 2 M KCl aqueous electrolyte within potential 

windows of 0 to 1.0 V and -1.0 to 0 V (vs. Ag/AgCl) on the MnO2-NFs and CNTs, 

respectively (Figure 5.3B). These two CV curves exhibit near mirror-images with respect 
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to the zero-current axis, indicating both materials possess good reversibility.
134-136

 

According to the schematic illustration in Figure 5.3A, MnO2-NFs//CNTs ASCs were 

assembled with the optimal mass ratio of 0.48 (mMnO2/mCNTs). The fabricated ASCs 

exhibit a stable potential window up to 2.0 V without noticeable H2 or O2 evolution at the 

potential cut-offs (Figure 5.3C). Unlike previous investigations in acid electrolyte, e.g. 1 

M H2SO4 aqueous solution, the operating window would be limited to ~1.2 V due to H2  

 

Figure 5.3 ASCs assembled from the as-synthesized MnO2-NFs and CNTs: (A) Schematic 

illustration. (B) Comparative CVs of MnO2-NFs and CNTs at a scan rate of 20 mV s
-1

 in a three-

electrode system. (C) CVs of the assembled ASCs measured at various potential windows at a 

scan rate of 20 mV s
-1

. (D) Specific capacitance of the assembled ASCs as a function of the 

extending potential window at a scan rate of 20 mV s
-1

. 

gas evolution from the reaction of H
+
 ions.

8, 119, 137
 Favourably, in neutral aqueous 

electrolytes, the concentrations of H
+
 and OH

-
 ions are too low to induce gas evolution 
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reactions. Consequently, the specific capacitance of our ASCs boosts from 20.5 to 39.7 F 

g
-1

 when the potential window is broadened from 1.0 to 2.0 V (Figure 5.3D). 

Consequently, the delivered energy from our ASCs is improved by 674.6% according to 

E = ½ Cs × (△V)
2
. 

Figure 5.4A shows the CV scans from our ASCs at different scan rates. Two 

redox couples situated at 0.78/0.54 V and 1.48/1.26 V were observed. To the best of our  

 

Figure 5.4 Capacitance and energy/power density of the assembled ASCs: (A) CV curves 

at different scan rates, (B) Dependence of voltammetric charge q
-1

 on ν
1/2

, (C) 

Dependence of voltammetric charge q on ν
-1/2

, and (D) Ragone plots of energy density vs 

power density compared to those from symmetric MnO2-NFs//MnO2-NFs and 

CNTs//CNTs supercapacitors as well as reported typical ASCs as references. 
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knowledge, this phenomenon rarely happens in MnO2-based supercapacitors. From most 

MnO2-based ASCs, rectangular/quasi-rectangular CV profiles imply a nearly ideal 

capacitive mechanism with fast reversible charge/discharge properties.
124, 134

 However, it 

appears in LiMn2O4-based Li-ion batteries, and these double redox peaks are due to the 

intercalation/deintercalation of alkali cations, e.g. Li
+
, into/from the host spinel phase of 

nano-LiMn2O4 in both organic LiPF6/ethylene carbonate/dimethylene carbonate 

(EC/DMC) and aqueous Li2SO4 electrolytes.
138-140

 Moreover, the double redox peaks 

from our ASCs are still well-defined even at a relative high scan rate of 100 mV s
-1

, 

despite the increased peak separation with increasing scan rate due to polarization. Kaven 

et al. proposed that different potentials for specified superstructures of pseudocapacitive 

oxides exist upon the increasing Li
+
 loading.

141
 Zukalova et al. stated that the two 

potentials represent ion insertion into different facets of crystal structure.
142

 The exact 

origin of these double peaks from our ASCs needs further separate investigation, but it is 

obvious that nanocrystalline or semi-amorphous electroactive oxides with unique 

morphology and surface have a significant influence on ionic diffusion into their 

subsurface and/or bulk solid phase. The enhanced sensitivity in full cell CV investigations 

compared to three-electrode systems is partially attributed to the fast kinetics that the 

CNT anode offers.
143

 The nearly symmetric charge/discharge times in galvanostatic mode 

also indicate a rapid I-V response of our ASCs (data now shown here).  

In this study, we were able to further differentiate the respective contribution of 

the pseudocapacitance and electric double-layer (EDL) capacitance to the overall 

electrochemical performance from ASCs for the first time. To do so, the concept of outer 

electroactive sites of metal oxides was introduced and the total Cs was partitioned into 
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pseudo- and EDL-capacitance.
144-145

 This theory is rooted on the fact that the 

electrochemical kinetics of pseudocapacitive reactions is relatively blunt in contrast to ion 

adsorption and desorption at EDLs. In the partition process, the total voltammetric charge, 

qT, is extrapolated from the dependence of q
-1

 on ν
1/2

 to when ν is equal to zero, where ν is 

the scan rate in mV s
-1

 (Figure 5.4B). On the other hand, the double-layer charge, qdl, is 

estimated from the dependence of q on ν
-1/2

 when ν is infinite (Figure 5.4C). Ultimately, 

the pseudocapacitance charge, qpseudo, is obtained by subtracting the qdl (95.113 C g
-1

 cm
-

2
) from qT (329.707 C g

-1
 cm

-2
). In our case, qpseudo is equal to 234.594 C g

-1
 cm

-2
, and 

therefore qpseudo/qdl = 2.5. Because of pseudocapacitive dominance, our ASCs deliver an 

outstanding Cs of 81.7 F g
-1

 at a scan rate of 2 mV s
-1

. 

As plotted in the Ragone diagram shown in Figure 5.4D, we confirmed that our 

ASCs of MnO2-NFs//KCl//CNTs deliver both high energy density (E) and power density 

(P). As reference, the relevant values from previously reported MnO2-based ASCs were 

also plotted. The maximum energy density of 45.4 Wh kg
-1

 (at a power density of 163.5 

W kg
-1

) and the maximum power density of 3107.7 W kg
-1

 (at an energy density of 17.3 

Wh kg
-1

) were achieved from our ASCs with an operating voltage of 2.0 V. These values 

are outstanding, not only much higher than those from pure MnO2-based ECs using 

aqueous electrolytes,
77, 116-125, 132, 134, 146-148

 but also higher than or comparable to those 

from ECs based on hybridized MnO2/carbon nano-skeletons.
127, 149-150

 More specifically, 

the delivered energy density of our MnO2-NFs//KCl//CNTs ASCs is over 10 times larger 

than that of traditional EDLCs.
11

 The electrochemical performance of our low-cost, green 

and safe ASCs using neutral aqueous electrolyte even does not fall behind of recently 

reported hybrid CNTs/Au/MnO2//AC ECs in ionic liquid electrolyte with an operating 
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voltage range of 3.0 V (the maximum energy density of 67.5 Wh kg
-1

 at a power density 

of 593.8 W kg
-1

).
151

 Even the theoretical capacitance of Ni(OH)2 (2,602.5 F g
-1

) is 

approximately two times of that of manganese oxide-based materials, reported 

Ni(OH)2//AC ASCs deliver a maximum energy density of 42.6 Wh kg
-1

 (at a power 

density of 110 W kg
-1

) in a basic aqueous electrolyte with a limited potential window 

from 0.4 to 1.6 V.
152

 

In addition, our MnO2-NFs//KCl//CNTs ASCs also show excellent stability and 

reversibility over 20,000 cycles from galvanostatic testing at a current density of 2.0 A g
-1

  

 

Figure 5.5 (A) Cycling performance of the assembled ASCs at a current density of 2.0 A 

g
-1

. (B) Nyquist plots in the frequency range of 0.01 Hz to 10 kHz before and after 20,000 

cycles, and the electrical equivalent circuit used to fit the impedance spectra. 
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between 0 to 2.0 V (Figure 5.5) Initially, a ~13% capacitance deterioration was observed 

in the first 2,000 cycles, which is probably owing to the irreversible K
+
 intercalation into 

birnessite lattice. After that, the capacitance tends to increase gradually and even reached 

~110.3% of the initial capacitance value of our ASCs, but it undergoes a partial 

capacitance loss in the last 2,000 cycles. This gradual buildup after the first 2,000 cycles 

instead of deterioration may be caused by the deep permeation of aqueous electrolyte into 

inner cavities of the electrodes. The coulombic efficiency fluctuates between 105% and 

101% excluding the first 2,000 cycles. The superior cycling performance of our ASCs can 

also be attributed to the neutral aqueous electrolyte solution. In neutral solutions, the 

conversion between Mn
3+

/Mn
4+

 is stable, and does not need the protection from the so-

called SEI film as in organic electrolytes, where the Mn ions ceaselessly dissolve into 

solution with capacity fading.
153

  

Nyquist plots were also analyzed using the Echem analysis software series 

(Gamry Instruments) on the basis of the equivalent circuit (Figure 5.5B). At high-

frequency region, the intercept of EIS curve at the real axis (Z’) represents the combined 

resistance (Rs) including contact resistance on the interface of electrode materials and 

current collector, ionic resistance of electrolyte and inherent resistance of current 

collector and the Rs underwent a small increase from 1.1 to 5.6 Ω after 20,000 cycles at a 

current density of 2.0 A g
-1

 between 0 to 2.0 V, which is probably due to the partial 

delamination of active materials from the current collectors. Furthermore, the semicircle 

at the medium-high region represents the charge transfer resistance (Rct), which maintains 

at ~2.2 Ω for both impedance spectra taken before and after the 20,000 cycles. Since Rct 

represents the resistance from both Faradic reactions and double-layer capacitance (Cdl) 
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on electrode surface, the unchanged Rct indicates that effective pseudocapacitive reactions 

occur in our ASCs without exterior and interior disturbance in accordance with the almost 

unaltered slopes of Warburg diffusion impedances (Zw) at low-frequency region. 

Based on the preceding structural and electrochemical analysis of our ASCs, their 

pseudocapacitive dominance, high energy and power densities, and superior cycling 

performance can all be attributed to the novel MnO2-NF architecture and rational ASC 

design. First, the peculiar MnO2-NFs assembled from ultrathin nanoflakes with several 

atomic layers create a non-dense stacking environment. The space amongst these MnO2-

NFs allows super easy and fast access of neutral KCl aqueous electrolyte into even deep 

cavities. The K
+
 ions transport swiftly along grain boundaries of the MnO2-NFs and into 

the open channels of the ultrathin sheets. These structural features significantly shorten 

the charge diffusion distance and advantageously facilitate pseudocapacitive reactions in 

general. At the meantime, during K
+
 intercalation/deintercalation into/from the non-

stoichiometric K0.26MnO2 NFs, the valence state change of Mn ions enriches the 

intermediate conversions between III and IV.
154

 This occurs simultaneously with fast 

ionic diffusion due to the high potassium cationic distribution in the bulk phase of our 

MnO2-NFs. It enables the spontaneous K
+
 intercalation/deintercalation poccesses not 

solely happening right beneath the surface but the whole MnO2-NF-based electrode.
130, 138

 

On the other hand, compared to commonly employed activated carbon with averaged pore 

size smaller than 5 Å and intensively stacked graphene layers, our selected CNTs possess 

enhanced kinetics to further improve fast pseudocapacitive reactions and overall 

capacitance. 
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5.4 Conclusion 

In conclusion, we first developed a facile and green synthesis procedure in mild 

conditions to synthesize unique MnO2 nanoflowers, i.e. ultrathin K0.26MnO2 nanoflake 

assemblies, with an average diameter of ~25 nm through a pyrrolidone ring-opening 

reaction between NMP and KMnO4. Prototype MnO2-NFs//KCl//CNTs ASC cells were 

easily fabricated using the as-synthesized MnO2-NFs as cathode material coupled with 

CNTs as anode material in neutral aqueous KCl electrolyte. These prototype ASC devices 

allow rapid charge/discharge and ionic diffusion kinetics, fast ionic response, and evident 

pseudocapacitive dominance (qpseudo/qdl = 2.5) for the first time. More specifically, they 

delivered a maximum specific capacitance as high as 81.7 F g
-1

 and an exceptional energy 

density of 45.4 Wh kg
-1

 (at a power density of 163.5 W kg
-1

). These ASCs possess 

excellent cycling performance without obvious capacitance deterioration after 20,000 

cycles in a potential window of 2.0 V at a current density of 2.0 A g
-1

. To sum, we believe 

that such low-cost and high-performance manganese oxide nanoflowers using earth-

abundant and environmentally friendly materials and synthesized by a facile, scalable and 

green solution-based process can offer great potential in grid-scale energy storage device 

applications. Furthermore, our study provides a brilliant proof-of-concept design of novel 

supercapacitors with pseudocapacitive dominance to achieve ultimate energy storage 

applications with both high energy and power densities.     
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CHAPTER VI 

INTERCONNECTED THREE-DIMENSIONAL CATERPILLAR ZNO NETWORKS: 

PHOTOELECTROCHEMICAL ENHANCEMENT 

6.1 Introduction 

Since the pioneering demonstration of metal oxides as photoanodes applied in 

photoelectrochemical (PEC) water splitting in 1972,
155

 considerable attention has been received 

to develop satisfactory photoanodes that harvest inexhaustible solar energy to generate 

sustainable hydrogen.
156-158

 One dimensional (1-D) metal oxide, predominantly TiO2,
159-162

 

ZnO,
163-166

 α-Fe2O3,
167-170

 BiVO4
171-172

 and WO3,
173-175

 nanostructures, such as nanowires (NWs), 

nanotubes (NTs) and nanorods (NRs), have been deemed to be tunable building blocks for future 

effective photovoltaic devices owing to their shortened lateral charge carrier diffusion length, 

monocrystal-induced high electron mobility, explicit control over structural uniformity and 

preferred crystallographic orientation. Especially, ZnO’s ease of crystallization and structurally 

anisotropic extensions conduces to constructing high performance 1-D photoelectrodes. Indeed, 

the 1-D based photovoltaic devices evidently yielded higher solar-to-hydrogen conversion 

efficiency than those based on nanoparticles (0-D) due to the direct charge transport channels 

and the eliminated electron trapping at grain boundaries.
176-177

     

However, the insufficient utilization of voids among 1-D arrays results in low surface areas, 

which severely restrains the light absorption capability. Therefore, a large surface area is desired 
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without losing the advantageous features of 1-D geometries and by this token structural 

hierarchy is contrived stepping toward essential multiscale complexity, i.e. branched 

NWs/NTs/NRs nanoconfigurations.
109, 178-180

 Yang et al. synthesized comblike ZnO structures 

via high-temperature evaporation of metallic powder and condensation method 
181

. Yan et al. 

used a two-step vapor-solid procedure to synthesize dendritic ZnO nanostructures at high 

temperatures.
182

 Fan et al. recently reported three-dimensional (3-D) ZnO nanosuperstructure 

photoanodes using porous gold catalyst through chemical vapor deposition (CVD) but relatively 

low photocurrent density of 0.18 mA cm
-2

 at bias of 1.21 V vs. RHE was achieved.
183

 However, 

besides extreme requisites like high temperature and/or noble metal catalysts, most synthetic 

strategies are observed unlikely to produce uniform secondary nanostructures with high density 

and/or high aspect ratio, two crucial factors to determine surface-to-volume ratio. In remarkable 

contrast to afore-mentioned methods, the solution-phase synthesis is considered as an effective 

bottom-up route to fabricate 3-D hierarchical nanostructures due to its low cost, low reaction 

temperature, environmental benignity and ease of scaling up.
184-185

 In particular, Ko et al. 

obtained upstanding “tree-like” multigeneration hierarchical ZnO nanostructures with high 

surface-to-volume ratio by repeatedly growing subordinate NWs on as-prepared seeded trunks or 

even nanotrees.
109

 However, still some disadvantageous engineering obstacles remain in this 

route: (1) uncontrollable growth of secondary NWs on each segment of the parental trunks 

compromises the light absorption ability; (2) multi-step seeding-growth-seeding processes are 

time/agent-consuming and contradict the ease of manufacturing; (3) superfluous seeds after 

spinning-coating/drop-casting processes would aggregate in the void space, thereby blocking the 

light penetration into deep cavities. So it will be highly appreciated if one facile, robust and time-

efficient protocol of fabricating ZnO photoanodes consisting of 3-D hierarchical nanostructures 
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with nanoscale precision and dramatically promoted surface-to-volume ratio is actualized to 

address pre-existing questions and improve light conversion efficiency.      

In this work, we establish a rational fabrication of 3-D hierarchical branched ZnO 

nanostructures (BZNs). First, the PVP/Zn(NO3)2 composite fibers were produced in a large scale 

using a novel FS technology and calcined at 500 ℃ to convert to ZnO nanofibers (NFs) serving 

as tridimensional nucleation sites air-sprayed onto ITO substrates. Subsequently, 

omnidirectional, highly-dense NWs with high aspect ratio radically burgeoned from as-prepared 

ZnO nanofiber seeds under mild hydrothermal conditions to weave an interconnected network 

with open cavities. The extremely high branch density benefits from the nanoconfinement effect 

that the protection from excess polymer “carrier” in forcespun precursor fibers brought into upon 

ZnO nucleation and growth. The elaborate branches with small diameter are vital to shorten the 

minority carrier diffusion lengths. Furthermore, the branch growth in a 360° fashion along axial 

direction of parental NFs leads to a high spatial occupancy of NWs in multiple directions in a 

given footprint and hence significantly increases the roughness factor. The relevant photoanodes 

consisting of BZNs with open structures can improve light capture, penetration and multi-

reflection abilities. The major merit of this strategy is that the interconnected BZNs offer a rapid 

highway for the electron transport back to contact, realizing charge transfer in nanostructures 

across micrometer-scale distances. The aforementioned features, illustrated in Figure 6.1, are 

expected to reduce charge recombination and enhance the overall light-conversion efficiency, 

upon which various applications in energy storage and conversion can be developed by exploring 

the structural, optical and electronic properties of our herein identified hierarchical nanostructure 

system.     
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6.2 Experimental 

6.2.1 Materials 

Polyvinylpyrrolidone (PVP, Mw = 130 000, Sigma-Aldrich), zinc nitrate hexahydrate 

(Zn(NO3)2.6H2O, reagent grade 98%, Sigma-Aldrich), hexamethylenetetramine (C6H12N4, 

HMTA, ≥ 99%, Sigma-Aldrich), polyethylenimine (PEI, Mw = ~ 800, Sigma-Aldrich), ammonia 

(NH3.H2O, 28- 30%, Sigma-Aldrich) were used without any purification.   

6.2.2 Preparation of 3-D ZnO nanostructures and relevant photoanodes 

A typical 32 wt% polyvinylpyrrolidone (PVP, Mw = 130 000, Sigma-Aldrich) stock 

solution was prepared by dissolving 3.7 g PVP into 8.0 mL deionized water in a capped vial 

under magnetically stirring for 24 h, followed by a vortex mixing for 8 h for homogeneous 

dissolution. 1.5 g zinc nitrate hexahydrate (Zn(NO3)2.6H2O, reagent grade 98%, Sigma-Aldrich) 

was added to the above PVP stock solution by vortex mixing, the viscous mixture of which was 

allowed to degas for 3h in vacuum for removing any trapped air-bubbles. An aliquot of the 

freshly prepared PVP/Zn(NO3)2 solution was fed into the reservoir of proprietary spinneret with 

8 equally circumferentially spaced orifices equipped with 30 gauge stainless steel needles. 

Typical FS parameters were as follows: rotational speed was 9 000 rpm; needle-to-aluminum 

collector was 6 cm; Forcespinning duration was 1 min for each fiber collection. The as-spun 

PVP/Zn(NO3)2 composite fibers were then folded in the form of one-square-foot mat for further 

utilization.    

The ZnO nanofibers that comprise ZnO spherical nanoseeds were synthesized by 

heating the as-spun PVP/Zn(NO3)2 composite fibers in air to 500 ℃, held isothermally for 3 h, at 
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a ramp rate of 2 ℃ min
-1

 to remove the carrier polymer. 2 g ZnO nanofiber powder was 

dispersed first in 10 mL of 1-butanol (≥ 99%, Sigma-Aldrich) to form a paste by sonicating for 5 

min. Subsequently, the airbrush technique operated at spray pressure of 10 psi was employed to 

deposit the suspension paste onto 180 nm indium tin oxide (ITO)-coated glass substrates (MTI 

Co., ≤ 15 Ω square
-1

) and the ZnO nanofiber-carried ITO substrates were dried in vacuum oven 

at 80 ℃ overnight and then heated at 350 ℃ for 10 min for stabilization. The deposition 

thickness was controlled to ~ 8 µm by spray duration. The branched ZnO nanostructures were 

grown using the hydrothermal method reported previously with further optimization.
109

 In a 

typical growth, one ZnNF-carried ITO substrate was immersed in an aqueous nutrient solution 

containing 0.025 M zinc nitrate hexahydrate, 0.025 M hexamethylenetetramine (C6H12N4, 

HMTA, ≥ 99%, Sigma-Aldrich), 0.0035 M polyethylenimine (PEI, Mw = ~ 800, Sigma-Aldrich), 

and 0.1 M ammonia (NH3.H2O, 28-30%, Sigma-Aldrich) at 90 ℃ for 5 h with the back side of 

ITO substrate uppermost to grow secondary branches originating from nanofiber seeds. These 

photoelectrodes after branch growth were thoroughly rinsed with deionized water and ethanol, 

dried in vacuum oven, and then annealed in air at 350 ℃ for 10 min to remove the residual 

HMTA and PEI polymers. The preparation of vertical ZnO NW array being ~ 10 µm in height as 

reference for comparison was described in detail in our previous work.
129

   

6.2.3 Characterization 

The morphologies of samples were characterized using a Field-emission scanning 

electron microscopy (FESEM, Carl Zeiss Sigma VP, equipped with back-scatter electron 

detector). The images/patterns of transmission electron microscopy (TEM), high resolution TEM 

(HRTEM) TEM and selected area electron diffraction (SAED) were recorded on an Hitachi H-
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9500 microscope with an accelerating voltage of 300 kV. A Dimension 3000 atomic force 

microscopy (AFM) with the nanoscope analysis software was used to measure mean roughness 

factors (Ra) on a scan projected area of 25 × 25 µm with a frequency of 0.3 Hz. The crystal 

structural information were determined using powder X-ray diffraction (XRD) (Bruker AXS D8 

QUEST diffractometer with Cu Kα radiation (λ = 1.5406 Å)) and the Fourier transform infrared 

(FTIR) spectra were recorded from 4000 to 450 cm
-1

 with a 4 cm
-1

 spectral resolution on a 

Thermal Nicolet Nexus 470 spectrometer with a DTGS detector by signal averaging 32 scans. 

Thermogravimetic Analysis (TGA) and differential scanning calorimetry (DSC) were run 

between 25 ℃ and 600 ℃ at a heating rate of 10 ℃ min
-1

 on TA Instruments Q500 TGA and 

Q10 DSC in air, respectively, towards precursor fibers. 

6.2.4 Photoelectrochemical Evaluation 

PEC measurements for water splitting were performed in a standard three-electrode cell 

configuration using the as-prepared BZN photoanodes (deposition area of 1 cm
-2

) as the working 

electrode, a platinum wire as the counter electrode, Ag/AgCl in 1 M saturated KCl as the 

reference electrode and 0.5 M Na2SO4 solution buffered to pH ~7.0 with 0.1 M potassium 

phosphate buffer solution as the electrolyte purged with N2 for 10 min in advance. The current 

density versus voltage (J-V) responses were conducted on Gamry reference 600 

Potentiostat/Galvanostat/ZRA workstation under AM 1.5 G illumination from a solar simulator 

(1 sun, 100 mV cm
-2

, Iwasaki Solar Simulation Evaluation Systems equipped with EYE/Iwasaki 

electronic ballast system and infrared filters). The light fixture was built with four metal halide-

based arc lamps in the form of 2 × 2 array to ensure the light uniformity and the setup matches 

the solar spectrum within 5 % error and is specified as IEC 60904-9 Class A standard (+/-2 %). 
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Figure 6.1 Schematic illustrations of (A) PEC water splitting setup and (B) the cross section of 

the BZN photoanode from the area outlined by the red rectangle in panel a, demonstrating the 

PEC reactions with rapid electron transport, improved light-harvesting and electron-hole 

dissociation. 

 

6.3 Results and Discussion 

6.3.1 Morphology and Structure Characterization 

The crystal phase information of the PVP/Zn(NO3)2 precursor fibers and as-annealed 

ZnO NFs before and after hydrothermal growth of secondary branches was characterized by 

XRD analysis, as shown in Figure 6.2. It can be seen that the broad diffraction peak of the 

amorphous PVP (2θ = ~ 21.7°) could be identified in the PVP/Zn(NO3)2 precursor fibers (Figure 

6.2a).
186

 After the calcination at 500 ℃ and subsequent branch growth, the XRD studies suggest 

that all the characteristic peaks conformed to the hexagonal wurtzite ZnO (JCPDS Card No. 36-
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1451) with no any impurity (Figure 6.2b, c).
187

 The measurement regarding the ZnO NFs 

suggested a Scherrer particle size of ~ 10 nm in diameter. These elaborate nanocrystals would  

 

Figure 6.2 XRD patterns of (a) as-forcespun PVP/Zn(NO3)2 precursor fibers, (b) ZnO NFs and 

(c) BZNs. 

serve as numerous nucleation sites to lower thermodynamic barrier and consequently resulted in 

the further growth of highly-dense NW branches with high aspect ratio.
188

 

The SEM images shown in Figure 6.3 reveal that highly-dense secondary branches can 

readily burgeon from the corresponding parental ZnO NF seeds prepared through FS technology 

followed by calcination and the schematic illustration depicts the formation process of the 3-D 

hierarchically-branched ZnO nanostructures. Figure 6.3a, b present SEM images of the 

PVP/Zn(NO3)2 composite fibers spun from a viscous Zn (II)-containing PVP solution heavily 

loaded with “carrier” polymer, i.e. water/PVP ratio = 1:0.47. The continuous composite fibers 

have smooth surface and an average diameter of ~ 800 nm and are randomly oriented. Specific to 
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FS process, the high-speed rotational force (9,000 rpm) drove the viscous fluid through orifices 

regardless of the tedious controlling parameters influencing Taylor cone and jet instability, 

 

Figure 6.3 Low- and high magnification SEM images of (a, b) as-forcespun PVP/Zn(NO3)2 

precursor fibers, (c, d) ZnO NFs and (e, f) BZNs. Schematic illustration of the BZNs’ growth 

process is shown on the right column. 

provided that the centrifugal force and hydrostatic pressure exceeded the capillary force.
45, 59, 189-

190
 The production rate for the PVP/Zn(NO3)2 composite fibers was measured to be ~ 0.68 g min

-

1
 on a lab scale setup. Besides the unique capability to fulfill manufacturing demands, the FS 

technique was deliberately utilized to enrich polymer matrix. Figure 6.3c, d exhibit the ZnO NFs 

after calcination at 500 ℃ for 3 h. The ZnO NFs underwent an apparent shrinkage of diameter to 
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~ 200 nm because of the removal of PVP matrix and manifested ~ 10 nm ZnO nanocrystal 

aggregation in nanofiber form, consistent with the XRD results. Essentially grown were the 

matured ZnO NW branches by immersing the parental ZnO NFs in a nutrient growth solution  

 

Figure 6.4 SEM images of (a) top view and (b) transverse view of one individual BZN. (c) 

Typical TEM image of one individual BZN. The inset in panel c shows SAED pattern. (d) 

HRTEM image of one NW branch laterally grown out of its parental ZnO NF. 

described in detail in experimental section. As we expected, highly dense secondary branches 

with diameters of 30-50 nm and lengths of 600-800 nm laterally originated from the as-obtained 

ZnO NFs without applying additional seeding steps (figure 6.3e). The hierarchical structures 

maintained intact and their branch density is estimated as high as ~ 1.6 × 10
12

 NWs cm
-2

. A 

typical image of such individual BZN shown in Figure 6.3f indicates that the secondary NW 

branches uniformly grew along a 360° path around the entire axial length of the pristine NFs, 

forming a supernanostructure resembling the hairy caterpillars, which greatly increase the 

surface area for more light harvesting.   

The different regions of individual BZN were emphasized using SEM (Figure 6.4a, b). 

The transversely broken structure further verifies that the secondary ZnO NWs branched out of 
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the nanofiber seeds. The crystal structure was examined using TEM and HRTEM analysis. The 

TEM image in Figure 6.4c shows a portion of the BZN and the inset shows a SAED pattern 

taken from Figure 6.4c, signifying a polycrystalline buildup indexed for the hexagonal wurtzite 

ZnO and different alignments of the secondary branches. The HRTEM image in Figure 3d 

indicates that the secondary branches are highly crystallized with a lattice spacing of 0.26 nm, 

ascribed to the (0002) planes, and grow along the [0001] direction based on the fact that it is 

parallel to the long-axis direction of the NWs.
129, 188

     

In order to clarify the formation of the extremely dense ZnO secondary branches. The 

FTIR and TGA/DSC measurements were carried out (Figure 6.5). In IR curve regarding 

PVP/Zn(NO3)2 fibers (Figure 6.5a1), the sharp absorption peak at 1383 cm
-1

 belongs to N-O 

asymmetric stretching vibrations of NO
3-

 group.
63

 The fingerprint absorption modes of PVP are 

evidently identified with prominent peaks at about 1277-1294, 1321, 1424-1468, 1500 cm
-1

 and 

2916-2960 cm
-1

, which are assigned to N-C stretching of N-CH2, C-H2 wagging, C-H2 

scissoring, N-C stretching of N-C=O, and symmetric C-H stretching, respectively.
64-65

 The 

primary absorption mode at 1653 cm
-1

 related to the carbonyl group C=O stretching vibration of 

PVP is presumably superimposed with strong O-H bending vibration. However, after the heat 

treatment, the IR spectrum in Figure 6.5a2 exhibits a significant absorption peak at 450 cm
-1

, 

which is assigned to Zn-O stretching vibration, and the previous characteristic peaks regarding 

nitrate and PVP disappear 
191

. This apparently signifies the thorough degradations of nitrate and 

PVP matrix. The TGA/DSC measurements were performed on the as-spun PVP/Zn(NO3)2 

composite sample in air atmosphere (Figure 6.5b). The calorimetric thermogram displays three 

well-resolved exothermic signals. The first peak centered at 322 ℃, corresponding to an energy 

release of 166.4 J g
-1

 and a weight loss of 19 wt%, can be attributed to the decomposition of 
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nitrate salt.
70

 Moreover, the thermal degradation of PVP displays a two-step decay in accordance 

with our previous studies towards polymer composites.
189

 The peak centered at 438 ℃ correlates 

with the weight loss with the onset of ~ 345 ℃ in TGA and corresponds to the breakage of  

 

Figure 6.5 (a) FTIR spectra of (a1) as-forcespun PVP/Zn(NO3)2 precursor fibers and (a2) ZnO 

NFs. (b) TGA and DSC thermograms of as as-forcespun PVP/Zn(NO3)2 precursor fibers in air. 

pyrrolidone pendant groups off the PVP backbones with an energy release of 45.9 J g
-1

, while the 

remarkable exothermic peak located at 514 ℃ corresponding to an energy release of 3344 J g
-1

 is 

assigned to the degradation of the main hydrocarbon chains of PVP. The whole degradation of 

PVP stretching up to 557 ℃ in TGA curve reflects a weight drop of 56.2 wt%, leaving behind 

the ZnO NF residual of 9.9 wt%. Well-known is that the thermogram study can be interpreted to 

structural variations.
56

 Particularly, the nitrate salt would decompose to ZnO nanoparticles prior 

to the degradation of PVP matrix so that the polymer skeleton can space-confine ZnO 

nanocrystals from upsizing upon nucleation and growth. Therefore, a heavy loading of “carrier” 

polymer in FS solution is desirable to invoke the nanoconfinement.
192

 The ZnO nanocrystals as 

nuclei hydrothermally evolved to ultra-dense secondary NW branches with high aspect ratio by 
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taking in nutrients like Zn
2+

 from growth solution through bottom-up mechanism. Capping agent, 

PEI, played an important role in fostering an axial growth by selectively absorbing onto the side 

surface of ZnO NWs.
185, 193-194

 

 

Figure 6.6 SEM and AFM images with the corresponding depth profile of the line of interest: (a, 

b) typical BZN photoanode (main panel, top view; inset, side view) and (c, d) vertically-aligned 

NW array photoanode. 

The application of the BZNs was demonstrated as photoanode materials for solar 

assisted water splitting. To fabricate photoanodes that carry 3-D BZNs, the parental ZnO NFs’ 

paste in 1-butanol was sprayed on ITO substrates using airbrush technique prior to growth of the 

secondary NW branches. The thermal stabilizations at 350 ℃ for 10 min were conducted on the 

photoanodes before and after branching as so to ensure an intimate attachment of our 

nanostructures on the substrates. This method avoids that repeated high temperature treatments 

on photoanodes for removal of polymer matrix deteriorated the electric conductivity owing to the 

size increase of ITO nanoparticles.
195

 The BZN photoanode and the conventional vertically-
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aligned ZnO NW array counterpart were studies through SEM and AFM characterizations 

(Figure 6.6). The SEM images reveal that the BZNs weave a mechanically and electrically robust 

network with open structures (Figure 6.6a). They interconnect with associative long branches 

and pile in a layer-by-layer form (~ 10 µm in thickness). In contrast to its vertical NW 

counterpart (Figure 6.6c), the secondary NWs of the BZNs are arranged polydirectionally and 

thus thoroughly occupy the void space among the parental backbones. The AFM results show 

that the mean roughness factor (Ra) of BZN photoanode is 926.64 nm, over 3 times higher than 

the Ra of 282.59 nm of the vertical NW counterpart, even though the mean roughness for the 

BZNs with multidirectionally distributed NWs is certainly underestimated, considering the 

multi-layer structure of the BZN photoanode and the AFM limitation of coarse acquisition 

aiming at non-Z axis complexity (Figure 6.6b, d).
196

  

6.3.2 Photoelectrochemical Performance 

Figure 6.7a shows the linear sweep voltammograms recorded from -0.5 to +1.2 V (vs. 

Ag/AgCl) on three typical ZnO nanostructures including the parental ZnO NFs, vertically-

aligned NWs and BZNs under irradiation (100 mW cm
-2

) as well as the BZNs in dark for 

comparison. The scan for the BZN electrode in the dark shows a negligible current density below 

0.001 mA cm
-2

. When illuminated under AM 1.5G simulated light, the parental ZnO NFs also 

produced a small photocurrent density of ~ 0.001 mA cm
-2

 from -0.5 to +1.0 V and 0.089 mA 

cm
-2

 at +1.2 V due to the limited surface area, invalid charge separation as well as the absence of 

electron transport paths. Significantly, the BZNs excelled others with its maximum current 

density of 0.524 mA cm
-2

 at +1.2 V (vs. Ag/AgCl), which is almost 151% higher than that of the 

ZnO NW arrays (0.348 mA cm
-2

) tested at the same conditions. In addition, no saturation of 

photocurrent density was observed on our BZN electrode at the more positive potentials, 
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suggesting efficient charge separation and collection in those 3-D branched nanostructures under 

solar irradiation.  

 

Figure 6.7 (a) J-V curves recorded at a scan rate of 10 mV s
-1

 under 1 sun illumination (100 mW 

cm
-2

 AM 1.5G), (b) Photoconversion efficiency (η) as a function of applied potential referenced 

to RHE. 

The photoelectrochemical efficiencies (η) of all the photoanodes based on different ZnO 

nanostructures were evaluated via the equation:
156

 

where jp is the photocurrent density (mA cm
-2

); E
0

rev is the standard state-reversible 

potential (1.23 V for water splitting); P0 is the incident light intensity (100 mW cm
-2

); and the Eb 

is the applied bias potential, which is the difference between the bias potential at which jp is 

measured and the bias potential at the open circuit under the same illumination intensity. The 

potential measured against Ag/AgCl is converted to reversible hydrogen electrode (RHE) using 

the equation E(RHE) = E(Ag/AgCl) + 0.1976 V + 0.0059 pH. As shown in Figure 6b, the 
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maximum efficiency for the BZNs is ~ 0.165% (at 0.89 V vs. RHE), 147% higher than 0.112% 

of the vertically-aligned NW counterpart (at 0.85 vs. RHE).  

Some merits of constructing such hierarchically-branched ZnO nanostructures are 

responsible for the improvement of PEC efficiency. Firstly, the ultra-dense secondary NWs 

oriented in multi-directions caused a high spatial occupancy of the NWs, which greatly increased 

the surface-to-volume ratio and roughness factor and thus helped capture more sunlight. 

Secondly, the non-woven network consisting of the BZNs possessed an open structure prone to 

benefit the light penetration and trap the light via multi-reflections. Additionally, the fine 

branches (30-50 nm in diameter) with high length-to-diameter aspect ratio could facilitate the 

charge separation and hole diffusion at the electrode/electrolyte interface. Most importantly, the 

improved electron migration reduced the charge recombination, while the extensive branches 

elongated and yielded a great number of joint sites. This indeed realized the charge transport in 

nanostructures across the micrometer-scale distances. Compared with previous synthetic 

methods, the ease of preparation, less environmental impact and superior structural features 

endow the BZNs a promising system for various electronic, optical and energy conversion 

applications. This work is devoted to replace traditional seeding methods conducted using spin-

coating/drop-casting techniques. The bulk of our demonstration in this report is the rational 

fabrication of a structural model for PEC water splitting. The inherently large band gap of ZnO 

restricts the visible light absorption in solar spectrum in spite of a validated improvement of PEC 

performances using our BZNs. Therefore, further improvement is envisaged by substitutional 

doping, noble metal coating and sensitizing.  
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6.4 Conclusion 

In summary, we have reported a robust fabrication of 3-D hierarchically-branched ZnO 

nanostructures by hydrothermally branching out of the ZnO seed-aggregated nanofibers, serving 

as nucleation sites, which derived from the forcespun PVP/Zn(NO3)2 composite fibers. Such 3-D 

nanostructures weaved into an electrically interconnected network. Material chemistry was tuned 

to yield secondary branches with high length-to-diameter aspect ratio and the characteristic of 

the ultra-dense, omnidirectional branches allowed for a high spatial occupancy of nanowires. 

When performed as rationally constructed PEC photoanodes, the 3-D nanostructures could attain 

an improved photo-to-hydrogen conversion efficiency of 0.165% and a maximum photocurrent 

density of 0.524 mA cm
-2

 at +1.2 V (vs. Ag/AgCl) on account of the enhanced light-harvesting 

ability and the effective electron-hole separation.  

 

 

 

 

 

 

 

 

 

 

 



89 
 

 

 

CHAPTER VII 

FUTURE ENDEAVORS 

There are many more research investigations that plan to be carried out concerning 

developments of 1/3-D nanostrctures and excitation of pseudocapacitance domination that have 

great potentials to maximally activating intrinsic natures of pseudocapacitive transition metal 

oxides/hydroxides. We assume that the intercalating alkali ion quantity in interlayers of 

electroactive nanostructures may determine the pseudocapacitance domination levels and hence 

results in the promotions of specific capacitance and energy density. The controls of 

crystallographic orientations of crystal structures, such as birnessite and lepidocrocite, and 

electrochemical preintercalation of alkali ions will be adopted to tune pseudocapacitive activity 

in our group. We plan to introduce our materials in lithium-ion batteries and flexible/bendable 

electrochemical devices and investigate their electrochemical performance. Simultaneously, the 

1/3-D nanostructures will continue being fabricated in order to resolve the negative influence of 

heavily loaded active materials on conducting substrates to mechanical integrity and effective 

electrolyte ion penetration and eventually improve the rate capacity performance with no kinetic 

limitation. The potentials of Forcespinning
®
 technology in energy storage and conversion will be 

continuously exploited.    
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