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Abstract 

Electrical energy storage (EES) is crucial in todays’ society owing to the advances in 

electric cars, microelectronics, portable electronics and grid storage backup for renewable energy 

utilization. Lithium ion batteries (LIBs) have dominated the EES market owing to their wide use 

in portable electronics.  Despite the success, low specific capacity and low power rates still need 

to be addressed to meet the increasing demands.  Particularly, the low specific capacity of cathode 

materials is currently limiting the energy storage capability of LIBs.  Vanadium pentoxide (V2O5) 

has been an emerging cathode material owing to its low cost, high electrode potential in lithium-

extracted state (up to 4.0 V), and high specific capacities of 294 mAh g-1 (for a 2 Li+/V2O5 insertion 

process) and 441 mAh g-1 (for a 3 Li+/V2O5 insertion process).  However, the low electrical 

conductivities and slow Li+ ion diffusion still limit the power rate of V2O5. To enhance the power-

rate capability we construct two core-shell structures that can achieve stable 2 and 3 Li+ insertion 

at high rates. 

In the first approach, uniform coaxial V2O5 shells are coated onto electrospun carbon 

nanofiber (CNF) cores via pulsed electrodeposition. The materials analyses confirm that the V2O5 

shell after 4 hours of thermal annealing at 300 °C is a partially hydrated amorphous structure.  

SEM and TEM images indicate that the uniform 30 to 50 nm thick V2O5 shell forms an intimate 

interface with the CNF core.  Lithium insertion capacities up to 291 and 429 mAh g-1 are achieved 

in the voltage ranges of 4.0 – 2.0 V and 4.0 – 1.5 V, respectively, which are in good agreement 

with the theoretical values for 2 and 3 Li+/V2O5 insertion.  Moreover, after 100 cycles, remarkable 

retention rates of 97% and 70% are obtained for 2 and 3 Li+/V2O5 insertion, respectively.  

In the second approach, we implement a three-dimensional (3D) core-shell structure 

consisting of coaxial V2O5 shells sputter-coated on vertically aligned carbon nanofiber (VACNF) 



  

cores. The hydrated amorphous microporous structure in the “as-deposited” V2O5 shells and the 

particulated nano-crystalline V2O5 structure formed by thermal annealing are compared. The 

former provides remarkably high capacity of 360 and 547 mAh g-1 in the voltage range of 4.0 – 

2.0 V and 4.0 – 1.5 V, respectively, far exceeding the theoretical values for 2 and 3 Li+/V2O5 

insertion, respectively. After 100 cycles of 3 Li+/V2O5 insertion/extraction at 0.20 A g-1 (~ C/3), ~ 

84% of the initial capacity is retained. After thermal annealing, the core-shell structure presents a 

capacity of 294 and 390 mAh g-1, matching well with the theoretical values for 2 and 3 Li+/V2O5 

insertion.  The annealed sample shows further improved stability, with remarkable capacity 

retention of ~100% and ~88% for 2 and 3 Li+/V2O5 insertion/extraction. 

However, due to the high cost of Li. alternative approaches are currently being pursued for 

large scale production.  Sodium ion batteries (SIB) have been at the forefront of this endeavor. 

Here we investigate the sodium insertion in the hydrate amorphous V2O5 using the VACNF core-

shell structure.  Electrochemical characterization was carried out in the potential ranges of 3.5 – 

1.0, 4.0 – 1.5, and 4.0 – 1.0 (vs Na/Na+).  An insertion capacity of 196 mAh g-1 is achieved in the 

potential range of 3.5 – 1.0 V (vs Na/Na+) at a rate of 250 mA g-1.  When the potential window is 

shifted upwards to 4.0 – 1.5 V (vs Na/Na+) an insertion capacity of 145 mAh g-1 is achieved.  

Moreover, a coulombic efficiency of ~98% is attained at a rate of 1500 mA g-1.  To enhance the 

energy density of the VACNF-V2O5 core-shell structures, the potential window is expanded to 4.0 

– 1.0 V (vs Na/Na+) which achieved an initial insertion capacity of 277 mAh g-1.  The results 

demonstrate that amorphous V2O5 could serve as a cathode material in future SIBs. 
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Electrical energy storage (EES) is crucial in todays’ society owing to the advances in 

electric cars, microelectronics, portable electronics and grid storage backup for renewable energy 

utilization. Lithium ion batteries (LIBs) have dominated the EES market owing to their wide use 

in portable electronics.  Despite the success, low specific capacity and low power rates still need 

to be addressed to meet the increasing demands.  Particularly, the low specific capacity of cathode 

materials is currently limiting the energy storage capability of LIBs.  Vanadium pentoxide (V2O5) 

has been an emerging cathode material owing to its low cost, high electrode potential in lithium-

extracted state (up to 4.0 V), and high specific capacities of 294 mAh g-1 (for a 2 Li+/V2O5 insertion 

process) and 441 mAh g-1 (for a 3 Li+/V2O5 insertion process).  However, the low electrical 

conductivities and slow Li+ ion diffusion still limit the power rate of V2O5. To enhance the power-

rate capability we construct two core-shell structures that can achieve stable 2 and 3 Li+ insertion 

at high rates. 

In the first approach, uniform coaxial V2O5 shells are coated onto electrospun carbon 

nanofiber (CNF) cores via pulsed electrodeposition. The materials analyses confirm that the V2O5 

shell after 4 hours of thermal annealing at 300 °C is a partially hydrated amorphous structure.  

SEM and TEM images indicate that the uniform 30 to 50 nm thick V2O5 shell forms an intimate 

interface with the CNF core.  Lithium insertion capacities up to 291 and 429 mAh g-1 are achieved 

in the voltage ranges of 4.0 – 2.0 V and 4.0 – 1.5 V, respectively, which are in good agreement 

with the theoretical values for 2 and 3 Li+/V2O5 insertion.  Moreover, after 100 cycles, remarkable 

retention rates of 97% and 70% are obtained for 2 and 3 Li+/V2O5 insertion, respectively.  

In the second approach, we implement a three-dimensional (3D) core-shell structure 

consisting of coaxial V2O5 shells sputter-coated on vertically aligned carbon nanofiber (VACNF) 



  

cores. The hydrated amorphous microporous structure in the “as-deposited” V2O5 shells and the 

particulated nano-crystalline V2O5 structure formed by thermal annealing are compared. The 

former provides remarkably high capacity of 360 and 547 mAh g-1 in the voltage range of 4.0 – 

2.0 V and 4.0 – 1.5 V, respectively, far exceeding the theoretical values for 2 and 3 Li+/V2O5 

insertion, respectively. After 100 cycles of 3 Li+/V2O5 insertion/extraction at 0.20 A g-1 (~ C/3), ~ 

84% of the initial capacity is retained. After thermal annealing, the core-shell structure presents a 

capacity of 294 and 390 mAh g-1, matching well with the theoretical values for 2 and 3 Li+/V2O5 

insertion.  The annealed sample shows further improved stability, with remarkable capacity 

retention of ~100% and ~88% for 2 and 3 Li+/V2O5 insertion/extraction. 

However, due to the high cost of Li. alternative approaches are currently being pursued for 

large scale production.  Sodium ion batteries (SIB) have been at the forefront of this endeavor. 

Here we investigate the sodium insertion in the hydrate amorphous V2O5 using the VACNF core-

shell structure.  Electrochemical characterization was carried out in the potential ranges of 3.5 – 

1.0, 4.0 – 1.5, and 4.0 – 1.0 (vs Na/Na+).  An insertion capacity of 196 mAh g-1 is achieved in the 

potential range of 3.5 – 1.0 V (vs Na/Na+) at a rate of 250 mA g-1.  When the potential window is 

shifted upwards to 4.0 – 1.5 V (vs Na/Na+) an insertion capacity of 145 mAh g-1 is achieved.  

Moreover, a coulombic efficiency of ~98% is attained at a rate of 1500 mA g-1.  To enhance the 

energy density of the VACNF-V2O5 core-shell structures, the potential window is expanded to 4.0 

– 1.0 V (vs Na/Na+) which achieved an initial insertion capacity of 277 mAh g-1.  The results 

demonstrate that amorphous V2O5 could serve as a cathode material in future SIBs. 
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 ............................................................................................................................................... 64 

Figure 2.5 EDX elemental analysis. (a) HRTEM image of Al2O3/CNF with blue line showing scan 

region. (b) Elemental count vs position graph. (Reprinted with permission from ACS Appl. 

Mater. Interface, 2014, 6, 6865-6871) .................................................................................. 65 

Figure 2.6 (a) Al2O3 coated CNF before annealing. (b) No diffraction pattern is present before 

annealing. (c) Al2O3 coated CNF after annealing. (d) Apparent diffraction pattern is present 

after annealing. (Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 6865-

6871) ..................................................................................................................................... 66 

Figure 2.7 Electrical characterization of a planar capacitor. (a) I−V curves measured by cycling 

the bias voltage between −0.1 to +0.1 V at the rates of 100, 500, and 1000 V/s, respectively. 

(b) The area-specific capacitance vs the scan rate derived from the cycling I−V measurements. 

(c) Galvanostatic charge−discharge curve at a constant current density of 12.5 μA/cm2. (d) 

Area-specific capacitance vs current density calculated from charge−discharge curves. (e) 

Nyquist plot of the AC impedance spectrum of a 2 mm × 2 mm planar capacitor and the fitting 

curve with a Randles circuit. The AC frequency was varied from 100 kHz to 10 mHz and the 

amplitude was fixed at 5 mV. The fitted series resistance (RS) and leaking current resistance 

(RL) were 94 Ohm and 7.5 MOhm, respectively, and the capacitance was 1.64 × 10−8 F (i.e., 

0.41 μF/cm2). (Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 6865-
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Figure 3.1 (a) X-ray diffraction pattern of PLZT deposited by pulsed laser deposition on Nb:STO 

substrate measured with a 45° tilt angle. (b) Topographic image by atomic force microscope 

of the PLZT film. (c) A transmission electron microscopy image of the cross-sectional view 

of the PLZT film. (Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 

22417-22422) ........................................................................................................................ 77 

Figure 3.2 (a) P−E hysteresis loop of the 500 nm PLZT film measured using the conventional 

method and a Radiant Premier II tester shows the representative relaxor-ferroelectric behavior 

with characteristic coercive field (Ec and −Ec) and remnant polarization (Pr and −Pr). (b) 

Schematic illustration of the energy storage characteristics obtained using the P−E hysteresis 

loops of a 500 nm PLZT film (curve 1) in comparison with a 125 nm PLZT film (curve 2). 

(Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 22417-22422) ...... 77 
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Figure 3.3 Cyclic I−V curves for the 125 nm (a) and 500 nm (b) PLZT films, depicting the 

contributions to the total dielectric displacement by electric conductivity D1, linear dielectric 

capacitance D2, and relaxor-ferroelectric domain switching polarization P. The 

measurements were performed by applying triangular waveforms at a constant cycling rate 

of 500, 1000, and 2000 V/s, respectively. (c) The electric displacement to electric field (D−E) 

loops for the 500 nm (curve 1) and 125 nm (curve 2) PLZT films derived by integrating the 

charges under the I−V curves. (Reprinted with permission from ACS Appl. Mater. Interface, 

2014, 6, 22417-22422) .......................................................................................................... 80 

Figure 3.4 (a) Total electric displacement D and the contributions from electric conductivity D1, 

linear dielectric capacitance D2, and relaxor-ferroelectric domain switching polarization P 

versus the film thickness. (b) The energy storage efficiency and volumetric density (J/cc) 

normalized with the max electric field strength Emax (MV/cm) for different PLZT film 

thicknesses. (Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 22417-
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Figure 4.1 Low-magnification SEM images of a) a bare CNF membrane and b) the cross-section 

of a single CNF-V2O5 core-shell nanofiber. SEM images at accelerating voltages of c) 3 kV 

and d) 10 kV showing the thin coating of V2O5 at the surface of CNFs. e) Low- and f) high- 

magnification SEM images of hollow V2O5 shells after burning out CNF cores by the 

prolonged thermal annealing.  Digital photograph images of g) a bare CNF membrane and h) 

a hollow V2O5 shell membrane. ............................................................................................ 93 

Figure 4.2 TEM images of a) a CNF-V2O5 core-shell structure and b) a hollow V2O5 shell after 

burning out the CNF core.  c) A HAADF STEM image of a CNF-V2O5 core-shell structure.  

d) A HRTEM image of a hollow V2O5 shell. EDS mapping of the single CNF-V2O5 nanofiber 

in panel (c) showing the presence of e) carbon, f) oxygen, and g) vanadium. The scale bars in 

panel (e) to (g) are 300 nm. The insets in panels (c) and (d) are selected area electron 
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Figure 4.3 a) Raman spectrum of the CNF-V2O5 core-shell structure.  b) XRD patterns of the CNF-

V2O5 core-shell structure (blue) and hollow V2O5 shells (red).  c) BET measurements of bare 

CNFs. d) TGA measurements of bare CNFs and the CNF-V2O5 core-shell material. ......... 97 

Figure 4.4 Electrochemical characterization of the 2 Li+/V2O5 insertion/extraction. a) Rate 

performance of the CNF-V2O5 core-shell structure in the potential range of 4.0 – 2.0 V (vs 
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Li/Li+) at 5 different current density values (100, 250, 500, 750, and 1000 mA g-1), each with 

5 charge-discharge cycles.  b) The galvanostatic charge-discharge profiles of the last cycle at 

each current density in the rate-performance tests. c) Cyclic voltammetry curves at 0.1 

(black), 0.5 (red) and 1.0 (blue) mV s-1 in the potential range of 4.0 – 2.0 V (vs Li/Li+). d) 

Long-term cycling at a rate of 100 mA g-1.......................................................................... 100 

Figure 4.5 Electrochemical characterization of the 3 Li+/V2O5 insertion/extraction. a) Rate 

performance of the CNF-V2O5 core-shell structure in the potential range of 4.0 – 1.5 V (vs 

Li/Li+) at 5 different current density values (100, 250, 500, 750, and 1000 mA g-1), each with 

5 charge-discharge cycles.  b) The galvanostatic charge-discharge profiles of the last cycle at 

each current density in the rate performance. c) Cyclic voltammetry curves at 0.1 (black), 0.5 

(red) and 1.0 (blue) mV s-1 in the potential range of 4.0 – 1.5 V (vs Li/Li+).  d) Long-term 

cycling at a rate of 100 mA g-1. ........................................................................................... 104 

Figure 5.1 Low-magnification a) and high-magnification b) SEM images of the as-deposited 

VACNF-V2O5 core-shell structures.  Low-magnification c) and high-magnification d) SEM 

images of the annealed VACNF-V2O5 core-shell structures.  (Reprinted with permission from 

Adv. Mater. Interfaces 2016, 3, 1600824) .......................................................................... 116 

Figure 5.2 Low-magnification a) and high-magnification b) TEM images of the as-deposited 

VACNF-V2O5 core-shell structures. Low-magnification c) and high-magnification d) TEM 

images of the annealed VACNF-V2O5 core-shell structures. The white dashed lines have been 

inserted to indicate the contour of the VACNF surface. SAED patterns are presented in the 

insert of b) and d) for the as-deposited and annealed, respectively. (Reprinted with permission 

from Adv. Mater. Interfaces 2016, 3, 1600824) ................................................................. 118 

Figure 5.3 XRD patterns a) of as-deposited and annealed V2O5 films on a silicon chip.  Raman 

spectra b) of the as-deposited and annealed core-shell structures grown on graphite paper (to 

be used for LIB tests) compared with pure V2O5 powder.  High-resolution XPS spectra c) of 

the as-deposited and annealed structures on graphite paper at binding energies of V2p1/2, 

V2p3/2, and O1s. (Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824)

 ............................................................................................................................................. 119 

Figure 5.4 Two Li+/V2O5 insertion/extraction. Rate performance of the as-deposited a) and 

annealed c) VACNF-V2O5 core-shell structures in the potential range of 4.0 – 2.0 V at 10 

different current density values (0.20, 0.35, 0.50, 0.60, 0.75, 0.90, 1.00, 1.20, 1.35, and 1.50 
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A g-1), each for 10 charge-discharge cycles.  Galvanostatic charge-discharge profiles of the 

as-deposited b) and annealed d) structures at 0.20, 0.35, 0.50 A g-1. Long-term cycling at a 

rate of 0.50 A g-1 for the as-deposited e) and annealed f) structures. (Reprinted with 

permission from Adv. Mater. Interfaces 2016, 3, 1600824) ............................................... 124 

Figure 5.5 Three Li+/V2O5 insertion/extraction. Rate performance a) and long-term cycling test b) 

at a rate of 0.20 A g-1 for the as-deposited VACNF-V2O5 core-shell structure in the voltage 

range of 4.0 – 1.5 V.  Rate performance c) and long-term cycling test d) at a rate of 0.20 A g-

1 for the annealed VACNF-V2O5 core-shell structure in the voltage range of 4.0 – 1.5 V. The 

rate performance is measured at 10 different current density values (0.20, 0.35, 0.50, 0.60, 

0.75, 0.90, 1.00, 1.20, 1.35, and 1.50 A g-1), each for 10 charge-discharge cycles. (Reprinted 

with permission from Adv. Mater. Interfaces 2016, 3, 1600824) ....................................... 127 

Figure 5.6 Comparison of the capacity and stability. The specific capacity from the last cycle at 

each specific rate is plot versus the logarithm of the applied current density. Data are from 

the above discussed 3 sets of rate performance tests with cycles 1-100 (black), 101-200 (red), 

201-300 (blue). The annealed structure in the potential ranges of a) 4.0 – 2.0 V and b) 4.0 – 

1.5 V and as-deposited structure in the potential ranges of c) 4.0 – 2.0 V and d) 4.0 – 1.5 V 

are shown in four panels.  Dashed lines are placed at the theoretical capacities in both potential 

ranges, respectively.   (Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 
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Figure 6.1 a) Schematic illustration of the processes to prepare the hybrid structure of V2O5 shells 

on VACNF cores. Digital photographs of b) bare VACNFs grown on the titanium foil covered 

with 100 nm Cr barrier layer, c) the “as-deposited” V2O5 on VACNFs, and d) after annealing 

in the air at 450 C for 2 hours. e) The large interlayer spacing of the disordered bilayered 

V2O5·n shell in the “as-deposited” sample allowing reversible insertion/extraction of both 

Li+ and Na+ ions and f) the crystalline -V2O5 in the thermal annealed sample only allowing 

insertion/extraction of smaller Li+ ions. .............................................................................. 139 

Figure 6.2 SEM images of the as-deposited VACNF-V2O5 core-shell structures at a) low 

magnification and b) high magnification.  TEM images of the as deposited VACNF-V2O5 

core-shell structures at c) low magnification and d) high magnification. The white dashed 

lines have been inserted to indicate the contour of the VACNF surface.  TEM images of the 

annealed VACNF-V2O5 core-shell structure at e) low magnification and f) high 
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Preface 

The dissertation comprises of the following major sections: 

Chapter 1 – This chapter provides a broad overview of electrical energy storage.  Here the basic 

concepts of electrical energy storage are discussed along with a short comparison between the 

different technologies in terms of energy density and power density.  A thorough introduction to 

traditional electrical electrostatic capacitors and the emerging field of high dielectric materials is 

provided.  The physical principles and materials of EDLCs, pseudocapacitors, lithium and sodium 

ion batteries is thoroughly discussed as well.     In addition, techniques in optimizing faradaic 

electrical energy storage performance, electrode formation, and characterization are briefly 

discussed. 

Chapter 2 – An accepted paper, published in ACS Applied Materials and Interfaces.  High aspect 

ratio, vertically aligned carbon nanofibers (VACNFs) are conformally coated with aluminum 

oxide (Al2O3) and aluminum-doped zinc oxide (AZO) using atomic layer deposition (ALD) to 

produce a three-dimensional array of metal-insulator-metal core-shell nanostructures.  The 

conformal core-shell AZO/Al2O3/VACNF array structure demonstrated in this work provides a 

promising three-dimensional architecture toward applications of solid-state capacitors with large 

surface area having a thin, leak-free dielectric separator.  

Chapter 3 - An accepted paper, published in ACS Applied Materials and Interfaces. The energy 

storage properties of Pb0.92La0.08Zr0.52Ti0.48O3 (PLZT) films are evaluated at variable film thickness 

of 125, 250, 500, and 1000 nm.  Cyclic I-V measurements are used to evaluate the dielectric 

properties, which not only provides the total electric displacement, but also separates contributions 

from each of the relevant components including electric conductivity (D1), dielectric capacitance 

(D2), and relaxor-ferroelectric domain switching polarization (P). The results show that the PLZT 
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films can be optimized for different energy storage applications by tuning the film thickness to 

optimize between the linear and nonlinear dielectric properties and energy storage efficiency. 

Chapter 4 – An accepted paper, published in Electrochimica Acta.  This study reports an approach 

to achieving stable 2 and 3 Li+ insertion into vanadium pentoxide (V2O5) as lithium-ion battery 

(LIB) cathode using a core-shell structure fabricated on electrospun carbon nanofiber (CNF) 

membranes more suitable for large scale production. The results reveal that the core-shell structure 

is an effective approach to breaking the intrinsic limits of V2O5 and enabling this high-capacity 

cathode materials for future LIBs. 

Chapter 5 – An accepted paper, published in Advanced Materials Interfaces.  Here we 

demonstrate an approach to achieving stable 3 Li+ insertion into V2O5 by implementing a three-

dimensional (3D) core-shell structure consisting of coaxial V2O5 shells sputter-coated on 

VACNFs. The as-deposited core-shell structure achieves capacities above theoretical values 

owning to the nature of the amorphous hydrated shell.  After thermal annealing, near theoretical 

values are achieved with superior cycling stability.   

Chapter 6 – A manuscript under review.  Using the same 3D array core-shell structure discussed 

in Chapter 5, an approach to achieving high coulombic efficiency and Na+ insertion/extraction 

capacity in V2O5 at high applied current rates is discussed.  Owing to the optimal potential window 

throughout literature, four different potential windows are investigated to provide insight on 

tradeoffs between high capacity and coulombic efficiency.   

Chapter 7 -  A short discussion of future projects and current ongoing projects is provided. 

Chapter 8 -  A conclusion of the main findings in each of these published reports is provided. 
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Chapter 1 - Introduction into Electrical Energy Storage 

 1.1: Basics of Electrical Energy Storage 

 1.1.1 Motivation for Research 

The depletion of fossil fuels coupled with new and innovated technologies has been the 

motivation for research in renewable electrical energy storage (EES) systems.1  Renewable energy 

sources such as wind and solar are intermittent and don’t convert electrical energy during down 

times.  To offset these intermittences EES systems are used in conjunction to deliver electrical 

energy when required.2-3  Recently, the development of EES technologies has been a major focus 

in the transportation sector.4 Mass transportation systems such as buses, subways and trains are 

making the push to rely solely on renewable energy.5-7  Hybrid and electric cars require EES 

technologies to provide additional energy for purposes of acceleration and braking.8-9  In addition, 

electric cars must be as convenient as combustible engines to be competitive in the free market.  

Hence, advancements in the charging rate of the EES systems is required.  This also applies to new 

and innovated technologies like laptops, iPads, and iPhones.10  As technology advances, the energy 

requirements will also continue to increase. In addition, the demand for rapid charging is ever more 

growing.11  It’s clear that EES technologies play a critical part in our daily lives, however, the 

desirable performance is far from satisfactory.  

 1.1.2 Commercialized EES Technologies 

To meet current demands EES technologies have been developed for a variety of different 

applications.  Commercialized EES devices can be categorized into one of two groups: faradic and 

non-faradic.  Non-faradic technologies include capacitors and electric double layer capacitors 

(EDLCs) where electrical charge is stored at the electrode surface.  On the other hand, faradic 

based technologies such as Lithium-ion Batteries (LIBs) and pseudocapacitors store electrical 
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charge within the electrode material through the intercalation of a Li+ ion or a series of oxidation 

and reduction reactions between the electrode and electrolyte.  It should be noted that LIBs are 

secondary batteries that can be recharged; and different from primary batteries where electrical 

charge is provided through a single irreversible electrochemical reaction.  Furthermore, EDLCs 

and pseudocapacitors are both electrochemical capacitors (ECs); a term that will be used to 

describe both.    

 1.1.3 Energy and Power  

 

Figure 1.1 Ragone plot for electrical energy storage systems 

Tradeoffs are common in EES in terms of the amount of charge that can be stored and the 

rate at which it’s delivered.  This relationship is illustrated in the Ragone plot in Figure 1.1.  

Capacitors are high-power devices that can deliver electrical charge very rapidly. The maximum 

specific power (P) of an EES system can be calculated using Equation 1.1 

P𝑚𝑎𝑥 =  
V2

4 ∗ ESR
 

Equation 1.1 

where V is the operating voltage, and ESR (equivalent series resistance) is the accumulated 

resistance of the current collector, electrode and electrolyte.  The high-power capability of 
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capacitors originates from a large operating voltage and a low ESR owning to the lack of a current 

collectors and electrolyte.  On the other hand, LIBs are high-energy devices owning to the fact that 

electrical charge is stored throughout the electrode material. Despite the high operating voltages, 

the low specific energy of capacitors is due to the charge being stored only at the electrode surface. 

The specific energy (E) of a EES system can be approximated using Equation 1.2 

E =  
1

2
C0V2 

Equation 1.2 

where C0 is the specific capacitance or capacity and V is the operating voltage.  It should be noted 

that this calculation is primarily used for capacitors and only an approximation for LIBs.  The 

specific energy for LIBs is more complex and beyond the scope of this section. However, LIBs 

possess a high ESR and operate at low voltages (~2-4 volts) thus limiting their specific power 

capabilities.  ECs have bridged the gap between batteries and capacitors with moderate specific 

energy and power capabilities useful in many niche applications.  However, performance is still 

far from satisfactory. The aim in EES research is to extend the current limits of specific power and 

energy of LIBs and capacitors, respectively, to be competitive with combustible engines.  Thus, 

our research focuses on increasing 1) the specific energy of capacitors and 2) the specific power 

LIBs. 

1.2: Solid-State Electrostatic Capacitors 

Solid-state electrostatic capacitors are modeled after the parallel plate capacitor as 

illustrated in Figure 1.2a.  A dielectric layer physically separates two conductors or electrodes that 

are connected through an external circuit.  When a voltage (V) is applied across the dielectric 

positive charge (q+) builds on the surface of one side (which repels the q+ on the other) allowing a 
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buildup of negative charge (q-) on the other. Thus, charge is stored in an electric field (as compared 

to a magnetic field associated with inductors) as illustrated in Figure 1.2b.  

 

Figure 1.2 a) An illustration of the parallel plate capacitor and b) electric circuit diagram 

demonstrating the chare storage mechanism of solid-state electrostatic capacitors. 

 1.2.1 Linear Dielectrics 

The amount of electrical charge (q) stored in a capacitor is linearly proportional to the 

applied voltage (V) as shown in Equation 1.3: 

q =  CV 

Equation 1.3 

where C is the capacitance express in the units of Farads (F).  The capacitance can be calculated 

using the parallel plate capacitor in Equation 1.4  

C =  
Aεε0

d
 

Equation 1.4 

where A is the surface area of one electrode, d is the thickness of the dielectric, ε is the permittivity 

of the dielectric material (or dielectric constant), and ε0 is the vacuum permittivity constant of air 

(8.854187x10-12 F m-1). Capacitance values in most commercial capacitors ranges from a low as a 

picofarad (pF) to several millifarad (mF).   

 To increase the energy density of linear dielectric capacitors, research has focused on 

increasing the capacitance.  According to Equation 1.4 there are three ways to accomplish this: 1) 



5 

increase the surface area of the electrode material, 2) use dielectric materials with high permittivity, 

and 3) decrease dielectric thickness.  Increasing the overall surface area has been a point of interest 

in the field of solid-state electrostatic capacitors.  Nanostructured templates such as anodic 

aluminum oxides templates (AAO)12-14, silicon entrenched substrates15-16, and multi layered 

ceramic capacitors (MLCCs)17-18 have all been reported.  In section 1.5.4.2, we will discuss the 

use of a vertically aligned carbon nanofiber arrays as a high surface area substrate for linear 

dielectric capacitors.  Dielectric materials with high permittivities such as aluminum oxide (Al2O3, 

ε ~8)19-21, hafnium oxide (HfO2, ε ~25)22-24, tantalum pentoxide (Ta2O5, ε ~50)25-26 have all been 

explored for linear dielectric capacitors.   

Most commercial capacitors have dielectric films on the order of several microns in 

thickness. To obtain sub-micron thick dielectrics, physical vapor deposition techniques such as 

reactive ion sputtering and pulse laser deposition have been employed (see section 1.6.1).   

Moreover, for thicknesses on the order of several nanometers, a chemical vapor deposition 

technique known as atomic layer deposition (1.6.1.3) has been employed.  However, ultra-thin 

films have several drawbacks such as; 1) low operating voltage due to dielectric breakdown, 2) 

susceptible to pinholes resulting in short circuiting.  If the operating voltage is too high, the electron 

orbitals within the dielectric material begin to elongate eventually damaging the dielectric material.  

Once the breakdown threshold is reached electrons are ripped from the orbital shells essentially 

converting the dielectric material to a conductor.  Thus, careful consideration must be taken when 

designing a new solid-state electrostatic capacitor. 

 1.2.2 Nonlinear Dielectric Capacitors 

Nonlinear dielectric films have attracted the attention of many due to the orders-of-

magnitude higher dielectric constants than that of conventional linear dielectric materials.  The 



6 

nonlinearity originates from the distinctive nonlinear dielectric properties associated with ε (and 

C0) significantly dropping at high voltage bias V (or the electric field E).  Here, internal 

polarization states are associated with the orientation of dipole moment of individual domains 

which can be reversed under an external electric field.27  Consequently, the energy storage 

mechanism in nonlinear capacitors is quite different from conventional linear dielectric capacitors.  

Among them, ferroelectric and relaxor-ferroelectric materials have been leading the way for high-

energy density solid-state electrostatic capacitors.   

 1.2.2.1 Ferroelectric Capacitors 

Ferroelectric materials such as poly(vinylidene fluoride) (PVDF)28-29 and lead zirconate 

titanate (PZT)30-31 are promising nonlinear dielectrics for EES technology. However, ceramic films 

like PZT are particularly attractive due to their high ε value (~1000 vs. ~100 or less for polymers), 

superior mechanical and thermal properties, larger temperature range for operation, and high 

breakdown field Eb. The domain switching is represented by the characteristic hysteresis loop in 

the polarization-electric field (P-E) curve where the polarization P is the total charge involved in 

the process as shown in Figure 1.3a.  For comparison, a representative P-E curve for linear 

dielectrics is presented in Figure 1.3b.  

The energy storage properties of ferroelectric capacitors are schematically illustrated in 

Figure 1.3c.  The total energy stored can be determined by integrating the area between the 

charging polarization curve and the max polarization (blue and green).  However, the shaded 

region between the vertical axis and the discharge loop from max polarization to zero polarization 

(green) represents the recoverable electrical energy density, or the energy available for use.  Thus, 

the blue shaded region represents energy that is lost; the energy required for reorientation of the 

dipole moment of the micron sized domains when electric field is reversed.  Therefore, electrical 
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energy storage efficiency is quite poor and can lower than 50%.  In linear dielectric films, the 

energy lost is negligible due to the atomic size of the domains, which require very little energy for 

reorientation resulting in electrical energy storage efficiency of ~100%.  A comparison between 

the energy storage mechanisms of ferroelectric and linear dielectric capacitors is illustrated in 

Figure 1.3d.  Therefore, for energy storage purposes, the hysteresis P-E loop needs to be 

suppressed with low remnant polarization (Pr) and low coersive field (Ec) values to reduce the 

energy loss and therefore enhance the overall efficiency.   

 1.2.2.1 Relaxor-Ferroelectric Capacitors 

Relaxor-ferroelectric materials are a subclass of ferroelectrics that also present a permanent 

dipole moment in individual domains. However, their domain sizes are on the order of nanometers 

instead of micrometers. Thus, it takes much less energy to align the dipole moment with the 

external electric field, leading to a more suppressed P-E loop as shown in Figure 1.3e.  The energy 

storage properties are like ferroelectrics but with a higher efficiency as illustrated by the ratio of 

green (available energy) to blue (energy loss) in Figure 1.3f.  The increase in efficiency originates 

from the decreased domain size which requires less energy for realigning in the electric field.  

 

Figure 1.3 Typical P-E loops for ferroelectric a) and linear b) capacitors.  A visual 

representation of the energy storage mechanism in ferroelectric capacitors c) and a visual 

comparison with linear capacitors d).   An illustration of a typical P-E loop for relaxor-

ferroelectric capacitors e) and their energy storage mechanism f). 

Pr 

Ec 
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Recently, several tungsten bronze and perovskite compounds have been investigated for 

relaxor-ferroelectric capacitors.  Several of the tungsten bronze compounds of interest include 

barium strontium niobate [(BaxSr1-x)Nb2O6]
32-34 and lead barium niobate [Pb1-xBaxNb2O6]

35-37. In 

perovskites, the nonlinear electrical energy storage properties are associated with mixed cations of 

different valencies occupying one of the lattice sites in ABO3 structures. These energy storage 

materials fall into one of two subclasses; A-site and B-site substitutions. Several of the common 

B-site substitution compounds include lead magnesium niobate [(PbMg1/3Nb2/3)O3 (PMN)]38-39 

and lead scandium tantalate [Pb(Sc1/2Ta1/2)O3 (PST)]40-41.  One of the most well studied A-site 

substitution compounds is bismuth strontium titanate (Bi2/3xSr1-x)TiO3 which has shown some 

moderate success in electrical energy storage.42-43  However, one of the A-site substitution 

compounds of interest is lanthanum-doped lead zirconium titanate [(Pb1-xLax)(ZryTi1-y)O3 

(PLZT)], the A-site substituted form of PZT.  It shows great potential in not only EES, but in other 

applications such as nonvolatile random-access memories, microwave devices, and electro-

mechanical or photo-mechanical transducers.44-46 Research has focused on its energy storage 

ability owing to its high ε (~1200) and low remnant polarization. In chapter 3 we discuss the energy 

storage properties of epitaxial PLZT films and observed a transition from linear to nonlinear 

properties with increasing film thickness.   

 1.3: Electrochemical Capacitors 

 ECs also known as Supercapacitors or Ultracapacitors store electrical charge at an 

electrode/electrolyte interface. Electric double-layer capacitors (EDLCs) and pseudocapacitors, 

both of which are ECs, differ in their charge storage mechanism. Briefly, ECs are modeled as two 

capacitors in series where electrodes are electrically connected through an external circuit but 

physically separated by an electrolyte as illustrated in Figure 1.4a.  Here, a brief discussion on the 
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charge storage mechanisms as well as common electrode and electrolytes for EDLC (section 1.3.1) 

and pseudocapacitor (section 1.3.2) is included.  

 

Figure 1.4 a) Circuit model of ECs and b) Guoy-Chapman-Stern Model 

 

 1.3.1 EDLCs 

 EDLCs store electric charge in the form of a double layer governed by the Guoy-

Chapman-Stern (GCS) model illustrated in Figure 1.4b.  A double layer is formed when positive 

charge accumulating at the surface of one electrode interact with negatively charged ions in 

solution forming a stern layer at the interface and a diffusive layer extending to the solution.  

Meanwhile negative charge accumulates at the surface of the other electrode creating a second 

double layer with the positive ions in solution as illustrated in Figure 1.5a. Thus, a potential 

difference arises across the capacitor as illustrated in Figure 1.5b.  When fully discharged, the 

double layers dissipate resulting in a net potential of zero as illustrated in Figures 1.5c and d.  The 

capacitance is analogous to the parallel plate capacitor in Equation 1.5. 

C =  
Aεϵ0

d
 

Equation 1.5 

where A is the specific surface area of the electrode, ε is the relative permittivity of the electrolyte, 

ε0 is the permittivity of vacuum, and d is the separation distance or Debye length (κ-1) at the 

electrode/electrolyte interface.  The capacitance can be enhanced by increasing the specific surface 
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area (SSA) of the electrode and the ionic strength of the electrolyte (I); which has an inverse 

relationship with the Debye length (κ-1) as shown in Equation 1.6. 

κ−1 ∝
1

√I
 

Equation 1.6 

Thus, the capacitance is several orders of magnitude higher than linear dielectric capacitors owing 

to the high SSA (500-2500 m2 g-1) and small ion separation at the interface (≤1 nm). 

 

Figure 1.5 a) Fully charged EDLC in a circuit, b) potential profile of a fully charged EDLC, 

c) fully discharged EDLC, and d) potential profile of EDLC fully discharged 

 

 1.3.1.1 Electrode Materials for EDLCs 

EDLCs consist of high surface area carbon electrodes such as activated carbon (AC)47-48, 

single walled carbon nanotubes (SWCNT)49-50, multi walled carbon nanotubes (MWCNT)51-52, 

templated carbons53-54, graphene55-56 and activated carbon nanofibers (ACNFs)57-58. Among them, 

AC has been the most widely studied owning to its high SSA of 500-3000 m2 g-1, commercial 

availably, low cost and high specific capacitance values of ~300 F g-1.  However, the ultra-high 

SSA hasn’t shown much of an advantage in terms of capacitance due to small pore sizes which are 

inaccessible to most ions in solution.  Efforts have been made to optimize the pore size distribution 

through adjusting the activation process, however, this results in a loss of material density and 

electrical conductivity which reduces volumetric density and power capability.  SWCNT and 

MWCNT have attracted a great deal of attention owning to their unique pore structure, electrical 
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properties and mechanical stability.  However, the specific capacitance is limited (100-200 F g-1) 

due to a low SSA (500 m2 g-1) which is attributed to their poorly developed microporous volume. 

Templated synthesis can provide an interconnected network of microporous and mesoporous 

carbon with tunable pore sizes, large SSA (1000-2000 m2 g-1) and a capacitance of 200-350 F g-1.  

However, synthesis is time consuming making them unsuitable for large scale production.  

Graphene has been of interest owing to its high theoretical SSA (2630 m2 g-1), robustness, 

mechanical strength, electrical conductivity and high theoretical capacitance (550 F g-1).  However, 

only moderate success has been achieved owing to the inaccessibility of a large portion of the 

graphene surface due to aggregation during cycling.  ACNFs has gathered a great deal of interest 

owing to its ultra-high SSA (up to 3000 m2 g-1) and outer microporous structure (as compared to 

the interior wall in ACs) which allow fast ion access which is promising for high-power 

applications.  However, their low bulk density (0.2 g mL-1) makes them unsuitable for small 

volume ECs.   

 1.3.1.2 EDLC Electrolytes  

The specific energy and power of EDLCs are governed by the choice of electrolyte, which 

can be categorized into three broad groups: 1) aqueous, 2) room temperature ionic liquids (RTILs), 

and 3) salts dissolved in organic solvents.59  Aqueous electrolytes such as KOH, NaOH, KCl, 

Na2SO4,and H2SO4 are of great interest owning to their low cost and ease of fabrication. Moreover, 

their high ionic conductivity (0.1-1 S cm-1) makes them very attractive for high-power 

applications.59  However, the decomposition of water restricts their voltage range to below 1V 

ultimately limiting the specific energy.  On the other hand, RTILs containing imidazolium or 

pyrrolidinium cations with small anions such as tetrafluoroborate (BF4
-) or 

bis(trifluoromethanesulfonyl)imide (TFSI-) operate in a larger voltage range of 3 - 6 V.60-61  Thus, 
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a higher specific energy can be achieved.  However, their low ionic conductivity (0.1 – 10 mS cm-

1) limits their power capability. Moreover, operation at sub-ambient temperatures drastically 

increases their viscosity resulting in a loss of ionic mobility and conductivity which leads to a loss 

in capacitance. Organic based electrolytes such as a 1M tetra-ethylammonium tetrafluoroborate 

(TEABF4) dissolved in acetonitrile provide moderate energy and power owing to their operating 

voltage of 2 - 3V and moderate ionic conductivity (10 – 100 mS cm-1).62 However, fabrication 

requires an inert atmosphere which is costly for production which has limited their use to niche 

applications. Moreover, safety concerns such as flammability and corrosion are a major drawback.   

 1.3.2 Pseudocapacitors 

Pseudocapacitors store electrical charge by means of fast oxidation and reduction reactions 

between the electrode and electrolyte solution.  The term pseudo is used because charge is not 

stored in a true capacitance form due to the faradaic nature.  However, some of the electrical charge 

is stored through the fast surface redox reactions involving redistribution of ions and a double layer 

as described in the previous section. The term capacitance arises from the fact that the fast reactions 

mimic the performance of traditional EDLCs.63   The specific capacitance of pseudocapacitors is 

generally several orders of magnitude higher than EDLCs due to charge storage within the 

electrode material.  For an electrode to be considered pseudocapacitive, it must be able to exist in 

multiple oxidation states with no phase changes involving irreversible modifications of a 3-

dimensional structure.63 Pseudocapacitors can be categorized into two subclasses based on 

electrode material: 1) transition metal oxides, and 2) conductive polymers.   

 1.3.2.1 Transition Metal Oxides 

Transition metal oxides such as RuO2, MnO2, NiO, V2O5, Co3O4, Fe2O3 and Fe3O4 have 

all been investigated as potential pseudocapacitors.64-70 RuO2·xH2O has been most widely studied 
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owing to its high electrical conductivity (~105 S cm-1), high theoretical specific  capacitance (2000 

F g-1) and three distinct oxidation states.71  Most of the success is derived from its ability to operate 

in acid solutions with fast reversible electron transfer with an electroadsortion of protons on the 

surface shown in Schematic 1.1 where Ru oxidation states can change from (II) up to (IV) in a 

potential window of 1.2 V. 

RuO2 + xH+ +xe- ↔ RuO2-x(OH)x    where 0 ≤ x ≤ 2. 

Schematic 1.1 

Despite its success, the high cost of Ru makes it unsuitable for large scale production.  MnO2 has 

been considered a suitable replacement owing to its high theoretical specific capacitance (1380 F 

g-1) and surface adsorption of electrolyte cations (K+, Na+, …) as express in Schematic 1.2.65 

MnO2 + xC+ + γH+ + (x+γ)e- ↔ MnOOCxHy 

Schematic 1.2 

A schematic of the charge storage mechanism for MnO2 is shown in Figure 1.6.  Here the electrode 

is represented by the purple and orange circles in oxidation states of Mn(IV) and Mn(III), 

respectively.  The ions in solution are represented by green and red circles as negative and positive, 

respectively. When fully charged, the two electrodes will exist in different oxidation states with 

the positive side at the high valence state [Mn(IV)] and the negative side at the lower valence state 

[Mn(III)]. Thus, a potential difference is observed across the capacitor as shown in Figure 1.6a.  

During discharging, the electrodes will be in an intermediate state with a mix of valance states 

where the potential decreases at the positive side and increase at the negative side as illustrated in 

Figure 1.6b.  When fully discharged, both electrodes will have an equal mix of both valence states, 

thus no potential difference exists as shown in Figure 1.6c. However, the low diffusion coefficients 

(DH
+ = 6 x 10-10 cm2 s-1 and DLi

+ = 3 x 10-10 cm2 s-1) and poor electrical conductivity (~10-5 – 10-6 
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S cm-1) make it impractical as a stand-alone material.72-73  Conductive additives such as carbon 

black and electrically inert polymer binders are needed which limits the specific capacitance to 

below 200 F g-1.   

 

Figure 1.6 a) Illustration of a fully charged, b) intermediate charged state, and c) fully 

discharged pseudocapacitor system 

 

NiO has been of interest owing to its ease of synthesis and high theoretical specific 

capacitance (3750 F g-1).66  However, high resistivity and poor cycling stability currently makes it 

unsuitable for practical applications.  V2O5 has been sought after owing to its large number of 

oxidation states and high theoretical capacitance (>1000 F g-1).74  However, its low electrical 

conductivity (~10-5 – 10-3 S cm-1) has hindered high-power capabilities.  Recently, it’s been shown 

that hydrogen thermal treatment of VO2 increases the conductivity by 3 orders of magnitude due 

to the synergistic effects of H-doping.75  Fe2O3 and Fe3O4 offer the advantage of low cost and high 

electrical conductivities.69-70 Moreover, their operation in the negative potential range makes them 

attractive in hybrid systems (see section 1.3.3).  However, their achievable specific capacitance is 

low and currently inhibits their practical use.   

 1.3.2.1 Conductive Polymers  

 Electrically conducting polymers (ECPs) have been of interest owing to their fast-

reversible switching between redox states, high charge density, high electrical conductivity (from 

a 5 S cm-1 to 500 S cm-1) and low cost.76  Electrons are conducted through conjugated bonds along 
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the polymer backbone.  Here, two rapid oxidation reactions occur simultaneously, one is the 

oxidation of the monomer and the other is the oxidation of the polymer with the insertion of a 

dopant/counter ion.73  Electrical energy is stored in ECPs as delocalized π-electrons are accepted 

and released during electrochemical doping/dedoping as illustrated in Schematic 1.3. 

p-doping (with counter anions): (Polymer) + γA- ↔ [(Polymer)γ+ γA-] + γe- 

n-doping (with counter cations): (Polymer) + γC+ + γe- ↔ [(Polymer)γ- γC+] 

Schematic 1.3 

ECPs are classified into three types.77  Type 1 is a symmetric configuration which utilizes p-doping 

ECPs for both positive and negative electrodes. However, the specific energy is limited due to the 

operating voltage of  ~1V and only half of the total capacitance is achieved.  Type II is an 

asymmetric configuration which utilizes two different p-doping ECPs with distinct 

electroactivities thus increasing the specific energy.  Type III utilizes the same ECP for both 

electrodes where the positive electrode is p-doped and the negative electrode is n-doped. Thus, the 

specific energy is enhanced due to the wide operating voltage of 2 - 3 V.  However, the develop 

of n-doping polymers remains a challenge.73, 76  Moreover, chemical stability remains an issue.  

Common ECPs include polypyrrole (PPy), polyaniline (PANI), and derivatives of polythiophene.   

 PPy is one of the most studied ECPs due to its fast charge/discharge kinetics, high energy 

density, low cost, moderate conductivity (10-50 S cm-1), high theoretical capacitance (620 F g-

1).78-80  However, its high-density limits access to the interior sites of the polymer by dopant ions 

which in turn reduces its achievable capacitance.  PANI or PAN is attractive owing to its high 

electroactivity and high specific capacitances (400-500 F g-1).81-82  However, high capacitance is 

only achievable in highly acidic mediums.  Moreover, poor cycling and low power densities due 

to its low electrical conductivity (0.1-5 S cm-1) limit its applicability.  Thiophene-based ECPs such 
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as poly(3,4-ethylenedioxythiophene) or PEDOT is one of the more popular thiophene derivatives 

owing to its high electrical conductivity (300-400 S cm-1) and chemical stability.83  It has the 

advantage of being an electron rich polymer and consequently has a low oxidation potential which 

allows it to operate in a large voltage range of 1.2 V.84  However, due to its large molecular weight 

only a low specific capacitance of 210 F g-1is achieved. 

 Despite the progress made, pseudocapacitors remain under developed for practical 

applications.  This is largely due to the fact that the pseudocapacitive field is plagued with papers 

presenting electrode performances that mimic a mediocre secondary battery rather than capacitive 

performance.85 Moreover, as a stand-alone technology, pseudocapacitors don’t offer much in the 

way of high specific power or energy owing to their narrow potential window in aqueous 

solutions.86  However, they have become very attractive in asymmetric or hybrid systems. 

 1.3.3 Asymmetric or Hybrid Capacitors 

Asymmetric ECs are defined as capacitors with two different electrode materials.  The 

positive electrode has high resistance or overpotential to O2 evolution, while the negative electrode 

has a high resistance or overpotential to H2 evolution in an aqueous solution.87  There are three 

types of asymmetric ECs.88  Type I incorporates a pseudocapacitive material as the positive 

electrode and an EDLC material as the negative electrode.89-90  Several studies report the use of 

RuO2 or MnO2 as a positive electrode and AC or graphene as the negative electrode.91-92  Type II 

uses a lithium-insertion battery cathode such as LiCoO2 as a positive electrode and a EDLC 

material as a negative electrode using a Li based aqueous solution.93-94  This type of capacitor is 

referred to as a hybrid capacitor with a battery insertion on one side and a double layer formation 

on the other.  Type III is the least studied which uses two different pseudocapacitive materials.95-

97  When compared to Type II, faster rates can be achieved since Type II is limited by the sluggish 
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Li+ ion insertion.  Moreover, the total cell capacitance or the amount of electrical charge stored is 

limited by the electrode with the lowest capacitance.  Hence the total cell capacitance is usually 

limited to the capacitance of the EDLC material in Type II. 

 1.4: Secondary Batteries 

 1.4.1 Lithium Ion Batteries 

LIBs currently dominate the secondary battery market in providing EES for many portable 

electronics.  They are composed of an anode and a cathode that are connected through an external 

circuit but physically separated by a lithium based organic electrolyte as shown in Figure 1.7.  

Most commercial LIBs comprise of a Lithium Cobalt Oxide (LiCoO2) cathode and a graphite 

anode.  When fully charged, lithium atoms are stored in between the graphene layers of graphite.  

Upon discharge lithium atoms are oxidized to their ionic state Li+ and migrate out of the anode 

toward the cathode, while the electrons conduct through the external circuit providing electric 

energy as shown in Schematic 1.4. 

𝐿𝑖𝑥𝐶6 ↔  𝑋𝐿𝑖+ + 6𝐶 + 𝑋𝑒− 

Schematic 1.4 

Upon arrival at the cathode, the electrons reduce the valance state of the cathode materials allowing 

Li+ ions to intercalate as shown in Schematic 1.5.  

𝐿𝑖(1−𝑥)𝑀𝑂2 +  𝑋𝐿𝑖+ + 𝑋𝑒−  ↔  𝐿𝑖𝑀𝑂2  

Schematic 1.5 

 

Figure 1.7 Schematic of LIB from Islam and Fisher at Chem. Soc. Rev. 43 (2014) 
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Discharging is completed when all the available insertion sites are filled.  For recharging, the 

reverse process takes place with the oxidation of the cathode resulting in electrons conducting 

through the external circuit toward the anode while the Li+ ions are extracted into the electrolyte.  

At the anode, Li+ ions intercalate back into the graphene layers where they are reduced to their 

metallic state. The overall reaction process is illustrated in Schematic 1.6. 

𝐿𝑖(1−𝑥)𝑀𝑂2 +  𝐿𝑖𝑥𝐶6  ↔  𝐿𝑖𝑀𝑂2 + 6𝐶 

Schematic 1.6 

 The amount of electric charge an electrode material can store is express as capacity and is 

defined as milliamp hours per gram (mAh/g) as opposed to Farads per centimeter square or gram 

(F/cm2 or F/g) in dielectric capacitors and ECs.  The criteria for electrode materials in LIBs are 

that they must be reversible in the insertion and extraction of Li+ and have a high potential for Li+ 

to insert/extract as a cathode and low potential to serve as an anode.98  Figure 1.8 maps out LIB 

electrode materials by their capacities and lithium insertion/extraction potentials.   

 

Figure 1.8 Schematic map of LIB materials, their capacities and potentials to Li+ 

insertion/extraction (Adopted from Tarascon, J.M; Armond, M.; Nature, 2001, 414, 359-367) 

 1.4.1.1 Cathodes 

Since the commercialization of LIBs by SONY in 1991 Lithium Cobalt Oxide (LiCoO2) 

has been the leading cathode in EES owing to its high theoretical capacity of 272 mAh/g and high 
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redox potential of 4.2 V.99   However, a practical reversible capacity of only ~147 mAh/g is 

achieved. Despite the advantages, the high cost and poor thermal stability of Cobalt have plagued 

LiCoO2.  Moreover, its stability can be quite poor compared to other materials and can undergo 

performance degradation or even failure when overcharged.  The high charging voltage is 

advantageous to increase the cell capacity, but fading often negates this advantage.  The cause of 

this has been associated with the dissolution of Co in the electrolyte after full delithiation.  These 

drawbacks motivated the research into new LIB cathode materials.  Materials for LIB cathodes 

can be categorized into three structural groups: 1) Oliviens, 2) Spinel Oxides, and 3) Layered 

Oxides.100 

 1.4.1.1.1 Oliviens 

Olivines (LiMPO4 [M = Fe, Mn, Co]) were once considered the most promising candidates 

to replace LiCoO2 owing to their cyclability and high specific capacity.101  Their open 3D 

framework allows the insertion/extraction of Li+ ions to move along the conducting channel 

reducing structural damage over long term cycling.102  LiFePO4 is the most studied member of the 

olivine group owing to its low cost, long life, environmental friendliness and high theoretical 

capacity of 170 mAh g-1.  Despite its numerous advantages, its poor electrical conductivity (10-9 S 

cm-1) limits its performance in high-power application.  Moreover, its operating voltage is limited 

to 3.5 V due to the Fe3+/Fe2+ redox couple.  To overcome these setbacks the substitution of other 

transition metals such as Mn, Co, Ni has been investigated.  LiMnPO4 has an enhanced redox 

couple potential of 4.1 V providing a 15% increase in gravimetric energy density over LiFePO4.
103  

However, the Jahn-Teller effect of Mn3+ ions leads to low practical capacities and poor rate 

performances.  LiCoPO4 has an increased redox couple potential of 4.8 V providing an even higher 

energy density.104  However, the high cost associated with Co as seen with the LiCoO2 offset any 
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advantages.  Recently, mixtures of LiMnO4 or LiCoPO4 with LiFePO4 have shown an increase in 

voltage due to the increase in Mn and Co content and an increase in capacity due to the iron 

content.105    LiNiPO4 can reach a redox potential upwards of 5.1 V providing some of the highest 

energy density to date for cathode materials.106  However, such a high voltage isn’t practical due 

to side reactions with the electrolyte.  Recently Li3V2(PO4)3 has been investigated owning to its 

high theoretical capacity of 197 mAh g-1 and a redox potential of ~4.8V.107  The addition of 

vanadium enhances the lithium diffusion thus improving the performances at higher current rates 

leading to higher specific power.108  Despite the advantage of high redox potentials, the low 

electrical conductivities associated with Olivines hinder their use in many practical applications. 

 1.4.1.1.2 Spinel Group 

The Spinel compounds (LiM2O4 [M = Mn, Ni, Fe, Co]) are known for their robust host 

structure enabling 3D Li+ ion diffusion pathways, low cost, and environmental friendliness.109  One 

of the most researched members of the group LiMn2O4 has been sought after owing to its moderate 

theoretical capacity of 148 mAh g-1 and high redox potential of 4.1 V.110-111  However, a phase 

change during cycling which has been attributed to the loss of oxygen which results in a loss of 

capacity.  Moreover, the capacity fading has also been attributed to the dissolution of Mn2+ into 

the electrolyte.  Transition metals such as Fe, Co, and Ni have been mixed with LiMn2O4 to 

overcome these challenges.  The addition of iron (LiFexMn2-xO4) has resulted in additional 

discharge plateaus at high voltages (up to 5 V) with a moderate increased the capacity, however, 

capacity fading is still a major issue.112   The addition of Co (LiCoxMn2-xO4) has been shown to 

improve the capacity retention during cycling by stabilizing the spinel crystal structure.113  Nickel 

has become the preferred addition (LiNixMn2-xO4) owing to its low cost and enhanced capacity 

retention capability.  LiMn1.5Ni0.5O4 has become quite popular owing to its increased redox 
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potential (4.7 V), increased capacity and higher capacity retentions.114  The increased voltage is 

associated with the high oxidation potential of Ni2+ to Ni4+, making it a promising high voltage 

cathode material.  Moreover, the Ni2+ pushes all Mn ions to Mn4+ which results in a more stable 

structure thus suppressing the Jahn-Teller distortion.  Despite the efforts, the spinel compounds 

are still plagued with low reversible capacities due to the limitation of 0.5 Li+ ion per MO2 formula.  

Moreover, the high voltages associated with nickel are not compatible with current electrolytes.   

 1.4.1.1.3 Layered Compounds 

Layered compounds (LiMO2 [ M = Co, Ni, Mn, V]) are the most studied and successful 

cathode material for LIBs owing to the successes of LiCoO2.
115 Other materials such as LiNiO2 

have been investigated owing to its high capacity (190-210 mAh g-1), low cost, high energy density 

and similar Li+ ion insertion mechanism of LiCoO2.
116  However, nickel ions often occupy sites in 

the lithium plane which impedes lithiation/delithiation thus making the preparation of the 

appropriate composition a daunting task.  LiMnO2 has been sought after owing high obtainable 

capacity of ~200 mAh g-1 and high Mn3+/Mn4+ redox potential of 4.5 V.117  However, the Jahn-

Tell distortion continues to result in capacity fading.  Various compositions of Ni and Mn 

(LiNixMnyO2 [x + y = 1]) have also been investigated. The equal mixing (LiNi0.5Mn0.5O2) has been 

the most successful composition is owning its high retainable capacity of ~200 mAh g-1.118-119  

However, the cation mixing of Ni2+ and Li+ ions leads to poor cycling stability.  Cobalt has been 

introduced to form LiNixCoyMnzO2 (x + y + z = 1) in effort to reduce the amount of defect Ni2+ 

ions in the Li+ ion layer.  LiNi1/3Co1/3Mn1/3O2 has been the most practical composition owning to 

its high theoretical capacity of 272 mAh g-1 and good stability.120-121   Li-rich oxides (xLi2MO3·(1-

x)LiMO3 [0 < x < 1] [M = Ni, Mn, Co, V]) have recently garnered attention owning to their 
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enhanced capacity up to 300 mAh g-1.122-123  However, poor cycling and rapid capacity fading 

plague the Li-rich oxides. 

 1.4.1.1.4 Vanadium Pentoxide 

Vanadium pentoxide (V2O5) is regarded as a promising layered cathode material owing to 

its high theoretical capacity due to multiple Li+ insertion/extraction reactions in addition to the low 

cost, low toxicity, high electrode potential in lithium-extracted state (up to 4.0 V) and easily 

accessible layered structure for Li+ ion insertion.124  Theoretically, crystalline V2O5 can achieve a 

reversible specific capacity of 294 mAh g-1 (for a two Li+/V2O5 insertion process) and an 

irreversible capacity of 441 mAh g-1 (for a three Li+/V2O5 insertion process).125 Achieving reliable 

capacity with V2O5 cathodes close to the theoretical value has been a challenge due to the small 

Li+ ion diffusion coefficients (~10-15 – 10-12 cm2s-1) and low electrical conductivities (~10-3 – 10-5 

S cm-1), which ultimately hinder the performance of V2O5 cathodes in practical EES devices.126-

127  It is well known that the Li+ intercalation process in crystalline V2O5 is accompanied by 

multiple phase transitions.  Trace amounts of Li+ intercalation results in α-LixV2O5 (x < 0.01) 

structure, which is transformed into ε-LixV2O5 (0.35 < x < 0.7) after further lithiation.  Insertion 

of exactly one Li+ leads to the formation of δ-phase LixV2O5 (x = 1).  Further lithiation converts 

the δ-phase to γ-LixV2O5 (1 < x < 2).128  At more than two Li+ insertions, an irreversible 

transformation to rock-salt-type ω-LixV2O5 phase (2 < x < 3) typically occurs as described in 

Schematic 1.7. 

(1) V2O5 +  0.5Li+ +  0.5e−  ↔  Li0.5V2O5 [ε − LixV2O5 (0.35 < x < 0.7)] 

(2) Li0.5V2O5 +  0.5Li+ +  0.5e−  ↔  LiV2O5 [δ − LixV2O5 (x = 1)] 

(3) LiV2O5 + 1Li+ +  1e−  ↔  Li2V2O5 [γ − LixV2O5 (1 < x < 2)] 

(4) Li2V2O5 +  1Li+ +  e−  ↔  Li3V2O5 [ω − LixV2O5 (2 < x < 3)] 

Schematic 1.7 
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Such phase transition processes induce large lattice strains due to different crystal structures and 

lattice constants in distinct phases mixed within each single particle, which unavoidably causes 

irreversible structural damage resulting in poor battery life. The larger amount of Li insertion by 

3 Li+/V2O5 insertion makes such structural changes even more severe.67 As a result, practical 

applications of traditional crystalline V2O5 cathodes have been limited to below two Li+
/V2O5 

insertion/extraction processes. 

 1.4.1.2 Anodes 

Lithium metal was once considered the ideal anode in LIBs owing to its low reduction 

potential (-3.04 vs S.H.E.) and high theoretical capacity of 3840 mAh g-1.  Unfortunately, 

numerous safety concerns arose when short circuiting occurred after several cycles due to rapid 

dendrite growth.129 Thus, graphite has been the leading anode in commercial LIBs since hitting 

the market in 1991 owing to its electrical conductivity and good Li+ ion insertion/extraction 

reversibility.  However, despite the success, its low specific capacity of ~372 mAh g-1 limits its 

energy storage capability.  Efforts are underway to find alternative materials with high capacity 

and good stability in or order to be applicable in large scale production.  Current researched 

materials can be categorized into three main groups depending on their electrochemical reaction 

with lithium; 1) intercalation/de-intercalation, 2) alloy/de-alloy and 3) conversion reactions.130 

 1.4.1.2.1 Intercalation/de-intercalation  

Carbon allotropes have been of interest owning to their thermal and chemical stability and 

electrical conductivity.  Moreover, their electrochemical stability at low potentials (≤ 0.01 V 

Li/Li+) makes them attractive for next generation LIBs.130  Carbon based anodes can be categorized 

into two groups according to their orientation;1) hard carbons (graphitizable carbons) that have a 

high degree of long range order and 2) soft carbon (non-graphitizable) that have a highly disorder 
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orientation.131  Soft carbons have had tremendous success in LIBs in part due to the success of 

graphite.  However, low capacities and high voltage hysteresis during the delithiation process 

hinders their use in next generation LIBs. Hard carbons on the other hand have not had the same 

success.132  They were first investigated by the Kureha Corporation in 1991 as negative electrodes 

in LIBs.  A capacity of 500 mAh g-1 was achieved in the potential range of 0-1.5 V (vs Li/Li+).133    

However, the random alignment of graphene sheets proved to be problematic in lithium diffusion.  

Moreover, they suffered from low initial coulombic efficiency and tap densities which attributed 

to their initial downfall in LIBs.   

Recently research has been focused on nanosized carbon allotropes such as graphene, 

SWCNTs and MWCNTs. SWCNTs and MWCNTS have been investigated as owing to their 

superior electronic conductivity, good mechanical stability and high theoretical capacity estimated 

to be 1116 mAh g-1
.
134-136 The high capacity is attributed to the intercalation of Li+ ions at the 

surface of the outer graphitic layers as well as inside the central tube. However, achieving such a 

capacity has been a major challenge.  Moreover, coulombic efficiency is poor due to the presences 

of large structural defects and high voltage hysteresis. Research has focused on optimizing wall 

thicknesses, tube diameters, porosity and shape to overcome these drawbacks.136  Graphene on the 

other hand, has been considered an alternative owing to its high electrical conductivity, surface 

area and charge mobility.137-138  However, the theoretical capacity has been a point of debate which 

has been reported as either 780 or 1116 mAh g-1.139  These values are based on different 

interactions where former assumes adsorption of Li+ ions on both faces of graphene, while the 

latter assumes Li+ ions are is trapped at the benzene ring in a covalent bond (LiC2 stoichiometry).140  

Other allotropes such as carbon nano onions (CNOs), carbon nanofibers (CNFs) and hollow carbon 
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spheres have been investigated as well.141-143  However, most of these allotropes currently have a 

high production cost making them unsuitable for commercial LIBs. 

Recently titanium based oxides have attracted a lot of attention owing to their excellent 

intercalation/de-intercalation of Li+ ions along with low cost, low toxicity, minimal volume 

changes and excellent cycling life.144  Spinel Li4Ti5O12 (LTO) has been sought after owing to its 

excellent reversibility at high operating potentials (~1.5 V vs Li/Li+).145  Upon Li+ ion insertion, 

the rock salt type Li7Ti5O12 forms yielding an almost unchanged structure which is beneficial in 

terms of safety.145  However, its low theoretical capacity (175 mAh g-1),electrical conductivity 

(~10-13 S cm-1), and relatively high Li insertion/extraction potential limit its practical use.146  

Titanium dioxide (TiO2) or titania has gained a lot of attention in recent years owing to its large-

scale producibility and moderate theoretical capacity of 330 mAh g-1.147  In addition, its excellent 

stability at high potentials (~1.5 V vs Li/Li+) provides advantages over many other materials.148  

Moreover, its high electrochemical activity, good chemical stability and structural diversity 

provides many additional benefits.  However, achieving the full capacity remains a challenge.       

 1.4.1.2.2 Alloy/De-alloy 

Some of the most promising anodes for next generation LIB anodes form an alloy with 

lithium and have the highest theoretical capacities to date.  Among them, silicon has been the most 

widely studied owing to its ultra-high theoretical capacity of 4200 mAh g-1.149  Moreover, it’s the 

second most abundant element in the earth’s crust making it inexpensive and environmentally 

friendly.  The high specific capacity is due to the formation of intermetallic Li-Si binary 

compounds such as Li12Si7, Li7Si3, Li13Si4, and Li22Si5 or the fully lithiated alloy Li4.4Si.  However, 

large volumetric expansion (up to 400%) has hindered its development in current LIBs.150-151   
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Silicon monoxide (SiO) has been considered a good alternative owing to its minimal 

volume change and respectable theoretical capacity (>1600 mAh g-1).152  However, its atomic 

structure has been a source of controversy over the past century and has yet to be solved. Thus, the 

electrochemical reactions happening during the charge-discharge process are yet to be fully 

understood.  Most reports suggest that SiO is converted to Si and lithium oxides (SiO + xLi ↔Si 

+ LixO), followed by the possibly Si-Li formation (xLi + Si ↔ LixSi).153  Alternatively, the direct 

formation of Si-Li alloy and lithium silicates (xLi + SiO ↔ Lix-ySiz + LixSiOz) has also been 

suggested.154  Despite the progress, its low electric conductivity currently inhibits its applicability.  

Germanium (Ge) has been extensively studied owing to its high theoretical capacity (1623 

mAh g-1) and electrical conductivity which is ~104 times that of silicon providing a great advantage 

for high-power applications.155-156 However, its high cost and dramatic volume changes (~300 %) 

limit its applicability.  Tin oxide (SnO2) has been sought after owing to its current mass production 

capability.144  The electrochemical lithium alloying reactions can be summarized in two steps.  The 

first step involves an irreversible step where SnO2 is reduced into Sn and lithium oxides (SnO2 + 

4Li ↔ Sn + 2Li2O) providing an initial theoretical capacity of 1491 mAh g-1.  The second step 

involves a reversible Sn-Li alloying/dealloying reaction (Sn + 4.4Li+ ↔ Li4.4Sn) resulting in the 

commonly considered theoretical capacity of 783 mAh g-1.157  However, the large volumetric 

change associated with alloy/dealloy materials continues to limit its practical LIB application.   

 1.4.1.2.4 Conversion materials 

Anodes based on a conversion mechanism are composed of transition metal compounds 

such as oxides, phosphides, sulfides and nitrides (MxNy; M = Fe, Co, Cu, Mn, Ni and N = O, P, S 

and N) where the transition metal compound is reduced and a lithium compound (LixNy; N = O, 

P, S and N) is formed upon lithiation as described in Schematic 1.8.130 
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MxNy + zLi+ +  ze−  ↔  LizNy + xM 

Schematic 1.8 

Among the oxides haematite (α-Fe2O3) and magnetite (Fe3O4) are some of the most well studied 

owing to their high abundancy, low cost, non-toxicity and high theoretical capacities of 1007 (α-

Fe2O3) and 926 (Fe3O4) mAh g-1.158-159  Moreover, the relatively high electrical conductivity of 

Fe3O4 (102 S cm-1) makes it advantageous for high-power applications.  However, low Li+ 

diffusion coefficients, volume expansion and high electrode potential (≥ 1.0 V vs Li/Li+) has 

hindered their applicability.  Cobalt oxides such as Co3O4 and CoO have been sought after owing 

to their relatively high capacities 890 and 715 mAh g-1, respectively.160-161  However, the high cost 

of cobalt makes their applicability unlikely in next generation LIBs.  Extensive research has also 

been focused on a variety of other transition metal oxides such as NiO, MnOx, CuOx, MoOx, and 

CrOx for a variety different advantages.162  Despite intense efforts, low capacities (~500-800 mAh 

g-1), poor electrical conductivities and slow Li+ ion diffusion need to be addressed.   

 1.4.2 Sodium Ion Batteries 

Despite the success of LIBs, they’re not adequate for large-scale production in the 

transportation and energy sectors due to the high cost of lithium.  Lithium is a rare Earth metal 

(<<< 0.9% of the Earth’s crust) bringing the cost of lithium-containing precursors such as lithium 

carbonate to $5000/ton.163  Sodium on the other hand makes up about 2.6% of the earth’s crust, 

bringing estimations down to about $115-165/ton for sodium-containing precursors such as 

torna.164  Sodium is an attractive alternative owning to its similar chemical properties to that of 

lithium.  However, the production of sodium ion batteries (SIBs) has been hindered by sodium’s 

large ionic radius (1.02 Å) compared to lithium’s (0.59 Å) making the choice of electrode materials 

challenging.165 
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 1.4.2.1 Anodes 

Like lithium, sodium metal was also once considered an ideal anode.  However, its low 

melting point (97.7 C) raised many safety concerns making it unsuitable for any realistic 

applications.  Moreover, at room temperature it suffers from poor reversibility during long-term 

plating and stripping due to formation of nonuniform solid electrolyte interphase as well as 

dendritic growth.166  Despite the enormous success of graphite, attempts to replicate the 

performance in SIBs has resulted in rapid capacity fading and ultimately cell failure after several 

cycles owing to the small d-spacing (3.43 Å) between the graphene sheets.  Efforts have been made 

to modify the d-spacing of graphite through various synthesis. Wen et al. reported the expansion 

of oxidized graphite using a thermal annealing procedure.  A high capacity of 284 mAh g-1 was 

achieved at a current density of 20 mA g-1.167  Moreover, a capacity of 136 mAh g-1 was maintained 

at 100 mA g-1 after 1000 cycles.   Interestingly the Na+ insertion mechanism into the expanded 

graphite is similar to the Li+ insertion, which is different from other carbon materials.168  

 1.4.2.1.1 Carbon Materials 

Carbon has been of interest owning to its high natural abundancy and renewability.  Of all 

the carbon allotropes previously mentioned, graphene and hard carbons have been the most 

studied.  Graphene has been sought after owing to its high electrical conductivity and chemical 

stability.  Wang el al. achieved a reversible specific capacity of 217 mAh g-1 at a current density 

of 40 mA g-1 using reduced graphene oxide.169 It has been shown that performance can be 

significantly enhanced by the addition of a heteroatom doping or synthesizing a hierarchically 

porous structure.  Xu et al. reported a nitrogen-doped graphene foam that reached an ultra-high 

specific capacity of 2600 mAh g-1 in the initial cycle and stabilized at 1050 mAh g-1 in fifth cycle 

at a current density of 100 mA g-1.164  Hard carbons have been of interest owing to their highly 
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disordered structure and large interlayer distances.170  They have exhibited reversible capacities 

up to 300 mAh g-1  at higher current rates.171  Other carbon allotropes such as CNFs, MWCNT and 

SWCNT have been investigated, but often have poor cyclic stability and rate capability.172-174   

 1.4.2.1.2 Alloy/De-alloy 

As in the case of LIBs, alloy-based anodes exhibit some of the highest theoretical capacities 

to date.  Unfortunately, the ultra-high capacity of silicon can’t be replicated due its inactivity with 

the Na+ ion. As an alternative, Indium has been explored but has only reached a capacity of ~100 

mAh g-1.175  Sn and Ge have been heavily researched owing to their high theoretical capacities of 

847 and 369 mAh g-1.176-177  However, the high cost, sluggish kinetics and poor cycling stability 

have proven to be problematic. Among all the alloy-based anodes, phosphorous has the highest 

theoretical capacity of 2596 mAh g-1.174  However, its low electrical conductivity (1 x 10-14 S cm-

1) limits its high-power capability. Antimony (Sb) is one of the more promising with a theoretical 

capacity of 660 mAh g-1.178  Despite the progress, large volume expansion continues to be a hurdle 

for the SIB community.   

 1.4.2.1.3 Metal Oxides 

Metal oxides store Na+ ions through conversion reactions and have become of interest in 

recent years owing to their low cost.  They fall into one of two categories according to the 

electrochemical activity of the metal.168  The first category contains electrochemically inactive 

metals such as Fe, Co, Ni, Cu, Mn, and Mo, where the metal oxides react with Na+ ions through a 

one-step conversion reaction shown in Schematic 1.9.  

MOx +  2xNa+ +  2xe−  ↔  xNa2O + M 

Schematic 1.9 
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Iron oxide (Fe2O3) has been of great interest owning to its ultra-high theoretical capacity (1007 

mAh g-1).179  Spinel NiCo2O4 and CuO have recently been investigated not only for their high 

theoretical capacities (890 and 674 mAh g-1, respectively) but rather for their relatively high 

electrical conductivities (0.1 - 1.0 S cm-1) which makes them much more suitable for high-power 

applications.180-181  Titanium oxides such as TiO2, Na2Ti3O7, Na4Ti5O12, Li4Ti5O12, and Na2Ti6O13 

have also been explored due to their nontoxicity, low operating voltage, low strain and excellent 

cyclability.182  However, the performance depends on their morphology, as well as electrolyte and 

binder composition.  Moreover, due to the low number of Na+ ion storage sites, capacity is often 

limited to below 200 mAh g-1.  Other metal oxides such as Co3O4, NiO, MoO3, and MnOx have 

also been investigated, however, their capacities rarely reach above 500 mAh g-1.183-186 

For higher capacity, category two metal oxides with electrochemically active metals such 

as Sn and Sb have been explored.168  Here, metal oxides first react with Na+ via a conversion 

reaction (schematic 1.9) followed by an alloying reaction as shown in Schematic 1.10. 

M +  yNa+ + ye−  ↔  NayM 

Schematic 1.10 

SnO2 and Sb2O3 have been extensively studied owing to their theoretical capacities of 782 and 

1102 mAh g-1, respectively.187-188  Despite the higher capacity retentions, the high-volume 

expansion associated with alloying has been proven to be problematic  

 1.4.2.1.4 Metal Sulfides 

Layered metal sulfides (MSx) such as MoS2, SnS2, SnS, WS2 and TiS2 have been 

investigated as potential anodes owing to their large interlayer spacing which can accommodate 

the Na+ ion.168  The large interlayer spacing originates from the orientation of the metal and sulfur 

atoms where the metal atoms (M) are sandwiched between two sulfur layers (S).  A strong covalent 
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bond exists between the M-S interactions, while weak van der Waal interactions hold together the 

S-M-S single-layers.168  Among them molybdenum disulfide (MoS2) has been the most widely 

studied.   The mechanism of Na-MoS2 formation occurs through a two-step process as shown in 

Schematic 1.11: 

1) MoS2 + xNa++ xe−  ↔  NaxMoS2 (x < 2) 

2) NaxMoS2 + (4 − x)Na++ (4 − x)e−  ↔  2Na2S + Mo 

Schematic 1.11 

The Na+ ion first intercalates into MoS2 to form an intermediate (NaxMoS2), which decomposes to 

Na2S and Mo through a conversion reaction.189  It should be noted that a similar mechanism is 

proposed for all the layered MSx. Unfortunately, the second step usually causes severe volume 

expansion and sluggish kinetics for Na+ intercalation which results in rapid capacity fading.    To 

overcome this issue the second step can be restricted by limiting the cut voltage to ~0.4 V vs 

Na/Na+.  However, this strategy often limits the available capacity to ~300 mAh g-1.190  The 

synthesis of unique MoS2 architectures and the incorporation of carbon additives have allowed the 

low voltage limit to be extended to 0.01 V vs Na/Na+ with stable capacities of 600 mAh g-1.191      

 1.4.2.2 Cathodes 

Like LIBs, the cathode continues to be the bottleneck for SIBs with respect to the low 

capacity compared to many of the proposed anodes.  The success of CoO2 is yet to be replicated 

in SIBs, however, research has shown some promising results.191  Most of the cathode proposed 

currently being investigated fall into one of three groups; 1) polyanionic compounds, 2) metal 

hexacyanometalates and 3) metal oxides.192   
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 1.4.2.2.1 Polyanionic Compounds 

Polyanionic compounds have been pursued extensively as Na+ ion intercalation cathodes 

owing to their structural diversity, stability and high operating voltages which are crucial for future 

technologies.192  Olivine NaFePO4 has been one of the most pursued owing to the success of its 

LiFePO4 analogue and its high theoretical capacity of 154 mAh g-1.193 NASICON Na3V2(PO4)3 is 

another phosphate compound that has been investigated owing to its unique ion-diffusion channels, 

however, theoretical capacity is limited to 117 mAh g-1 since only two thirds of the Na+ ions can 

be extracted below 4.5 V (vs Na/Na+).194 Pyrophosphates such as Na2MP2O7 (M = Fe, Co, Mn) 

and Na4M3(PO4)2P2O7 (M = Co, Fe) have been of interest owing to their structural diversities 

which offer different advantages in terms of thermal stability and Na+ ion accessibility.195-196  

Fluorophosphates such as Na2MPO4 (M =Fe, Co, Mn) and Na3(VOx)2(PO4)2F3-2x (0 ≤ x ≤ 1) as 

well as sulfates like Na2Fe2(SO4)3 have also been investigated owing to their relatively high 

operating voltages which is advantageous for high energy density.197-199  However, despite the 

advantages of polyanionic compounds, the practical capacities are often limited to below 100 mAh 

g-1 which currently hinder their applicability in future technologies.    

 1.4.2.2.2 Metal Hexacyanometalates 

Metal hexacyanometalates have been of interest owing to their rigid open framework with 

interstitial sites suitable for Na+ ion accommodations and simple synthesis with nontoxic 

precursors which is required for large scale production.   Hexacyanometalates can be categorized 

into two kinds, KM[Fe(CN)6] and NaxM[M’(CN)6].
192  In the KM[Fe(CN)6] group, KFe[Fe(CN)6] 

also known as Prussian Blue has been of interest owing to its high operating voltage and theoretical 

capacity 126 mAh g-1.200  Other metals (M = Mn, Ni, Cu, Co, and Zn) have been substituted for 

the Fe with achievable capacities ranging from 50 – 100 mAh g-1.201  NaxM[M’(CN)6] on the other 
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hand is a Prussian Blue analogue that can reach a high theoretical capacity of 170 mAh g-1 [based 

on Na2FeFe(CN)6].
202  Several other analogues such as NaxMn[Fe(CN)6] and NaxCo[Fe(CN)6] 

have also been pursued.203 Moreover, Na2Mn[Mn(CN)6] has been shown to provide a high capacity 

of 209 mAh g-1, however rapid capacity fading ensues likely due to Mn dissolution.204  Despite the 

efforts, most of the reported metal hexacyanometalates based SIB cathodes rarely reach above 120 

mAh g-1 which is not suitable for practical applications.     

 1.4.2.2.3 Metal Oxides 

Transition-metal oxides have attracted a lot of interest owing to their controllable synthesis 

and high electrochemical activity.  Among them single-metal layered oxides such as NaxCoO2 and 

NaxMnO2 have been considered.  NaxCoO2 was once considered a potential cathode owing to its 

good ionic diffusivity and the success of it analogue LiCoO2.
205  However, electrochemical 

performance is still far from satisfactory with practical capacities rarely reaching 100 mAh g-1.206  

On the other hand, NaxMnO2 appears to be more attractive owing to its low cost and high 

theoretical capacity of 243mAh g-1.207 However, structural collapse has been a major drawback.  

NaFeO2 is of interest owing to the abundancy of iron and the highly active Fe4+/3+ couple, but 

stability above 3.5V (vs Na/Na+) still limits its applicability.208  Several other single-metal oxides 

such as NaCrO2 and NaNiO2 have been investigated which show promising results.209-210  As 

standalone cathodes, these materials show promising results but with some major drawbacks.   

However, to capitalize on the synergistic contributions each of these metals offer, multi-metal 

oxides such as Na[NixMny]O2, Na[NixMnyCoz]O2 and Na[NixMnyFez]O2 have been 

investigated.192   Tradeoffs between high capacity, high voltages, and stability can all be modulated 

by varying the composition of each of the metals. 
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 1.4.2.2.4 Vanadium Pentoxide 

Among the metal oxides, V2O5 has been investigated as a potential SIB cathode owing its 

low cost, low toxicity, high electrode potential in lithium-extracted state (up to 4.0 V) and 

accessible layered structure for ion insertion.124  It has been reported that V2O5 can achieve a 

theoretical capacity of 236 mAh g-1 (NaxV2O5 (x~1.6)).211  Orthorhombic V2O5 has an interlayer 

d-spacing of 4.4 Å and has been the gold standard for LIB research.  Su et al. achieved an insertion 

capacity of 230 mAh g-1 in the first cycle at a rate of 20 mA g-1, however, capacity dropped to 159 

mAh g-1 in the second cycle.212 Despite the moderate success, the small d-spacing results in 

structural collapse leading to rapid capacity fading.  On the other hand, bilayered V2O5 is reported 

to have a d-spacing of ≥10 Å which is much more suitable for Na+ insertion.213-214  Tepavcevic et 

al. achieved a reversible insertion capacity of 250 mAh g-1 with significantly improved cycling 

stability.215  Several reports have suggested that amorphous V2O5 can outperform crystalline due 

to the disordered nature of the lattices which can aid in pseudocapacitive contribution.216-218  

 1.5: Techniques in Optimizing Faradaic EES Performance 

One of the major emphases in research has been to improve the charge-discharge rates for 

high-power applications.  To achieve high rates two major issues that need to be addressed are 1) 

poor ion diffusion coefficients (Do) and 2) low electrical conductivities of electrode materials. 

 1.5.1 Ion Diffusion Coefficient 

Many of the proposed electrodes are plagued with poor Do which is defined as L = (Dot)
1/2 

where L is the length of diffusion and t is the time required to diffuse through the respective length.  

Thus, a smaller Do results in longer charging and discharging duration.  Tables 1.1 and 1.2 list the 

Li+ and Na+ diffusion coefficients of many of the commonly proposed materials with the diffusion 

lengths achieved in 60 and 10 seconds. 73, 159, 219-225 
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 Li+ diffusion (cm2 s-1) Dif. Length 1 min (Li+) Dif. Length 10 Sec (Li+) 

MnO2 3 x 10-10 1341 nm 547 nm 

V2O5 10-12─10-13 75-25 nm 32-10 nm 

VO2 10-9─10-10 2450-775 nm 1000-316 nm 

TiO2 (3-5)x10-15 4.24 – 5.48 nm 1.73 – 2.24 nm 

Si (5-7) x10-11 548–648 nm 224–265 nm 

LiFePO4 (0.024-2.2) x10-13 3.83–36.4 nm 1.56–14.9 nm 

LiCoO2 10-9–10-8 2450 – 7750 nm 1000 – 3160 nm 

Fe3O4 7.15x10-14 20.71 nm 8.46 nm 

SnO2 (3-5)x10-6 (1.3-1.7)x105 nm (5.5-7.1)x105 nm 
Table 1.1 Li+ diffusion coefficients values of various electrode materials 

 Na+ Diffusion (cm2 s-1) Dif. Length 1 min (Na+) Dif. Length 10 Sec (Na+) 

MnO2 5 x 10-10  1732 nm 707 nm 

V2O5 (9-0.05) x10-12 232-11 nm 95-7 nm 

NaFePO4 10-14 7.75 nm 3.2 nm 

Table 1.2 Na+ diffusion coefficients of values of various electrode materials 

To overcome low Do, the synthesis of low-dimensional nanostructures such as nanorods, 

nanofibers, nanoribbons, nanobelts, nanowires, nanosheets, nano/microspheres, nanoflowers, and 

3D porous nanosheets assembly has been employed. This strategy increases the overall SSA and 

provides short diffusion pathways for Li+ and Na+ ions, which in turn offers more 

electrochemically active sites for enhanced performance.  Low-dimensional nanostructures can 

also partially relieve any large lattice strain during the phase transition processes of many materials 

which significantly extends the battery life.  However, the poor electrical contact between the 

nanoparticles becomes a dominant factor that limits the power rate capabilities.  

 1.5.2 Electrical Conductivity   

In conjunction with low Do, the electrical conductivity of many of the proposed electrode 

materials further inhibits any real high-power applicability.  The reported electrical conductivity 

values for some common electrode materials are listed in Table 1.3.72-73, 222  

 MnO2 V2O5 TiO2 Si LiFePO4 LiCoO2 Fe3O4 SnO2 
Conductivity 

σ (S cm-1) 10-5 – 10-6 10-3 – 10-5 10-10 1.56 x 10-5 10-7–10-10 ~10-3 102 10-3 
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Table 1.3 Electrical conductivity values for common electrode materials 

It is clear as to why LiCoO2 has had a lot of success in commercialized LIBs when you 

compare its values in Tables 1.1 and 1.3 with other electrode materials.  Unfortunately, many of 

the other electrode materials still fall into either the semiconductor or insulator range as shown in 

Figure 1.9. 

 

Figure 1.9 Electrical conductivity comparison for various materials. (Adopted from 

Kazimierz Conder, Paul Scherrer Institute) 

The incorporation of low dimensional conductive carbon allotropes such as MWCNTs, 

graphene, and rGO has been the avenue for many of the proposed electrodes.67, 179, 226   The addition 

of these conductive allotropes enhances the electrical conductivity throughout the electrode by 

providing electrical pathways to and from the active material.  Moreover, these additives also 

prevent aggregation between the active particles leading to long battery life.  An in-depth 

discussion covering the synthesis of low dimensional nanostructures and the incorporation of 

carbon additives for all the electrode materials previously discussed is beyond the scope of this 

thesis.  Instead we opt to focus on several synthetic strategies for carbon additive in section 1.5.3 

and current state-of-the-art core-shell structures in section 1.5.4.  
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 1.5.3 Addition of Carbon Additive Strategies 

The addition of carbon additives has been the gold standard for overcoming the low 

electrical conductivity.  Here three techniques used to synthesize carbon additives-active material 

composites include; 1) simple mixing, 2) hydrothermal synthesis, and 3) microwave-assisted 

synthesis are briefly discussed. 

 1.5.3.1 Simple Mixing 

The simple mixing of active nanoparticles and carbon additives was one of the first 

techniques to show significant improvements in battery performance. Here, mass percentages of 

60-90% active material, 5-35% carbon and 5-15% binder (PVDF) are mixed together in an organic 

solvent (usually N-Methyl-2-pyrrolidone(NMP)) and casted onto a metal current collector.  The 

resulting slurry is then dried in a vacuum oven for 12 to 24 hours.  It is considered the easiest and 

perhaps the quickest method for composite formation. However, the poor electrical contact at the 

active nanoparticle-carbon interface still limits their ability to reach desired power rates.    

 1.5.3.2 Hydrothermal Methods 

To improve the electrical contact at the interface hydrothermal synthesis has been 

employed to grow single crystals directly (active material) on the carbon surface.  Here, rGO has 

been used extensively due to the broken carbon bonds and function groups on the basal plane of 

the graphene sheet.  Synthesis is done at high temperatures in a stainless-steel autoclave under 

pressure through a conduction process and has been accomplished in both organic (solvothermal 

synthesis) and aqueous solutions. Pandey et al. showed improved battery and electrochemical 

capacitor performance with near theoretical capacity using a two-step hydrolysis of vanadium 

oxytriisopropoxide (VTIP) in isopropyl alcohol onto rGO sheets.67  Despite the success, synthesis 

often requires up to 18 hours to complete which makes it unsuitable for large scale production.  
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Moreover, the resulting product often needs to be mixed with a conductive additive (carbon black 

or super p) and a binder in NMP and casted onto a current collector as describe in section 1.5.3.1.        

 1.5.3.3 Microwave-Assisted Synthesis 

Microwave-assisted synthesis is a modern technique that is used to synthesize inorganic 

nanoparticles such as nanorods and quantum dots.  Traditionally, solvents with strong microwave 

absorption capabilities (represented by a value of loss tangent [tanδ]) in the range of 0.25 – 1.25 

tanδ are heated up rapidly by microwave radiation which provides the energy needed to drive the 

synthesis of the nanoparticles from added precursor(s).227    For EES purposes, low absorbing 

solvents are used in conjunction with strong microwave absorbing carbon additives in the range of 

0.5 – 1.0 tanδ which can drive the synthesis of the nanoparticle growth directly on the surface.  

The synthesis requires several minutes to complete which is a huge leap forward for large scale 

production.  However, microwave-assisted deposition is still in its infancy and many parameters 

still need to be investigated before any real applicational uses can be considered. 

 1.5.4 Core-Shell Structures 

Core-shell structures are defined as structures with an inner core that have one or more 

shells or outer layers of a different material surrounding it. Recently they have become state-of-

the-art for EES research owing to their high-power capabilities.  Though numerous strategies have 

been employed for many of the electrode materials previously discussed, we can place all of them 

into two broad categories.   In the first category, the active materials are coated with a thin 

conductive shell such as carbon or a conductive polymer. Liu et al. reported a yolk-shell design 

with a carbon coating on Si nanoparticles that reached a Li+ ion insertion capacity of ~2800 mAh 

g-1 at a rate of 0.1C.228  The yolk-shell like core-shell structure allowed the Si nanoparticles to 

expand during lithiation without severe structural collapse as illustrated by the 74% capacity 
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retention after 1000 cycles.   Wang et al. reported a LiFePO4-carbon nanocomposite core-shell that 

achieved a capacity of 90 mAh g-1 at a rate of 10 A g-1 or about 60C further illustrating the high-

power performance.229  Chao et al. reported a V2O5-conductive-polymer core-shell nanobelt array 

that achieved a capacity of ~300 mAh g-1 at 1C which dropped to 115 mAh g-1 at an ultra-high rate 

of 80C.230  However, these strategies have several drawbacks; 1) a reduction in the available 

surface area of the active material, 2) a large EDLC contribution from the outer shell which can 

be beneficial but exaggerates the true charge storage capacity if the mass of the outer shell is not 

considered, and 3) the electrical connection between the nanoparticles is likely quite poor and often 

requires a conductive additive and binder as previously discuss.  These drawbacks can be 

overcome in the second category where the core-shell approached is reversed, hence a conductive 

core with an active shell.  Here only the outer shell is exposed to the electrolyte with minimal 

contribution from the inner core which can provide a more reliable assessment of the material 

properties.  More importantly, this strategy allows for the coating on continuous carbon networks 

as shown by Chen et al. where V2O5 was deposited onto a MWCNT sponge like network which 

achieved a high areal capacity of 1300 µAh cm-2 at a rate of 1C.231  Here, we will only focus on 

electrospun carbon nanofibers and vertically aligned carbon nanofibers in sections 1.5.4.1 and 

1.5.4.2, respectively, which are vital to this thesis.   

 1.5.4.1 Electrospun Carbon Nanofibers 

Electrospun carbon nanofibers (CNFs) are cylindrical shaped allotropes with a high-aspect ratio; 

diameters varying from 50-500 nm and lengths ranging from 1-1000 µm. The internal structure is 

composed of different modified graphene sheet arrangements varying from disordered to hard 

carbon.232  CNFs are synthesized using various electrospinning methods to form self-supported 

membrane networks.  Briefly, polymers such as polyacrylonitrile (PAN) are dissolved in an 
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organic solvent and loaded into a syringe.  A high voltage (≥ 10 kV) is applied between the syringe 

needle and the collector which pulls the polymer out to form a Taylor cone.  The polymer string 

flows from the end of the cone which spins through the applied field until it is deposited onto the 

rolling current collector. The resulting polymer membrane is thermally stabilized in air followed 

by carbonization at a high temperature (≥1000 °C) under nitrogen, forming a continuous CNF 

network. SEM images of bare CNFs at low (a and b) and high (c and d) magnification are shown 

in Figure 1.10. 

 

 1.5.4.2 Vertically Aligned Carbon Nanofibers 

Vertically aligned carbon nanofibers (VACNFs) are a special type of MWCNT with a high-

aspect ratio comprised of small graphene cups or cones (ranging from 100 to 300 nm in diameter) 

stacked on top of one another forming a fiber-like structure.233  The cup shaped form is referred to 

as “bamboo-like structures” while the cone shaped is referred to as herringbone (or fishbone). 

VACNFs are grown on a nickel coated (catalyst) conductive substrate using a DC-biased plasma 

chemical vapor deposition (PECVD) procedure.234 Fiber height is controlled by growth time and 

typically ranging from 3-10 µm.  A schematic of bamboo and herringbone VACNFs along with 

SEM and TEM images of bare fibers are presented in Figure 1.11.  

Figure 1.10 Low (a and b) and high (c and d) magnification SEM images of bare CNFs 
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Figure 1.11 A schematic of bamboo a) and herringbone b) VACNFs.  SEM image of bare 

VACNFs c), and a TEM of a bare VACNF d).  (Reprinted with permission from ACS Appl. 

Mater. Interface 2014, 6, 6865-6871) 

VACNFs are unique in the fact that the side walls are composed entirely of graphitic carbon 

containing numerous dangling bonds which allows for coating without the need of activation or  

etching. Moreover, the dangling bonds allow for a good electrical connection at the fiber-shell 

interface.  They are an ideal substrate for core-shell structures owing to their high electrical 

conductivity, large surface area, and robustness. In addition, the fibers are well separated from one 

 

Figure 1.12 An illustration demonstrating the advantage of VACNFs with active material 

casted as a thin film a), grown as vertically aligned wires b), and deposited on VACNFs c). 

another on the order ~100-400 nm when grown as a random array which allows for a wide variety 

of deposition techniques to be employed.  The illustration in Figure 1.12 demonstrates the 

advantage of VACNFs with a low surface area film (a), high surface area vertical nanowires with 

poor electrical conductivity (b), and a high surface area film coated on the VACNFs with Mn+ 

representing ions (Li+ or Na+) in solution. 

Previously we deposited Si on VACNFs to form a core-shell structure to be used as an 

anode in LIBs.150-151  The large separation between the fibers allowed the volume expansion 
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associated with Si to occur. MnO2 has also been deposited using both electrochemical and vapor 

phase deposition techniques for pseudocapacitive applications.72, 235  Here we deposit Al2O3 as a 

dielectric material for high energy electrostatic capacitors and V2O5 as a cathode for both LIB and 

NIBs.   

 1.6: Deposition Techniques for Core-Shell Structures 

One of the major challenges in constructing core-shell structures is the choice of an 

appropriate deposition technique.  Several things need to be considered such as material cost, time 

required for deposition, deposition uniformity and scalability.  There are numerous deposition 

techniques that can be employed, however, the choice depends on the nature of the core substrate 

and the desired application.  Here we briefly discuss the techniques used in the following chapters.  

 1.6.1 Vapor Phase Deposition  

Vapor phase deposition techniques are classified as either physical vapor deposition (PVD) 

or chemical vapor deposition (CVD).  PVD is characterized as a high vacuum deposition where 

the target (desired material for deposition) is in a condensed phase that goes to a vapor phase then 

back to a condensed phase in the form of a thin film on a substrate. In CVD one or more precursors 

either react or decompose on the substrate surface to form a thin film.  Here we briefly discuss two 

PVD techniques (ion sputtering and pulsed laser deposition) and one CVD technique (atomic layer 

deposition).  

 1.6.1.1 Sputtering  

In a typical sputtering process, a voltage is applied between the target material (cathode) 

and the substrate (anode).  An inert gas such as argon is introduced to the system at a pressure of 

~0.1 Torr.  Using an external power source, the argon atoms are ionized to create a plasma.  

Depending on the conductivity of the target material, DC and RF sources are used for metals and 
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dielectrics, respectively.  The Ar+ ions are accelerated toward the target causing atoms to be 

sputtered off.236  Some of these atoms will deposit on the substrate as shown in Figure 1.13a.  In 

reactive ion sputtering, a reactive gas such as oxygen is introduced to the chamber to react with 

ejected target atoms to form an oxide materials such as metal oxides as shown in Figure 1.13 (b). 

Ion sputtering has several advantages over other PVD techniques such as low cost and higher film 

uniformity.   

 

 1.6.1.1 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a PVD technique that uses a high-power pulsed laser beam 

to eject target atoms for deposition.  Briefly, the target material is evaporated when the laser pulse 

is absorbed through a series of energy conversion steps where the energy is first converted to 

electronic excitation and then into thermal, chemical and mechanical energy resulting in 

evaporation, ablation, and plasma formation or plume.  The plasma plume containing many 

energetic species such as molecules, atoms, electrons, ions and molten globules is deposited 

directly onto a heated substrate as shown in Figure 1.14.237  This process can be done in an ultra-

high vacuum or in the presence of a gas such as oxygen for metal oxide deposition.     

Figure 1.13 Schematic of ion sputtering a) and reactive ion b) 
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Figure 1.14 Schematic of a Pulsed Laser Deposition Setup 

 1.6.2.1 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a CVD technique where atomic scaled layers can be 

deposited.  Briefly two gases enter the deposition chamber one at a time.  The first gas will either 

chemically or physically bond to the substrate surface depending on its nature.  Once full coverage 

is achieved, the excess gas is pumped out.  The second gas is then introduced where it chemically 

bonds to the gas molecules on the surface to form a single atomic layer.  Excess gas along with 

any byproducts is pumped out.  The process is repeated for every atomic layer; hence thickness is 

controlled by the number of deposition cycles.238  ALD has several advantages such as: 1) 

deposition is self-limiting where only one atomic layer can be deposited at a time, 2) film thickness 

is controlled, and 3) conformal deposition can be achieved over uneven topography.  However, the 

major drawbacks are the time required to complete deposition, thus it is limited to ultrathin films.     

 1.6.2 Electrochemical Deposition 

Electrochemical deposition or electrodeposition (EDP) covers a broad range of deposition 

techniques such as electroless deposition and electroplating.  Electroless deposition dates back 

over 2000 years, where decorative gold plating was done, which occurs when a copper surface is 
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exposed to gold ions.239  More recently electroplating has become a common technique for coating 

thin metal films onto an electrode surface.  Briefly, a cathode is electrically connected to an anode 

whose composition is made up of the metal to be coated.  Both are immersed in an electrolyte 

containing one or more dissolved metal salts as well as other ions that permit the flow of electricity. 

An external power supply directs current to the anode, oxidizing the metal atoms that it comprises 

allowing them to dissolve in solution.   The dissolved metal ions are reduced or “plated out” at the 

surface-electrolyte interface of the cathode forming a film thin.  The most common form of 

electroplating is used for creating pennies, which are small zinc plates covered in a layer of 

copper.240  More modern techniques utilize non-consumable anodes such as platinum and stainless 

steel as current sources in a three-electrode setup to drive the electrochemical reaction onto a 

substrate using ions in solution. EDP has the advantage of offering control over film uniformity, 

however, the mass to be deposited is limited to the concentration of the electrolyte solution.  

Moreover, EDP offers several advantages such as low cost (no vacuum system) and accomplished 

at low temperatures.  However, the EDP of complex films such as superlattices and perovskites is 

still in its infancy; limiting deposition to simple films such as metals, polymers, and metal oxides.   

 1.6.2.1 Amperometry 

Amperometry is a EDP technique where the potential is fixed and the current response is 

measured as a function of time as shown in Figure 1.15.  In a three-electrode setup the voltage can 

either be positive or negative with respect to the reference electrode to drive either a reduction or 

oxidation at substrate surface.241  One of the advantages of this technique is that mass of the 

deposited film can be estimated using Equation 1.6: 

𝑛𝑎 =  
1

𝑛𝐹
∫ 𝑖𝑑𝑡

𝑡

𝑡=0

 

Equation 1.6 
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where na are the moles of analyte deposited, n is the number of electrons transferred in the reaction, 

F is Faraday constant, t is the deposition time, and i is the measured current response.  Moreover, 

the duration of the deposition is often quite short depending on the conductivity of the deposited 

material and the desired film thickness.   

 

Figure 1.15 A schematic of an amperometric curve with a current response measured as a 

function of time 

Despite the advantages, this method is often inadequate for the formation of many core-

shell structures.  For example, substrates such as VACNFs and CNF membranes have many voids 

and uneven topographies where unwanted pH gradients and electrolyte depletion in localized areas 

disrupts deposition.  After a short duration, a thick film will form on top of the VACNFs (as 

opposite to around individual fibers) or on the outside of the CNF membrane leaving most of the 

interior bare, thus limiting the method to flat substrates. 

 1.6.2.2 Pulsed Electrodeposition  

Pulsed electrodeposition can be employed for core-shell formation where two different 

voltages designated as “on” and “off” are applied.  The “on” voltage is the potential required for 

deposition to occur, while the “off” voltage terminates deposition and is usually set at either 0V or 

open circuit potential (OCP).235  The cycling between the two potentials allows for the deposition 

to occur in between pulses as shown in Figure 1.16.  
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Figure 1.16 a) A schematic of a 60-cycle pulsed electrodeposition with a 10 second on time 

and a 20 second off time. The first 300 seconds are expanded in b) to clearly show the pulses. 

A short “on” time allows for a thin layer to be deposited along the core structure.  A longer “off” 

time allows for any unwanted concentration gradients to dissipate while replenishing localized 

areas with fresh electrolyte.  Once completed, the system is ready for the next cycle.  The technique 

has been shown to be beneficial for several core-shell structures.  However, potential drift in the 

reference electrode remains a concern and care must be taken for long durations.   

 1.7 Teflon and Coin Cell Assembly for Electrochemical Characterization 

Testing cells for electrochemical characterization can be assembled either in the open 

atmosphere or in an inert system depending on the nature of the electrolyte.  Aqueous based EC 

cells are often assembled in the open atmosphere using apparatus such as Swagelok’s or various 

Teflon cells as shown in Figures 1.17a-c.   In a typical Swagelok (Figure 1.17a), a porous separate 

along with an electrolyte solution are sandwiched between two electrodes inside a hollow Teflon 

tube.  Two stainless steel caps are screwed onto each end of the Teflon tube holding the cell 

together. A two-electrode setup is used for characterization where no reference electrode is 

required.  Other Teflon cells utilize a three-electrode setup where the working electrode can be 

compressed at the bottom (Figure 1.17b) or inside (Figure 1.17c) depending on the design.  For 

the cell in Figure 1.17b the counter and reference electrodes are suspended in an electrolyte 
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solution inside the Teflon chamber above the working electrode.  The Teflon cell in Figure 1.17c 

is typically immersed in an electrolyte solution with counter and references electrodes suspended 

nearby.  It should be noted that these are just three of the many possible apparatus that can be used 

for aqueous based EC cells.  

For organic based electrolytes cells must be assembled inside an inert atmosphere due to 

the rapid degradation of the electrolyte in the presence of oxygen.  The Swagelok and Teflon cells 

can be utilized inside an inert atmosphere for characterization, however, it is often the case that 

the cells need to be tested outside of the enclosed environment.  For this purpose, coin or button 

cells (Figure 1.17d) are assembled inside a glove box prior to removal.  To limit the discussion, 

only LIB and NIB assembly will be discussed.  Briefly, working electrode disks of ~18 mm in 

diameter are placed in the bottom cap while anode disks (Li or Na foil) placed in the top cap.  A 

porous glass fiber separator is soaked in electrolyte and placed on top of the working electrode.  

The top cap is then inverted and placed on top.  The coin cell is then sealed using a hydraulic 

crimper shown in Figure 1.17e.  It should be noted that other cell designs such as the cylinder, 

pouch and prismatic cells can be used, but are beyond the scope of this discussion.  

 1.8: Characterization Techniques 

To evaluate the EES capability, electrochemical characterization techniques such as cyclic 

voltammetry (CV), galvanostatic charge discharge (CD), and electrochemical impedance 

Figure 1.17 Swagelok cell a), two different Teflon cell apparatus b) and c).  Coin cells d) 

and a hydraulic crimping press for coin cell assembly from MTI Corporation. 
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spectroscopy (EIS) are employed.  To conduct these techniques instruments such as potentiostats 

and bipotentiostat (single and multi-working electrodes) as well as multi-channel battery analyzers 

are used.  Several of the instruments shown in Figure 1.18 include a CHI Electrochemical 

Workstation a), Princeton Applied Research PARSTAT 2273 Advanced Electrochemical System 

b), Ivium-n-Stat Multichannel potentiostat c), and an MTI 8-Channle Battery Analyzer d).   

 

 1.8.1 Cyclic Voltammetry 

Voltammetry encompasses a wide variety of characterization techniques where a current 

response is measured by varying an applied voltage respect to time (scan rate) at the working 

electrode.  Common types of voltammetry include linear sweep (LSV), staircase, squarewave, 

stripping, differential pulse, and CV.  CV utilizes this technique by cycling the applied voltage 

between defined voltages where the analyte or electrode is repeatedly oxidized and reduced and 

the current responses are recorded.  Here, a repeated triangular waveform is applied at the working 

electrode as shown in Figure 1.19.  

Figure 1.18 Instruments used for testing include a) CHI Electrochemical Workstation from 

CHI inc, b) Princeton Applied Research PARASTAT 2273 Advance Electrochemical System, 

c) 8 channel Ivium-n-Stat Potentiostat, and d) 8 channel Battery Analyzer MTI cooperation. 
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Figure 1.19 A schematic of a triangular waveform for cyclic voltammetry 

  

 1.8.1.1 Capacitors (Electrostatic, EDLCs, Pseudocapacitors)   

The CV curve for an ideal capacitor can be described as boxed shaped curve with perfect 

corners at the high and low potentials where the voltage waveform is reversed as shown in Figure 

1.20a.  However, real capacitors have a RC time constant (τ) and when the waveform is reversed, 

rounding occurs as shown in Figure 1.20b.242  The rounding originates from two sources; 1) the 

voltage drop in real systems due to the contribution of the ESR, and 2) the time required for charge 

at the electrode surface to begin discharging.  For electrostatic capacitors, this rounding is often 

minimal due to a low ESR and the small charge storage capability.  However, this rounding often 

becomes much more dominating in ECs due to a higher ESR and a larger charge storage capacity 

as shown in Figure 1.20c.  The capacitance C, can be estimated using Equation 1.7 

𝐶 =  
𝑖𝑐 − 𝑖𝑑

2
∗ 𝑣−1 

Equation 1.7 

where ic and id are the current responses of the charging and discharge curves (usually at the 

midway point), respectively, and v is the scan rate.  It should be noted that Equation 1.3 only 

provides the true capacitance of an ideal capacitor, and the more the deviation from ideal behavior, 

the less reliable Equation 1.7 is.  For true capacitance, the CV curve can be integrated which is 

discussed in more detail in Chapter 3. 
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 1.8.1.2 Lithium and Sodium Ion Batteries 

For LIB and NIB, the CV curve is distinctively different as shown in Figure 1.20d.  Here, 

the insertion of Li+ or Na+ ions into crystalline materials results in a pair of oxidation and reduction 

peaks.  The curve in Figure 1.20d depicts the insertion and extraction involving a single-phase 

transition.  However, depending on the number of phase transitions, multiple pairs of insertion and 

extraction peaks can often be observed.  The capacity can be calculated by integrating the CV 

curves, however, these curves are often used as a qualitative assessment rather than a quantitative 

measurement. It should be noted that the incorporation of low dimension nanostructures provides 

a much larger SSA over that of traditional battery materials which results in more pseudocapacitive 

features.  Hence, there is often an overlap or a merge between the CV curves in Figure 1.20c and 

1.20d.  Moreover, nano sized amorphous materials have a much larger pseudocapacitance 

contribution than crystalline materials which results in many of the traditional peaks being 

superimposed, thus curves begin to appear as EC curves in Figure 1.20c.243  This phenomenon will 

be observed and discussed more thoroughly in Chapters 4, 5, and 6.   

 

Figure 1.20 A representative CV curve for an ideal capacitor a), a realistic CV curve for an 

electrostatic capacitor b), electrochemical capacitor c), and crystalline electrode materials 

for secondary batteries d). 
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 1.8.2 Chronopotentiometric Galvanostatic Charge-Discharge 

In galvanostatic charge-discharge (CD) a fixed current is applied to the working electrode 

to charge or discharge the system until a set potential is reached.  Once the potential limit is 

reached, the current is reserved and the opposite process occurs.  The slope of the curve is governed 

by the amount of charge that can be stored per volt (i.e. capacitance). A cycle is accomplished 

once a full charge and discharge process is completed.  The applied current must be chosen 

carefully as it depends on either the SSA (in electrostatic capacitors) or the mass (in ECs, LIBs, 

and NIBs) of the electrode.   

 1.8.2.1 Capacitors (Electrostatic Capacitors and ECs)  

The CD curve for an ideal capacitor can be described as a perfectly linear line extending 

the entirety of the fixed potential range as shown in the charging (solid blue line) and discharging 

(dashed blue line) curves in Figure 1.21a.  However, the voltage drop in real capacitors causes a 

drop in the curve when the direction of the current is reversed as indicated by the bracket in Figure 

1.21b.  In electrostatic capacitors, the drop is quite small due to the low ESR, whereas in ECs its 

more dramatic drop.  As previously mentioned pseudocapacitors are not true capacitors and only 

mimic the performance. Thus, the CD curves will only have some small curvatures or plateaus due 

to ion insertion at the electrode surface as shown in Figure 1.21c. The capacitance C, can be 

calculated using Equation 1.8 

𝐶 =  
𝑖 ∗ 𝑡

𝑉
 

Equation 1.8 

where i is the applied current, t is the time required to complete a charge or discharge cycle, and V 

is the voltage range.  Several things to note: 1) the capacitance is only calculated with either the 

charging or discharging curve, and 2) the voltage drop (V1) can be accounted for by subtracting it 
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from the voltage window (V) to give a corrected voltage range (V*) where (V* = V - V1).  As 

previously stated the applied current is important. In electrostatic capacitors, the surface area 

dictates the current and the normalized the applied current ranges from 1 to 100 µA cm-2.   Though 

ECs can be normalized by the surface area, mass specific current is typically used with a current 

range of 1 to10 A g-1.  It should be noted that these ranges are commonly seen throughout literature.  

With state-of-the-art core-shell structures, higher applied currents can be used.  

 1.8.2.2 Lithium and Sodium Ion Batteries  

The CD curves for LIB and NIB are described as long flat plateaus due to the slow ion 

insertion mechanisms in crystalline materials as shown in Figure 1.21d.   The voltage at which the 

plateau arises is dependent on the insertion potential.  Charge storage is calculated by multiplying 

the applied current (in the unit of mA) by the time required to complete one charge or discharge 

cycle.  For battery purposes, the time is converted to hours and capacity is determined by 

normalizing the charge storage with the electrode mass to give mAh g-1.  Owing to low Do, the 

applied current is significantly lower than ECs with a range of 10 to 1000 mA/g.  Recently this 

range has been extended to 10 A g-1 in several reports owing to the improved electrical conductivity 

of the electrode material. The incorporation of low dimensional crystalline materials has resulted 

in a merge between the curves in Figure 1.21c and d.  Moreover, amorphous materials nearly 

resemble the curve seen in Figure 1.21c due to the lattice disorder of the electrode material.    
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Figure 1.21 Representative CD curves for an ideal capacitor a), realistic CD curves for an 

electrostatic capacitor b), ECs c), and crystalline materials for secondary batteries d). 

 1.8.3 Electrochemical Impedance Spectroscopy  

So far resistance has only been discussed as a linear property governed by Ohms Law (V 

= IR) as shown in Figure 1.22a.  In real electrochemical systems, a complex nonlinear resistance 

or impedance is encountered when current flows through a circuit as shown in Figure 1.22b.  

Electrochemical Impedance Spectroscopy (EIS) is used to probe the electrochemical features of 

electrode materials to understand reactions rates, insertion mechanisms, measure the impedance 

and model complex systems as a simple circuit.242  Briefly, a sinusoidal potential wave is applied 

to the system and the responding current wave is measured.  Though the impedance is nonlinear, 

it’s expected that at a small potential the system does behave linearly as shown in the insert in 

Figure 1.22 b.  Thus, the amplitude of the applied potential wave is usually kept below 15 mV.  By 

measuring the phase shift of the responding current wave and using a Euler equation, a real and 

imaginary resistance (or impedance) is determined.  However, to model the electrochemical 

system, the potential wave is applied at various frequencies and the resulting resistances are plotted 
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in what is called a Nyquist plot shown in Figure 1.22c.  Here each point represents the real (x-axis) 

and imaginary (y-axis) resistance at a single frequency.  Using advanced computer software, the 

shape of the Nyquist plot can be modeled as a simple circuit.  In an ideal capacitor, the shape 

would be a straight-line right along the y-axis.  However, real systems have an x-intercept (Rs) at 

the high frequency range originating from the ESR.  The semicircle originates from charge transfer 

resistance (Ret) which can be minimized using nanosized particles and conductive cores.  The 

Warburg diffusion element (Zw) at the low frequencies can be used to study mass transport 

phenomena.  It should be noted that the Nyquist plot in Figure 1.22c is a simple plot and depending 

on the design and type of electrochemical system, the shape of the plot can vary dramatically.   An 

in-depth derivation of EIS is beyond the scope of this discussion, but the brief description above 

should provide enough details for the following chapters.  

 

Figure 1.22 A representative I-V curve governed by Ohms Law a), and for a real 

electrochemical system b).  A representative Nyquist plot for an electrochemical system c). 
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Chapter 2 - Atomic Layer Deposition of Al-Doped ZnO/Al2O3 Double 

Layers on Vertically Aligned Carbon Nanofiber Arrays 

 2.1 Introduction 

 Three-dimensional (3D), carbon-based nanostructures have unique advantages for energy 

applications due to their desirable electrical properties, large surface-to-volume ratio, low specific 

mass, and relatively large abundance.244-246 Among the 3D, carbon-based nanostructures, VACNFs 

grown on conductive substrates provide an ideal 3D electrode that are most desirable for many 

energy device applications including dye-sensitized solar cells247, hybrid supercapacitors235, and 

lithium-ion batteries.150 The VACNFs can be easily grown to tens of microns in length, vary from 

50 to 150 nm in diameter (~100:1 aspect ratio), and have an areal density of 109 CNFs/cm2 

providing a significantly enhanced electrode surface area.  

  Conformal coating of functional materials on VACNF arrays is required for applications 

that take advantage of the large surface area.  However, for high aspect ratio vertical structures, 

conformal coating can be quite challenging due to shadow effects from most deposition 

techniques.  ALD provides an ideal method for solving this problem.  In particular, ALD allows 

atomic-scale thickness control of the conformal coating due to its self-terminating, layer-by-layer 

growth mechanism.248  Progress has been made recently in coating 3D structures using ALD.  For 

example, Banerjee et al. reported successful ALD coating of anodized aluminum oxide (Al2O3) 

nanotubes with a 200:1 aspect ratio in order to fabricate TiN/Al2O3/TiN metal-insulator-metal 

capacitors.12  In addition, Kemell et al. utilized ALD to conformally coat Si micropores with a 

25:1 aspect ratio in order to fabricate Si/Al2O3/Al-doped ZnO (AZO) capacitor arrays.15 The 

atomic-scale thickness control provided by ALD in these examples was advantageous in achieving 
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extremely thin dielectric layers on the order of several nanometers as illustrated by the high 

capacitances reported. 

  ALD is a chemical process and requires well-defined surface functional groups for atomic 

layer nucleation during alternating exposures of chemical precursors.  When these functional 

groups are not readily available, such as the case with carbon nanotubes (CNTs) that have 

chemically inert sidewalls249, ALD coating cannot be carried out unless the CNT sidewalls are 

covalently or noncovalently functionalized beforehand. Covalent functionalization requires the 

formation of defect sites where nucleation occurs, but with this process the electrical transport 

properties of the CNTs are seriously degraded due to charge carrier scattering by the generated 

defects.  Additionally, ALD growth after covalent functionalization will not be completely uniform 

since the defect site locations are randomly distributed throughout the CNTs.250 Noncovalent 

functionalization does not create defect sites, but it does require additional procedural steps and 

chemicals leading to higher cost and longer fabrication time.251 Unlike CNTs, VACNFs consist of 

conically stacked graphitic cups with dangling carbon bonds on the outer rims which are 

distributed along the sidewalls of the fiber.233, 252  These dangling bonds along the graphitic edges 

are quickly converted into C-H and C-OH bonds once exposed to air and can serve as ideal 

nucleation sites for coating of functional materials by ALD which eliminates the need for covalent 

or noncovalent functionalization.253-255  In addition, VACNFs have highly conductive metallic 

properties (with a resistivity of (6.3±1.7) x10-4 Ω cm) in contrast to the mixed metallic and 

semiconductor properties of CNTs, and thus serve well as a current collector.256 

  In this work, we explore ALD fabrication of 3D, metal-insulator-metal core-shell 

nanostructures using pristine VACNF arrays as one of the metallic electrodes.  The obtained 

conformal core-shell AZO/Al2O3/CNF structures represent the first successful double-layer ALD 
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coatings on vertically aligned, 3D CNF arrays and are promising candidates for high-performance, 

solid-state capacitors. 

 2.2 Experimental Details  

VACNF arrays were grown on 1 cm by 2 cm silicon substrates coated with a 100-nm thick 

chromium barrier layer and a 22.5-nm thick nickel catalyst film.  VACNF growth was 

accomplished using a DC-biased PECVD system (Black Magic PECVD System, AIXTRON) at 

800 °C with a flowing mixture of C2H2 (at 63 sccm) and NH3 (at 250 sccm) gas precursors at a 

processing pressure of ∼4.1 Torr following a previously published procedure.150, 235, 247 The 

VACNF samples used in this study have an average areal density of ∼109 CNFs/cm2, with a 

diameter in the range of 50-150 nm and a length of 3-5 μm controlled by 20 to 30 minutes of 

growth time.  

Figure 2.1 shows a schematic for the complete Al2O3 ALD growth cycle, including reaction 

by-products, on a CNF sample.  The Al2O3 ALD growth procedure and ALD reactor design are 

discussed extensively in previously published materials.257-260  ALD Al2O3 films were grown using 

high-purity H2O (optima grade, Fisher Scientific) and trimethylaluminum (TMA, Al(CH)3; 

semiconductor grade, Akzo Nobel) as precursors.  Ultrahigh purity (99.9999%) N2 was used as 

the carrier and purging gas with a maintained flow rate of 5 sccm throughout all ALD cycles.  The 

VACNF array substrates were heated to 200 °C for Al2O3 growth.  ALD cycling began with a one-

second H2O exposure to further prepare the graphitic edges with hydroxyl groups for reaction with 

TMA.  After the initial H2O exposure, the ALD chamber and gas feeding lines were purged with 

N2 for 30 seconds to prevent chemical vapor deposition occurrence during the TMA exposure.  

Following the N2 purge, a one-second TMA exposure provided the aluminum atoms that bonded 

to the hydroxyl group oxygen atoms on the VACNF sidewalls.  Another 30-second N2 purge was  
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then performed to clear the chamber and gas lines of any residual TMA.  This process was repeated 

for a total of 200 cycles with a final exposure of H2O to end with hydroxyl groups along the 

sidewalls.  The as-grown Al2O3 is typically amorphous,261 therefore, to improve the crystallinity 

of the Al2O3 layer, a coated VACNF array was thermally annealed in a tube furnace at 450 °C for 

30 minutes and then cooled to room temperature. 

To verify the integrity of the ALD Al2O3 film, a planar capacitor was fabricated.  The base 

electrode comprised of an n-doped silicon substrate coated with a 100-nm chromium layer on top.  

A 20-nm Al2O3 dielectric layer was grown on the chromium surface utilizing the ALD method 

mentioned previously.  A top electrode was provided by sputtering 600 nm of palladium on a 

portion of the Al2O3 surface.  Another planar sample, fabricated under the same conditions, was 

annealed in a tube furnace using the same conditions as the VACNF array sample except at a 

Figure 2.1 Schematic of one complete Al2O3 ALD cycle along the sidewall of a CNF. 

(Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 6865-6871) 
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temperature of 400 °C.  The lower temperature was utilized to eliminate cracking of the film that 

appeared at the higher temperature.  The top electrode for the thermally annealed sample was 

applied after annealing was performed. 

ALD AZO was grown with the same precursors as before but with the addition of 

diethylzinc (DEZ, (C2H2)5Zn; research grade, SAFC Hitech) while utilizing the 19:1 Zn/Al ratio 

as published by Kong et al.262  in order to achieve the desired electrical conductivity.    The 

Al2O3/VACNF array substrate was heated to 200 °C for AZO growth.  The 200 ALD cycles 

consisted of 10 supercycles where each supercycle contained 19 cycles of alternating H2O and 

DEZ for every one doping cycle of H2O and TMA.  Each precursor exposure was one second with 

a 30-second N2 purge in between.  The resistivity of the AZO film was determined by growth on 

a glass slide that was placed alongside the Al2O3/VACNF array during fabrication. 

The structure and morphologies of the samples were examined using field-emission 

scanning electron microscopy (FESEM, FEI Nova SEM 430) at an electron beam accelerating 

voltage of 3.5 keV.  High-resolution transmission electron microscopy (HRTEM) images and 

selected area electron diffraction patterns were obtained using an FEI Tecnai F20 XT field-

emission transmission electron microscope at 200 kV.  The chemical composition and distribution 

of the core-shell structures were analyzed using energy dispersive X-ray spectroscopy (EDX).  

Electrical characterization was conducted on the planar capacitor using a 760D Bipotentiostat (CH 

Instruments Inc., TX).  The specific capacitance was measured by cycling the bias voltage between 

-0.1 to +0.1 V at various scan rates, and the Galvanostatic charge-discharge at selected current 

densities.  The Ohmic resistance across the 20-nm thick Al2O3 dielectric layer was measured using 

AC impedance spectroscopy for further insight. 
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 2.3 Results and Discussion  

The growth rate for Al2O3 on silicon oxide (SiO2) for our system was previously 

determined to be approximately 0.11 nm/cycle by spectroscopic ellipsometry259-260 and follows 

closely to other published results.257-258  HRTEM images revealed that the inner shell of the ALD 

double-layer coated on a VACNF was ~20 nm thick which is in agreement with the thickness 

anticipated from 200 ALD cycles of Al2O3 growth.  This verified the assumption that nucleation 

of Al2O3 would occur directly along the graphitic edges of the VACNFs without need for 

functionalization.  This confirmation is important since covalent functionalization of CNTs 

degrades charge mobility as well as conductivity of the CNTs, and noncovalent functionalization 

requires additional time and cost.  Direct atomic layer bonding to VACNF surfaces using ALD 

growth has advantages in maintaining the high conductivity of the electrode, simplifying the 

device fabrication procedure, and generating cleaner interfaces between electrode surface and 

ALD materials with minimized surface defects and chemical contaminants.  These advantages are 

critical towards fabrication of high-performance, 3D nanostructured devices utilizing VACNF 

arrays as part of the 3D electrode. 

Additional HRTEM images also revealed that the outer 19:1 AZO layer of the ALD 

double-layer coating on the VACNFs was ~33 nm thick.  The corresponding growth rate of 0.17 

nm/cycle is comparable to, but slightly less than, that reported by J. W. Elam et al. using similar 

conditions.263-264   The resistivity of the 19:1 AZO on glass was approximately 4.2 x 10-3 Ω cm as 

was expected according to previously published results.262-263, 265 This resistivity corresponds to a 

sheet resistance of 1.3 x 103 Ω/☐.  In addition, this result suggests that aluminum doping of ZnO 

during the ALD supercycles was sufficient.  Since AZO is a transparent conducting oxide, ALD 
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of AZO will allow in situ fabrication of metal-insulator-metal multilayers on various substrates, 

especially to conformally coat VACNFs. 

 

As depicted in Figures 2.2a (side view) and b (45° perspective view), the FESEM images 

of as-grown CNFs reveal their vertically aligned nature with an approximate density of 109 

CNFs/cm2.  The images also verify that the VACNF diameters are in the range of 50-150 nm with 

heights ranging from 3 to 5 μm.  The nickel catalyst for each VACNF is clearly noticeable in 

Figure 2.2b as a bright spot on the fiber tip.  After growth of the ALD AZO/Al2O3 double layer 

coatings, the nickel nanoparticles become less visible.  The vertically aligned nature of each 

VACNF is still apparent in both side view (Figure 2.2c) and 45° perspective view (Figure 2.2d).  

Figure 2.2 FESEM images of VACNF arrays. (a) Side view of an as grown VACNF array on 

Si after cleavage. (b) 45° perspective view from top of an as-grown VACNF array with the 

Ni catalyst tip clearly visible. (c) Side view and (d) 45° perspective view from top of an 

AZO/Al2O3 coated VACNF array. (Reprinted with permission from ACS Appl. Mater. 

Interface, 2014, 6, 6865-6871) 
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Additionally, Figure 2.2d clearly reveals an increase in VACNF thickness due to the ALD 

coatings.  In particular, the AZO/Al2O3 double-layer coating appears highly uniform and 

conformal as expected for ALD.   

 

To further confirm the conformal nature of the ALD core-shell structure, HRTEM images 

were taken of individual Al2O3/VACNF samples.  Figures 2.3a and b show the 20-nm Al2O3 

conformal coating extending down the entire length of a VACNF to the point where it broke off 

of the metal base.  As mentioned previously, this thickness is in agreement with spectroscopic 

ellipsometry data taken of ALD Al2O3 growth on SiO2 coated silicon substrates.  More 

importantly, the resulting Al2O3 thickness verifies the assumption that pre-functionalization of the 

Figure 2.3 TEM images of (a) conformal Al2O3 coating along a CNF including the Ni catalyst 

tip. (b) Conformal Al2O3 coating continues down the shaft of the CNF up until the point 

where it was broken off from the base. (c) Conformal Al2O3 coating along another CNF 

which also shows the “herringbone” nature of the CNF. (d) Close-up of the conformal coating 

around the Ni tip. (e) Extreme close-up image of CNF core and Al2O3 shell. (Reprinted with 

permission from ACS Appl. Mater. Interface, 2014, 6, 6865-6871) 
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VACNF surface is not required for ALD growth to occur.  The graphitic edges on the VACNF 

sidewalls were sufficient nucleation sites for initiating ALD growth.  Examining the scale bars of 

Figures 2.3a and b reveals that the outer diameter of the Al2O3/VACNF core-shell structure is 

increased accordingly to a value of approximately 110 nm.  The stacked cone-like nature of a 

“herringbone” VACNF is apparent in each of the TEM images of Figure 2.3, and a closer 

examination of Figure 2.3b reveals the cone shape of the VACNF where it was pulled from the 

base.  In addition to the type of VACNF core present, the 20-nm conformal shell coating around 

the nickel catalyst tip is clearly shown in Figures 2.3a, c, and d.  A close-up image of the VACNF 

transitioning to the amorphous Al2O3 shell is shown in Figures 2.3e which again verifies the 20-

nm thickness. 

The HRTEM images of AZO/Al2O3 double-layer coated VACNFs are depicted in Figures 

2.4a and b.  These images reveal the expected growth of 20-nm Al2O3 on which a 33-nm AZO 

layer can be seen in a conformal shell along a portion of the VACNF with a complete capping of 

the nickel catalyst tip.  A cross section FESEM image of an AZO/Al2O3/VACNF sample (Figure 

2.4c) verified the core-shell structure of the AZO/Al2O3 coating at the point that a coated VACNF 

Figure 2.4 HRTEM images of multilayer ALD growth on VACNFs. (a) Multilayer 

Al2O3/AZO conformal coatings transition without problem from CNF to Ni catalyst tip. (b) 

HRTEM close-up of Ni/Al2O3/AZO layering. (c) FESEM image showing core−shell 

multilayer structure. (Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 

6865-6871) 
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was broken off by mechanical force.  In addition to the conformal coating surrounding the 

VACNF, the cone-like nature of the VACNF core is also apparent. 

 

 

To further confirm that Al2O3 was indeed the material grown by ALD to form the inner 

shell, EDX data was obtained along a portion of a coated VACNF (Figure 2.5a).  The elemental 

counts vs. position graph indicate that the VACNF core has a diameter of ~125 nm while the whole 

core-shell structure after ALD coating has an outer diameter of ~165 nm.  The elemental analysis 

further revealed significant counts of aluminum and oxygen along the 20-nm thick sidewalls 

(Figure 2.5b).  Furthermore, the carbon count is significantly larger inside the Al2O3 shell which 

is expected due to the presence of the CNF. 

It has been shown that annealing an amorphous film can induce crystallization and convert 

an amorphous structure into a polycrystalline form.266   To confirm this process, electron 

diffraction patterns were obtained from the selected area under TEM for pre-annealing (Figures 

2.6a and b) and post-annealing (Figures 2.6c and d) samples of Al2O3 coated CNFs.  Only a ring-

Figure 2.5 EDX elemental analysis. (a) HRTEM image of Al2O3/CNF with blue line showing 

scan region. (b) Elemental count vs position graph. (Reprinted with permission from ACS 

Appl. Mater. Interface, 2014, 6, 6865-6871) 
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like diffusive diffraction pattern was produced for the pre-annealed sample (Figures 2.6b), 

confirming the as-made ALD Al2O3 to be amorphous.  After annealing the same sample in air, a 

diffraction pattern with sharp spots on the diffusive rings formed (Figure 2.6d), verifying that the 

Al2O3 layer was now polycrystalline.  This transformation may change the properties of the Al2O3 

layer, which could be beneficial for some applications. 

To assess the dielectric properties of ALD deposited Al2O3, we constructed two 

electrostatic planar capacitors were constructed with one using an unannealed Al2O3 layer and 

another with an annealed Al2O3 layer.  Both capacitors had 2 mm x 2 mm lateral size with 20-nm 

Al2O3 dielectric layer deposited by ALD that was sandwiched between a 600-nm palladium top 

electrode and a 100-nm chromium bottom electrode on an n-doped silicon substrate.  Electrostatic 

measurements were conducted to determine their specific capacitance and dielectric constants.  

Figure 2.6 (a) Al2O3 coated CNF before annealing. (b) No diffraction pattern is present 

before annealing. (c) Al2O3 coated CNF after annealing. (d) Apparent diffraction pattern is 

present after annealing. (Reprinted with permission from ACS Appl. Mater. Interface, 2014, 

6, 6865-6871) 
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Comparable dielectric constants as well as nearly identical capacitive behaviors were observed for 

both capacitors.  Therefore, discussion is limited to only the annealed capacitor.  

 

Figure 2.7 Electrical characterization of a planar capacitor. (a) I−V curves measured by 

cycling the bias voltage between −0.1 to +0.1 V at the rates of 100, 500, and 1000 V/s, 

respectively. (b) The area-specific capacitance vs the scan rate derived from the cycling I−V 

measurements. (c) Galvanostatic charge−discharge curve at a constant current density of 

12.5 μA/cm2. (d) Area-specific capacitance vs current density calculated from 

charge−discharge curves. (e) Nyquist plot of the AC impedance spectrum of a 2 mm × 2 mm 

planar capacitor and the fitting curve with a Randles circuit. The AC frequency was varied 

from 100 kHz to 10 mHz and the amplitude was fixed at 5 mV. The fitted series resistance 

(RS) and leaking current resistance (RL) were 94 Ohm and 7.5 MOhm, respectively, and the 

capacitance was 1.64 × 10−8 F (i.e., 0.41 μF/cm2). (Reprinted with permission from ACS Appl. 

Mater. Interface, 2014, 6, 6865-6871) 
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An ideal electrostatic capacitor has perfect rectangular shaped I-V curves when the bias 

voltage is cycled between two voltage settings.  Figure 2.7a shows the cycling I-V curves of an 

annealed planar capacitor.  The rectangular shapes indicate the near perfect capacitive behavior.  

Both the charging and discharging curves are nearly horizontal indicating high Ohmic resistance 

across the thin Al2O3 dielectric film.  The small rounded corners, along with the nearly vertical I-

V curves at the voltage limits, indicate a low RC time constant and low equivalent series resistance 

(ESR), which is expected for an electrostatic capacitor. 

The area-specific capacitance (C0) was approximately calculated at each cycling rate using 

the following Equation 2.1:  

𝑪𝟎 =  
𝑰𝒄 − 𝑰𝒅

𝟐𝒗
 𝒙 

𝟏

𝑨
 

Equation 2.1 

where Ic is the charging current and Id the discharging current at 0 V, v the cycling rate, and A the 

geometric area of the sandwiched dielectric capacitor.  A plot of the area-specific capacitance vs. 

the cycling rate is depicted in Figure 2.7b.  The value is nearly constant for scan rates from 100 

V/s to 1000 V/s, indicating the capability of a high-power density, which is essential for an 

electrostatic capacitor. 

The area-specific capacitances of the planar capacitors were also determined by 

Galvanostatic charge-discharge study at constant current densities.  An ideal capacitor shows 

perfectly symmetric charging and discharging curves with identical time duration.  A charge-

discharge curve for the annealed planar capacitor at a current density of 12.5 μA/cm2 is shown in 

Figure 2.7c with duration of ~9 milliseconds.  A small IR drop can be seen at the beginning of 

each curve due to ESR (< 1 kΩ, mostly due to contact resistance) in the circuit. 

The area-specific capacitance was further determined by Galvanostatic charge-discharge 

measurements at each current density using the following Equation 2.2: 
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𝑪𝒐 =
𝑰 𝒙 ∆𝒕

∆𝑽
𝒙

𝟏

𝑨
 

Equation 2.2 

 

where I is the applied current density, Δt the time to reach the full charge or discharge, ΔV the 

voltage window, and A the geometric area of the sandwiched dielectric capacitor.  The slowly 

decreasing trend of the area-specific capacitance vs. current density in Figure 2.7d is consistent 

with good dielectric capacitive behaviors revealed by cycling I-V measurements in Figures 2.7a 

and b. 

A Nyquist plot of the annealed planar capacitor and the fitted curve using a Randles circuit 

are shown in Figure 2.7e.  The frequency of the AC voltage bias was varied from 100 kHz to 10 

mHz with a fixed amplitude of 5 mV.  The fitted series resistance (RS, or ESR) and leaking current 

resistance (RL) were 94 Ohm and 7.5 MOhm respectively.  An RL of 7.5 MOhms indicates very 

high Ohmic resistance across the annealed Al2O3 dielectric film.  The semicircle symmetry of the 

spectrum indicates near perfect electrostatic capacitive behavior.  The capacitance was calculated 

to be 1.64 x10-2 μF which translates to a specific capacitance of 0.41 μF/cm2. 

Banerjee et al. reported on a state-of-the-art metal−insulator−metal capacitor using anodic 

aluminum oxide nanopores coated with a thin layer of TiN (5.5 nm) followed by a thin layer of 

Al2O3 (6.7 nm) and a second layer of TiN (12.6 nm), all via ALD.248  Two capacitors were 

constructed at pore depths of 1 μm (A1) and 10 μm (A10) with reported equivalent planar 

capacitances (EPCs) of 9.9 and 96.0 μF/cm2, respectively. The corresponding area-specific 

capacitances for planar dielectric layers derived from their study are 0.72 and 0.74 μF/cm2, 

respectively. Although the annealed planar capacitor reported here has a lower area-specific 

capacitance of 0.41 μF/cm2, the dielectric constant, k, of the ALD Al2O3 layer in this study is 

actually higher considering the difference in the dielectric thicknesses (20 nm in this work vs 6.7 
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nm by Banerjee et al.). This work achieved a value of ∼9.3 vs ∼5.5 by Banerjee et al. as calculated 

following Equation 1.4 where ε0 is the vacuum permittivity and d the thickness of the dielectric 

layer. Clearly, the quality of Al2O3 layer deposited by ALD in this experiment is close to the 

theoretical value of 9.34 for alumina.267 In addition, the EPC values reported by Banerjee et al. 

were obtained using an LCR meter operating at 20 Hz. However, when frequencies of 100 Hz or 

greater were applied, noticeable dispersion was observed, which greatly decreased the overall 

capacitance. In this report, the planar capacitor was characterized in great detail using cyclic 

voltammetry (CV), galvanostatic charge−discharge, and electrical impedance spectroscopy (EIS). 

CV results (Figure 2.7a) showed a maximum voltage ramp of 1000 V/s (the high limit of the 

instrument) in a potential window of 0.2 V in which one full cycle is equivalent to 2500 Hz. For 

applications that utilize a larger voltage window from −2 to 2 V, it should still have a working 

frequency of 250 Hz when the same voltage ramp rate is applied. The galvanostatic 

charge−discharge measurements had a maximum applied current density of 17.5 μA/cm2 with a 

charge−discharge duration of ∼5 ms (or 200 Hz). Neither CV, nor the charge−discharge results in 

panels b and d in Figure 2.7, showed any evidence of significant dispersion. The EIS in the full 

frequency range from 100 kHz to 10 mHz was nicely modeled with the Randles circuit as shown 

in Figure 2.7e. Therefore, it is likely that the working frequency could be as high as 100 kHz 

indicating a large power density. This is the main advantage of a solid-state capacitor over an 

electrochemical capacitor which is not able to operate at such high working frequencies. The 

fabrication and characterization of the planar capacitor in this work established a critical step 

toward our next goal of fabricating a 3D, solid-state VACNF array capacitor. Utilizing the area-

specific capacitance from this planar capacitor, and optimizing the growth conditions of the 
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VACNFs and Al2O3 dielectric layer, a predicted theoretical capacitance of 83 μF per cm2 CNFs is 

possible. 

 2.4 Conclusions 

3D VACNF arrays were used as conducting, high aspect ratio substrates for ALD coating 

of AZO/Al2O3 double layers.  HRTEM imaging revealed that the ALD AZO/Al2O3 double layers 

can form a smooth and conformal shell on VACNF arrays without any pre-functionalization.  This 

uniform growth was achieved along the entire length of the VACNFs from the nickel catalyst tip 

down to the base.  The elemental make-up of the Al2O3 core-shell was verified using EDX analysis.  

Electron diffraction images obtained with pre- and post-annealed samples revealed that the Al2O3 

originally grew in an amorphous state on the CNFs, and changed to a polycrystalline state after 

thermal annealing.  FESEM images were also obtained in order to show the vertically aligned state 

of the CNFs uniformity across the substrate.  Electrical characterization utilizing planar capacitors 

confirmed that the Al2O3 dielectric deposited by ALD matched the ideal theoretical behavior.  This 

result is important toward the development of high-performance, solid-state capacitors for energy 

storage. 
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Chapter 3 - Controlling Dielectric and Relaxor Ferroelectric 

Properties for Energy Storage by Tuning Pb0.92La0.08Zr0.52Ti0.48O3 

 1.3 Introduction 

EES devices are critical for powering portable electronics and supporting renewable energy 

technologies.  Current commercial EES devices include batteries, dielectric capacitors, and 

supercapacitors. Among them, solid-state dielectric capacitors have distinctly high-power density, 

very large operation voltage and long cycle life. The simple structure, small footprint, low package 

volume and ease in fabrication make them particularly suitable for integration into 

microelectronics which requires fast charge-discharge (in milliseconds or smaller timescale) for 

short-term power regulation. Conventional dielectric capacitors are based on linear properties, i.e. 

the stored charge Q is proportional to the product of the capacitance C and the applied voltage V 

by CVQ   with C being a constant over the applied voltage range. However, the energy density 

of such linear dielectric capacitors is low (~10-2 to 10-1 Wh/kg) compared with other EES 

technologies.268 One solution to this problem is employing materials with higher dielectric constant 

r to achieve higher areal specific capacitance C0 as defined by C0 = 0r/d with 0 being the vacuum 

permittivity and d the dielectric film thickness. Among possible candidates, ferroelectric materials 

have attracted extensive attention due to the orders-of-magnitude higher dielectric constant r than 

that of conventional dielectric materials.268-270 Interestingly, they present distinctive nonlinear 

dielectric properties with r (and C0) significantly dropping at high voltage bias V (or the electric 

field E). Consequently, the energy storage mechanism in ferroelectric capacitors is quite different 

from conventional dielectric capacitors.268, 270  
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Common ferroelectric films used for capacitors include polymers such as poly(vinylidene 

fluoride) (PVDF)268, 271-273 and  ceramics,268-270, 274-275 whose internal polarization states associated 

with the orientation of dipole moment of individual domains can be reversed under an external 

electric field. The domain switching is represented by the characteristic hysteresis loop in the 

polarization-electric field (P-E) curve where the polarization P is the total charge involved in the 

process. The term P is simplified as Q in earlier discussion on linear dielectric capacitors. Ceramic 

films are particularly attractive due to their higher r value than polymers (~1000 vs. ~100 or less), 

superior mechanical and thermal properties, larger temperature range for operation, and high 

breakdown field Eb. However, for energy storage, the hysteresis P-E loop needs to be suppressed 

in order to reduce the energy loss and therefore enhance the overall efficiency. The need for 

increased efficiency has motivated efforts of exploring relaxor-ferroelectric materials, a subclass 

of ferroelectrics.27 Like normal ferroelectrics, relaxor-ferroelectric materials present a permanent 

dipole moment in individual domains.27, 274, 276  However, their domain sizes are on the order of 

nanometers instead of micrometers like those of typical ferroelectric materials. Thus, it takes much 

less energy to align the dipole moment with the external electric field, leading to smaller coercive 

field Ec and lower remnant polarization Pr in the typical P-E loop.268, 270, 276  

One type of particularly interesting ceramic relaxor-ferroelectric material is lanthanum-

doped lead zirconium titanate (PLZT),277-278 an A-site substituted form of lead zirconate titanate 

(PZT).  It is a well-known member of the perovskite family and shows great potential in 

applications such as nonvolatile random-access memories, microwave devices, and electro-

mechanical or photo-mechanical transducers.44-46  In particular, research has been focused on its 

energy storage ability owning to its high permittivity and low remnant polarization.270, 278-279  Hao 

et al reported an energy density up to 28.7 J/cc and with an aerial capacitance density of 925 
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nF/cm2 for 1 μm thick Pb0.91La0.09(Ti0.65Zr0.35)O3 (PLZT 9/65/35) films on platinum-buffered 

silicon substrates.278  Tong et al obtained comparable results with a maximum energy density of 

22 J/cc with an electrical energy storage efficiency of 77% for a 3 μm Pb0.92La0.08(Zr0.52Ti0.48)O3 

(PLZT 8/52/48) film deposited on a lanthanum nickel oxide buffer layer covered nickel substrate 

(LNO/Ni).270  These results show very high energy storage capabilities approaching that of 

electrochemical capacitors.  However, the PLZT films in both studies were produced via sol-gel 

methods which often introduce defects during the fabrication process, such as residual fine pores, 

hydroxyls, and cracking during the drying stage.  Moreover, many sol-gel methods require long 

fabrication time, large amounts of precursors, and high cost for materials which may make them 

inadequate for large scale production. 

Here we report the study of energy storage properties of high-quality epitaxial PLZT 

(8/52/48) thin films (from ~100 nm to 1000 nm) grown by pulsed laser deposition (PLD) – a 

potential scalable technique. These PLZT films contain much less crystallographic defects, 

especially reduction in the number of large-angle grain boundaries.280-282  However, since the 

thickness is near the scale of grain boundaries, the current passing through these PLZT films 

contains significant leakage current due to the finite electric conductivity275, 283-284 and capacitive 

charge-discharge current due to the linear dielectric permittivity,285-286 which are superimposed 

with the conventional polarization measurement due to relaxor-ferroelectric domain switching as 

observed in thicker films. The relative contributions from each component should depend on the 

film thickness.  The leakage current and linear dielectric charge-discharge current should decrease 

when the film thickness is increased, and the complicated non-linear ferroelectric current should 

begin to dominate.  It is difficult, perhaps even impossible, to separate the three components of 

leakage, charge-discharge, and nonlinear ferroelectric current using conventional P-E 
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measurements. Therefore, we adapt a method based on cyclic current-voltage (I-V) measurements 

by applying triangular voltage waveforms using simple potentiostat. The contributions of three 

components are extracted based on their characteristic I-V features as described by Yan et al.285 

Our results reveal for PLZT thickness increasing from 125 to 250, 500, and 1000 nm, PLZT 

transitions from an approximately linear dielectric to a largely non-linear relaxor-ferroelectric 

behavior. Accordingly, the energy storage density and efficiency are significantly altered. This 

result is important toward understanding the energy storage properties of the PLZT thin films and 

to the best of our knowledge, this is the first work to use the cyclic I-V method to investigate the 

energy storage capability of a relaxor-ferroelectric thin film.  

 3.2 Experimental Details 

PLZT films were grown at 650 oC under 225 mTorr oxygen partial pressure on (001) Nb 

doped STO (Nb:STO) or (100) LaNiO3 (LNO), which also serves as the bottom electrode, on 

LaAlO3 substrate  using a pulsed laser deposition (PLD) system with KrF excimer laser 

(wavelength of 248 nm and pulse width of 25 ns) as described before.282 The average laser pulse 

energy density was 2 J/cm2 with laser repetition rate of 10 Hz. After deposition, the films were in-

situ annealed at 600 Torr oxygen and 650 oC for half an hour to reduce oxygen vacancies before 

cooling down to room temperature. Top electrodes were formed using 10 nm Pt followed by 80 

nm Au deposited by electron-beam evaporation through a shadow mask to define 400-µm-

diameter circular electrode area. X-ray diffraction (XRD) profiles were taken using a Bruker AXS 

D8 diffraction system. The topography of the PLZT film was measured with an atomic force 

microscope in tapping mode (WiTec Alpha300, Germany). 

For validation of the ferroelectric properties, the PLZT films were first measured using the 

conventional method with a Radiant Premier II tester (Albuquerque, NM) at 100 Hz and an applied 
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electric field of -160 to 160 kV/cm. The data are presented in the form of a typical P-E hysteresis 

loop in Figure B.1a.  Permittivity and dielectric loss, as shown in Figure B.1b were measured at 

10 kHz with an Agilent E4980A Precision LCR Meter.  

Cyclic I-V measurements of 125 and 250 nm PLZT films were conducted using a 760E 

Bipotentiostat (CH Instruments Inc., Austin, TX) and those for the thicker PLZT films (500 nm 

and 1 um) using a PARSTAT 2273 Analyzer (Princeton Applied Research Corporation, Oakridge, 

TN). The voltage range for each instrument above is about 6 V and 10 V, respectively.  All 

measurements were conducted in two-electrode setup with the bottom electrode connected through 

a copper plate underneath the sample. A tungsten microprobe was brought into contact with the 

top electrode using a XYZ Micromanipulator (Quarter Research, Bend, OR). The voltage ramping 

rate  of the triangular waveform was fixed at a value between 100 and 2000 V/s.  The electric 

displacement D was calculated by dividing the integrated area under the I-V curve with and 

present in D-E loops.  

 3.3 Results and Discussion 

X-ray diffraction confirmed the PLZT films are (001)-oriented epitaxial with the in-plane 

(100) and (010) axes aligned with that of Nb:STO or LNO electrode layers, as shown in Figure 

3.1a.  The XRD -2 profile was measured with a tilt angle at 45° with respect to the normal of 

the film. The average surface roughness of PLZT film is around 10 nm over an area of 1010 µm2 

from atomic force microscopy measurement as shown in Figure 3.1b. A TEM image of the lateral 

view of a representative 500 nm PLZT film sample in Figure 3.1c shows the exact thickness and 

columnar structure. 
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Figure 3.2a shows a typical P-E loop for the 500 nm PLZT film measured with the 

conventional Radiant Premier II tester at 100 Hz between an applied field of -160 to 160 kV/cm  

(i.e. Emax = 160 kV/cm).  The shape of the hysteresis loop validates that the PLD grown PLZT film 

behaves as a relaxor-ferroelectric material under such unsaturated polarization conditions, as 

Figure 3.1 (a) X-ray diffraction pattern of PLZT deposited by pulsed laser deposition on 

Nb:STO substrate measured with a 45° tilt angle. (b) Topographic image by atomic force 

microscope of the PLZT film. (c) A transmission electron microscopy image of the cross-

sectional view of the PLZT film. (Reprinted with permission from ACS Appl. Mater. 

Interface, 2014, 6, 22417-22422) 

Figure 3.2 (a) P−E hysteresis loop of the 500 nm PLZT film measured using the conventional 

method and a Radiant Premier II tester shows the representative relaxor-ferroelectric 

behavior with characteristic coercive field (Ec and −Ec) and remnant polarization (Pr and 

−Pr). (b) Schematic illustration of the energy storage characteristics obtained using the P−E 

hysteresis loops of a 500 nm PLZT film (curve 1) in comparison with a 125 nm PLZT film 

(curve 2). (Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 22417-

22422) 
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described within previous publications.270, 276  The values of the coercive field Ec and remnant 

polarization Pr are 24 kV/cm and 3.6 C/cm2, slightly smaller than those reported values of 1-m-

thick PLZT film by a sol-gel process under the similar Emax.
278 The observed higher nonlinearity 

is attributed to the high domain mobility in epitaxial PLZT thin films.282  

 The energy storage properties of the thin-film PLZT are schematically illustrated in Figure 

3.2b with quadrant I of the P-E loops for the 500 nm (1) and 125 nm (2) PLZT films.  The shaded 

region between the discharge loop and the line at max polarization Pmax represents the recoverable 

electrical energy density Ureco in units of J/cc, which can be calculated by integrating the area 

between Pr and Pmax as shown in Equation 3.1:268, 270, 276-277  

𝑼𝒓𝒆𝒄𝒐 = ∫ 𝑬𝐝𝑷
𝑷𝒎𝒂𝒙

𝑷𝒓

 

Equation 3.1 

 The total energy stored Ustore can be determined in a similar way by integrating the area between 

the charging polarization curve and the Pmax line, which consists of the shaded region plus the area 

inside the loop.  The electrical energy storage efficiency η is thus determined Equation 3.2: 

𝜂 =
𝑈𝑟𝑒𝑐𝑜

𝑈𝑠𝑡𝑜𝑟𝑒
X 100% 

Equation 3.2 

Since the permittivity is defined by the general relationship 0r = dP/dE, the recoverable electrical 

energy density in Equation 3.3 can be defined as: 

𝑼𝒓𝒆𝒄𝒐 = ∫ 𝛆𝟎𝛆𝐫𝐄𝐝𝑬
𝑬𝒎𝒂𝒙

𝟎

 

Equation 3.3 

For a relaxor-ferroelectric material, r is a function of E. As shown in Figure B.1b, the 500 nm 

PLZT film presents a very high r (~1300) peaked at the electric field around Ec and quickly drops 
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to ~650 at E = 100 kV/cm. The permittivity curves shift in opposite direction in correlation with 

the P-E loop in Figures 3.2a and B.1a. In contrast, in a linear dielectric capacitor, the P-E loop 

diminishes and thus the stored energy can be completely recovered. In addition, the polarization 

curve superimposes onto a straight line with P = C0V = C0Ed = 0rE, where C0 = (0r)/d is the 

area-specific capacitance. Incorporating this result within Equation 3.3 gives the simple and 

commonly known formula for volume-specific energy density of linear dielectric capacitors in 

Equation 3.4: 

U = (
𝟏

𝟐
𝑪𝟎𝑽𝟐)/𝒅 =  (

𝟏

𝟐
𝑪𝟎𝑬𝟐) × 𝒅. 

Equation 3.4 

Unfortunately, the linear dielectric capacitor is limited in energy storage, which is typically several 

orders of magnitude smaller than batteries, due to the much lower r. It is of interest to investigate 

how the dielectric properties of the PLZT films can be tailored by tuning the film thickness so that 

optimum energy storage properties can be achieved within the material system as it transitions 

from a linear dielectric to relaxor ferroelectric. 

It should be noted that the polarization P in the P-E curves shown in Figures 3.2 and B.1a 

should be more precisely referred to as electric displacement D, which consists of three 

contributions: electric conductivity D1, dielectric capacitance D2, and domain switching 

ferroelectric polarization P.285 In conventional thick ferroelectric films, D1 and D2 are negligible 

and thus only P is presented. For thin relaxor-ferroelectric films with the thickness less than 1000 

nm, the leakage current (D1)275, 283-284 and dielectric capacitive current (D2)285-286 become 

significant since both are inversely proportional to the film thickness. For relaxor-ferroelectric thin 

films, the nanoscale grain structure and defects make them highly susceptive to leakage current 

and high r values make the dielectric capacitance significant (with C0 = (0r)/d). However, 
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conventional P-E measurements only record the total D and are inadequate for providing insights 

into the individual factors. 

 This issue can be resolved with cyclic I-V measurements using a triangular voltage 

waveform, as described by Yan et al.285 The contributions of all three components can be separated 

by their characteristic I-V features illustrated in Figure 3.3. Figures 3.3a and 3.3b show the I-V  

curves at scan rate  of 500, 1000, and 2000 V/s from two representative PLZT films with 125 nm 

and 500 nm thickness, respectively. I-V characteristics for all four-film thickness (125, 250, 500 

and 1000 nm) are shown in Figure B.2 for direct comparison. The measurements were conducted 

at about  V and  8 V, respectively, to maintain the same maximum electric field Emax at 160 

kV/cm (below the breakdown field Eb as shown in Figure B.3).  Clearly, the I-V curve from a 

completed cycle of the 125-nm PLZT film presents a shape close to a rectangular box, which is 

characteristic of simple linear dielectric capacitors. In contrast, the I-V curve of the 500-nm PLZT 

film is dominated by a pair of broad waves peaked at ~2.0 V in forward scan and at ~0.5 V in 

reverse scan. The electric displacement D can be calculated by integrating the area under the I-V 

Figure 3.3 Cyclic I−V curves for the 125 nm (a) and 500 nm (b) PLZT films, depicting the 

contributions to the total dielectric displacement by electric conductivity D1, linear dielectric 

capacitance D2, and relaxor-ferroelectric domain switching polarization P. The 

measurements were performed by applying triangular waveforms at a constant cycling rate 

of 500, 1000, and 2000 V/s, respectively. (c) The electric displacement to electric field (D−E) 

loops for the 500 nm (curve 1) and 125 nm (curve 2) PLZT films derived by integrating the 

charges under the I−V curves. (Reprinted with permission from ACS Appl. Mater. Interface, 

2014, 6, 22417-22422) 
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curve and then dividing by the scan rate . For clear view, the contributions of D1, D2, and P are 

marked by different shaded areas under the forward scan curve at 2000 V/s for both samples. 

 The I-V curve of an ideal linear dielectric capacitor should be a rectangular box except 

small rounding at the two voltage limits due to the RC delay when the polarity is reversed. The 

magnitude of the current density is a constant during the scan and is proportional to the scan rate 

(i.e. i0 = C0 x . Indeed, the baseline current density in both Figures 3.3a and b linearly increase 

with the scan rate. The D2 contribution is much larger in 125-nm PLZT film than that in 500-nm 

one. For both PLZT samples, the baseline has a slope. The slope of the line can be extrapolated 

from the two ends of the I-V curve to add a triangular area attributed to D1 on top of the dielectric 

boxes. The straight line is simply the Ohmic effect due to the electric conductivity of the PLZT 

film. From the slope of the baseline, the resistivity  of the PLZT film can be calculated to be 1.6 

x108 and 2.9 x108 -cm for 125-nm and 500-nm, respectively. These values are smaller than ~8.3 

x1010 -cm resistivity of the sol-gel deposited 1-m PLZT film derived from the stable leakage 

current in a previous study. It is worth noting that the dynamic current at high scan rate (2000 V/s) 

is expected to be nearly 10 times higher.278 The high crystallinity of the PLZT film by PLD may 

also give higher conductivity.282  

The remaining area under the I-V curve is from the wave feature attributed to domain 

switching polarization P. This area is rather small in the 125-nm PLZT film but becomes prominent 

in the 500-nm PLZT film. The shape and peak voltage of the I-V waves in the 500-nm sample is 

sensitive to the history and the voltage bias conditions Vmax but its peak area remains about the 

same and proportionately increases with the scan rate The domain switching peaks in the 

charging and discharging cycles, however, are not symmetric to zero voltage with values of ~2.0 

V and -0.5 V, respectively, indicating an asymmetrical pull of domain switching between the 
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charging and discharging cycles.  This is likely due to voltage and charge offsets by effects of 

strain gradient as a result of epitaxial stresses when sandwiched between two different substrates 

or electrode materials.287-288  The asymmetrical I-V feature is even more prominent with the 1000-

nm PLZT film showing peak at ~7.0 V and 0 V, respectively (see Figure B.2d). 

 The total electric displacements derived from one I-V cycle of both 125-nm and 500-nm 

samples are presented in Figure 3.3c in the form of D-E curves. The D-E loop of the 500-nm PLZT 

film is very similar to the conventional P-E loop shown in Figure 3.2a, with comparable Pr (3.6 

C/cm2), Ec (24 kV/cm) and Pmax (~18 C/cm2).  Interestingly, the D-E loop of the 125-nm PLZT 

film is significantly suppressed, showing smaller values for Pr (0.63 C/cm2), Ec (15 kV/cm) and 

Pmax (~6.1 C/cm2). The forward and reverse curves come close to forming a straight line. The 

small loop is attributed to the small ferroelectric waves and the small leakage current in the I-V 

curve superimposed on the dominant dielectric box. Clearly, the 125-nm PLZT film behaves closer 

to a linear dielectric capacitor while the 500-nm PLZT film is dominated by relaxor-ferroelectric 

properties. The Pr and Ec values at the same Emax show approximately a linear relationship with 

the PLZT film thickness (see Figure B.4). 

 As shown in Figure 3.4a, the total electric displacement value D per unit of lateral area 

derived from the I-V measurements at the Emax = 160 kV/cm monotonically increases from ~12 to  

~52 μC/cm2 as the PLZT film thickness is increased from 125 to 1000 nm.  The rate of increase 

reduces as the thickness becomes larger. Furthermore, the contributions by D1, D2, and P show 

very different dependence on the film thickness. In theory, the leakage displacement D1 at the 

same Emax (=160 kV/cm) should linearly increase with the film thickness d due to the Ohmic 

relationship D1  (Emax
2/)d if the resistivity  is a constant for each thickness.  The data for the 

films is consistent with this assumption with the exception of the 1000-nm PLZT film. The 
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dielectric displacement D2, on the other hand, is expected to be independent of the film thickness 

as defined by D2 = C0Vmax = 0rEmax if the dielectric permittivity r is a constant over all 

thicknesses. This assumption appears valid for the observed D2 values which randomly vary 

within 4 μC/cm2 from an average value of ~15 μC/cm2. The relaxor-ferroelectric polarization P 

shows the largest change vs. film thickness in concert with the D1 value. At 125 nm, there is 

minimum domain switching and negligible P value. This may be attributed to two factors: (1) 

suppression of domain wall motion by the mechanical strain/stress from substrate clamping and 

Figure 3.4 (a) Total electric displacement D and the contributions from electric conductivity 

D1, linear dielectric capacitance D2, and relaxor-ferroelectric domain switching polarization 

P versus the film thickness. (b) The energy storage efficiency and volumetric density (J/cc) 

normalized with the max electric field strength Emax (MV/cm) for different PLZT film 

thicknesses. (Reprinted with permission from ACS Appl. Mater. Interface, 2014, 6, 22417-

22422) 
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pinning of grain boundaries; and, (2) the effects from an interfacial layer, as reported in a thickness 

dependence study of BiFeO3 ferroelectric films.275  The P value jumps to 15.2 μC/cm2 for the 500-

nm PLZT film and slightly drops to 14.9 μC/cm2 for the 1000-nm PLZT film. These values 

correlate well with the area under the broad I-V wave curves in Figures 3.3a-b and Figure B.2. 

Overall, the 1000-nm PLZT film shows the highest total displacement D. 

 For energy storage applications, the high displacement value needs to be supported through 

high volumetric recoverable density Ureco and high energy storage efficiency , which can be 

calculated with Equation 3.1 and 3.2, respectively. Due to the film thickness, the Emax in this study 

was set at ~160 kV/cm, just below the breakdown field Eb as shown in Figure B.3. Since it is 

known that Ureco is linearly proportional to Emax, the normalized value Ureco/Emax (i.e. the 

proportional coefficient) is plotted in Figure 3.4b for ease of comparison with previous studies 

using much higher Emax on thicker films.270, 278 The 500 and 1000 nm PLZT films show much 

higher Ureco/Emax values than those at 125 and 250 nm, at 5.8 and 5.1, (J/cc)/(MV/cm), respectively. 

These values are not far from 11.9 and 13.3 [(J/cc)/(MV/cm)] with sol-gel deposited PLZT films 

of 3 m and 1 m thickness, respectively.270, 278 On the other hand, the thinner films show much 

higher energy storage efficiency at 75% (125 nm) and 77% (250 nm) compared to thicker films at 

42% (500 nm) and 34% (1000 nm). There is a clear transition in energy storage efficiency from 

250 nm to 500 nm thickness in correspondence with changing from close-to linear dielectric 

properties to nonlinear relaxor-ferroelectrics. 

 3.4 Conclusion 

It has been shown that the energy storage properties of the thin PLZT films deposited using 

pulsed laser deposition can be optimized by tuning the film thickness.  Cyclic I-V measurements 

were used to determine the electric displacement and evaluate the contributions from electric 
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conductivity, linear dielectric displacement and non-linear relaxor-ferroelectric domain switching. 

The D-E hysteresis loops constructed by integrating the charge under the I-V curves show 

consistent features with conventional P-E loops with characteristic coercive field and remnant 

polarization of relaxor-ferroelectric materials.  As the film thickness increases from 125 nm to 

1000 nm, the PLZT film shifts from the behavior close to that of a linear dielectric to relaxor-

ferroelectric properties. The thicker PLZT films at 500 and 1000 nm thickness show much higher 

recoverable energy storage density, but thinner films (at 125 and 250 nm) present higher energy 

efficiency. There is a tradeoff between the linear dielectric properties and non-linear relaxor-

ferroelectric properties for electrical energy storage. Future work on temperature dependence of 

the PLZT thin films and study of larger film thickness will be used to further optimize this material 

system for solid-state energy storage system. 
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Chapter 4 - Facilitating High-Capacity V2O5 Cathodes with Stable 

Two and Three Li+ Insertion Using a Hybrid Membrane Structure 

Consisting of Amorphous V2O5 Shells Coaxially Deposited on 

Electrospun Carbon Nanofibers 

 4.1 Introduction 

Electrical energy storage (EES) technologies play a major role in todays’ society owing to 

the advances in hybrid and electric cars,289 the ever-growing demand for portable electronic 

devices,290 and grid-leveling for energy generated by intermittent renewable sources.2  Lithium ion 

batteries (LIBs) have dominated the EES market for the past several decades.1, 291  However, there 

are growing demands to improve LIBs for higher energy and power densities. These critically 

depend on electrode materials and architectures.  Particularly, the low specific capacity of cathode 

materials is currently the bottleneck limiting the energy storage capability of LIBs.292  Most 

commercial LIBs can achieve a near theoretical specific capacity of 372 mAh g-1 with a graphite 

anode and even higher values with emerging anode materials such as Si,150, 293-294 while only ~140 

– 170 mAh g-1 can be achieved with the cathode (such as LiCoO2 , LiFePO4, etc).292  Hence, 

developing novel cathode materials with higher charge storage capacity is one of the top priorities 

in LIB research.295-296 

Vanadium pentoxide (V2O5) had been studied as a candidate of high-capacity cathode 

material owing to its low cost,  low toxicity, high delithiated electrode potential (up to 4.0 V), and 

easily accessible layered structure for Li+ ion insertion.124  Crystalline V2O5 can achieve a 

reversible specific capacity of 294 mAh g-1 for a two Li+/V2O5 insertion process. However, three 

Li+/V2O5 insertion was found to be highly irreversible even though a high insertion capacity of 
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441 mAh g-1 was observed in the first cycle.125, 297-298 It is well known that the Li+ intercalation 

process in crystalline V2O5 is accompanied by multiple phase transitions.125, 297  Trace amounts of 

Li+ intercalation results in α-LixV2O5 (x < 0.01) structure, which is transformed into ε-LixV2O5 

(0.35 < x < 0.7) after further lithiation.  Insertion of one Li+ leads to the formation of δ-phase 

LixV2O5 (x = 1).  Further lithiation converts the δ-phase to γ-LixV2O5 (1 < x < 2).  At more than 

two Li+ insertions, an irreversible transformation to rock-salt-type ω-LixV2O5 phase (2 < x < 3) 

occurs.125, 297  Even below 2 Li+/V2O5 insertion, such phase transition processes induce large strains 

in the particles, causing irreversible structural damage and quick capacity fading.125, 297 Insertion 

up to 3 Li+/V2O5 makes such structural changes even more severe. As a result, practical 

applications of crystalline V2O5 cathodes have been hindered.125, 297  In recent years, V2O5 gained 

renewed interests due to the evidence that the lattice strains and structural collapse can be largely 

circumvented with nanostructured morphology.297, 299-300 Particularly, the traditionally neglected 

amorphous V2O5 has shown potential for better stability and higher Li+ insertion capacity than 

crystalline V2O5, even possible to exceed 3 Li+/V2O5 insertion.243, 301  

Besides the complicated phase transitions, lithium insertion/extraction in V2O5 cathodes 

has also been limited by the intrinsic properties of V2O5. Crystalline V2O5 materials have small Li+ 

ion diffusion coefficients (~10-15 – 10-12 cm2 s-1) and low electrical conductivities (~10-5 – 10-3 S 

cm-1).126, 302 Amorphous V2O5 may provide a higher Li+ diffusion coefficient, but at the price of 

sacrificing the electrical conductivity and mechanical strength. Two strategies have so far been 

employed to overcome the intrinsic limits of V2O5, mostly with crystalline materials.  The first one 

is to mitigate the low Li+ ion diffusion coefficients by using low-dimensional nanostructures.126, 

297, 303-307 This strategy increases the overall specific surface area (SSA) and provides shorter 

diffusion pathways for Li+ ions.  In addition, low-dimensional nanostructures can also partially 
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relieve the large lattice strain during the phase transitions and significantly extend the battery life.  

However, the electrical contact between V2O5 nanoparticles may degrade and become a dominant 

factor. The second strategy (often combined with the first one) is to incorporate low dimensional 

conductive carbon materials such as multiwall carbon nanotubes (MWCNTs),226, 308-311  graphene, 

126, 312 and reduced graphene oxide (rGO)67, 219, 313-316 to form nanocomposite materials. The 

addition of these conductive additives prevents aggregation and enhances the effective electrical 

conductivity throughout the electrode material.  However, the poor electrical contact at the 

interface of the V2O5 nanoparticles and carbon additives and the lack of a continuous carbon 

framework still limit these materials from reaching high capacity at higher power rates.   

Recently continuous core-shell structures have been investigated by depositing V2O5 thin 

shells using atomic layer deposition (ALD)231 or ion sputtering317 onto preformed three-

dimensional (3D) nanostructured carbon templates. In such binder-less 3D core-shell structures, 

the highly conductive carbon framework has been retained as a continuous electrical pathway to 

effectively collect electrons from the active materials in the thin shells. The robust carbon core 

also improves the mechanical stability of the electrode. Here we extend this concept into a 

potentially scalable process based on electrodeposition of V2O5 shells onto a self-supported carbon 

nanofiber (CNF) membrane fabricated by electrospinning.  The pulsed electrodeposition process 

enables formation of a uniform coaxial V2O5 shell of 30-50 nm in thickness on the CNF surface 

throughout the entire mesoporous membrane. With proper thermal treatment, the V2O5 shell was 

converted into a partially hydrated amorphous structure. The core-shell structure was found to be 

effective in overcoming the poor mechanical stability and low electrical conductivity of the 

disordered V2O5 shell. The lithium storage capability of such core-shell materials was found 

superior to traditional crystalline V2O5 materials. The half-cell characterization in the potential 
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range of 4.0 – 2.0 V (vs. Li/Li+) showed a capacity up to 291 mAh g-1, matching the theoretical 

value for 2 Li+/V2O5 insertion/extraction with a remarkable capacity retention rate of 97% after 

100 cycles. When extending the lower potential limit to 1.5 V (vs. Li/Li+), reversible 3 Li+/V2O5 

insertion/extraction up to 429 mAh g-1 was achieved, with 70% of the capacity retained after 100 

cycles. These results demonstrate that the core-shell structure may enable the traditionally 

unfavored amorphous V2O5 material to surpass crystalline V2O5 for future high-capacity LIB 

cathodes. 

 4.2 Experimental Details 

 4.2.1 CNF formation and pulsed electrodeposition V2O5  

CNFs were prepared using a simple electrospinning method followed by post thermal 

annealing as reported before.318-319  Briefly, 0.8 g of polyacrylonitrile (PAN) was dissolved in 8.0 

g of N, N-dimethylformamide (DMF) at 120 °C under vigorous stirring for one hour.  The resulting 

solution was cooled to room temperature and loaded into a syringe and electrospun into polymer 

fibers on a Spraybase system (Profector Life Sciences, Cambridge, MA). After continuous 

electrospinning for 5 hours at a flow rate of 1 mL/hour at an applied electric field strength of 1 

kV/cm (with 18 kV voltage bias at a nuzzle-collector distance of 18 cm), a letter paper sized 

membrane is collected on an aluminum foil wrapped on the rotating drum. The resulting polymer 

membrane was stabilized in air at 280 °C for two hours followed by carbonization at 1000 °C for 

one hour under nitrogen, forming a continuous CNF membrane. The CNF membrane was then 

used as a working electrode during pulsed electrodeposition in a three-electrode electrochemical 

cell, where a Pt foil and a Ag/AgCl (4M KCl) were used as the counter and reference electrodes, 

respectively, under control by a Parstat 2273 Analyzer (Princeton Applied Research Corporation, 

Oak Ridge, TN).  The composition of the V2O5 sol electrolyte was modified from a previous 
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report,216 with 0.91 g of V2O5 powder dissolved in 50 mL of deionized (DI) water and 4.5 mL of 

30% hydrogen peroxide by vigorous stirring at room temperature for one hour.  To achieve uniform 

V2O5 shells across the entire 60 m thick CNF membrane, a novel pulsed electrodeposition was 

implemented. The electrode potential was first set at 0 V for 20 seconds to establish electrolyte 

equilibrium and then followed by -2.0 V for 10 seconds for electrophoretic deposition of V2O5. 

This sequence was repeated for 60 cycles. The resulting CNF-V2O5 core-shell membrane was dried 

in air for one hour at 70 °C followed by thermal annealing at 300 °C for four hours in air.  Several 

samples were further annealed for an additional 20 hours in air at 300 °C to burn out the carbon 

and leave only the hollow crystalline V2O5 shell for the purpose of materials characterization.   

 4.2.2 Materials Characterization 

The surface morphology of the bare CNFs and the thin V2O5 shells was examined with a 

Helios NanoLab 660 (FEI, Hillsborro, OR) field emission scanning electron microscope (FESEM) 

which was equipped with a focused ion beam apparatus to create cross sections of the sample.  

High resolution transmission electron microscopy (HRTEM) and scanning transmission electron 

microscopy (STEM) with high-angle annular dark-field (HAADF) images were obtained using a 

FEI Tecnai Osiris (S)TEM system (FEI, Hillsborro OR) to further evaluate the crystal structure of 

the outer V2O5 shell.  Elemental analysis and mapping were carried out using energy-dispersive 

X-ray spectroscopy (EDS) in the TEM to show uniformity of the V2O5 shell along the CNF.  

Raman spectra were obtained using a Renishaw inVia confocal Raman microscope 

(Gloucestershire, UK) with a laser wavelength of 532 nm.  The crystallinity was evaluated using 

a Rigaku SmartLab (The Woodlands, TX) X-ray diffractometer.  Diffraction analysis was 

conducted from 10° to 60° using a Cu Kα source with a wavelength of 1.541 Å.  Brunauer–

Emmett–Teller (BET) measurements were carried out with a ASAP 2460 Surface Area and 
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Porosity Analyzer (Norcross, GA) to determine the specific surface area (SSA) and porosity.  

Thermal gravimetric analyses (TGA) were carried out using a TA Instrument Q50 (New Castle, 

DE) from room temperature to 800 °C in air at a rate of 5 °C/min.   

 4.2.3 Electrochemical Characterization 

To evaluate the electrochemical performance of the CNF-V2O5 cathode, half-cells were 

assembled into stainless steel coin cells (CR2016, MTI Corporation, Richmond, CA).  The CNF-

V2O5 core-shell porous membrane was used as a self-supported binder-less cathode against a 16-

mm dia. lithium disk anode electrode which were separated by a 0.65 mm thick glass fiber 

separator (El-Cell, Hamburg, Germany).  The cell was assembled in an argon filled M-Braun 

LabStar50 stainless steel glovebox (Garching, Germany) with water and oxygen contents less than 

0.5 ppm.  The CNF-V2O5 core-shell membrane (2.4 mg) was adhered to an aluminum current 

collector using a thin layer of inert “glue” made of ~0.1 mg Super P and ~0.1 mg polyacrylic acid 

(PAA) in ~0.5 mL solution of N-Methyl-2-pyrrolidone (NMP). The mass of the applied “glue” 

was only 2-5% of the CNF-V2O5 core-shell membrane and serve only for the purpose to retain the 

membrane in place during cell assembly.  The adhered CNF-V2O5 core-shell membrane was then 

dried for 1 hour at 70 °C under vacuum prior to cell assembly.  The contribution of the inert glue 

to the overall capacity is negligible.  The electrolyte consisted of 1.0 M lithium 

hexaflourophosphate (LiPF6) in a mixture of 1:1:1 volume ratio ethylene carbonate (EC), ethyl 

methyl carbonate (EMC), and dimethyl carbonate (DMC) with a 2% vinylene carbonate additive 

(Novolyte, Ohio).  Galvanostatic charge-discharge cycles were performed using a MTI 8 channel 

battery analyzer (MTI Corporation, Richmond CA).  All gravimetric capacities were calculated 

relative to the mass of V2O5 that was determined by TGA. Cyclic voltammetry (CV) and 
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electrochemical impedance spectroscopy (EIS) measurements were performed using a CHI760D 

potentiostat (CH Instruments, Austin, TX).  

 4.3 Results and Discussion 

 4.3.1 SEM/TEM characterization of the CNF-V2O5 core-shell structure 

A low-magnification SEM image of the bare CNF membrane is shown in Figure 4.1a.  

Clearly, CNFs form an entangled network with random stacking and large inter-CNF pores 

(varying from ~1 to 3 m). Two high-magnification SEM images of the side and cross-sectional 

views of bare CNFs are shown in Figures C.1a and C.1b, respectively. From these images, the 

majority of the bare CNFs have the diameter spreading between ~100 nm to ~400 nm with the 

average value at ~250 nm.  The thickness of the CNF membrane was estimated to be 50-60 µm as 

shown in the SEM images in Figures C.1c and C.1d. A high-magnification SEM image of the 

cross-section of a single CNF deposited with a V2O5 shell is shown in Figure 4.1b.  It is clear that 

the V2O5 (illustrated by the white arrow) forms an intimate interface with the CNF core, showing 

no visible boundaries at the cross section. A SEM image at a low accelerating voltage (3 kV) in 

Figure 4.1c shows that the V2O5 shell is a continuous porous layer with slightly larger outer surface 

roughness than the original CNF cores.  Additional SEM images in Figure C.2 further illustrate 

the uniform coaxial deposition of V2O5 shells throughout the CNF membrane.  Furthermore, the 

SEM image at a higher accelerating voltage (10 kV) in Figure 4.1d shows better contrast between 

the outer V2O5 layer and the CNF cores.  Particularly, the area inside the red circle where fiber 1 

crosses atop fiber 2 clearly shows about 30-50 nm thin conformal V2O5 coating on the CNF cores.   



93 

To further evaluate the V2O5 shell, the sample was annealed at 300 °C in air for a prolonged 

time of 24 hours.  SEM images in Figures 4.1e-f confirm that the CNF cores were burnt out, leaving 

only the crystalized V2O5 shells as hollow tubes. The polycrystalline V2O5 tube is apparently 

rougher than the 4-hour annealed sample in which V2O5 shells retain the as-deposited morphology. 

The digital photographs show that the membrane changes from the black color similar to the bare 

CNFs (Figure 4.1g) to the bright yellow color reminiscent of orthorhombic crystalline V2O5 

(Figure 4.1h). 

Figure 4.1 Low-magnification SEM images of a) a bare CNF membrane and b) the cross-

section of a single CNF-V2O5 core-shell nanofiber. SEM images at accelerating voltages of c) 

3 kV and d) 10 kV showing the thin coating of V2O5 at the surface of CNFs. e) Low- and f) 

high- magnification SEM images of hollow V2O5 shells after burning out CNF cores by the 

prolonged thermal annealing.  Digital photograph images of g) a bare CNF membrane and 

h) a hollow V2O5 shell membrane. 
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A HRTEM image of the 4-hour annealed CNF-V2O5 core-shell structure is shown in Figure 

4.2a.  The outer V2O5 layer is visible along the CNF core as highlighted by the white brackets.  

Additional HRTEM images are shown in Figure C.3a with white dash lines added in Figure C.3a 

as visual guides to differentiate the inner CNF core and the outer V2O5 shell. A TEM image of the 

hollow V2O5 shell after carbon burnout is shown in Figure 4.2b. A high-angle annular dark-field 

(HAADF) STEM image of the 4-hour annealed CNF-V2O5 core-shell structure is shown in Figure 

4.2c. The lack of sharp diffraction spots in the selective area electron diffraction (SAED) pattern 

in the inset of Figure 4.2c confirms that both CNF and V2O5 are amorphous or highly disordered. 

In contrast, the SAED of the hollow V2O5 shell after prolonged annealing in inset of Figure 4.2d 

shows sharp diffraction spots, which indicates the formation of a crystalline V2O5 structure. Due 

Figure 4.2 TEM images of a) a CNF-V2O5 core-shell structure and b) a hollow V2O5 shell 

after burning out the CNF core.  c) A HAADF STEM image of a CNF-V2O5 core-shell 

structure.  d) A HRTEM image of a hollow V2O5 shell. EDS mapping of the single CNF-V2O5 

nanofiber in panel (c) showing the presence of e) carbon, f) oxygen, and g) vanadium. The 

scale bars in panel (e) to (g) are 300 nm. The insets in panels (c) and (d) are selected area 

electron diffraction patterns. 
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to the large V2O5 tube diameter and shell thickness, the HRTEM image (Figure 4.2d) only shows 

the texture of the crystalline V2O5 structure but not the atomic lattices.  The EDS in Figure C.4 

shows that the CNF-V2O5 core-shell material is dominated by C, O, N, and V elements. The N 

atoms are likely residue from the starting PAN precursors in electrospinning. Elemental mapping 

in Figures 4.2e-g and the line profiles in Figure C.5 confirm the uniform distribution of C, O and 

V elements in the core-shell nanofibers.   

It is noteworthy that the observed uniform coaxial V2O5 coating on each CNFs throughout 

the membrane is highly desired for effective current collection. Due to the high density and heavy 

entanglement of the CNF membrane (as shown in Figures C.1c-d), V2O5 deposition is limited by 

mass transport. Materials opt to deposit much faster at the outer surface of the membrane in normal 

continuous electrodeposition at a constant potential or current, leading to capping the outer surface 

and insufficient deposition inside the CNF membrane. Such uneven deposition was avoided in this 

study by adopting a unique pulse electrodeposition method similar to our previous studies.78, 320  

Figures C.6a and C.6b show the experimental setup and a CV curve of the CNF membrane in the 

V2O5 sol solution. During electrodeposition, the electrode potential was first set at -2.0 V for 10 

seconds (the “on” time) to deposit a sub-nanometer thick V2O5 layer throughout the CNF network.  

A longer “off” time of 20 seconds then followed, with the electrode potential at 0 V, which stopped 

V2O5 deposition and allowed fresh electrolyte to diffuse into the membrane and re-establish the 

concentration equilibrium. These two steps alternatively repeated 60 times to obtain the desired 

V2O5 quantity.  The current profiles in Figures C.6c and C.6d indicate that the pulsed 

electrodeposition process is highly reproducible except the first few cycles.  The quantity of V2O5 

deposition can be controlled by varying the number of cycles. The schematic diagram in Figure 
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C.7 illustrates the effects on the deposition uniformity across the CNF membrane by the common 

constant voltage vs. the pulsed electrodeposition. 

 4.3.2 Materials characterization of the CNF-V2O5 core-shell structure 

The Raman spectra of the CNF-V2O5 core-shell structure in Figure 4.3a shows the 

characteristic peaks of V2O5 (at 140, 282, 403, 513, 696, and 993 cm-1) which match well with 

pure α-V2O5 nanopowders.321  The peak at 990 cm-1 corresponds to the stretching mode of the 

vanadyl V=O double bond, which does not exist in the lower oxidation states of vanadium oxides.  

The stretching mode of V-O-V corresponds to the peak at 696 cm-1.  The peaks located at 513 and 

403 cm-1 are assigned to the bending vibration of V2-O and the V=O bonds of α-V2O5, respectively.  

The well-defined peak at 282 cm-1 corresponds to the bending vibration of V=O bonds of α-V2O5.  

The peak at 143 cm-1 corresponds to the long range external mode α-V2O5, suggesting pockets of 

long range order in the mostly disordered structure. These results suggest that the 4-hour annealed 

samples are dominated by the chemical bonds of V2O5, 
322-323 even though the crystal structure was 

highly disordered (or amorphous).  The peaks at 1351 and 1614 cm-1 correspond to the D and G 

bands of the CNF core. Clearly, both disordered sp3 and graphitic sp2 carbon present in the CNFs. 

The XRD analysis of the 4-hour annealed CNF-V2O5 core-shell structure (blue) and 24-

hour annealed hollow V2O5 shells (red) in Figure 4.3b show the dramatic effects of annealing time 

on the crystal structure.  The CNF-V2O5 core-shell structure shows a very broad asymmetric peak 

which can be de-convoluted into a small peak at 17.15° and a large peak at 20.77°, respectively. 

The d-spacing values are 5.17 and 4.27 Å, respectively, corresponding to the interlayer distance of 
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V2O5 shell and the disordered graphitic carbon core. The d-spacing of 5.17 Å is larger than the 

4.37 Å inter-layer spacing of orthorhombic α-V2O5 crystals, which is likely due to the presence of 

a certain degree of hydration in V2O5.
324  The coherent length calculated from the de-convoluted 

XRD peak width is 1.96 nm (about a stack of only 5 V2O5 atomic layers), consistent with 

amorphous properties observed with SAED of TEM.  It’s worth noting that the d-spacing of CNF 

(4.27 Å) is significantly larger than that of graphite (3.43 Å), and in conjunction with a coherent 

length of only 1.16 nm (about a stack of ~4 carbon layers). The high degree of disorder is consistent 

with the Raman spectroscopy.  A zoom-in plot of the deconvoluted XRD peak of the CNF-V2O5 

core-shell structure is presented in Figure C.8.  The weak peak at 2θ of 43.3° can be attributed to 

Figure 4.3 a) Raman spectrum of the CNF-V2O5 core-shell structure.  b) XRD patterns of 

the CNF-V2O5 core-shell structure (blue) and hollow V2O5 shells (red).  c) BET 

measurements of bare CNFs. d) TGA measurements of bare CNFs and the CNF-V2O5 core-

shell material. 
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the (002) peak of graphitic layers. In contrast, the hollow V2O5 shells after prolonged annealing 

show sharp diffraction peaks that can be attributed to the highly crystalline orthorhombic phase of 

α-V2O5, which is consistent with the pattern of JCPDS: 41-1426 database.  It should be noted that 

a weak peak at 24.74° was observed after the prolong annealing, which is attributed to residual 

graphitized carbon with a smaller d-spacing of 3.60 Å. 

The N2 adsorption/desorption isotherm for the bare CNFs is shown in Figure 4.3c, 

indicating a mesoporous structure.  The BET surface area was determined to be 38.5 m2 g-1. After 

V2O5 deposition, the BET isotherm showed similar features and a BET surface area of 42 m2 g-1, 

but the pore radius distribution shifted from the range of 2-8 nm to 6-12 nm (see Figure C.9). The 

small increase in surface area after V2O5 deposition is attributed to the porosity of the disordered 

V2O5 and outer surface roughness.  The composition and thermal stability of the samples were 

investigated with TGA shown in Figure 4.3d, at a rate of 5 °C/min. For both bare CNFs and the 

CNF-V2O5 core-shell structure, a loss of 5% and 10%, respectively, was observed below 100 °C, 

due to desorption of physisorbed gas molecules (mostly water due to the high humidity in the 

environment). Such water sorption in the porous materials is unavoidable since the samples were 

stored and transported in the air prior to TG measurements. Bare CNFs started to be burnt at ~400 

°C and were completely gone at ~560 °C. In contrast, the CNF-V2O5 core-shell structure started 

to lose the carbon materials near ~300 °C and the mass rapidly dropped to ~12 % at ~450 °C and 

then maintained stable at this value up to ~800 °C. As indicated by the SEM and TEM images in 

Figures 4.1 and 4.2, the main CNF core was retained for thermal annealing at ~300 °C for 4 hours 

while the quality of both CNF core and V2O5 shell is improved. The mass above 450 °C can be 

attributed entirely to crystalline V2O5. The shift in the initial carbon burning temperature can be 

attributed to the proximity oxygen source from metal oxides which are in direct contact with 
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carbon as well as possible catalysis by vanadium, which deserve further study in the future.  The 

V2O5 percentage varied from ~10% to 30% in samples prepared in different days which were 

mainly due to slow drift of the reference electrode potential (by about 20 to 40 mV). Thus, all 

specific capacities in later LIB tests were calculated using the actual V2O5 mass determined by the 

TGA analyses of each sample 

 4.3.3 Assessment of 2 Li+/V2O5 insertion/extraction between 4.0 – 2.0 V 

The Li-ion storage properties of the above described CNF-V2O5 core-shell structure was 

systematically characterized in the half-cell configuration using CR2016 coin cells. An 18-mm 

diameter disk was punched out from the CNF-V2O5 membrane and glued onto an Al disk of the 

same diameter as the cathode (see Figure C.10). The as-assembled cell is in the charged state with 

a cell voltage in the range of 2.3 - 3.3 V. A galvanostatic discharge process was carried out first 

and followed by alternating charge/discharge measurements at different current rates at fixed 

potential windows. Columbic efficiency was calculated as the percentage ratio of the discharge 

(Li+ insertion) capacity to the charge (Li+ extraction) capacity in the prior step. Typically, C rates 

(rather than current densities) are used in literature for battery characterization. To avoid 

confusion, in this paper, all referred C rates are based on the actual time to complete a full charge 

or discharge process at the specific current density, with a rate of C/n corresponding to the 

condition to complete charge or discharge in n hours. For n ≤ 1, an alternative notation (1/n)C is 

used for simplicity. To better assess the materials properties and compare them with the theoretical 

values, only the mass of V2O5 is used for calculating the gravimetric capacity in this study. The 

contribution of the CNF network to Li storage is negligible in the studied potential range. 

The CNF-V2O5 core-shell structure was first investigated for 2 Li+ insertion per V2O5 

formula with galvanostatic charge-discharge measurements in the voltage range of 4.0 – 2.0 V (vs. 
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Li/Li+) as shown in Figure 4.4a.  Cells were discharge/charged for 25 cycles each at 5 different 

current densities (100, 250, 500, 750, and 1000 mA g-1) before returning to the initial current rate 

(100 mA g-1) at cycle 26.  The first five cycles at 100 mA g-1 (~ C/3 rate) were unstable with an 

insertion capacity of 291 mAh g-1 and a coulombic efficiency of 94% at cycle 5. The insertion 

(discharge) capacity at this low rate matches well with the theoretical capacity of 294 mAh g-1 for 

2 Li+/V2O5 insertion process.297 When the rate was increased to 250 mA g-1 (~1C rate), the cell 

was stabilized with an insertion capacity of 242 mAh g-1 and a higher coulombic efficiency to 

97%.  High insertion capacities of 217, 207, and 198 mAh g-1 were obtained at rates of 500 (2.3C), 

750 (3.6C), and a 1000 (5.1C) mA g-1, respectively.  Interestingly, as the rate was increased to 

Figure 4.4 Electrochemical characterization of the 2 Li+/V2O5 insertion/extraction. a) Rate 

performance of the CNF-V2O5 core-shell structure in the potential range of 4.0 – 2.0 V (vs 

Li/Li+) at 5 different current density values (100, 250, 500, 750, and 1000 mA g-1), each with 

5 charge-discharge cycles.  b) The galvanostatic charge-discharge profiles of the last cycle at 

each current density in the rate-performance tests. c) Cyclic voltammetry curves at 0.1 

(black), 0.5 (red) and 1.0 (blue) mV s-1 in the potential range of 4.0 – 2.0 V (vs Li/Li+). d) 

Long-term cycling at a rate of 100 mA g-1. 
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1000 mA g-1
, the coulombic efficiency increased to ~99%.  Generally, the coulombic efficiency 

decreases at higher current rates in literature.  Here the coulombic efficiency increases with 

increasing current rates which can be attributed to the better current collecting capability and faster 

reaction kinetics with the core-shell structure. It is also likely that a high pseudocapacitance 

contribution aids in the high coulombic efficiency at the high rates.  When the current was reduced 

back to 100 mA g-1 in cycles 26-30, a stable insertion capacity of 290 mAh g-1 was achieved, 

resulting in a capacity retention of ~99% comparing to cycle #5.  Insertion capacities of 240, 215, 

203, and 194 mAh g-1 were obtained at current rates of 250, 500, 750, and 1000 mA g-1, 

respectively, in cycles 31-50. These values are all comparable to those in cycles 6-25 of the first 

set of rate-performance tests, demonstrating the high stability of the CNF-V2O5 core-shell 

structure.  It is notable that the capacity only dropped by ~32% as the charge-discharge current 

was increased 10 times from 100 to 1000 mA g-1. 

A representative Nyquist plot of electrochemical impedance spectroscopy (EIS) 

measurements at the charged state (~4.0 V) was obtained after 5 cyclic voltammetry cycles (1 

mV/s) as shown in Figure C.11.  An equivalent series resistance of 53.33 Ohm (R1) and a charge 

transfer resistance of 170.8 Ohm (R3) was derived from the fitted circuit, which are a little bit high 

and expected for amorphous V2O5 materials. The capacitance value of the constant phase element 

(CPE, represented by Q2) corresponding to the CNF-V2O5 electrode was derived to be only 4.6 

µF, indicating a low EDLC contribution from the CNF framework.  The R3 value of 80.18 Ohm 

and the capacitance value 8.8 µF in the first CPE (Q1) are likely originated from the Li counter 

electrode.  The cell performance likely can be further improved in the future by optimizing the 

electrical contact in the core-shell nanofiber membrane. 
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The galvanostatic charge-discharge curves of the last cycle at current rates of 100 (black), 

250 (red), 500 (blue), 750 (magenta), and 1000 (green) mA g-1 in the rate-performance tests are 

presented in Figure 4.4b.  All profiles show nearly linear curves without clear flat plateaus that are 

commonly seen for Li+ insertion/extraction in crystalline V2O5,
 indicating that the system behaved 

like a pseudocapacitor.  These properties explain the high stability and high coulombic efficiency 

at the high applied current rates.  The high degree of pseudocapacitance contribution is also seen 

in the CV curves in Figure 4.4c.  Only a small reduction peak was observed between 3.2 - 3.0 V 

corresponding to the crystalline phase transformation from α-V2O5 to ε-LixV2O5 (0.35 < x < 0.7) 

and δ-LiV2O5.  The two reduction peaks commonly observed in crystalline V2O5
297

 were 

superimposed in this study owing to the amorphous nature of V2O5.  A larger reduction peak was 

observed at 2.3 V at a scan rate of 0.1 mV s-1 corresponding to the phase transformation from δ-

LiV2O5 to γ-Li2V2O5.  During the extraction process, only a single oxidation peak was observed at 

3.0 V corresponding to the phase transformation of γ-Li2V2O5 back to δ-LiV2O5.  Two small 

oxidation peaks followed at ~3.4 and 3.6 V corresponding to the phase transformation from δ-

LiV2O5 to ε-LixV2O5 (0.35 < x < 0.7) and α-V2O5, respectively.  Compared with the CVs of 

crystalline V2O5 materials, the CNF-V2O5 core-shell structure present a large baseline separation 

between the charge and discharge currents, reflecting the dominant pseudocapacitive properties 

associated with the amorphous V2O5 shells.  Figure 4.4d further demonstrates the remarkable 

stability of the CNF-V2O5 core-shell structure in 100 charge/discharge cycles at 100 mA g-1 (~C/3 

rate).  A stable capacity of 292 mAh g-1 was obtained at cycle 10 which only slightly decreased to 

282 mAh g-1 in cycle 100, resulting in a high capacity retention of 97%. 

It is noteworthy that current LIBs are mainly focused on ordered crystalline materials due 

to ordered Li+ ion pathways and well-defined redox reactions. Even though enhanced capacity was 
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obtained with disordered oxide materials325 (including hydrated V2O5 
299, 326-327), these materials 

are limited by the poor mechanical stability, low electrical conductivity and tortuous ion pathways. 

Using core-shell hybrid structures in which thin V2O5 shells coated on stable nanostructured 

carbon cores has been demonstrated as an effective approach to overcoming these issues.231 

Particularly, we have previously demonstrated that partially hydrated amorphous V2O5 shells 

deposited on vertically aligned carbon nanofiber (VACNF) arrays provided over 30% higher 

capacity than crystalline V2O5 shells in highly stable 2 Li+/V2O5 processes.317 The results of the 

electrospun CNF-V2O5 core-shell structure in this study further validate the effectiveness of the 

core-shell hybrid approach. Furthermore, electrospinning is a potentially scalable technique which 

can be adapted for future LIB production. 

 4.3.4 Assessment of 3 Li+/V2O5 insertion/extraction between 4.0 – 1.5 V 

To explore the potential for even higher capacity, we further investigated the 3 Li+/V2O5 

insertion/extraction properties by lowering the low voltage limit to 1.5 V (vs. Li/Li+).  Similar to 

the earlier study, cells were discharged/charged for 5 cycles each at 5 different current densities 

(100, 250, 500, 750, and 1000 mA g-1) before returning to the initial current rate (100 mA g-1) at 

cycle 26 to repeat the sequence. The galvanostatic charge-discharge rate performance is 

summarized in Figure 4.5a. Similar to the 2 Li+/V2O5 insertion/extraction performance, the first 

five cycles at 100 mA g-1 (C/4.3) were somewhat unstable with an insertion capacity of 429 mAh 

g-1 and a coulombic efficiency of 103% in cycle 5.  The capacity is close to the theoretical capacity 

of 441 mAh g-1 for 3 Li+/V2O5 insertion/extraction in crystalline V2O5. When the rate was 

increased to 250 mA g-1 (C/1.4), the cell was stabilized with an insertion capacity of 338 mAh g-1 
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and a coulombic efficiency of 100%.  High insertion capacities of 280, 250, and 236 mAh g-1 were 

obtained at rates of 500 (1.8C), 750 (3.0C), and a 1000 (4.2C) mA g-1, respectively, with coulombic  

Figure 4.5 Electrochemical characterization of the 3 Li+/V2O5 insertion/extraction. a) Rate 

performance of the CNF-V2O5 core-shell structure in the potential range of 4.0 – 1.5 V (vs 

Li/Li+) at 5 different current density values (100, 250, 500, 750, and 1000 mA g-1), each with 

5 charge-discharge cycles.  b) The galvanostatic charge-discharge profiles of the last cycle at 

each current density in the rate performance. c) Cyclic voltammetry curves at 0.1 (black), 

0.5 (red) and 1.0 (blue) mV s-1 in the potential range of 4.0 – 1.5 V (vs Li/Li+).  d) Long-term 

cycling at a rate of 100 mA g-1. 

efficiencies of ~100%.  When the current was returned to 100 mA g-1 in cycle 26-30, an 

insertion capacity of 405 mAh g-1 was achieved. Comparing to cycle #5, the capacity retention was 

~94%.  Insertion capacities of 330, 273, 244, and 233 mAh g-1 were obtained at current rates of 

250, 500, 750, and 1000 mA g-1, respectively, in cycles 31-50, retaining ~98% of the corresponding 

capacities in cycle 6-25.  
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Charge-discharge curves at current rates of 100 (black), 250 (red), 500 (blue), 750 

(magenta), and 1000 (green) mA g-1 are presented in Figure 4.5b.  All profiles retain the nearly 

linear feature as those in the 2 Li+/V2O5 insertion/extraction processes. The shape of the charge-

discharge curves is consistent with those of rGO/V2O5-LiBO2 glass composite materials in the 

same potential range 301. The stabilized CV curves in Figure 4.5c show nearly ideal 

pseudocapacitive features with flat baselines and a large separation between the forward and 

backward scans.  In addition, the first negative scan in Figure C.12 showed similar CV features as 

Figure 4.4c, with a large reduction peak at ~2.3 V corresponding to the phase transformation from 

α-LiV2O5 to γ-Li2V2O5 with the intermediate phase superimposed.  A further downward dip was 

observed at 1.5 V corresponding to the phase transformation from - Li2V2O5 to rock-salt-type ω-

LixV2O5 (2 < x < 3).  However, the oxidation peaks in the reversed positive scan overlapped into 

a broad wave spreading from 2.0 to 3.5 V. Both the large reduction peak at 2.3 V and the broad 

oxidation wave disappeared in the 2nd cycle (red), showing only the smooth capacitive features. 

This behavior is consistent with literature 297, showing that the transformation into the rock-salt 

structure by 3 Li+/V2O5 insertion irreversibly damages the crystal structure and converts it into a 

fully amorphous structure. Notably, the CV curves after the 1st cycle became stabilized. Both 

Figures 4.5c and 4.5d indicate that Li storage is dominated by the large pseudocapacitance.  Figure 

4.5d demonstrates that a decent stability can be obtained with this mechanism in long cycling at 

100 mA g-1.  The capacity slowly dropped from 442 mAh g-1 in cycle 3 to 310 mAh g-1 in cycle 

100, retaining 70% of the original value.  The results in Figure 4.5c is a great leap from the 

extensive studies seeking using crystalline V2O5 materials for 3 Li+/V2O5 processes 297. It is 

attributed to the novel properties of the CNF-V2O5 core-shell hybrid structure. The scalable 
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capability of electrospinning and electrodeposition may provide a viable method to push the core-

shell concept involving amorphous V2O5 materials 231, 317 closer to LIB applications. 

 4.3.5 Discussion on the novel properties of amorphous V2O5 cathodes 

Table C.1 and Table C.2 compare the performance of the CNF-V2O5 core-shell structure 

in 2 Li+/V2O5 and 3 Li+/V2O5 insertion/extraction, respectively, with an extensive list of studies in 

literature. For 2 Li+/V2O5 insertion/extraction, the CNF-V2O5 core-shell structure is among the top 

judging by both the specific capacity and current density (or C rates). For 3 Li+/V2O5 

insertion/extraction, the advantages of CNF-V2O5 core-shell structure in specific capacity and 

current density (or C rates) is more evident. In addition, the improved stability and the potential 

for scalable production of the CNF-V2O5 core-shell structure by electrospinning and pulsed 

electrodeposition make it attractive for future LIB developments. 

So far extensive efforts are being made to attain the high capacity at high power rates by 

improving ion diffusion using nanostructured V2O5 materials, particularly 2D nanosheets 300. 

Interestingly, the rate-performance curves of the 2 Li+/V2O5 process (Figure 4.4a) and 3 Li+/V2O5 

process (Figure 4.5a) in this study show a common phenomenon, i.e. a high specific capacity was 

retained at a relatively high current density of 1,000 mA g-1, which is not obtainable with traditional 

micron-sized V2O5 materials. As demonstrated in a study by Rui et al 328, the rate-performance 

curve of few-layer V2O5 nanosheets (2.1-3.8 nm thick) shift upward by ~100 mAh g-1 comparing 

to that of bulk V2O5 crystals (1-4 m in size). Here we have obtained a stable high capacity of 198 

mAh g-1 at a high rate of 1,000 mA g-1 (~5C) for 2 Li+/V2O5 process, comparable to the reports 

with few-layer V2O5 nanosheets328 and V2O5 nanoparticles anchored on CNTs.329 More 

importantly, we were able to obtain a relatively stable high capacity of 236 mAh g-1 at the high 

rate of 1,000 mA g-1 (~4C) for the 3 Li+/V2O5 process, which have not been obtained with 
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nanostructured V2O5 alone. In our previous study using the hybrid structure of V2O5 shells on 

vertically aligned carbon nanofiber cores,317 we have observed that the rate-performance curve of 

the amorphous V2O5 shells shift up by ~60 mAh g-1 in 2 Li+/V2O5 process and  by ~150 mAh g-1 

in 3 Li+/V2O5 process comparing to the crystalline V2O5 shells. Those observations are consistent 

with the results in this study, which demonstrate that the core-shell hybrid structure is effective to 

facilitate the high-capacity and high-power capability of amorphous V2O5 materials. It is 

particularly attractive for future batteries involving larger ions such as Na+ or polyvalent ions such 

as Mg2+, which may benefit from the more open structure of amorphous V2O5 materials. 

 4.4 Conclusion 

In summary, self-sustained CNF membranes fabricated by carbonizing electrospun PAN 

nanofibers were used as 3D porous LIB electrodes.  A thin V2O5 layer was coated onto the CNFs 

using a pulsed electrodeposition from a V2O5 sol solution.   SEM, HRTEM and XRD analysis 

confirmed that the CNF-V2O5 core-shell structure consisted of a uniform coaxial V2O5 layer on 

the continuous CNF core throughout the whole membrane. After 4 hours of thermal annealing at 

300 °C in the air, the V2O5 shell presents as a partially hydrated amorphous material.  

Electrochemical characterization in the potential range of 4.0 – 2.0 V (vs Li/Li+) revealed that the 

V2O5 shell in this core-shell structure present reversible 2 Li+/V2O5 insertion/extraction with a near 

theoretical capacity of 291 mAh g-1 and excellent stability even at high rates.  There was nearly no 

capacity fading after 100 cycles.  Moreover, when the potential range was extended to 4.0 – 1.5 V 

(vs Li/Li+), a high capacity of 429 mAh g-1 was obtained corresponding to reversible 3 Li+/V2O5 

insertion/extraction. A relatively high capacity retention of 70% was obtained after 100 cycles. 

These results demonstrated that the CNF-V2O5 core-shell structure is an effective approach to 
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breaking the intrinsic limits of crystalline V2O5 and enabling amorphous V2O5 materials to be used 

as a promising scalable high-capacity LIB cathode. 
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Chapter 5 - Highly Stable Three Lithium Insertion in Thin V2O5 

Shells on Vertically Aligned Carbon Nanofiber Array for Ultrahigh-

Capacity Lithium Ion Battery Cathodes 

 5.1 Introduction 

Advanced EES systems are becoming increasingly important in supporting energy 

conversion systems utilizing intermittent renewable sources such as wind and solar energy2, 

powering hybrid and electric cars289, and enhancing the performance of today’s portable 

electronics.290  LIBs currently dominate the EES market owing to their high-energy storage 

capabilities.290, 330 Despite of this success, the LIBs’ specific capacity and power rates still need to 

be raised to meet the increasing demands.  Particularly, the low specific capacity of cathode 

materials is currently the key factor limiting the energy storage capability of LIBs.292 For example, 

in the most common commercial LIBs, a near theoretical specific capacity of 372 mAh g-1 can be 

achieved with the graphite anode while only ~ 140 mAh g-1 specific capacity with LiCoO2 

cathode.292 Hence, the current LIB research has put an extensive emphasis on improving the charge 

storage capacity and power delivery capability of the cathode materials.295-296 

V2O5 is regarded as a promising cathode material owing to its high theoretical capacity due 

to multiple Li+ insertion/extraction reactions in addition to the low cost, nontoxic chemical 

properties, high electrode potential in lithium-extracted state (up to 4.0 V) and easily accessible 

layered structure for Li+ ion insertion.124  Theoretically, crystalline V2O5 can achieve a reversible 

specific capacity of 294 mAh g-1 (for a two Li+/V2O5 insertion process) and an irreversible capacity 

of 441 mAh g-1 (for a three Li+/V2O5 insertion process),125 which are significantly higher than 

today’s commercial cathode materials such as LiCoO2 (140 mAh g-1), LiMn2O4 (148 mAh g-1) and 
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LiFePO4 (170 mAh g-1)298 that are limited to only one Li+ insertion/extraction. A few reports have 

even suggested that amorphous V2O5 in supercritically dried xerogels and aerogels can achieve 

extremely high capacities up to 560 and 650 mAh g-1, respectively (equivalent to 4 and 5.8 Li+ 

insertion/extraction per V2O5), owing to their highly porous network, high surface area, and short 

Li+ diffusion paths.218, 326  Unfortunately, these materials suffer from poor mechanical/chemical 

stability and rapid capacity fading, making realizing the predicted high capacity in practical LIBs 

difficult. 

Achieving reliable capacity with V2O5 cathodes close to the theoretical value has been a 

challenge due to the small Li+ ion diffusion coefficients (~10-15 – 10-12 cm2s-1) and low electrical 

conductivities (~10-3 – 10-5 S cm-1) in this material, which ultimately hinder the performance of 

V2O5 cathodes in practical EES devices.126-127  Also, it is well known that the Li+ intercalation 

process in crystalline V2O5 is accompanied by multiple phase transitions.  Trace amounts of Li+ 

intercalation results in α-LixV2O5 (x < 0.01) structure, which is transformed into ε-LixV2O5 (0.35 

< x < 0.7) after further lithiation.  Insertion of exactly one Li+ leads to the formation of δ-phase 

LixV2O5 (x = 1).  Further lithiation converts the δ-phase to γ-LixV2O5 (1 < x < 2).  At more than 

two Li+ insertions, an irreversible transformation to rock-salt-type ω-LixV2O5 phase (2 < x < 3) 

typically occurs.128  Such phase transition processes induce large lattice strains due to different 

crystal structures and lattice constants in distinct phases mixed within each single particle, which 

unavoidably causes irreversible structural damage resulting in poor battery life.67 The larger 

amount of Li insertion by 3 Li+
/V2O5 insertion makes such structural changes even more severe. 

As a result, practical applications of traditional crystalline V2O5 cathodes have been limited to 

below two Li+
/V2O5 insertion/extraction processes. 
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Two strategies have so far been employed to overcome these intrinsic limitations.  The first 

one is to overcome the low Li+ ion diffusion coefficients through synthesis of low-dimensional 

nanostructures such as nanorods,331 nanofibers,332 nanoribbons,333 nanobelts,334 nanowires,335 

nanosheets,336 nano/microspheres,128, 337-339 nanoflowers,340 and 3D porous nanosheets 

assembly.341-343  This strategy increases the overall SSA and provides short diffusion pathways for 

Li+ ions, which in turn offers more electrochemically active sites for enhanced LIB performance.  

Low-dimensional nanostructures can also partially relieve the large lattice strain during the phase 

transition processes and significantly extend the battery life.  However, the poor electrical contact 

between nanoscale V2O5 nanoparticles becomes a dominant factor that limits the power rate 

capabilities. Moreover, the low surface energy of V2O5 often leads to aggregation of the 

nanostructures, resulting in capacity fading and ultimately structural collapse. The second strategy 

(combined with the first strategy) is to incorporate low dimensional conductive carbon materials 

such as MWCNTs,226, 308-309 graphene,126, 312, 344 and rGO67, 219, 313-315 to form composite materials.  

The addition of these conductive additives prevents aggregation and enhances the electrical 

conductivity throughout the electrode material.  However, the poor electrical contact at the 

interface of the V2O5 nanoparticles and carbon additives still limits these materials to reach higher 

power rates required for many practical applications.    

Coating thin V2O5 shells on continuous three-dimensional (3D) conductive frameworks 

was found to be an effective approach to resolving the above issues for higher lithium storage 

capacity. The concept has been demonstrated with ultrathin V2O5 coatings by electrochemical 

deposition on a vertically aligned Ni nanorod array345 and a vertically aligned carbon nanotube 

array,346 and by atomic layer deposition (ALD) on a 3D MWCNT sponge network.231 Stable 2 

Li+/V2O5 insertion/extraction in the voltage range of 4.0 – 2.1 V (vs. Li/Li+) has been 
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demonstrated, with only < 0.1% decay per cycle over 100 charge-discharge cycles.231 More 

importantly, high-capacity 3 Li+/V2O5 insertion/extraction was achieved in the initial 20 cycles 

when the voltage range was expanded to 4.0 – 1.5 V, though the capacity dropped by 49% after 

100 cycles.231 However, the very thin V2O5 coatings (≤10 nm) in these hybrid structures made it 

difficult to accurately assess the small V2O5 mass. Thus, it was difficult to accurately assess the 

gravimetric capacities and correlate them with the theoretical values at different stages of the multi-

Li+ insertion/extraction processes. Further studies are needed to explore better core-shell structures 

that can stabilize V2O5 during deep Li+ insertion for practical high-capacity V2O5 cathodes.  

Here, we report a study using V2O5 shells sputter-coated on vertically aligned carbon 

nanofibers (VACNFs) with an aim to address on the above-discussed issues. VACNFs can be 

described as a robust brush-like array of high-aspect-ratio carbon nanofibers (~50 - 150 nm in 

diameter and 3 – 10 m in length) consisting of conically stacked graphitic structures.233  They 

offer a distinctive advantage over other carbon allotropes owing to their abundancy of graphitic 

edges along the sidewall, which provide an excellent electrochemical interface leading to strong 

interactions with shell materials.  Previously we have reported the ability to obtain over 3,200 mAh 

g-1 capacity with remarkable power rates and cycling stability using silicon shells of the radial 

thickness up to ~ 200 nm on VACNF cores as a LIB anode material.150-151  Here, a similar 3D core-

shell architecture was prepared by radio frequency (RF) sputtering of thick V2O5 shells (up to ~100 

nm radial thickness) on VACNFs, which was investigated as a LIB cathode material both with and 

without thermal annealing. The annealed sample consisting of nanocrystalline V2O5 shell has 

illustrated the full theoretical capacity of 2 Li+/V2O5 insertion/extraction (~294 mAh g-1, relative 

to V2O5 mass) in the voltage range of 4.0 – 2.0 V and is able to retain 100% capacity after 100 

cycles. In deeper discharging to 1.5 V, the annealed sample delivers ~390 mAh g-1 in the initial 
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cycles, about 88.4% of the full 3 Li+/V2O5 insertion/extraction capacity, and shows only ~12% 

fading after 100 cycles at 0.20 A g-1 (C/2) rate. In contrast, the as-deposited sample with disordered 

V2O5 shells provides a capacity of ~547 mAh g-1 at 4.0 – 1.5 V, equivalent to 3.7 Li+/V2O5 

insertion/extraction, and is able to retain ~84% of the initial capacity after 100 cycles.  To our 

knowledge, the VACNF-V2O5 core-shell structure at deep discharge in 4.0 – 1.5 V shows the 

highest stabilities and capacity retentions for a 3 (and more) Li+/V2O5 insertion/extraction process 

reported to date.126, 301, 333, 347  These results confirmed the recent finding that disordered oxides 

may be able provide excess lithium storage beyond the theoretical stoichiometric limit due to 

sublattice intermixing of Li/metal cations and formation of a percolation network.325 The core-

shell structure in this study provides a potential strategy to overcome the drawback of low electrical 

conductivity in amorphous V2O5. This concept is highly promising for developing stable 

nonconventional high-capacity cathode materials for LIB and future sodium-ion batteries 

 5.2 Experimental Details 

 5.2.1 VACNF Array Growth 

Graphite sheets (0.4 mm thick; Fiber Materials Inc., USA) were coated with 30 nm nickel 

films using a high-vacuum Perkin Elmer 4400 series magnetron sputtering system at UHV 

Sputtering Inc. (Morgan Hill, CA).  VACNFs with an average length of ~5 μm were grown on the 

20-nm Ni coated graphite disks of 17.5 mm in diameter using a DC-biased PECVD system 

(AIXTRON, CA) following a previously published procedure.150-151, 233-234  A pre-treatment 

procedure was applied first by thermally heating the Ni/graphite substrate to 500 °C in 250 sccm 

NH3 at a pressure of 3.9 Torr and then applying plasma at 40 Watts for 30 seconds.  The combined 

effects of thermal dewetting and NH3 plasma etching broke the Ni film into randomly distributed 

nanoparticles that catalyzed the growth of VACNFs in a tip growth mode.233-234  The diameter and 
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distribution of the VACNFs were mostly determined by these Ni nanoparticles. After pre-

treatment, a mixture of acetylene (at 63 sccm) and ammonia (at 250 sccm) was used as the 

precursors for VACNF growth at substrate temperature of 750 °C and a pressure of 4.6 Torr. The 

plasma power was kept at 45 Watts for 30 minutes to grow the ~5.0 μm long VACNFs.151 

 5.2.2 V2O5 Deposition 

V2O5 was deposited on the VACNFs using RF sputtering of a high purity (99.99%) V2O5 

target of 50 mm in diameter. The V2O5 target was kept at a distance of 30 mm from the VACNF 

substrate maintained at room temperature during the deposition. The sputtering gun was inclined 

toward the V2O5 target at a 45° angle for optimal deposition.  The processing chamber was 

evacuated to 3×10-6 Torr prior to deposition. During deposition, a power of 150 W was applied to 

the sputtering gun at a working pressure of 10 mTorr (92% Ar + 8% O2 by volume).  A ten-minute 

pre-sputtering was applied in order to obtain a fresh V2O5 surface. After a 120-minute deposition, 

the amount of V2O5 deposited onto the VACNF substrate was found to be equivalent to a uniform 

film thickness of 425 nm on a flat surface, i.e. a nominal thickness of 425 nm. This was confirmed 

by repeating the sputtering deposition on a polished Si substrate in place to the VACNF substrate. 

Following deposition, the substrate was allowed to cool for at least 30 minutes prior to removal 

from the chamber. Some VACNF-V2O5 core-shell structures were subjected to post-growth 

annealing in air at 450 °C for two hours, which facilitated crystallization of the V2O5 shells on the 

VACNFs. A schematic of the fiber growth and deposition process is illustrated in Figure D.1a. 

Digital images of the core-shell structure at various processing steps are shown in Figures D.1b-e.   

 5.2.3 Materials Characterization 

The surface morphology of the VACNF-V2O5 core-shell structures were investigated using 

a Versa 3D Dual Beam (FEI, Hillsborro, OR) field emission scanning electron microscope (SEM).  
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The microstructure of the sample was examined using a Tecnai F20 XT (FEI, Hillsborro, OR) high 

resolution transmission electron microscope (HRTEM).  Elemental analysis was carried out using 

the energy dispersive X-ray spectroscopy (EDS) in the SEM. In conjunction with SEM. The 

crystallinity was evaluated using a PANalytical Empyrean (PANalytical, Almelo, The 

Netherlands) x-ray diffractometer (XRD).  Diffraction analysis was conducted from 10° to 60° 

using a Cu source.  Raman spectra were obtained using a Thermo Scientific DXR system at a laser 

wavelength of 532 nm.  X-ray photoelectron spectroscopy (XPS) spectra were obtained using a 

PHI 5000 Versa system with a monochromated Al Kα (1486.7 eV) source to further evaluate the 

valance state of the vanadium oxide near the surface. 

 5.2.4 Electrochemical Characterization 

To evaluate electrochemical performance of the VACNF-V2O5 cathode, half-cells were 

assembled into stainless steel coin cells (CR2032, MTI Corporation, Richmond, CA).  The 

VACNF-V2O5 core-shell structures were used as working electrodes against a 16-mm dia. lithium 

disk counter electrode which were separated by a 0.65 mm thick glass fiber separator (El-Cell, 

Hamburg, Germany).  The cell was assembled in an argon filled M-Braun LabStar50 stainless steel 

glovebox (Garching, Germany).  The electrolyte consisted of 1.0 M lithium hexaflourophosphate 

(LiPF6) in a mixture of 1:1:1 volume ratio ethylene carbonate (EC), ethyl methyl carbonate (EMC), 

and dimethyl carbonate (DMC) with a 2% vinylene carbonate additive (Novolyte, Ohio).  

Galvanostatic charge-discharge cycles were performed using a MTI 8 channel battery analyzer 

(MTI Corporation, Richmond CA).  All gravimetric capacities were calculated relative to the mass 

of V2O5. Cyclic voltammetry (CV) measurements were performed using an Ivium-n-Stat (Ivium 

Technologies, Eindhoven, The Netherlands) and a CHI760D potentiostat.  (CH Instruments, 

Austin, TX).  
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 5.3 Results and Discussion  

 5.3.1 SEM/TEM Characterization of Materials Morphology 

The SEM image of the as-deposited VACNF-V2O5 core-shell structure in Figure 5.1a 

shows uniform coaxial V2O5 coating along the VACNFs.  A high-magnification SEM image in 

Figures 5.1b and D.2a-b shows a rough texture extending across the shell surface with a distinctive 

feature of the nanocolumn-like microstructure (as detailed further later) that commonly formed in 

thick sputtered films.  A morphology change occurred after annealing resulting in clustering of the 

core-shell structures (Figure 5.1c).  The nanocolumnar V2O5 shells appear to be converted into 

non-uniform nanoparticles as indicated in Figure 5.1d.  These changes are consistent over the 

entire sample, as further illustrated in Figures D.2c-d.   

 A TEM image of the as-deposited V2O5 on a single CNF is shown in Figure 5.2a.  A thick 

coating can be seen at the top of the sample which tappers off down the nanofiber forming a cotton 

3 μm 200 nm 

3 μm 200 nm 

a) b) 

c) d) 

Figure 5.1 Low-magnification a) and high-magnification b) SEM images of the as-deposited 

VACNF-V2O5 core-shell structures.  Low-magnification c) and high-magnification d) SEM 

images of the annealed VACNF-V2O5 core-shell structures.  (Reprinted with permission 

from Adv. Mater. Interfaces 2016, 3, 1600824) 
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swab like structure.  This phenomenon can be described as a snow fall effect which is a common 

theme in sputtering deposition on non-flat surfaces. The dark tear shaped region in the center is 

the nickel catalyst embedded in the tip of the VACNFs. About 425 nm thick V2O5 film can be seen 

directly above the Ni catalyst tip.  The VACNF shaft is embedded in the V2O5 as the light gray 

column below the Ni catalyst particle, whose contour is visually highlighted with the white dashed 

lines. The nanocolumnar structure of the V2O5 shell can be seen along the shaft of the nanofiber, 

forming a secondary brush-like structure which is anchored at an oblique angle of ~40 from the 

tip direction. This type of structure follows the Thornton’s Structural Zone Model which is 

common when the substrate temperature is held well below the melting point of the depositing 

material during deposition which is 690 °C for V2O5.
151, 348  This model predicts that at such 

conditions the deposited shell material tends to form arrays of vertical nanocolumns separated by 

voids or low-density boundaries but strongly anchored on the surface of VACNFs, forming a well-

defined porous shell. Moreover, the layered graphitic edges at the VACNF sidewall may further 

facilitate the growth of such nanocolumns. This type of structure can enhance the electrochemical 

performance of V2O5 by providing short Li+ diffusion paths in solid V2O5 and maximizing 

diffusion through liquid electrolytes penetrating into the voids similar to the highly porous network 

in aerogel materials.   

Figures D.3a-b further reveal that the nanocolumnar structure in the as-deposited V2O5 

shell is uniform along the shaft of the fiber. The high-magnification TEM image in Figure 5.2b 

reveals that the V2O5 is a highly porous amorphous structure, which is further confirmed by the 

selective area electron diffraction (SAED) pattern in the insert of Figure 5.2b. Upon thermal 
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annealing, the nanocolumnar V2O5 structure is converted into denser nanocrystalline domains of ~ 

50 to 100 nm in size, as illustrated in Figure 5.2c. The annealed core-shell structure tends to cluster 

into small bundles as revealed by SEM image (Figure 5.1c) and TEM images (Figures D.3c-d). 

The HRTEM image in Figure 5.2d shows the highly ordered crystalline lattices of the annealed 

V2O5 with sharp diffraction spots in the SAED pattern. The nature of the thermal annealing 

processes will be discussed later with supports from spectroscopic data. 

 5.3.2 Spectroscopy Characterization of Materials Composition 

EDS maps in Figure D.4 show that both the as-deposited and annealed structures consist 

of primarily vanadium oxides. Carbon and nickel peaks originating from the VACNFs and the 

catalyst, respectively, are also present.  XRD patterns of the sputtered V2O5 films are presented in 

Figure 5.3a.  To avoid the high background from the graphite substrate (to be used in LIB tests), 

the XRD study used V2O5 films directly deposited on a polished silicon substrate, which were 

Figure 5.2 Low-magnification a) and high-magnification b) TEM images of the as-deposited 

VACNF-V2O5 core-shell structures. Low-magnification c) and high-magnification d) TEM 

images of the annealed VACNF-V2O5 core-shell structures. The white dashed lines have been 

inserted to indicate the contour of the VACNF surface. SAED patterns are presented in the 

insert of b) and d) for the as-deposited and annealed, respectively. (Reprinted with 

permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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annealed in the same conditions as for the VACNF-based samples.  The as-deposited film shows 

only a single peak at ~33° which is attributed to silicon, indicating that the as-deposited V2O5 film 

is likely an amorphous structure. In contrast, the annealed film shows sharp diffraction peaks that 

can be attributed to the highly crystalline orthorhombic phase of V2O5 and is consistent with the 

JCPDS: 41-1426 database. 

 

 The Raman spectra of the as-deposited and annealed V2O5 samples are shown in Figure 

5.3b.  The typical peaks of V2O5 (146, 283, 304, 405, 475, 524, 685, and 993 cm-1) are observed 

in both spectra and match well with pure V2O5 nanopowder.321  The peak at 993 cm-1 is 

characteristic of α-V2O5 corresponding to the stretching mode of the vanadyl V=O double bond, 

which does not exist in the lower oxidation states of vanadium oxides.  The peaks located at 475 

and 405 cm-1 are assigned to the bending vibration of V2-O, and the V=O bonds of α-V2O5, 

respectively.  The partially resolved peak at 305 cm-1 is due to the bending vibration of the triply 

bonded V3-O bond in V2O5, but is mostly overlapped with the peak at 286 cm-1 which corresponds 

to the bending vibration of V=O bonds of α-V2O5.  These results suggest that the as-deposited and 

annealed films indeed contain characteristic Raman peaks for V2O5.
322-323   

Figure 5.3 XRD patterns a) of as-deposited and annealed V2O5 films on a silicon chip.  Raman 

spectra b) of the as-deposited and annealed core-shell structures grown on graphite paper 

(to be used for LIB tests) compared with pure V2O5 powder.  High-resolution XPS spectra c) 

of the as-deposited and annealed structures on graphite paper at binding energies of V2p1/2, 

V2p3/2, and O1s. (Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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However, an anomalous peak appears at 850 cm-1 in the as-deposited spectrum which 

doesn’t match any of the known V2O5 peaks in literature. At first glance, this peak appears to 

indicate a mixed phase with other VOx.  However, to the best of our knowledge, the closest match 

to this peak in literature is the monoclinic VO2 insulating phase with a peak at 826 cm-1.349  But it 

is still 25 cm-1 off from our observation. Such a large shift that only occurs to this single peak but 

no other peaks makes it unlikely attributed to the presence of large amount of VO2 phases. 

Therefore, we attribute this peak mainly to the hydration of the V2O5 surface originated from 

moisture in the air which matches well with previous Raman spectroscopy studies by Bell et al. on 

supported V2O5 catalyst.350-351 The water content was not quantified in this work; however, it is 

not expected to exceed more than one mole of H2O per mole of V2O5, possibly with a chemical 

formula V2O5 • H2O.  In terms of battery safety, it is expected that such a low H2O content does 

not pose risks in practical applications. Interestingly, the hydrated or hydrogenated mesoporous 

metal oxides have been reported in several studies to facilitate higher electrical conductivity and 

generate larger pseudocapacitance.352-354 The peak intensity at 850 cm-1 in the annealed structure 

significantly decreases correlating well with the formation of crystalline V2O5 phases. The 

dehydration and crystallization processes during thermal annealing convert the initial porous 

amorphous structure of hydrated V2O5 material into a heterogeneous film consisting of denser 

V2O5 nanocrystals. The non-uniform stress associated with such phases transitions may have 

caused the core-shell nanofibers to bend and clustering with neighbors (as revealed in Figure 5.1).   

 To further understand the annealing effects, XPS was used to investigate the change in 

chemical bonding and elemental compositions between the as-deposited and annealed VACNF-

V2O5 core shell structures.  Figure D.5a shows the wide-scan XPS survey spectra of both as-

deposited and annealed structures with almost the same features.  For example, the C1s peak 
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originated from either VACNFs or the graphite substrate appears at ~ 284.3 eV for the as-deposited 

and 284.4 eV for the annealed samples. However, the binding energies of V2p3/2, V2p1/2, and O1s 

appear at 517.0, 524.6 and 530.0 eV, respectively, in the as-deposited sample, but downshift by 

0.6 eV to 516.4, 524.0, and 529.4 eV in the annealed sample, as shown in Figure 3c. The downshift 

in these XPS peaks serves as an indication of the degree of dehydration, as reported in a previous 

study.216 In addition, more detailed information can be extracted from the peak shapes. Figure D.5c 

shows the deconvoluted peaks of the XPS O1s peaks for both as-deposited and annealed samples, 

which consist of a V-O peak (~ 529.4 - 530 eV) and a V-OH peak (~ 531 - 532 eV). 

Quantitative analysis shows that the ratio of the peak area between V-OH and V-O decreases after 

annealing, confirming that the as-deposited sample is hydrated. Meanwhile, the V2p3/2 peaks of 

the as-deposited sample can be resolved into two contributions, V4+ and V5+ (Figure D.5d). A 

quantitative analysis indicates that about 90 % of the vanadium are in V5+ state (i.e., corresponding 

to V2O5). The results from XRD, Raman spectra and XPS suggest that the as-deposited structure 

is a hydrated amorphous V2O5 mixed with a small amount of VO2 at the surface. After annealing, 

the hydration is removed, the VO2 at the surface is oxidized to V2O5, and the amorphous V2O5 is 

converted into connected crystalline nanoparticles.   

 5.3.3 Assessment of 2 Li+/V2O5 Insertion between 4.0 – 2.0 V 

The SEM image in Figure D.6a reveals that the average thickness, i.e. the nominal 

thickness, of the same amount of V2O5 deposited on a flat Si substrate is 425 nm in the as-deposited 

sample. From this, the mass of V2O5 on each 2.40 cm2 VACNF disk electrode can be estimated to 

be 0.343 mg based on the density of bulk V2O5 (3.36 g cm-3). In order to better assess the materials 

properties and compare them with the theoretical values, only the mass of V2O5 is used for 

gravimetric capacity calculations in this study. It needs to be noted that we may have slightly 
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overestimated the V2O5 mass since the micro-porosity and hydration may lower the density of the 

deposited V2O5 film. But it is sufficient to provide a conservative estimation of the gravimetric 

capacities.  The accurate gravimetric capacity may be slightly higher. Interestingly, the thermal 

annealing treatment converts the uniform amorphous V2O5 film into a porous particulated film 

with slightly larger film thickness, higher porosity and rougher surface. 

 The Li+ insertion/extraction properties of the VACNF-V2O5 core-shell structures were first 

investigated with CV from 2.0 to 4.0 V (vs. Li+/Li).  Figure D.7a shows the first four cycles at a 

scan rate of 0.1 mV s-1 for the as-deposited structure.  Two reduction peaks are observed in the 

first cycle at ~3.2 and ~2.5 V corresponding to the phase transformation from α-V2O5 to δ-LiV2O5 

and γ-Li2V2O5, respectively.  However, these peaks quickly decrease and almost disappear in cycle 

3. The CV curves become stabilized and overlapped after the 3rd cycle, showing only weak redox 

waves superimposed on flat pseudocapacitive features. Importantly, insertion/extraction of the 

initial 0.50 Li+ in V2O5 in the first cycle is abnormal in both samples, with a large unstable 

oxidation (extraction) peak and a poorly defined reduction (insertion) peak. Both oxidation and 

reduction peaks disappear after 3 cycles and become nearly flat baselines. The quick conversion 

of the commonly observed redox waves to the flat pseudocapacitive feature reflects the unique 

properties of these core-shell structures which are significantly different from those of bulk 

crystalline V2O5 in literature.128, 309 The annealed structure shows similar characteristics (Figure 

D.7b). In addition, both as-deposited and annealed samples show stable CV curves at higher scan 

rates in later cycles (Figures D.7c and d), which are consistent with pseudocapacitive properties 

observed in V2O5 shells on VACNTs.346  

 Galvanostatic charge-discharge measurements were then used to study the rate 

performance of the VACNF-V2O5 core-shell structures in the voltage range of 4.0 – 2.0 V.  Cells 
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were discharge/charged for 10 cycles at 10 different current densities (0.20, 0.35, 0.50, 0.60, 0.75, 

0.90, 1.00, 1.20, 1.35, and 1.50 A g-1) before returning to the initial current rate (0.20 A g-1).  In 

this paper, all referred C rates are based on the time required to complete the last stable 

charge/discharge cycles at a specific current density, with a rate of 1C (or C/1) corresponding to 

the condition to complete charge or discharge in 1 hour.  The rate performance of the as-deposited 

structure is presented in Figure 5.4a.  A reversible insertion/extraction capacity of ~390 mAh g-1 

was observed at a rate of 0.20 A g-1 (~C/2) in the 2nd cycle but dropped to 360 mAh g-1 in cycle 

10.  This extraordinarily high capacity can be attributed to the open amorphous structure similar 

to the V2O5 aerogel which has been shown to reach 650 mAh g-1 owing to its high degree of 

porosity.126, 218 The capacity dropped to 294 mAh g-1 when the rate was increased to 0.35 A g-1 

(~1.2C) in cycle 20.  Last cycle insertion capacities of 247, 201, 157, 137, and 113 mAh g-1 were 

achieved at the current density of 0.50, 0.75, 1.00, 1.20, and 1.50 A g-1, respectively, corresponding 

to about 2C, 3.7C, 6.4C, 8.8C and 13.3C.  It should be noted that a high capacity of 113 mAh g-1 

at a rate of ~13.3C is rarely reported in literature.  When the current density was returned to 0.20 

A g-1 (~C/2) in cycle 101, a capacity of 331 mAh g-1 was achieved, resulting in a high capacity 

retention of ~92%. For all measurements, the Coulombic efficiencies, i.e. the ratio of the discharge 

(insertion) capacity to the previous charge (extraction) capacity, were about 99% to 100% except 

for a few points when the current densities were changed. Those disrupted points were taken out 

from the figures to avoid confusion. 

The last cycle charge-discharge profiles at rates of 0.20, 0.35, and 0.50 A g-1 in Figure 5.4b 

exemplify the high capacity of the as-deposited structure.  All profiles show nearly linear curves 
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without the flat plateaus commonly seen for Li+ insertion/extraction in crystalline V2O5,
128, 309 

indicating similar pseudocapacitive properties as V2O5 shells on CNT cores.231, 346 These properties 

are also consistent with the CV features. The long-term stability is illustrated in Figure D.8a on 

the as-deposited sample with three repeating rate testing sequences up to a total of 300 cycles.  A 

capacity of 313 mAh g-1 was achieved when the rate was returned to 0.20 A g-1 (~C/2) in cycle 

Figure 5.4 Two Li+/V2O5 insertion/extraction. Rate performance of the as-deposited a) and 

annealed c) VACNF-V2O5 core-shell structures in the potential range of 4.0 – 2.0 V at 10 

different current density values (0.20, 0.35, 0.50, 0.60, 0.75, 0.90, 1.00, 1.20, 1.35, and 1.50 A 

g-1), each for 10 charge-discharge cycles.  Galvanostatic charge-discharge profiles of the as-

deposited b) and annealed d) structures at 0.20, 0.35, 0.50 A g-1. Long-term cycling at a rate 

of 0.50 A g-1 for the as-deposited e) and annealed f) structures. (Reprinted with permission 

from Adv. Mater. Interfaces 2016, 3, 1600824) 
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201, resulting in a capacity retention of ~87% from that of cycle 10.  It is worth noting that rather 

high capacities of 103 and 102 mAh g-1 were achieved at a high current density of 1.50 A g-1 

(~13.3C) in cycles 190 and 290, respectively. The as-deposited VACNF-V2O5 core-shell structure 

not only presents a remarkably high capacity but also excellent rate capability and impressive 

stability exceeding the literature on crystalline V2O5.   

The annealed VACNF-V2O5 core-shell structure presents the similar rate performance in 

the voltage range of 4.0 – 2.0 V, as shown in Figure 5.4c.  A capacity of 294 mAh g-1 was achieved 

at a current rate of 0.20 A g-1 (~C/1.5) which is consistent with the theoretical capacity of 2 Li+ 

insertion/extraction in crystalline V2O5.  Last cycle insertion capacities of 232, 137, 111, 93, 71, 

63, and 57 mAh g-1 were achieved at other seven discrete current densities of 0.35, 0.60, 0.75, 

0.90, 1.20, 1.35, and 1.50 A g-1, respectively, corresponding to the variation of C-rates from ~1.3C 

to ~26C.  When the rate was returned to 0.20 A g-1 (~C/1.5) in cycle 101, a capacity of 292 mAh 

g-1 was achieved, demonstrating a capacity retention of ~99%.  Last cycle charge-discharge 

profiles at rates of 0.20, 0.35, and 0.50 A g-1 are shown in Figure 5.4d.  Small plateaus can be seen 

in the potential ranges of 3.5-3.0 V and 2.5-2.2 V in the discharge profile at 0.20 A g-1, owing to 

the improved crystalline domains by thermal annealing. But the dominating feature is still the 

pseudocapacitive behavior. At higher rates, the plateaus quickly diminish. The rate performance 

tests were repeated three times up to 300 cycles as shown in Figure S8b.  When the rate was 

returned to 0.20 A g-1 in cycle 201, the cell retained a capacity of 282 mAh g-1, with an astounding 

retention rate of ~96%.  Moreover, when the current rate was increased to 1.50 A g-1 (~26C) in 

cycles 190 and 290, stable capacities of 52 and 54 mAh g-1, respectively, can still be obtained.  

Figures 5.4e-f demonstrate the high degree of stability for the as deposited and annealed structures 
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with long term cycle at 0.5 A g-1 for 100 cycles resulting in capacity retentions of ~80% and 

~100%, respectively. 

 5.3.4 Assessment of 3 Li+/V2O5 Insertion between 4.0 – 1.5 V 

Inspired by the high capacity and excellent stability of 2 Li+/ V2O5 insertion/extraction in 

both the as-deposited and annealed VACNF-V2O5 core-shell structures, we further investigated 

their electrochemical performance in the voltage range of 4.0 – 1.5 V in order to assess the 3 Li+/ 

V2O5 insertion/extraction properties.  CV measurements of the as-deposited and annealed 

structures are presented in Figure D.9a-c.  A large reduction peak at ~1.80 V can be seen in the 

first cycle at a rate of 0.1 mV s-1 with the annealed structure corresponding to conversion of 

previously formed - Li2V2O5 to rock-salt-type ω-LixV2O5 (2 < x < 3).  However, the CV curve in 

the second cycle quickly changes to pseudocapacitive features with only small redox waves which 

are stabilized in later cycles.  The as-deposited sample shows similar CV behaviors but the current 

was much noisier and unstable in the first few scans (data not shown). The 3 Li+/V2O5 

insertion/extraction was reversible and stable in later cycles for both structures, as revealed by 

further CV measurements at faster scan rates of 0.5 and 1.0 mV s-1 (Figures D.9b-c). 

Similar rate-performance tests as seen in Figure 5.4 were applied in the voltage range of 

4.0 – 1.5 V. The as-deposited structure achieved an astonishing initial capacity of 547 mAh g-1 at 

a rate of 0.20 A g-1 (~C/3) as shown in Figure 5.5a.  After completing the 1st and 2nd rate testing 

sequences, the current density was returned to 0.20 A g-1 (~C/3) in cycles 101 and 201. The 

capacity slightly dropped to 524 and 486 mAh g-1, respectively, demonstrating the ability to retain 

~96% and 89% of the initial capacity.  Last cycle insertion capacities of 477, 441, 369, 292, and 

257 mAh g-1 were achieved at the current densities of 0.35, 0.50, 0.75, 1.20, and 1.50 A g-1, 

respectively, corresponding to varying the C-rate from ~C/1.4 to ~5.8C. Figure 5.5b shows the 



127 

long cycling results of another half-cell of the as-deposited structure at a fixed rate of 0.20 A g-1 

(~C/2.5).  A capacity value of ~500 mAh g-1 was achieved at cycle 10, which dropped to ~422 

mAh g-1 after 100 cycles, resulting in a capacity retention of ~84%.  Such a capacity retention rate 

for 3 Li+/ V2O5 insertion/extraction far exceeds the current state-of-the-art value of 51% after 100 

cycles using thin V2O5 coatings on 3D MWCNT sponge networks.231 Over the whole cycling tests, 

the average Coulombic efficiency was at a remarkable value of >99%. 

Figure 5.5 Three Li+/V2O5 insertion/extraction. Rate performance a) and long-term cycling 

test b) at a rate of 0.20 A g-1 for the as-deposited VACNF-V2O5 core-shell structure in the 

voltage range of 4.0 – 1.5 V.  Rate performance c) and long-term cycling test d) at a rate of 

0.20 A g-1 for the annealed VACNF-V2O5 core-shell structure in the voltage range of 4.0 – 1.5 

V. The rate performance is measured at 10 different current density values (0.20, 0.35, 0.50, 

0.60, 0.75, 0.90, 1.00, 1.20, 1.35, and 1.50 A g-1), each for 10 charge-discharge cycles. 

(Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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 Figure 5.5c shows the rate performance of the annealed VACNF-V2O5 core-shell structure 

in the voltage range of 4.0 – 1.5 V with similar rate sequences as those in Figure 5.5a.  An initial 

insertion capacity of 395 mAh g-1 was achieved at a rate of 0.20 A g-1 (C/2), ~90% of the theoretical 

capacity (441 mAh g-1) for 3 Li+/V2O5 insertion/extraction.  When the rate was returned to 0.20 A 

g-1 in cycles 101 and 201 after completing the first and 2nd testing sequences, the capacity slightly 

dropped to 384 and 369 mAh g-1, resulting in capacity retentions of ~97% and ~93%, respectively.  

The insertion capacities of 328, 227, 196, 152, 127, and 100 mAh g-1 were achieved in the last 

cycle at the current densities of 0.35, 0.50, 0.75, 1.00, 1.20 and 1.50 A g-1, respectively, 

corresponding to the variation from ~1.1C to 15C in the first 100 cycles. It is worth noting that a 

capacity of 100 mAh g-1 was achieved at 1.50 A g-1 (15C) in cycle 90 which only dropped to 89 

and 81 mAh g-1 when returned to 1.50 A g-1 in cycles 190 and 290, respectively.  It is noted that 

the capacities of the as-deposited structure at 1.50 A g-1, i.e. 257, 218 and 186 mAh g-1 in cycles 

90, 190 and 290 are significantly higher than those in the annealed sample. But the retention rate 

between cycle 90 and cycle 290 is higher in the annealed sample than the as-deposited sample 

(81% vs. 76%).  The long-term cycling results in Figure 5.5d at lower current density of 0.20 A g-

1 (C/2) further illustrate the improved stability of the annealed sample with only a small capacity 

drop from ~410 mAh g-1 in cycle 10 to 360 mAh g-1 in cycle 100, exhibiting a capacity retention 

of ~88%. 

The results from the above LIB studies in the voltage range of both 4.0 – 2.0 V and 4.0 – 

1.5 V suggest that there are tradeoffs between the as-deposited and annealed structures.  The as-

deposited structure in both voltage ranges offers higher capacities exceeding the respective 

theoretical values for both two and three Li+ insertion/extraction in crystalline V2O5.  On the other 

hand, the annealed structure exhibits slightly lower than theoretical capacities but with superior 
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long cycling stability.  Figures D.10a-b provide additional long-cycling results to illustrate the 

differences between the as-deposited and annealed structures in both voltage ranges.  The first 100 

cycles were done in the voltage range of 4.0 – 2.0 V at 0.50 A g-1.  Note that these cycles are also 

presented in Figures 5.4e-f.  The voltage range was then extended to 4.0 – 1.5 V for the next 200 

cycles at the same current density.  In the extended voltage range, the as-deposited structure shows 

a steady declination in capacity from 304 mAh g-1 at cycle 120 to 227 mAh g-1 in cycle 300, 

resulting in a capacity retention of ~75%.  In contrast, the annealed structure exhibited a high 

capacity retention of ~95% with a capacity of 304 mAh g-1 at cycle 120 and 290 mAh g-1 in cycle 

300.  It is noteworthy that 0.50 A g-1 is a rather high current density (~1.6C). Higher capacity can 

be obtained at lower current density as we demonstrated earlier 

 5.3.5 Correlation between Materials Structure and Multiple Li+/V2O5 Processes 

Figure 5.6 further illustrates the tradeoff between the long-term stability and high capacity 

between the as-deposited and annealed structures using the data from the three rate testing 

sequences reported in Figures D.8, 5.5a and 5c.  The discharge (insertion) capacity of the last cycle 

at each rate is plotted against the logarithm of the applied current density.  Figure 5.6a demonstrates 

the high degree of stability for the annealed structure in the voltage range of 4.0 – 2.0 V.  Each of 

the three curves corresponds to the cycle ranges of 1-100 (black), 101-200 (red), and 201-300 

(blue).  Here all three curves nearly overlap, indicating almost no change in capacity and the 

excellent stability.  When the voltage range is extended to 4.0 – 1.5 V, a small downward shift is 

observed in later cycles (Figure 5.6b). At the lowest current density (0.20 A g-1, ~C/1.5), the 

capacity matches the theoretical value for 2 Li+/V2O5 and 3 Li+/V2O5 insertion, respectively. To 

the best of our knowledge, such a high degree of stability has not been reported in literature for 

reliable 3 Li+/ V2O5 insertion/extraction.   
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The most interesting results are from the as-deposited structure in Figure 5.6c. In the 

voltage range of 4.0 – 2.0 V, the capacity at each current density is clearly higher than the annealed 

structure.  Particularly, the capacity at the lowest current density in the initial cycles clearly 

exceeds the theoretical value for 2 Li+/V2O5 insertion into crystalline materials. However, this 

comes at a price in terms of stability, as illustrated by the modest downward shift of the curves 

Figure 5.6 Comparison of the capacity and stability. The specific capacity from the last cycle 

at each specific rate is plot versus the logarithm of the applied current density. Data are from 

the above discussed 3 sets of rate performance tests with cycles 1-100 (black), 101-200 (red), 

201-300 (blue). The annealed structure in the potential ranges of a) 4.0 – 2.0 V and b) 4.0 – 

1.5 V and as-deposited structure in the potential ranges of c) 4.0 – 2.0 V and d) 4.0 – 1.5 V 

are shown in four panels.  Dashed lines are placed at the theoretical capacities in both 

potential ranges, respectively.   (Reprinted with permission from Adv. Mater. Interfaces 

2016, 3, 1600824) 



131 

taking in later cycles with respect to earlier ones.  Interestingly the curves tend to converge at 

higher current densities, indicating that better stability can be obtained by taking advantages of 

surface reactions at higher charge-discharge rates.  The as-deposited structure in the extended 

voltage range of 4.0 – 1.5 V in Figure 5.6d shows the highest capacities in Figures 5.6a-d. At the 

lowest current density (0.20 A g-1, ~C/2.7), the capacity far exceeds the theoretical value of 441 

mAh g-1 for 3 Li+/V2O5 insertion into crystalline V2O5. However, the stability degrades as 

illustrated by the larger separation between the curves.   

From the above results, we can conclude that: (1) the as-deposited VACNF-V2O5 structure 

provides much higher capacity than theoretical values for both 2 Li+/V2O5 and 3 Li+/V2O5 

insertion/extraction in respective voltage ranges; and (2) the annealed VACNF-V2O5 structure 

shows highly stable capacity matching the theoretical values. The first observation can be 

attributed to the disordered microporous structure of the as-deposited V2O5 shells due to the 

presence hydrated amorphous V2O5 in the VACNF-V2O5 core-shell structures. Our TEM and XRD 

data clearly show the amorphous morphology while Raman and XPS data clearly indicate the 

presence of hydration in the as-deposited V2O5 shells on VACNFs. Although ordered materials 

are generally thought to provide better Li+ flows, enhanced capacity by disordered hydrated V2O5 

can be tracked back to early studies in V2O5 aerogels and thin hydrated V2O5 shells coated on 

vertically aligned Ni nanorod arrays.326-327 Recent computational and experimental studies indicate 

that disordered metal oxides may provide higher storage capacities exceeding the theoretical limit 

defined by stoichiometry in crystalline material for both LIBs325 and SIBs.211 This can be attributed 

to more surface reactions, sublattice intermixing of metal cations and Li+ ions, and formation of 

percolation networks for Li+ transport through the disordered phases. The problem is how to 

overcome the poor mechanical stability and low electrical conductivity of the disordered metal 
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oxides. Besides inducing the amorphous microporous V2O5 structure, the hydration contents (in 

the form of H2O or OH- group) may react with Li to form Li2O2 or Li2O which are quite irreversible 

in bulk V2O5 materials. Using thin V2O5 shells in core-shell structures on CNTs has shown the 

ability to make such side reactions more reversible.231, 346 The core-shell structure on VACNFs in 

this study demonstrates further enhanced stability, particularly with 3 Li+/V2O5 

insertion/extraction. After removing hydration and converting the amorphous V2O5 shell into 

connected V2O5 nanocrystals, the Li+ insertion/extraction is dominated by the common 

intercalation mechanism in crystalline V2O5 and thus matches the theoretical values. But the 

unique core-shell structure using VACNF templates enables the remarkable stability in long 

cycling for both 2 Li+/V2O5 and 3 Li+/V2O5 insertion/extractions. Optimizing the amorphous and 

crystalline structure of V2O5 using this core-shell hybrid concept is not only promising for 

developing high-capacity LIB cathodes but also emerging batteries using Na+, Mg2+ and Al3+. 

 5.4 Conclusions 

 In summary, V2O5 has been deposited on VACNF arrays by RF sputtering to form three-

dimensional VACNF-V2O5 core-shell structures and explored as LIB cathodes for deep Li+ 

insertion. The amorphous hydrated V2O5 shell in the as-deposited sample has shown a remarkably 

high Li storage capacity of 360-390 mAh g-1 in the voltage range of 4.0 – 2.0 V, well exceeding 

the theoretical value of 294 mAh g-1 for 2 Li+/V2O5 insertion/extraction in crystalline V2O5.  In 

contrast, the crystallized V2O5 shell after thermal annealing presents a capacity of 294 mAh g-1, 

matching the theoretical values for 2 Li+/V2O5 insertion/extraction. High capacity retention rates 

of ~82% for the as-deposited structure and ~100% for the annealed structure were obtained after 

100 cycles.  More importantly, these core-shell structures were able to exhibit stable 3 Li+/V2O5 

insertion/extraction when the voltage range is extended to 4.0 – 1.5 V, which are rarely reported.  
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The as-deposited amorphous V2O5 structure achieved a remarkable capacity of 547 mAh g-1, well 

above the theoretical value of 441 mAh g-1 for 3 Li+/V2O5 insertion/extraction in crystalline V2O5, 

and was able to retain ~84% of the capacity after 100 cycles at varied rates. The annealed 

crystallized V2O5 structure exhibited a capacity of 390 mAh g-1, slightly below the theoretical 

value, but with a better retention rate of ~88% after 100 cycles.  Both the as-deposited and annealed 

core-shell structures well exceed the stability of both 2 and 3 Li+/V2O5 insertion/extraction in 

literature, which are attributed to the ability to improve the mechanical stability of the disordered 

microporous V2O5 structure and the current collecting capability using the core-shell structure built 

on VACNFs. This three-dimensional hybrid structure is promising in enabling traditionally 

unstable high-capacity battery materials for future high-performance batteries. 
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Chapter 6 - Enabling Stable Sodium Ion Battery Cathodes with a 

Hybrid Structure of Disordered Bilyared V2O5·nH2O Shells 

Deposited on Vertically Aligned Carbon Nanofiber Arrays  

 6.1 Introduction 

LIBs have dominated the EES sector for nearly two decades owing to their high-energy 

storage capabilities.330, 355  However, the high cost of lithium-containing precursors (about 

$5000/ton for lithium carbonate in 2010) owing to its low abundancy in the Earth crust makes it 

undesirable for large-scale applications such as grid-storage backup systems and electric cars.356-

357  Sodium-containing precursors, on the other hand, are much more abundant, which drives down 

their cost. For example, trona, the precursor for sodium carbonates, costs only $115-165/ton.357  

Moreover, both lithium (Li) and sodium (Na) are members of the alkali metal family and have 

very similar chemistry, which makes sodium an attractive alternative for lithium. For these 

reasons, sodium-ion batteries (SIBs) have received extensive attention as an EES system for future 

large-scale applications in which the cost and sustainability are critical concerns. 

However, the electrode materials for SIBs encounter bigger challenges compared to their 

LIB counterparts. Most prominently, the larger ionic radius of Na+ ions (1.02 Å) as compared to 

that of Li+ (0.76 Å) makes intercalation of Na+ ions into electrode materials much more difficult.213, 

358  For instance, graphite is the material of choice for anodes in most commercial LIBs with a 

theoretical capacity of 372 mAh g-1. The d-spacing of 3.35 Å between the graphitic carbon sheets 

needs to be expanded by ~10% to 3.70 Å upon full lithiation to LiC6 (with a specific capacity of 

372 mAh g-1) to accommodate intercalation of Li+ ions, which causes some mechanical stress but 

remains reversible after many cycles.359  In contrast, using graphite as anodes for SIBs requires 
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expanding the interlayer spacing to 4.3 Å to achieve an initial reversible capacity of only 284 mAh 

g-1, which involves ~28% volume expansion.360 This large volume change has resulted in rapid 

capacity fading and hence cell failure after only several cycles.  Efforts have been made to expand 

the d-spacing of graphite through various synthesis methods and using various carbon allotropes, 

which have generated a moderate success towards to high specific capacities of 300 – 600 mAh g-

1 and good cycling stability.361-363  So far cathode materials are the bottleneck for SIBs, which are 

limited by the low energy density, short cycling life and insufficient power density.364 Among the 

state-of-the-art SIB cathode materials, NaxCoO2 and NaxFePO4 (x  1) have been investigated 

owing to the success of their lithium analogues in commercial LIBs.365-368 Other materials such as 

polyanionic NASICON-type Na2V3(PO4)2,
224 tunnel-structured metal oxides 

Na0.61Ti0.48Mn0.52O2,
369 layered metal oxides NaxMO2 (x = 0.44-1, M = 3d transition metals)370-371 

and Prussian blue analogs372-373 have also been explored. However, the insertion/extraction 

capacities of these cathode materials are only ~100-200 mAh g-1 at relatively low operating 

potentials of 2.6–3.2 V (vs. Na/Na+), which limits the overall energy density of SIBs.364 In 

addition, the cycling stability and lifetime of all these cathode materials are insufficient for 

practical applications.364   

In this study, we explore a cathode material of vanadium pentoxide (V2O5), for potential 

high-capacity SIBs. V2O5 has been extensively investigated as a potential LIB cathode owing to 

its high theoretical Li+ insertion/extraction capacity, as well as its low cost, relatively low chemical 

toxicity, high electrode potential in delithiated states (up to 4.0 V vs. Li/Li+) and the readily 

accessible layered structure for Li+ ion insertion.124  Orthorhombic -V2O5 has an interlayer d-

spacing of 4.36 Å which can achieve a reversible insertion capacity of 294 mAh g-1 (for a two 

Li+/V2O5 insertion process) and an irreversible capacity of 441 mAh g-1 (for a three Li+/V2O5 
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insertion process).125 For applications as the SIB cathodes, it’s been reported that V2O5 can achieve 

a theoretical reversible capacity of 236 mAh g-1 in the form of NaxV2O5 with x  ~1.6.211-212, 374-376 

Su et al. achieved an insertion capacity of 230 mAh g-1 in the first cycle at a rate of 20 mA g-1, 

however, the capacity dropped to 159 mAh g-1 in the second cycle.212  Despite the moderate success 

with crystalline -V2O5, its small d-spacing cannot accommodate Na+ ions and the structure tends 

to collapse after Na+ ion intercalation, leading to rapid capacity fading.  On the other hand, 

hydrated V2O5 is reported to have an ordered bilayer structure with a large d-spacing of 8-12 Å 

depending on the degree of hydration, which is much more suitable for Na+ insertion.211, 213-215  

Tepavcevic et al. achieved a reversible insertion capacity of 250 mAh g-1 with significantly 

improved cycling stability using a thin film of nanostructured ordered bilayered V2O5 prepared by 

electrochemical deposition.215  However, the current rate of 20 mA g-1 was rather low. When it 

was increased to 630 mA g-1, the capacity dropped to 120–140 mA g-1 and the value significantly 

decreased after 80 cycles.  Several other reports suggested that amorphous V2O5 can outperform 

crystalline structures due to better accommodation of Na+ ions in the disordered interlayer lattices 

and the additional pseudocapacitive contributions.217-218, 377 Liu et al. reported that amorphous 

V2O5 gave a higher capacity of ~250 mAh g-1 than the crystalline V2O5 at the low rates (40-640 

mA g-1) but it was strangely inversed at high current densities (>6,400 mA g-1).217  Wei et al. 

reported that a hydrated V2O5·nH2O (n=~0.55) xerogel composed of interconnected nanowire 

networks gave an even higher reversible capacity of 336 mAh g-1 at 50 mA g-1 attributed to the 

large pseudocapacitive contributions associated with fast surface reactions.378  However, the 

capacity dropped below 60% after only 30 cycles at 0.1 A g-1. 

Despite the encouraging success, the current studies on V2O5 SIB cathodes are limited by 

the intrinsic properties of V2O5, such as low sodium ion diffusion coefficients (~10-14 – 10-12 cm2 
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s-1) and poor electrical conductivity (~10-3 – 10-5 S cm-1), which lead to low power density.225, 302  

Low-dimensional nanoparticles and nanostructured hydrated bilayered structures have been 

employed to overcome the low Na+ diffusion coefficients. This strategy increases the overall 

specific surface area (SSA) and provides short diffusion pathways for Na+ ions, which in turn 

offers more electrochemically active sites for enhancing SIB performance. However, the electrical 

conductivity becomes even lower.  The incorporation of low dimensional conductive carbon 

materials such as multiwall carbon nanotubes (MWCNTs),308, 379 graphene,126, 380 and reduced 

graphene oxide314, 381 to form composite materials has been a common practice to increase the 

overall electrical conductivity.  Coating thin V2O5 shells on continuous three-dimensional (3D) 

conductive frameworks was found to be a more effective approach to resolving both the ion 

diffusion and electrical connection issues for higher lithium storage performance.345, 382-384  

However, to the best of our knowledge, this approach has not been well investigated for Na+ 

storage.   

Here, we report a study using amorphous V2O5 shells sputter-coated on vertically aligned 

carbon nanofibers (VACNFs) as a SIB cathode with an aim to address on the above-discussed 

issues. VACNFs can be described as a robust brush-like array of high-aspect-ratio carbon 

nanofibers consisting of conically stacked graphitic structures.385 The areal density is ~1x109/cm2 

with the average diameter variable from ~50 to 150 nm and the length tunable from 3 to 10 m.   

VACNFs offer a distinctive advantage over other carbon allotropes owing to their abundancy of 

graphitic edges along the sidewall, which provide an excellent electrochemical interface leading 

to strong interactions with shell materials. Previously we have reported that the as-deposited 

amorphous V2O5 shells have the ability to provide a stable capacity of 547 mAh g-1 as a LIB 

cathode in traditionally irreversible 3 Li+/V2O5 processes, which is about 25% higher than the 
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theoretical value of crystalline V2O5 cathodes.386 In addition, the core-shell structure provided 

remarkable power rates and cycling stability. Clearly, the nanostructured core-shell architecture 

provided the desired structural support and efficient electron pathway to enable the use of 

metastable amorphous V2O5 shells. Notably, our recent study shows that the as-deposited 

amorphous V2O5 shell in fact consists of a highly disordered stack of hydrated V2O5n bilayers. 

The large interlayer spacing (~11.0 Å) would serve well as a host material for the larger Na+ ions. 

This study reveals the potentials of such 3D core-shell architecture as stable high-capacity SIB 

cathodes by systematically comparing properties of the disordered V2O5n bilayer shells and 

crystalline V2O5 shells at various charge-discharge rates and potential windows. The disordered 

bilayered V2O5n structure indeed shows higher capacity and better stability, particularly at 

high charge-discharge rates. Depending on the needs, one can trade Na insertion capacity with the 

stability and reversibility by selecting proper potential windows. These results provide insights 

into new directions to overcome the bottleneck of current SIB cathode materials. 

A schematic of the sample preparation process is illustrated in Figure 6.1a. Digital optical 

images of the sample at various processing steps are presented in Figures 6.1b-d. The as-deposited 

VACNF-V2O5 core-shell structure in Figure 6.1c shows a blue-green color attributed to the 

formation of disordered V2O5·nH2O bilayers with an interlayer distance of 11.0 Å (see Figure 6.1e 

and discussion in later sections). The annealed sample in Figure 6.1d gives the characteristic bright 

yellow color representing the orthorhombic α-V2O5 crystal structure with an interlayer spacing of 

4.36 Å (see Figure 6.1f). 



139 

 

 6.2 Experimental Details 

 6.2.1 VACNF Growth 

Titanium disks of 17.5 mm in diameter were cut from a 0.25 mm thick Ti foil (Alfa Aesar, 

Haverhill, MA) and coated with a 100 nm Cr barrier layer followed by a 22 nm Ni film using an 

ion beam sputtering system (Model 681, Gatan, Pleasanton, CA). VACNFs with an average length 

of ~5 μm were grown on the Ti/Cr/Ni disks using a DC-biased PECVD system (AIXTRON, Santa 

Clara, CA) following a previously published procedure.234, 385, 387-388 A pre-treatment procedure 

was applied first by thermally heating the Ti/Cr/Ni disks to 500 °C in 250 sccm NH3 at a pressure 

Figure 6.1 a) Schematic illustration of the processes to prepare the hybrid structure of V2O5 

shells on VACNF cores. Digital photographs of b) bare VACNFs grown on the titanium foil 

covered with 100 nm Cr barrier layer, c) the “as-deposited” V2O5 on VACNFs, and d) after 

annealing in the air at 450 C for 2 hours. e) The large interlayer spacing of the disordered 

bilayered V2O5·n shell in the “as-deposited” sample allowing reversible 

insertion/extraction of both Li+ and Na+ ions and f) the crystalline -V2O5 in the thermal 

annealed sample only allowing insertion/extraction of smaller Li+ ions. 
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of 3.9 Torr and then applying plasma at 40 Watts for 60 seconds.  The combined effect of thermal 

dewetting and NH3 plasma etching broke the Ni film into randomly distributed nanoparticles that 

catalyzed the growth of VACNFs in a tip growth mode.234, 385 The diameter and distribution of the 

VACNFs were mostly determined by these Ni nanoparticles. After pre-treatment, a mixture of 

acetylene (at 70 sccm) and ammonia (at 250 sccm) was used as the precursors for the VACNF 

growth at substrate temperature of 740 °C and a pressure of 4.6 Torr. The plasma power was kept 

at 45 Watts for 30 minutes to grow ~5.0 μm long VACNFs.387 

 6.2.2 V2O5 Deposition and Annealing 

V2O5 was deposited on the VACNFs using RF sputtering of a high purity (99.99%) V2O5 

target of 50 mm in diameter. The V2O5 target was kept at a distance of 30 mm from the VACNF 

substrate that was maintained at room temperature during the deposition. The sputtering gun was 

inclined at a 45° angle toward the V2O5 target for optimal deposition.  The processing chamber 

was evacuated to < 3×10-6 Torr prior to deposition. During deposition, a power of 150 W was 

applied to the sputtering gun at a working pressure of 10 mTorr (92% Ar + 8% O2 by volume).  

The V2O5 target was pre-sputtered for ten-minutes in order to obtain a fresh V2O5 surface. The 

amount of V2O5 deposited onto the VACNF substrate was found to be equivalent to a uniform film 

thickness of 425 nm, which was confirmed using flat Si/SiO2 substrate placed in the same place, 

i.e. a nominal thickness of 425 nm after 120-minute of deposition. Following the deposition, the 

substrate was allowed to cool for at least 30 minutes prior to removal from the chamber. Some 

VACNF-V2O5 core-shell structures were subjected to post-growth annealing in air at 450 °C for 

two hours, which facilitated crystallization of the V2O5 shells on the VACNFs. 
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 6.2.3 Materials Characterization 

The surface morphology of the VACNF-V2O5 core-shell structures were investigated using 

a Versa 3D Dual Beam (FEI, Hillsborro, OR) field emission scanning electron microscope (SEM).  

The microstructure of the sample was examined using a Tecnai F20 XT (FEI, Hillsborro, OR) high 

resolution transmission electron microscope (HRTEM).  The crystallinity was evaluated using a 

PANalytical Empyrean (PANalytical, Almelo, The Netherlands) x-ray diffractometer (XRD).  

Diffraction analysis was conducted from 10° to 60° using a Cu Kα source (8,979 eV).  Raman 

spectra were obtained using a Thermo Scientific DXR system at a laser wavelength of 532 nm.  X-

ray photoelectron spectroscopy (XPS) spectra were obtained using a PHI 5000 Versa system with 

a monochromated Al Kα source (1,486.7 eV) to further evaluate the valance state of the vanadium 

oxide near the surface. 

 6.2.4 Electrochemical Characterization 

To evaluate electrochemical performance, the VACNF-V2O5 cathodes were assembled 

against 16-mm dia. sodium disk anodes into stainless steel coin cells (CR2032, MTI Corporation, 

Richmond, CA).  A 0.65 mm thick glass fiber disk (El-Cell, Hamburg, Germany) was used as the 

separator.  The cell was assembled in an argon filled M-Braun LabStar50 stainless steel glovebox 

(Garching, Germany) with < 1 ppm of O2 and H2O contents.  The electrolyte consisted of 1.0 M 

sodium perchlorate (NaClO4) in propylene carbonate (PC).  Galvanostatic charge-discharge cycles 

were performed using a MTI 8 channel battery analyzer (MTI Corporation, Richmond CA).  All 

gravimetric capacities were calculated relative to the mass of V2O5. Cyclic voltammetry (CV) 

measurements and electrochemical impedance spectroscopy (EIS) were performed using a 

CHI760D potentiostat (CH Instruments, Austin, TX).  
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 6.3 Results and Discussion 

 6.3.1 SEM/TEM Characterization of Materials Morphology 

The low-magnification SEM image in Figure 6.2a shows the formation of a uniform 

coaxial V2O5 coating onto the VACNFs.  The high-magnification image in Figure 6.2b shows a 

rough texture extending across the shell surface representing a distinctive feature of the 

nanocolumnar microstructure that commonly forms in thick sputtered films on unheated 

substrates.348  A TEM image of the as-deposited VACNF-V2O5 core-shell structure is shown in 

Figure 6.2c.  A thick coating can be seen at the top of the VACNF which tappers off down the 

shaft forming a cotton swab like structure.  This phenomenon can be described as a snow fall effect 

which is a common theme in sputtering deposition on non-flat surfaces. The dark tear shaped 

region in the center is the nickel catalyst embedded at the tip of the VACNF whose shaft is 

embedded in the V2O5 as the light gray column below the Ni catalyst particle. The contour of the 

VACNF surface is visually highlighted with the white dashed lines. The high-resolution TEM 

(HRTEM) image in Figure 6.2d reveals that the V2O5 is porous and amorphous at atomic scales, 

which is further confirmed by the diffusive pattern of the selective area electron diffraction 

(SAED) in the insert.  As we discussed above, the amorphous open porous structure is 

advantageous to insertion of sodium ions with a large ionic radius.  Upon thermal annealing, the 

nanocolumnar V2O5 structure is converted into denser nanocrystalline domains of ~ 50 to 100 nm 

in size, as illustrated in Figure 6.2e. The HRTEM image in Figure 6.2f shows the highly ordered 

crystalline lattices of the annealed V2O5 with sharp diffraction spots in the SAED pattern shown 

in the inset. 
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Figure 6.2 SEM images of the as-deposited VACNF-V2O5 core-shell structures at a) low 

magnification and b) high magnification.  TEM images of the as deposited VACNF-V2O5 

core-shell structures at c) low magnification and d) high magnification. The white dashed 

lines have been inserted to indicate the contour of the VACNF surface.  TEM images of the 

annealed VACNF-V2O5 core-shell structure at e) low magnification and f) high 

magnification.  SAED patterns of the as-deposited and annealed samples are presented in 

the insert of d) and f), respectively. 

 

 6.3.2 Spectroscopy Characterization of Materials Composition  

The XRD patterns of the VACNF-V2O5 samples are presented in Figure 6.3a.  The as-

deposited core-shell structures (blue) show only a single peak at 7.86° corresponding to a d-spacing 

of 11.0 Å, which can be attributed to (001) diffraction of hydrated V2O5n bilayers. The 

coherent length calculated from the fitted Gaussian peak width is 3.87 nm (about a stack of only 4 

to 5 V2O5 bilayers). The low intensity and the large width of the (001) diffraction peak as well as 
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the absence of in-plane diffraction peaks indicate that the bilayered structure is highly disordered 

with only short-range stacking order, which is consistent with the amorphous nature revealed by 

the diffuse SAED pattern in the inset of Figure 6.2d.  Thus, the as-deposited V2O5 shell is more 

appropriately referred to as metastable disordered V2O5n bilayers.  In contrast, the annealed 

film (red) shows sharp diffraction peaks that match well with the JCPDS: 41-1426 database (black) 

and thus can be attributed to the highly ordered orthorhombic -V2O5 crystals.   

 

Figure 6.3 a) XRD patterns of the as-deposited and annealed VACNF-V2O5 core-shell 

structures.  b) Raman spectra of the as-deposited VACNF-V2O5 core-shell structures in 

comparison with a pure V2O5 powder. Deconvoluted XPS core level spectra of c) O1s c) of 

both structures and d) V2p3/2 of the as-deposited VACNF-V2O5 core-shell structure. 
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The Raman spectra of the as-deposited VACNF-V2O5 core-shell structures is shown in 

Figure 6.3b.  The typical peaks of V2O5 (146, 283, 304, 405, 475, 685, and 993 cm-1) are observed 

and match well with the pure V2O5 nanopowder.389  The peak at 993 cm-1 is characteristic of α-

V2O5 corresponding to the stretching mode of the vanadyl V=O double bond, which does not exist 

in the lower oxidation states of vanadium oxides.  The stretching mode of V-O-V corresponds to 

the peak at 685 cm-1.  The peaks located at 475 and 405 cm-1 are assigned to the bending vibration 

of V2-O, and the V=O bonds of α-V2O5, respectively.  The partially resolved peak at 305 cm-1 is 

due to the bending vibration of the triply bonded V3-O bond in V2O5, but is mostly overlapped 

with the peak at 286 cm-1 corresponding to the bending vibration of V=O bonds of α-V2O5.  The 

peak at 146 cm-1 corresponds to the long-range external mode of α-V2O5, suggesting formation of 

extended α-V2O5 bonding. These results suggest that the as-deposited films indeed contain 

characteristic Raman peaks for V2O5.
390-391  

However, an anomalous peak appears at 850 cm-1 which doesn’t match any of the common 

V2O5 peaks in literature.332 In our previous study, we attribute this peak mainly to the hydration of 

the V2O5 surface originating from moisture in the air which matches well with previous Raman 

spectroscopy studies by Bell et al. on supported V2O5 catalyst.351 This assumption is consistent 

with a report by Marx et al that described Raman peaks in the range 750-950 cm-1 corresponding 

to short-range order vibrations of metastable V2O5.
392 It should be noted that the hydration peak 

significantly decreases in intensity in the annealed structure with no other significant differences.  

The water content was not quantified in this work, however, the 11.0 Å d-space indicates that it 

likely contains no more than one mole of H2O per mole of V2O5, i.e. with a chemical formula 

V2O5n (n  1).378, 393  In terms of battery safety, it is expected that such a low H2O content, 

particularly embedded in V2O5 bilayers, does not pose risks in practical applications. Interestingly, 
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the hydrated or hydrogenated mesoporous metal oxides have been reported in several studies to 

facilitate higher electrical conductivity and generate larger pseudocapacitance.352-354 

 XPS was used to investigate the chemical bonding and elemental compositions of the 

VACNF-V2O5 core-shell structures.  The wide-scan XPS survey and the expanded V2p3/2, V2p1/2, 

and O1s spectra are shown in Figure E.1. The binding energies of the V2p3/2, V2p1/2, and O1s 

peaks appear at 517.0, 524.4 and 530.4 eV, respectively, in the as-deposited metastable core-shell 

structure. After annealing, a downshift by 0.4 - 0.6 eV to 516.4, 523.9, and 530.0 eV is observed. 

The downshift in these XPS peaks serves as an indication of the degree of dehydration, as reported 

by Uchaker et al.377 In addition, more detailed information can be extracted from the peak shapes. 

Figure 6.3c shows the deconvolution of the XPS O1s peaks from both the as-deposited and 

annealed samples, which consist of a V-O peak (~ 529.4 - 530 eV) and a V-OH peak (~ 531 - 532 

eV). The very weak peak above 532 eV is likely due to physisorbed H2O molecules. A 

quantitative analysis shows that the ratio of the peak area between V-OH and V-O decreases after 

annealing, confirming that the as-deposited sample is hydrated. Meanwhile, both the V2p3/2 and 

V2p1/2 peaks of the as-deposited sample can be resolved into two contributions, V4+ and V5+ as 

shown in Figure 6.3d. Noting that the V2p1/2 peak is overlapped with the O1s satellite peak, we 

used only the V2p3/2 peak for quantitative analysis, which indicates that about 82.5% of the 

vanadium are in V5+ state in the as-deposited samples (Figure 6.3d) and it increased to ~94% in 

the annealed sample (see Figure E.1c). The results from XRD, Raman and XPS altogether suggest 

that the as-deposited material is mainly hydrated amorphous metastable V2O5 bilayer structure 

mixed with a small amount of VO2 at the surface. After thermal annealing, the hydration is 

removed, the VO2 at the surface is oxidized to V2O5, and the metastable V2O5 is converted into 

stable connected crystalline nanoparticles.   
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 6.3.3 Assessment of Na+/V2O5 Insertion between 3.5 – 1.0 V 

The nominal thickness of V2O5 deposition was measured to be 425 nm using a flat Si 

substrate as reference.386 From this, the mass of V2O5 deposited on each 2.40 cm2 VACNF disk 

electrode can be estimated to be 0.343 mg based on the density of bulk V2O5 (3.36 g cm-3). To 

better assess the materials properties and compare them with the theoretical values, only the mass 

of V2O5 is used for gravimetric capacity calculations in this study. It needs to be noted that we 

may have overestimated the V2O5 mass since the micro-porosity and hydration may lower the 

density of the deposited V2O5 film. The accurate gravimetric capacity may be slightly higher.  

The Na-ion storage properties of the above described metastable VACNF-V2O5 core-shell 

structures in the as-deposited samples were systematically characterized in half-cell configuration 

using CR2016 coin cells. The as-assembled cell was in the charged state with a cell voltage in the 

range of 1.7 – 2.7 V. A galvanostatic discharge process was carried out first and followed by 

alternating charge/discharge measurements at different current densities in fixed potential 

windows. Coulombic efficiency was calculated as the percentage ratio of the discharge (Na+ 

insertion) capacity to the charge (Na+ extraction) capacity in the prior step. C rates (rather than 

current densities) are commonly used in literature for battery characterization. To avoid confusion, 

in this paper, all referred C rates are based on the actual time to complete a charge/discharge 

process at the specific current density, with a rate of C/n corresponding to the condition to complete 

charging or discharging in n hours. For n  1, an alternative notation (1/n)C is used for simplicity.  

The Na+ insertion/extraction properties of the metastable VACNF-V2O5 core-shell 

structures were first investigated using two galvanostatic charge-discharge rate performance 

sequences in the commonly used voltage range of 3.5 – 1.0 V (vs. Na/Na+) as shown in Figure E.2.  

Cells were discharged/charged for 10 cycles at 5 different current rates (250, 500, 750, 1000, and 
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1500 mA g-1) before returning to the initial rate (250 mA g-1) in cycle 51.  An insertion capacity 

of 196 mAh g-1 was observed at a rate of 250 mA g-1 in the 2nd cycle but dropped to 152 mAh g-1 

(1.6C) in cycle 10.  Insertion capacities of 122, 105, 93, and 78 mAh g-1 were achieved at the last 

cycle at rates of 500, 750, 1000, and 1500 mA g-1, respectively, corresponding to C-rates of 4.1C, 

7.1C, 10.9C, and 19.5C. It should be noted that a stable insertion capacity of 122 mAh g-1 at rate 

of 500 mA g-1 is comparable to the performance of commercialized LiCoO2 in LIBs.  Moreover, 

the ability to retain a high capacity of 78 mAh g-1 at the large current density of 1500 mA g-1 is 

rarely reported in literature. Interestingly, the extract capacity was about 70 to 50 mAh g-1 higher 

than the insertion capacity in the initial 10 cycles at the lowest current density (250 mA g-1). The 

difference was dramatically reduced as the current density was increased. Accordingly, even 

though the coulombic efficiency was only 80-85% initially at the lowest charge/discharge rate, it 

quickly increased as the rate was increased and reached ~95% at the highest rate of 19.5C (1500 

mA g-1). This is in contrast to the LIBs whose coulombic efficiencies typically decrease at higher 

rates.  When the rate sequence was repeated a second time, an insertion capacity of 115 mAh g-1 

was achieved at the beginning in cycle 52 and more stable insertion capacities of 85, 72, 63, and 

53 mAh g-1 were achieved at rates of 500, 750, 1000, and 1500 mA g-1, respectively, in cycles 60-

100. The stability and reversibility (as indicated by the coulombic efficiency) were steadily 

improved with the cycle number. 

 6.3.4 Assessment of Na+/V2O5 Insertion between 4.0 – 1.5 V 

The reversibility of Na+ insertion/extraction in the metastable VACNF-V2O5 core-shell 

structures can be significantly improved by raising the voltage range to 4.0 – 1.5 V (vs. Na/Na+) 

as shown in the three galvanostatic charge-discharge rate performance sequences in Figure 6.4a.  

An insertion capacity of 145 mAh g-1 was observed at a rate of 250 mA g-1 in the 2nd cycle but 
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dropped to 122 mAh g-1 in 10th cycle.  The extraction capacity was ~54.7 mAh g-1 higher than the 

insertion capacity in the 2nd cycle but the difference dropped to only ~14.4 mAh g-1 in the 10th 

cycle, with the coulombic efficiency increased from ~73% to ~89%. The insertion capacity 

dropped to 94 mAh g-1 when the rate was increased to 500 mA g-1 (~5C) in cycle 20.  Last cycle 

insertion capacities of 80, 70, and 58 mAh g-1 were achieved at rates of 750, 1000, and 1500 mA 

g-1, respectively, corresponding to the C-rate of about 9C, 14C, and 25.7C.  Moreover, the 

coulombic efficiency steadily increased from 95% in cycle 20 to 98% in cycle 50 (1500 mA g-1).  

When the current density was returned to 250 mA g-1 in cycle 52 an insertion capacity of 97 mAh 

g-1 was achieved resulting in a capacity retention of ~80%.   Last cycle insertion capacities of 90, 

70, 60, 52, and 43 mAh g-1 were achieved at rates of 250, 500, 750, 1000, and 1500 mA g-1, 

respectively, in cycles 60-100.  Moreover, the coulombic efficiency was further improved in the 

2nd and 3rd rate sequences and reached ~99% at the rate of 1500 mA g-1. Even the lowest rate gave 

a coulombic efficiency above 94%. It should be noted that the Na+ insertion/extraction in literature 

commonly showed low coulombic efficiency with the extraction capacity higher than insertion 

value.215, 217 The reason for larger extraction capacity was not well understood but was presumably 

attributed to side oxidation reaction of electrolytes. This has been a bottleneck for stable NIB 

cathode materials. In this study, as shown in Figure 6.4a, a capacity retention of over ~75% was 

retained at all respective rates in the 2nd rate sequence consisting of 50 total cycles, comparing to 

the stabilized values in the first rate sequence.  The last cycle insertion capacities were 74, 58, 49, 

43, and 35 mAh g-1 in the third-rate performance sequence at the rate of 250, 500, 750, 1000, and 

1500 mA g-1, respectively, able to retain >95% of capacity comparing to the 2nd rate sequence  
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The galvanostatic charge-discharge curves in the last cycle at current rates of 250 (black), 

500 (red), 750 (blue), 1000 (magenta), and 1500 (green) mA g-1 in the first rate-performance 

sequence are presented in Figure 6.4b.  All profiles showed nearly linear curves without any clear 

flat plateaus that are commonly observed in crystalline materials, indicating that the system 

behaved like a pseudocapacitor similar to the study on V2O5nH2O xerogel composed of 

interconnected nanowire networks.378  These properties explain why we were able to obtain the 

Figure 6.4 Electrochemical characterization of the Na+/V2O5 insertion/extraction of the as-

deposited VACNF-V2O5 core-shell structure in the potential range of 4.0 – 1.5 V (vs. Na/Na+). 

a) Rate performance at 5 different current density values (250, 500, 750, 1000, and 1500 mA 

g-1), each for 10 charge-discharge cycles.  b) The galvanostatic charge-discharge profiles at 

the last cycle at each current density in the rate performance. c) Cyclic voltammetry curves 

at 0.1 (black), 0.5 (red) and 1.0 (blue) mVs-1.  d) Long-term cycling at the rate of 625 mA g-

1. Note: the jump at cycle 42 was due to a power surge that interrupted the long cycling. 



151 

high stability and coulombic efficiency, especially at the high current rates.  The high degree of 

pseudocapacitance contribution is also seen in the CV curves in Figure 6.4c.  Only a single broad 

reduction peak was observed between 2.0 – 3.3 V (vs. Na/Na+) on top of a high continuous 

capacitive background current at scan rates of 0.1 to 1.0 mV s-1.  The peak shifted to 2.5 – 3.5 V 

(vs. Na/Na+) in oxidation direction. It’s likely that the redox peaks accompanying the multiple 

phase transitions during Na+ insertion/extraction are broadened and superimposed due to the high 

degree of disorder in the as-deposited VACNF-V2O5, which is better illustrated in the CV curve at 

the scan rate of 0.1 mV s-1 in Figure E.3. It is clear that the sample was dominated by the 

pseudocapacitive features. Furthermore, the long-term cycling stability at 625 mA g-1 is presented 

in Figure 6.4d.  A reversible insertion capacity of 120 mAh g-1 was achieved in the 2nd cycle. The 

capacity dropped quickly in the initial cycles but became stabilized at ~100 mAh g-1 after 10 cycles 

while the coulombic efficiency increased from 87% to ~97%. After 100 cycles an insertion 

capacity of 65 mAh g-1 was observed resulting in a capacity retention of 65% from cycle 10 to 

100.  Though the capacity retention is not ideal, it’s among the best of current SIB cathodes. The 

cycling was continued up to 300 cycles as shown in Figure E.4 with a final insertion capacity of 

36 mAh g-1 and a remarkable coulombic efficiency of ~99%.     

 6.3.5 Assessment of Na+/V2O5 Insertion between 4.0 – 1.0 V 

From the results in Figure 6.4 (in 4.0 – 1.5 V) and Figure E.2 (in 3.5 – 1.0 V), it is clear 

that the potential window critically affects both the capacity and coulombic efficiency. To find the 

optimal conditions, the three galvanostatic charge-discharge rate sequences were applied in the 

expanded potential window of 4.0 – 1.0 V (vs. Na/Na+), as shown in Figure 6.5.  An insertion 

capacity of 277 mAh g-1 was observed at a rate of 250 mA g-1 in the 2nd cycle but dropped to 207 

mAh g-1 (0.9C) in cycle 10.  It should be noted that a capacity of 277 mAh g-1 corresponds to 
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1.9Na+ per V2O5, which is higher than the reported theoretical value of 236 mAh g-1 (1.6Na+).211-

212, 374-376 This capacity is even higher than the state-of-the-art study based on V2O5nH2O xerogel 

networks at the similar current density378 and the same potential window, which can be attributed 

to the VACNF-V2O5 core-shell structure with the disordered bilayered V2O5nH2O shell.  Last 

cycle insertion capacities of 118, 87, 69, and 52 mAh g-1 were achieved at rates of 500, 750, 1000, 

and 1500 mA g-1, respectively, corresponding to 4.3C, 8.5C, 14.5C, and 29C.   However, though 

it showed a similar trend that higher coulombic efficiency can be obtained at higher rates, the 

highest value is only ~94%.  Overall, by expanding the potential window to 4.0 – 1.0 V (vs Na/Na+) 

as used in most literature, we can get higher Na+ insertion capacity. But the coulombic efficiency 

and cycling stability are sacrificed. 

 

Figure 6.5 Electrochemical characterization of the Na+/V2O5 insertion/extraction of the as-

deposited VACNF-V2O5 core-shell structure in the potential range of 4.0 – 1.0 V (vs. Na/Na+). 

a) Rate performance at 5 different current density values (250, 500, 750, 1000, and 1500 mA 

g-1), each for 10 charge-discharge cycles. B) The galvanostatic charge-discharge profiles at 

the last cycle at each current density in the rate performance. c) Cyclic voltammetry curves 

at 0.1 (black), 0.5 (red) and 1.0 (blue) mV s-1.  d) Long-term cycling at the rate of 625 mA g-1. 
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The galvanostatic charge-discharge curves at different current rates (Figure 6.5b) and CVs 

in the potential range of 4.0 to 1.0 V (Figure 6.5c) are similar to those in 4.0 to 1.5 V shown Figure 

6.4. Interestingly, the first five CV curves at a scan rate of 0.1 mV s-1 in Figure E.5 show better 

resolved redox peaks that quickly decreased and merged into the broad pseudocapacitive feature 

similar to Figure E.3. It’s likely that these peaks were originated from Na+ ion insertion/extraction 

into short-range ordered V2O5 domains that were disrupted after several cycles.  The disappearance 

of these peaks could explain the rapid capacity fading at the low rates in the initial cycles of the 

rate performance tests.  The core-shell structures provide the capability that even the fully 

disordered V2O5 shell is accessible for the fast surface redox reactions. The long-term cycling at a 

rate of 625 mA g-1 is presented in Figure 6.5d, which further shows the lower coulombic efficiency 

and fast capacity fading even though the initial capacities are higher than in the narrower potential 

range of 4.0 to 1.5 V. 

 6.3.6 Assessment of Na+/V2O5 Insertion between 4.0 – 2.0 V 

To further evaluate the properties of the Na+ insertion in the as-prepared VACNF-V2O5 

core-shell structures, similar measurements were carried out in the potential window of 4.0 – 2.0 

V (vs Na/Na+) as shown in Figure E.6.  While the insertion capacity dropped to 91 mAh g-1 (2.7C) 

in cycle 10 at 250 mA g-1, it out-performed those in the potential window of 4.0 – 1.0 V (vs Na/Na+) 

at higher rates in later cycles.  Moreover, the coulombic efficiency improved to ~94% at the rate 

of 250 mA g-1 in the second and third rate performances and remained steady at > ~99% at all 

other rates.  The charge-discharge and CV curves showed similar features as those in the wider 

potential windows, indicating a large pseudocapacitance contribution of the disordered bilayered 

V2O5nH2O structure. 
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 6.3.7 Correlation between Potential Window and Cycling Performance 

Figure 6.6 illustrates the Na+ insertion capacity and stability of the as-deposited VACNF-

V2O5 core-shell structures in the four potential windows using the data from the rate testing 

sequences reported in Figures E.2, 6.4a, 6.5a and E.6a.  The discharge (insertion) capacity of the 

last cycle at each rate is plotted against the logarithm of the applied current density.  The highest 

insertion capacity of the as-deposited metastable VACNF-V2O5 core-shell structures can be 

observed in the potential range of 4.0 – 1.0 V (vs Na/Na+) as shown in Figure 6.6a. Each of the 

Figure 6.6 Comparison of the capacity and stability in the potential ranges of a) 4.0 – 1.0 V, 

b) 3.5 – 1.0 V, c) 4.0 – 1.5 V, and d) 4.0 – 2.0 V (vs. Na/Na+). The specific capacity from the 

last cycle at each specific rate is plot versus the logarithm of the applied current density. Data 

are from the above-discussed rate performance tests with cycles 1-50 (black), 51-100 (red), 

101-150 (blue). 
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three curves corresponds to the cycle ranges of 1-50 (black), 51-100 (red), and 101-150 (blue).  

Here all three curves have a large separation, indicating a rapid capacity fading over 150 cycles.  

Figure 6.6b demonstrates a higher insertion capacity at the high rates when the potential window 

is restricted to 3.5 – 1.0 V (vs Na/Na+) even though capacity is lower at the lowest rate. Figure 

6.6c shows the decrease in separation between the three curves, indicating the higher capacity 

retention and coulombic efficiency in the potential window of 4.0 – 1.5 V (vs Na/Na+), even though 

the insertion capacity is lower.  Figure 6.6d shows three nearly overlapping curves when the 

potential window is restricted to 4.0 – 2.0 V (vs Na/Na+), which further illustrates the tradeoff 

between capacity and stability.   

 6.3.8. Impedance Spectroscopy of Bilayered V2O5·nH2O as a NIB and LIB Cathode 

All the above CVs and charge-discharge curves indicate that the as-deposited VACNF-

V2O5 electrode is dominated by pseudocapacitive properties due to the large surface reactions of 

the disordered V2O5nH2O bilayer structure. This is further supported by the EIS data shown in 

Figure 6.7. The Nyquist plot of the SIB half-cell measured at the open circuit voltage of ~2.4 V 

(vs. Na/Na+) shows a clear semicircle at high AC frequencies, indicating the presence of faradaic 

reactions represented by a charge transfer resistance (Rct), instead of the nearly vertical straight 

lines corresponding to true capacitors. Interestingly, the LIB half-cell using the same as-prepared 

disordered V2O5nH2O bilayer shows a similar shaped Nyquist plots but with a much smaller 

semicircle. Both these two EIS spectra can be fitted with the equivalent circuit consisting of two 

RC branches shown in the inset of Figure 6.7. The two capacitors are replaced with the constant 

phase elements (CPEs) to account for the inhomogeneity of charge transfer reaction and a Warburg 

element is included to account for the slow diffusion at low frequencies. Apparently, the 2nd RC 

branch accounts for the main differences between the LIB and SIB. The value of Rct2 in SIB (573 
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) is much larger than that in the LIB (106.2 , which indicates that Na+ insertion/extraction 

reactions in the as-prepared disordered V2O5nH2O bilayer is more difficult than Li+ ions and why 

the SIB is much less reversible and less stable than LIBs made of the same cathode, even with the 

larger interlayer spacing. Further, all the capacitance values of CPE1 and CPE2 in both the LIB 

and SIB are very small, only about 7x10-6 F to 2.8x10-3 F. Thus, the electrical double layer 

capacitance is negligible. The measured Na+ or Li+ insertion capacity is indeed due to surface 

faradaic reactions as reported by Wei et al.378  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 The Nyquist plots of electrochemical impedance spectroscopy of half-cell coin cells 

with an as-deposited VACNF-V2O5 electrode as the cathode and a Na disk anode for the SIB 

study (blue dots) and a Li disk anode for the LIB study (red dots). The EIS was measured at 

an open circuit voltage of 2.4 V (vs. Na/Na+) for the SIB and at an open circuit voltage of 3.0 

V (vs. Li/Li+) for the LIB. The black dots are fitting data based on inset equivalent circuit. 

The inset at the upper-right corner shows the enlarged view in the low-impedance region. 
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 6.3.9 Optimization of the Electrochemical Performance in the Range of 4.0 – 1.0 V  

Since the potential range of 4.0 – 1.0 V (vs Na/Na+) gave the highest capacity, we employed 

five strategies to explore the possibility of improving the stability of the VACNF-V2O5 core-shell 

structure in this potential range.  In the first strategy, the electrolyte (1.0 M NaClO4 in PC) was 

substituted with 1.0 M NaClO4 in EC/DEC 1:1 (v/v).  However, no significant improvements were 

observed as shown in Figure E.7.  In the second strategy, the VACNF-V2O5 core-shell structures 

were annealed at 450 °C in air for two hours as was done in our previous study to form an 

orthorhombic crystalline shell.386  The first few cycles were very unstable due to irreversible side 

reactions. An insertion capacity of ~315 mAh g-1 in the 3rd discharge with a long plateau at ~3.0 to 

3.5 V was observed (Figure E.8), reflecting the behavior of crystalline electrodes.  However, the 

capacity quickly faded and severe structural collapse was observed after 10 cycles. Clearly, the 

small interlayer d-spacing of orthorhombic V2O5 cannot accommodate reversible intercalation of 

large Na+ ions, as reported in literature.215, 217, 377 In the third strategy, annealing temperature was 

reduced to 250   °C to maintain partial hydration and the amorphous porous structure. When 

compared to the metastable as-deposited core-shell structure without annealing, the capacities 

increased at the higher rates, but the coulombic efficiency and stability degraded as shown in 

Figure E.9.  Following the work of Tepavcevic et al.,215 the fourth strategy was based on annealing 

the VACNF-V2O5 core-shell structure at 120 °C under vacuum for 20 hours to form an ordered 

bilayered V2O5nH2O structure without losing hydration. However, no improvement was observed 

as shown in Figure E.10.  In the fifth strategy, a 5.5 nm thick Al2O3 film was deposited on the as-

deposited VACNF-V2O5 core-shell structure using atomic layer deposition (ALD) in order to 

create a barrier layer to suppress potential side reactions with the electrolyte during charging to 

4.0 V.394-397  Again, no significant improvements were observed as shown in Figure E.11.  An in-



158 

depth discussion of these strategies is provided in Appendix E to provide insights for future studies.  

At this stage, the as-deposited VACNF-V2O5 core-shell structure with highly disordered bilayered 

V2O5nH2O shell gave the best results.  

 6.4 Conclusions 

In summary, V2O5 has been deposited on VACNF arrays by RF sputtering to form a unique 

three-dimensional VACNF-V2O5 core-shell structured SIB cathode.  The as-deposited metastable 

V2O5 shell present a highly disordered bilayered V2O5nH2O structure with a large interlayer 

spacing of 11.0 Å that can facilitate Na+ insertion.  A high initial insertion capacity of 277 mAh g-

1 was achieved in the potential window of 4.0 – 1.0 V (vs Na/Na+) at the current density of 250 

mA g-1. However, such low current density yielded a significantly higher extraction capacity and 

low coulombic efficiency, which are part of the reason for rapid capacity fading. As the charge-

discharge rate was increased (with the higher current density of 500, 750, 1000 and 1500 mA g-1), 

the electrode became more reversible with the coulombic efficiency reaching ~94%. In fact, the 

coulombic efficiency can be increased to over 99% accompanying with clear improvements in 

cycling stability by lowering the upper limit to 3.5 V or increasing the lower limit to 1.5 or 2.0 V, 

but at the expense of losing some capacity. The optimal operation needs to balance the tradeoff of 

these properties. Higher reversibility and stability can be obtained at higher charge-discharge rates, 

which is attributed to the large pseudocapacitive contributions due to the fast surface reactions in 

the disordered bilayered V2O5nH2O structure, as supported by the CV and EIS results. At the 

current stage, the as-deposited VACNF-V2O5 structure with the disordered bilayered V2O5nH2O 

shell has shown superior performance at high charge-discharge rates (1,000 mA g-1) in the 

potential range of 4.0 to 1.5 V (vs. Na/Na+) or at lower rates (down to 250 mA g-1) in the range of 
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4.0 – 2.0 V (vs. Na/Na+). This provides insights for further development of highly demanded stable 

SIB cathodes. 
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Chapter 7 - Future and Current Work 

 7.1: ALD of Al-Doped ZnO/HfO2 Double layers on VACNFs 

In a continuation of the conformal core−shell AZO/Al2O3/VACNF metal-insulator-metal 

work in chapter 2, we attempted to replicate the work using HfO2 as the dielectric layer.  Its 

reported that HfO2 has a dielectric constant of ~25, which is significantly higher than the ~9.3 for 

Al2O3.
22-24  Though some material characterization work was done, we limit the discussion to the 

preliminary electrostatic characterization below. 

 

Figure 7.1 Electrical characterization of a planar capacitor. (a) I−V curves measured by 

cycling the bias voltage between −0.5 to +0.5 V at the rates of 500, 800, 1000, 1500 and 2000 

V/s, respectively. (b) The area-specific capacitance vs the scan rate derived from the cycling 

I−V measurements. (c) Galvanostatic charge−discharge curve at a constant current density 

of 25 μA/cm2. (d) Area-specific capacitance vs current density calculated from 

charge−discharge curves.  

To assess the dielectric properties of ALD deposited HfO2 we constructed an electrostatic 

planar capacitor of 2 mm x 2 mm lateral size with 20-nm HfO2 dielectric layer deposited by ALD 

which was sandwiched between a 600-nm palladium top electrode and a 100-nm chromium bottom 

electrode on an n-doped silicon substrate as described in Chapter 2.  Electrostatic characterization 
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was conducted to determine the specific capacitance of the planar electrode and the dielectric 

constants of the ALD deposited HfO2. Figure 7.1a shows the cycling I-V curves of an annealed 

planar capacitor.  The rectangular shapes indicate near ideal capacitive behavior.  Both the 

charging and discharging curves are nearly horizontal indicating high Ohmic resistance across the 

thin HfO2 dielectric film.  The small rounded corners, along with the nearly vertical I-V curves at 

the voltage limits, indicate a low RC time constant, which is expected for an electrostatic capacitor.  

The value is nearly constant for scan rates from 500 V/s to 2000 V/s, indicating the capability of a 

high-power density, which is essential for an electrostatic capacitor as shown in Figure 7.1b. The 

area-specific capacitances of the planar capacitors were also determined by galvanostatic charge-

discharge study at constant current densities.  An ideal capacitor shows perfectly symmetric 

charging and discharging curves with identical time duration.  A charge-discharge curve for the 

annealed planar capacitor at a current density of 25 μA/cm2 is shown in Figure 7.1c with duration 

of ~25 milliseconds.  A small IR drop can be seen at the beginning of each curve due to ESR (< 1 

kΩ, mostly due to contact resistance) in the circuit.  An area-specific capacitance value of ~0.4 

µF/cm2 is nearly consistent across all of the applied current densities as shown in Figure 7.1d.  

Unfortunately, a calculated dielectric value of ~11.3 was determined which is significantly lower 

than the reported values.  Due to unavoidable circumstances, this project was put on hold in 2014.    

 7.2: Characterizing the Energy Storage Capability of Detonated Graphene as 

a Potential EDLC Material 

In collaboration with Arjun Nepal and Dr. Chris Sorenson, the electrochemical 

characterization of a carbon aerosol gel (CAG) was evaluated as a potential EDLC.  Briefly, the 

production of CAG involves a controlled detonation between acetylene (hydrocarbon) and oxygen 

(O2) in a 16.6-liter cylindrical aluminum chamber.398  The molar ratios of C2H2:O2 were varied at 
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1:0.4, 1:0.5, 1:0.6, 1:0.7 and 1:0.8. During detonation, the hydrocarbon is first converted into 

nanometer size carbon monomers, which in turn quickly aggregated forming the CAG.399 Once 

the detonation was complete, the chamber was cooled and the CAG powder was collected.  For 

internal purposes, the CAG will be referred to as detonated graphene (DG) throughout the 

remainder of the section.   

BET measurements confirm that the SSA lies in between 23 to 187 m2 g-1 as shown in 

Figure F.1.  Interestingly, the lower oxygen ratios (0.4 and 0.5) have a significantly higher SSA 

than that of the higher oxygen ratios (0.6, 0.7, and 0.8). However, these values are significantly 

lower than the theoretical SSA of graphene (2600 m2 g-1).  Electrochemical characterization was 

conducted in a two-electrode setup using the Swagelok apparatus discussed in Section 1.7. Briefly, 

a 9:1 mass ratio of DG to PVDF was mixed in a solution of NMP and dried at 100 °C for 18 hours 

under vacuum.  The product was crushed and pressed in a KBr pellet press.  Two DG pellets 

(electrodes) were separated by a polymer membrane separator soaked in an aqueous electrolyte 

(Na2SO4 or KOH). Electrochemical characterization was carried out using a 760E Bipotentiostat 

(CH Instruments Inc.).  

The electrochemical performance was first evaluated using the 1:0.4 oxygen ratio DG in a 

4.3 M KOH electrolyte as shown in Figure 7.2a. The near rectangular shape of the CV curves 

indicates good EDLC behavior with minimal rounding at the corners originating from the ESR.  

The mass-specific capacitance (Co) was determined at each cycling rate using Equation 1.7, and is 

plotted in Figure 7.2b.  The near horizontal trend at the high scan rates indicates a good power 

capability.  The Co was also determined by Galvanostatic charge-discharge at constant current 

densities as shown in Figure 7.2c.  Both the charging and discharging curves are nearly symmetric 
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with a duration of ~150 seconds.  The Co was determined at each current density using Equation 

1.8, and plotted in Figure 7.2d.   

 

Figure 7.2 Electrochemical characterization of the detonated graphene in a Swagelok 

apparatus. (a) I−V curves measured by cycling the bias voltage between −0.5 to +0.5 V at the 

rates of 5, 10, 25 and 50 mV/s, respectively. (b) The mass-specific capacitance vs the scan rate 

derived from the cycling I−V measurements. (c) Galvanostatic charge−discharge curve at a 

constant current density of 20 mA/g. (d) mass-specific capacitance vs current density 

calculated from charge−discharge curves 

The electrochemical performance was further evaluated for all five-oxygen ratio DGs using 

both a 1M Na2SO4 and 4.3 M KOH electrolyte solution.  A plot of Co values versus the different 

molar ratios for each electrolyte is shown in Figure F.2.  As oxygen molar ratio decreased, the Co 

increased owning to the increase in SSA.  Interestingly, the 1:0.4 oxygen ratio DG did not follow 

this trend.  The sudden drop in Co is likely due to the hydrophobicity of the DG coupled with the 
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larger SO4
-2 ion size and small pore size.  The KOH solution has an increased capacitance over 

that of the Na2SO4 solution likely due to the increase in concentration. 

The EDLC capability of DG was compared to the performance of commercially available 

carbon allotropes (MWCNTs, SWCNTs, and graphene (CG) with SSA of 370, 385, and 510 m2/g, 

respectively), which were prepared and characterized in the same manner. The Co values from the 

Galonstatic charge-discharge at a current density of 10 mA/g are plotted against the SSA values in 

Figure 7.3a.  However, the plot illustrates the low Co values owning to the low SSA of the DG.  

This is further illustrated in Figure 7.3b where the Co values of the 1:0.4 oxygen ratio DG, 

MWCNTs, SWCNTs and CG are plotted against the applied scan rate.  At 5 mV/s the 1:0.4 oxygen 

ratio DG had the lowest Co value among all of carbon materials.  Interestingly, as the scan rate 

increased, the Co remained steady for the DG whereas the other carbon materials significantly 

decreased indicating potential as high-power EC.  Ultimately, the low SSA of the DG hindered its 

use as a potential EDLC material.  However, future work on this project involves the incorporation 

of a conductive polymer or metal oxide for a pseudocapacitive and LIB application.   

 

Figure 7.3 a) Mass-specific capacitance versus the specific surface area of the carbon 

electrodes. b) The mass-specific capacitance of the carbon electrodes versus the applied scan 

rates from the electrochemical characterization.  
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 7.3: Pulsed Electrodeposition of Fe3O4 on VACNFs and CNFs for 

Pseudocapacitive Applications 

The pseudocapacitive capability of Fe3O4 was first reported by N.L. Wu in 2002 where a 

Fe3O4-SnO2 composite electrode exhibited a mass-specific capacitance of 33 F/g.400  Early studies 

found that unlike most transition metal oxides, Fe3O4 operates in the negative potential range (-0.9 

to 0.1 V vs. SCE) as a pseudocapacitive material.  Moreover, it was found to be very sensitive to 

the anions (especially SO3
2-) in the electrolyte solution whereas most metal oxides are only 

sensitive to the positive ions such as Na+ or H+.401  The proposed charge storage mechanism is 

shown in Schematic 7.1: 

(1) FeO + SO3
2- ↔ FeSO4 + 2e- 

(2) 2FeII + SO3
2- ↔ (FeIIIO)+SO3

2-(FeIIIO)+ + 2e-  

Schematic 7.1 

where (1) is a surface adsorption reaction at the electrode electrolyte interface, and (2) is a redox 

reaction that occurs in the thin layers near the surface of the active material.402 More recent reports 

have also proposed a similar mechanism for OH-.403-404 

Fe3O4 can achieve a theoretical capacitance of ~833 F/g, however, to the best of our 

knowledge this is yet to be reached; most reported values range from 100 to 200 F/g. Its electrical 

conductivity (102 S cm-1) is relativity high compared to other pseudocapacitive metal oxides like 

MnO2 and V2O5 with values of 10-5 – 10-6 and 10-3 – 10-5 S cm-1, respectively.405 However, it’s 

still several orders of magnitude lower than most high SSA carbon materials. The low capacitance 

is most likely attributed to low ion diffusion coefficients.  The SO3
2- diffusion coefficient for Fe3O4 

is yet to be determined, however, the Li+ diffusion coefficient has recently been determined to 

have a low value of 7.15 x 10-14 cm2 s-1.159  Given the fact that a SO3
2- is significantly larger than 

a Li+, it is not inconceivable to expect the SO3
2- diffusion coefficient to be several orders of 
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magnitude smaller. To put this into perspective, a Li+ will only diffuse ~60 nm through Fe3O4 

during a 60 second charge duration. It’s would not be unreasonable to expect the SO3
2- to diffuse 

only several nm’s under the same conditions.   

To overcome the low ion diffusion coefficients various synthesis have been developed.  H. 

Lee et al. reported the electrochemical deposition of green rust and its oxidation to form a 

nanosized cellular Fe3O4 thin film with average wall thicknesses on the order of ~60 nm.406  

Electrochemical characterization results reported a mass-specific capacitance of 105 F/g.  J. Chen 

et al. reported the hydrothermal preparation of octadecahedron shaped Fe3O4 nanoparticles ranging 

in size from 10-50 nm with a mass-specific capacitance of ~118 F/g at 5 mV/s and a low mass-

specific capacitance of ~50 F/g at 50 mV/s.407  The large drop in capacitance is attributed to a poor 

electrical connection between the octadecahedron nanoparticles.  L. Liu et al. reported the 

hydrothermal synthesis of MWCNTs with cubic Fe3O4 nanoparticles that reached mass-specific 

capacitance of ~130 F/g.408  J. Mu et al. reported a core-shell structure with Fe3O4 nanosheets 

grown on randomly dispersed CNF. Electrochemical characterization revealed a mass-specific 

capacitance of 135 F/g at 10 mV/s.409  Despite the efforts, the specific capacitance remains low 

due to the electrical connection between Fe3O4 nanoparticles and conductive additives.  Here we 

aim to enhance the mass-specific capacitance with state-of-the-art core-shell structures using 

VACNFs and electrospun CNF membranes.    

To accomplish this, we modified a reported a cathodic electrochemical deposition 

technique to develop a pulsed electrodeposition.410  Briefly, iron(III)-triethanolamine (TEA) 

complex is reduced at the electrode surface to form a mesoporous film as shown in Schematic 7.2 

(1)   [Fe(OH)4TEA2] + e− →  Fe(TEA)2
2+ +  4OH1 

(2)   Fe(TEA)2
2+ + 2[Fe(OH)4TEA2]−  → Fe3O4 +  6TEA +  4H2O 

Schematic 7.2 
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where [Fe(OH)4TEA2]
- is reduced onto the electrode surface to form Fe(TEA)2

2+ (1).  The reaction 

continues where two more [Fe(OH)4TEA2]
- in solution react with the deposited Fe(TEA)2

2+ (2) to 

form Fe3O4.  To explain the origin of the Fe3O4 stoichiometry, the initial Fe(TEA)2
2+ provides the 

Fe2+ while the following two [Fe(OH)4TEA2]
-  provide the two Fe3+.  The reaction is repeated 

multiple times to form a thin mesoporous layer of Fe3O4. The reaction is complete when all of the 

[Fe(OH)4TEA2]
- in solution is used up.  A short summarization of the procedure is as follows:  

iron(III) sulfate hydrate (Fe2(SO4)3) is dissolved in a 1M TEA solution. The resulting solution is 

then added to a 3.5 M NaOH solution and heated up to ~80 °C.  Once the desired temperature is 

reached, the solution is deposited onto the VACNFs or CNFs via pulsed electrodeposition using a 

Pt counter electrode and a Hg/HgO reference electrode.   

 Initially we attempted to deposit Fe3O4 using a constant potential of -1.10 V vs. Ag/AgCl 

according at Switzer et al.411  However, upon examination no Fe3O4 was observed.  Interestingly, 

when the voltage was lowered to -1.30 V vs. Ag/AgCl a uniform Fe shell along the fibers was 

observed as shown in Figures 7.4a and b. The VACNF-Fe shell was then annealed in the presences 

of oxygen which resulted in a Fe2O3 shell as shown in the XRD spectrum in Figure 7.4c.  However, 

when electrochemical characterization was conducted no capacity was observed.  Thus, it was 

concluded that the Fe2O3 shell was not electrically connected to VACNFs.  It’s likely that during 

annealing the Fe shell was separated from the core during oxidation.  Nevertheless, it was proven 

to be very difficult to optimize the deposition for Fe3O4.  Aside from the challenges discussed in 

section 1.6.2.1, one of the major challenges was the heat required for the deposition which often 

destroyed the reference electrode after several depositions.   
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Figure 7.4 a) The amperometric curve for the Fe deposition, b) an SEM image of the VACNF-

Fe core-shell structure, c) XRD spectrum of the Fe2O3 shell formed after annealing in the 

presences of oxygen.   

To overcome these drawbacks the original deposition technique was modified for a pulse 

deposition technique.  Moreover, the Ag/AgCl reference electrode was substituted out for a 

Hg/HgO electrode that not only works better at high temperatures, but more suitable for the high 

pH medium.  The optimal potential was determined to be ~0.9 V vs Hg/HgO which was derived 

from the LSV curve in Figure 7.5a.  A pulse was applied with an on time of 10 seconds and an off 

time of 10 seconds at -0.4 V vs Hg/HgO (or open circuit potential) as shown in Figure 7.5b.  

 

Figure 7.5 a) LSV curve of the Fe3O4 deposition on VACNF, b) the pulse deposition of Fe3O4 

deposition on VACNFs at an on potential of -0.9 V (vs Hg/HgO) 

 After numerous trials, the parameters were optimized enough to obtain some iron oxide 

on the fibers as shown in the SEM images in Figure 7.6a.  At high magnification, the Fe3O4 

particles are observed along the fibers as shown in Figures 7.6b and c.  However, a conformal shell 

was not achieved as illustrated by the “clumping” of the VACNFs due to a capillary affect in the 

a) c) b) 

a) b) 
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presence of aqueous solutions.  This is a common occurrence when bare VACNFs are dried out 

after being exposed to an aqueous solution.  Figure 7.6d shows the Fe3O4 nanoparticles along the 

clumped fibers further illustrating the non-uniform coating.   

 

Figure 7.6 Low a) and high (b-d) SEM images of Fe3O4 deposited on VACNFs 

Electrochemical characterization was conducted as shown in Figure 7.7.  I-V cyclic 

measurements at scan rates of 10, 25, 50, 75, and 100 mV/s reveal near EDLC behavior in the 

potential range of -0.8 – 0.0 V (vs Ag/AgCl) with a small oxidation peak at -0.3 V as shown in 

Figure 7.7a.  Charge-discharge curves further illustrate this behavior in Figure 7.7b.  However, 

when compared with bare VACNFs (black curves) in Figures 7.7c and d it’s clear that the 

contribution form Fe3O4 is quite low.  

 

Figure 7.7 a) Cyclic I-V curves and b) charge-discharge curves of VACNF-Fe3O4 core-shell 

structure.  A comparison of CV c) and charge-discharge curves d) with bare VACNFs 

a) b) 

c) d) 



170 

Despite the efforts, the deposition of Fe3O4 on VACNFs never panned out as expected.  

It’s likely that the parameters need to be further optimized to accomplish the core-shell formation.  

Several avenues to focus on would be to optimize the temperature and pH of the deposition 

solution, as well as the deposition potential.  However, we opted to take a different approach and 

perform the deposition on the electrospun CNFs as shown in Figure F.3a.  Initial SEM images 

appear to show some coating on the CNFs, but the presences of Fe3O4 was not conclusive as shown 

in the EDS spectrum in Figure F.3b.  Shortly thereafter, this project was temporarily shelved as 

the deposition of V2O5 (discussed in Chapter 4) took priority.  The long-term goal of this project 

is to pair it with a MnO2 or V2O5 core-shell structure for a Type III asymmetric pseudocapacitor 

as described in section 1.3.3.  Moreover, we hope to be able to investigate its potential as a LIB 

and SIB anode in future work.   

 7.4: Pulsed Electrodeposition of Si onto CNFs for a LIB Anode 

As discussed in section 1.4.1.2.2, Si has the highest theoretical capacity (4200 mAh/g) of 

any known LIB material. However, large volume expansion has prohibited its applicability.  

Previously, we reported a sputtered coated Si shell on VACNFs which allowed the large volume 

expansion without severe structural breakdown.150-151  We extended this work by using a pulse 

electrodeposition technique to deposit Si onto the electrospun CNF mesoporous membrane.  

Briefly, 0.93 g of tetrabutylammonium chloride (TBACL) was dissolved in 40 g of propylene 

carbonate (PC) under nitrogen.  While stirring 1.9 mL of silicon tetrachloride (SiCl4) was added 

dropwise followed by a 10-minute purge.  Under nitrogen a pulse electrodeposition technique was 

employed with a deposition potential of -2V (vs Ag/Ag+ in 10 mM AgNO3, 0.1 M TBACL) for 10 

seconds and an off potential 1V for 20 seconds.  Immediately after deposition the CNF-Si 

mesoporous core-shell structure was annealed for 1 hour at 400 °C under 2% hydrogen (98% 
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argon) to avoid SiO2 formation.  Preliminary electrochemical characterization is presented in 

Figure 7.8. 

 
Figure 7.8 a) Rate-performance of the CNF-Si core-shell structure, b) charge-discharge 

curves from the rate-performance sequence. 

A capacity of ~3650 mAh g-1 was achieved in the initial cycle at a rate of 100 mA g-1 as 

shown in the rate-performance test shown in Figure 7.8a.  Capacity rapidly dropped in the second 

cycle to below 1500 mAh g-1 in cycle 2.  Insertion capacities of 1000, 700, 450, and 200 mAh g-1 

at rates of 200, 500, 750, and 1000 mA g-1.  When the sequence was repeated in cycle 26, a capacity 

of ~1250 mAh g-1 was achieved.  The charge-discharge curves of cycles 1, 2, 5, 10, 15, 20, and 25 

mA g-1 is shown in Figure 7.8b.  These preliminary results are very encouraging; however, the 

capacities are still a low for Si after the initial cycle. Nevertheless, the electrospun CNFs appear 

to not only provide a good electrical conducting core but also allow for the large volume expansion 

owning to the voids throughout the mesoporous structure.  This project is ongoing and we hope to 

complete the project in due time. 

 7.5: 3D Printed MoS2-rGO on Nickel Foam for a SIB Anode 

As discussed in section 1.4.2.1.4, MoS2 is a layered metal sulfides that has been 

investigated as potential anode for SIBs owning to their large interlayer spacing which can 

a) b) 
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accommodate the Na+ ion.189   The Na+ insertion mechanism occurs through a two-step process as 

shown in Schematic 7.3: 

1) MoS2 + xNa++ xe−  ↔  NaxMoS2 (x < 2) 

2) NaxMoS2 + (4 − x)Na++ (4 − x)e−  ↔  2Na2S + Mo 

Schematic 7.3 

The Na+ ion first intercalates into MoS2 to form an intermediate (NaxMoS2), which decomposes to 

Na2S and Mo through a conversion reaction.190  Unfortunately, the second step usually causes 

severe volume expansion and sluggish kinetics for Na+ intercalation which results in rapid capacity 

fading.191    To overcome this issue the second step can be restricted by limiting the cut voltage to 

~0.4 V vs Na/Na+.  However, this strategy often limits the available capacity to ~300 mAh g-1.  

The synthesis of unique MoS2 architectures and the incorporation of carbon additives and have 

allowed the low voltage limit to be extended to 0.01 V vs Na/Na+. 

In collaboration with Dr. Pengli Yan and Dr. Dong Lin we aim to overcome the hurdles of 

the second step to enhance the insertion capacity with a high degree of stability at low potentials. 

Here, a newly developed 3D freeze assembling printing technique was employed for developing 

an MoS2 anode for SIB applications. Briefly, an integrated drop-on-demand inkjet printing and 

freeze casting procedure was used.412  For MoS2 printing, a 1mg/1mL solution of ammonium 

thiomolybdate (ATM) was printed onto a cold block followed by a freeze-drying procedure. The 

resulting MoS2 structure was annealed at 600 °C in the presences of 2% H2 (98% argon). 

Interestingly, freeze casing directly aligns nanomaterials along the freezing direction to form 

delicate hierarchical microstructures that can be described as a light weight foam structure with 

large open pores suitable for Na+ ion insertion and alloying as shown in the SEM image in Figure 

F.4.   
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The MoS2 structure was first printed onto a copper substrate and annealed as described 

above. The Galvanostatic charge-discharge measurements are shown in Figure 7.9.  A high 

insertion capacity of ~1150 mAh g-1 was achieved at a rate of 100 mA g-1 in the first cycle as 

shown in the rate-performance sequence in Figure 7.9a.  However, after 10 cycles this the capacity 

dropped to ~200 mAh g-1 as shown in the charge-discharge cycles in Figure 7.9 b.  When the rate 

was increased to 250, 500, 750, and 1000 mA g-1 the capacity faded to 75, 20, 5, and 2 mAh g-1, 

respectively.   Thus, we concluded that 1) there was severe structural collapse or 2) there was a 

poor electrical connection between the MoS2 and the copper substrate. 

 

Figure 7.9 a) Galvanostatic charge-discharge rate performance of the MoS2 printed on a 

copper substrate.  b) first 10 cycles from the rate performance at a rate of 100 mA/g. 

 To further evaluate the MoS2 traditional characterization techniques were employed.  

Briefly, the ATM precursor was freeze dried without any ink printing and mixed with carbon black 

and PVDF binder (70/20/10). The resulting mixture was casted onto a copper substrate and dried 

under vacuum for 48 hours prior to cell assembly.  The galvanostatic charge-discharge rate 

performance test in Figure F.5 shows a great improvement over the printed structure.  Thus, we 

concluded that the 3D printed structure was not electrically connected to the copper substrate.  

Furthermore, we determined that the 3D printed structure lacked in structural stability and 
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electrical conducting as a standalone material.  To overcome these drawbacks rGO (10 mg/mL) 

was introduced to ink print mixture and printed onto a high surface area nickel foam.   

 

Figure 7.10 a) Galvanostatic charge-discharge rate performance of MoS2-rGO printed on 

nickel foam, and b) charge-discharge curves from the rate-performance sequence. 

The galvanostatic charge-discharge rate performance of the MoS2-rGO structure printed on 

nickel foam is presented in Figure 7.10a.  A high insertion capacity of 800 mAh g-1 was achieved 

in the initial cycle at a rate of 100 mA g-1 which faded to 350 mAh g-1 after 10 cycles as shown in 

the charge-discharge curves in Figure 7.10b.  Last cycle insertion capacities of 200, 125, 115, and 

100 mAh g-1 were achieved at rates of 250, 500, 750, and 1000 mA g-1.  Clearly, the mixing of 

rGO and the printing on nickel foam outperformed for the MoS2 structure.  All capacities were 

based on the mass of MoS2 obtained from TGA measurements as shown in Figure F.6.  It should 

be noted that this is short synopsis of the project. Some details were left out for the purposes of 

confidentiality as this is an ongoing project that we hope to complete in the near future.       
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Chapter 8 - Conclusions 

In chapter 2 a high-aspect-ratio, VACNFs were conformally coated with Al2O3 and AZO 

using atomic layer deposition ALD to produce a three-dimensional array of metal−insulator−metal 

core−shell nanostructures. Prefunctionalization before ALD, as required for initiating covalent 

bonding on a carbon nanotube surface, was eliminated on VACNFs due to the graphitic edges 

along the surface of each CNF. The graphitic edges provided ideal nucleation sites under sequential 

exposures of H2O and trimethylaluminum to form an Al2O3 coating up to 20 nm in thickness. 

HRTEM and scanning electron microscopy images confirmed the conformal core−shell 

AZO/Al2O3/CNF structures while energy-dispersive X-ray spectroscopy verified the elemental 

composition of the different layers. HRTEM selected area electron diffraction revealed that the as-

made Al2O3 by ALD at 200 °C was amorphous, and then, after annealing in air at 450 °C for 30 

min, was converted to polycrystalline form. Nevertheless, comparable dielectric constants of 9.3 

were obtained in both cases by cyclic voltammetry at a scan rate of 1000 V s-1. The conformal 

core−shell AZO/Al2O3/VACNF array structure demonstrated in this work provides a promising 

three-dimensional architecture toward applications of solid-state capacitors with large surface area 

having a thin, leak-free dielectric. 

In chapter 3 the energy storage properties of  Pb0.92La0.08Zr0.52Ti0.48O3 (PLZT) films grown 

via PLD were evaluated at variable film thickness of 125, 250, 500, and 1000 nm.  These films 

show high dielectric permittivity up to ~1200. Cyclic I-V measurements were used to evaluate the 

dielectric properties of these thin films, which not only provides the total electric displacement, 

but also separates contributions from each of the relevant components including electric 

conductivity (D1), dielectric capacitance (D2), and relaxor-ferroelectric domain switching 

polarization (P).  The results show that, as the film thickness increases, the material   transits from 
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a linear dielectric to nonlinear relaxor-ferroelectric. While the energy storage per volume increases 

with the film thickness, the energy storage efficiency drops from ~80% to ~30%. The PLZT films 

can be optimized for different energy storage applications by tuning the film thickness to optimize 

between the linear and nonlinear dielectric properties and energy storage efficiency. 

In chapter 4 an approach to achieving stable 2 and 3 Li+ insertion into V2O5 as a LIB 

cathode using a core-shell structure fabricated on electrospun CNF membranes was discussed. 

Uniform coaxial V2O5 shells are coated onto CNF cores via pulsed electrodeposition. The materials 

analyses confirm that the V2O5 shell after 4 hours of thermal annealing is a partially hydrated 

amorphous structure.  SEM and TEM images indicate that the uniform 30 to 50 nm thick V2O5 

shell forms an intimate interface with the CNF core.  Lithium insertion capacities up to 291 and 

429 mAh g-1 are achieved in the voltage ranges of 4.0 – 2.0 V and 4.0 – 1.5 V, respectively, which 

are in good agreement with the theoretical values of 294 mAh g-1 for 2 Li+/V2O5 insertion and 441 

mAh g-1 for 3 Li+/V2O5 insertion into crystalline V2O5 materials.  Moreover, after 100 cycles, 

remarkable retention rates of 97 and 70% are obtained for 2 Li+/V2O5 and 3 Li+/V2O5 insertion, 

respectively. These results reveal that the core-shell structure is an effective approach to breaking 

the intrinsic limits of V2O5 and enabling this high-capacity cathode materials for future LIBs. 

In chapter 5 an alternative approach to achieving stable 3 Li+ insertion into Vanadium 

pentoxide (V2O5) by implementing a three-dimensional (3D) core-shell structure consisting of 

coaxial V2O5 shells sputter-coated on VACNF cores was discussed. The hydrated amorphous 

microporous structure in the “as-deposited” V2O5 shells and the particulated nano-crystalline V2O5 

structure formed by thermal annealing are compared. The former provides remarkably high 

capacity of 360 and 547 mAh g-1 in the voltage range of 4.0 – 2.0 V and 4.0 – 1.5 V, respectively, 

far exceeding values in current oxide-based LIB cathodes and even the corresponding theoretical 



177 

values of 294 mAh g-1 for 2 Li+/V2O5 insertion and 441 mAh g-1 for 3 Li+/V2O5 insertion into 

crystalline V2O5 materials. This is attributed to the additional reactions with the hydrated 

amorphous structure.  After 100 cycles of 3 Li+/V2O5 insertion/extraction at 0.20 A g-1 (~ C/3), ~ 

84% of the initial capacity is retained. After thermal annealing, the core-shell structure presents a 

capacity of 294 and 390 mAh g-1, matching well with the theoretical values for 2 and 3 Li+/V2O5 

insertion.  The annealed sample shows further improved stability, with remarkable capacity 

retention of ~100% and ~88% for 2 and 3 Li+/V2O5 insertion/extraction. 

In chapter 6 the same approach was implemented to achieving high coulombic efficiency 

and Na+ insertion/extraction capacity in vanadium pentoxide (V2O5) at high applied current rates 

The hydrated amorphous microporous structure in the “as-deposited” V2O5 shells is characterized 

in four potential ranges of 3.5 – 1.0, 4.0 – 1.5, , 4.0 – 1.0, and 4.0 – 2.0 V (vs Na/Na+).  An insertion 

capacity of 196 mAh g-1 is achieved in the potential range of 3.5 – 1.0 V (vs Na/Na+) at a rate of 

250 mA g-1.  Moreover, an insertion capacity of 78 mAh g-1 is retained when the rate is increased 

to 1500 mA g-1 with a coulombic efficiency of ~95%.    When the potential window is shifted 

upwards to 4.0 – 1.5 V (vs Na/Na+) an insertion capacity of 145 mAh g-1 is achieved.  Moreover, 

a coulombic efficiency of ~98% is attained at a rate of 1500 mA g-1.  To enhance the energy density 

of the VACNF-V2O5 core-shell structures, the window is expanded to 4.0 – 1.0 V (vs Na/Na+).  

An initial insertion capacity of 277 mAh g-1 is achieved at rate of 250 mA g-1.  However, rapid 

capacity fading and poor stability plagues the core-shell structures.  Five strategies are briefly 

discussed to improve overall performance, but no improvements are observed.  To further evaluate 

the stability of the Na+ insertion the potential window was restricted to 4.0 – 2.0 V (vs Na/Na+). 

Low capacities are observed but with a coulombic efficiency reaching 99%.  
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Appendix A - Supplementary Information of Chapter 2 

 

 

  

Figure A.1 Theoretical capacitance of the VACNF-Al2O3 array.  (Reprinted with permission 

from ACS Appl. Mater. Interface, 2014, 6, 6865-6871) 
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Appendix B - Supplementary Information for Chapter 3 

 

 

 

 

 

  

Figure B.1 (a) The P-E hysteresis loop measured with a conventional Radiant 

Premier II tester at 100 Hz.  (b) The dielectric property of the 500-nm PLZT film 

by pulsed laser deposition as a function of bias electric field. (Reprinted with 

permission from ACS Appl. Mater. Interface, 2014, 6, 22417-22422) 
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Figure B.2 Representative I-V curves measured at a cycling rate of 2000 Vs-1 for (a) 

125 nm, (b) 250 nm, (c) 500 nm, and (d) 1000 nm PLZT film thickness. (Reprinted 

with permission from ACS Appl. Mater. Interface, 2014, 6, 22417-22422) 
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Figure B.3 I-V curve of the 125-nm PLZT films in wider range of electric field E. The leakage 

current dramatically increases as E exceeds 160 kV cm-1 (corresponding to the breakdown 

field Eb). The inset is the enlarged curve at high E. (Reprinted with permission from ACS 

Appl. Mater. Interface, 2014, 6, 22417-22422) 
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Figure B.4 The characteristic values for remnant polarization Pr and coersive 

electric field Ec of PLZT films at 125, 250, 500 and 1000 nm thickness measured 

by I-V measurements. All values are normalized to those at a maximum electric 

field strength of 160 kV cm-1. (Reprinted with permission from ACS Appl. Mater. 

Interface, 2014, 6, 22417-22422) 
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Appendix C - Supplementary Information for Chapter 4 

 

 

  

Figure C.1 High magnification SEM image of a) the side and b) cross-

section of a bare CNFs.  c) High- and d) low- magnification SEM 

images of the cross-sectional cut of a bare CNF membrane.  
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Figure C.2 a) Low- and b) high- magnification SEM images of the CNF-V2O5 core-

shell structure at an accelerating voltage of 3kV.   
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20 nm 

a) b) 20 nm 

Figure C.3 HRTEM images of a CNF-V2O5 core-shell nanofiber. The 

white dash lines in b) are visual guides to indicate the inner CNF core 

and the outer V2O5 shell.  
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Figure C.4 :  EDS spectrum of the CNF-V2O5 core-shell structure.  
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Figure C.5 : a) A HAADF STEM image of the CNF-V2O5 core-shell structure.  b) 

The EDS lines of carbon, oxygen and vanadium elements scanned over the region 

illustrated by the yellow line in panel (a).   Note: The oxygen and vanadium scans 

have been increased by 30 and 20%, respectively for visual purposes.   
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Figure C.6 a) The experimental setup, b) cyclic voltammogram, and the current 

profiles of c) the full 60 cycles and d) the first 300 seconds of the pulse 

electrodeposition of V2O5 on the CNF membrane.  
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Figure C.7 Illustration of pulsed electrodeposition of V2O5 on CNF 
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Figure C.8 The zoom-in deconvoluted XRD peak of the CNF-V2O5 core-shell structure after 

thermal annealing at 300C for 4 hrs.    
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Figure C.9 The pore size distribution of a) bare CNFs and b) CNF-V2O5 core-shell materials 

derived from BET surface analyses. 



227 

  

Figure C.10 Illustration of CNF-V2O5 membrane preparation for electrochemical 

characterization 
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Figure C.11 Nyquist plot from the electrochemical impedance spectroscopy 

measurement (EIS) of the CNF-V2O5 core-shell structure at the charged state (~4.0 V) 

after completing 5 cyclic voltammetry cycles (1 mV/s) shown in Fig. S12 and the fitting 

parameters based on the equivalent circuit shown in the inset. The presented EIS data 

are in the range of 100 kHz to 0.22 Hz. The symbol R stands for a resistor, Q for a 

constant phase element (CPE) with ZCPE = (1/Cωn)e-πnj/2 and W for Warburg element 

(Zw=(σ/ω1/2) - (jσ/ω1/2)). The fitting was done with ZSimpWin (Princeton Applied 

Research, Oak Ridge, TN). 
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Figure C.12 First and second cycle CV curves for 3 Li+/V2O5 insertion/extraction at a scan 

rate of 0.1 mV s-1 in the potential range of 4.0 – 1.5 V (vs Li/Li+) 
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Material 
Capacity 

(mAh g-1) 

Synthesis 

Method 
Electrolyte Additives   Ref 

V2O5-rGO 
235 

(20 mA g-1) 
Hydrothermal LiPF6 

1:1:1 

(EC:DMC:DEC) 
1. 

V2O5-Graphene 
243 

(50 mA g-1) 
Slow Hydrolysis  1.2 M LiPF6 

3:7 

(EC:EMC) 
2. 

V2O5/rGO 
211 

(190 mA g-1) 
Solvothermal 1 M LiPF6 

1:1 

(EC:DMC) 
3. 

V2O5-Graphene 

Nanoribbons 

278 

(C/10) 

Synthetic 

Reaction 
1 M LiPF6 

1:1:1 

(EC:DEC:DMC) 
4. 

Graphene Oxide 

Coated V2O5 

240 

(100 mA g-1) 
Hydrothermal 1 M LiPF6 

1:1:1 

(EC:DEC:DMC) 
5. 

rGO-Enwrapped 

V2O5 Nanorods 

287 

(100 mA g-1) 

Hydrothermal 

followed by 

Reflux 

1 M LiPF6 
1:1 

(EC:DMC) 
6. 

V2O5 

Nanocrystals on 

rGO Balls 

280 

(300 mA g-1) 
Spray Pyrolysis 1 M LiPF6 

1:1 

(EC:DMC) 
7. 

V2O5 Nanowires- 

rGO Composites 

225 

(C/5) 
Electrospinning 1 M LiPF6 

1:1 

(EC:DMC) 
8. 

rGO-V2O5 

295 

(31.3 mA g-1) 
Solvothermal 1 M LiPF6 

1:1:1 

(EC:DMC:DEC) 
9. 

V2O5/MWCNT 

sponge 

816 μAh cm-2 

1C 
ALD 1 M LiPF6 

1:1 

(EC:DEC) 
10. 

VACNF-V2O5 

360 (as-dep.) 

294 (annealed) 

(200 mA g-1) 

PECVD 

/RF Sputtering  
1 M LiPF6 

1:1:1 

(EC:EMC:DMC) 
20. 

CNF-V2O5  

Core-shell 

292  

(100 mA g-1) 

(~C/2.9) 

Electrospinning/ 

Pulse 

Electrodeposition 

1 M LiPF6 
1:1:1 

(EC:EMC:DMC) 

This 

Study 

 

Table C.1 Comparison of the 2 Li+/V2O5 insertion/extraction performance of this study 

with literature. 
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Material 
Capacity 

(mAh g-1) 
Synthesis Method Electrolyte Additives   Ref 

V2O5-Graphene 

(2% Graphene) 

438  

(C/20) 
Sol-gel 1.2 M LiPF6 

3:7 

(EC:EMC) 
11. 

V2O5 Nanobelts 
288 

0.2 mA cm-2 
Synthesis 1M LiPF6 

1:1 

(EC:DMC) 
12. 

V2O5 Nanowires 
351 

(50 mA g-1) 
Hydrothermal 1M LiClO4 

1:1 

(EC:DMC) 
13. 

V2O5 Nanowire 

(85% Graphene) 

400 

(100 mA g-1) 
Hydrothermal 1M LiPF6 

1:1 

(EC:DMC) 
14. 

V2O5 Aerogel 
423 

(C/8) 
Sol-gel/Freeze Dry 1M LiClO4 

1:1 

(EC:DMC) 
15. 

V2O5-Carbon 

(3:1) 

320 

(C/10) 

Combustion/ ball 

milling of Carbon 
1M LiPF6 

1:1 

(EC:DMC) 
16. 

V2O5 - LiBO2 

glass with rGO 

400 

(50 mA g-1) 

Glass forming/ball 

milling of rGO 
1M LiPF6 

1:1 

(EC:DMC) 
17. 

V2O5 
350 

(C/10) 
Aerogel 1M LiClO4 PC 18. 

V2O5-VACNT 

Array 

368 

C/4 

CVD 

/Electrodeposition 
1 M LiTFSI 

20% EC 

/[EDMMEA] 

[TFSI] 

19. 

VACNF-V2O5 

547 (as-dep.) 

390 (annealed) 

(200 mA g-1) 

PECVD  

/RF Sputtering  
1 M LiPF6 

1:1:1 

(EC:EMC:DMC) 
20. 

CNF-V2O5  

Core-shell 

442  

(100 mA g-1) 

(~C/4.4) 

Electrospinning/ 

Pulse 

Electrodeposition 

1 M LiPF6 
1:1:1 

(EC:EMC:DMC) 

This 

Study 

 

Table C.2 Comparison of the 3 Li+/V2O5 insertion/extraction performance of this study with 

literature. 
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Appendix D - Supplementary Information for Chapter 5 

 

Figure D.1 A schematic illustration of the VACNF growth and V2O5 deposition a).  Digital 

images at different stages of the core-shell construction process including bare graphite 

paper b), bare VACNFs grown on the graphite paper c), as-deposited V2O5 on VACNFs d), 

and annealed V2O5 on VACNFs e). (Reprinted with permission from Adv. Mater. Interfaces 

2016, 3, 1600824) 
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500 nm 500 nm 

500 nm 500 nm 

Figure D.2 SEM images of the as-deposited (a-b) and annealed (c-d) VACNF-V2O5 core-

shell structures.  (Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 

1600824) 
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100 nm 100 nm 

200 nm 500 nm 

Figure D.3 TEM images of the as-deposited (a-b) and 

annealed (c-d) VACNF-V2O5 core-shell structures.  White 

dashed lines have been inserted to indicate the contour of the 

VACNF surface. (Reprinted with permission from Adv. 

Mater. Interfaces 2016, 3, 1600824) 
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  a) c) 

d) 

b) e) 

f) 

Figure D.4 EDS spectra of the as-deposited a) and annealed b) VACNF-V2O5 

core-shell structures and EDS maps of the as-deposited (c-d) and annealed (e-f) 

core-shell structure. (Reprinted with permission from Adv. Mater. Interfaces 

2016, 3, 1600824) 
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Figure D.5 Wide-scan XPS spectra a) and high-resolution C1s spectra b) of both as-deposited 

and annealed VACNF-V2O5 core-shell structures. Deconvoluted XPS core level spectra of 

O1s c) of both structures and V2p3/2 of the as-deposited VACNF-V2O5 core-shell structure 

d). (Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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Figure D.6 Cross-sectional SEM images to determine the nominal thicknesses and 

morphology of as-deposited a) and annealed b) V2O5 on silicon.  (Reprinted with permission 

from Adv. Mater. Interfaces 2016, 3, 1600824) 
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Figure D.7 First four cyclic voltammetry measurements at 0.10 mV/s for the as-deposited a) 

and annealed b) VACNF-V2O5 core-shell structures.  Further cyclic voltammetry 

measurements at 0.10, 0.50, and 1.00 mV/s for the as-deposited c) and annealed d) VACNF-

V2O5 core-shell structures.  (Reprinted with permission from Adv. Mater. Interfaces 2016, 

3, 1600824) 
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Figure D.8 Three hundred cycles of rate performance measurements of the as-deposited a) 

and annealed b) VACNF-V2O5 core-shell structure in the potential range of 4.0 – 2.0 V. Each 

rate test sequence consists of 10 galvanic charge-discharge cycles at each of the 10 different 

current density values (0.20, 0.35, 0.50, 0.60, 0.75, 0.90, 1.00, 1.20, 1.35, and 1.50 A g-1). The 

sequence is repeated 3 times. (Reprinted with permission from Adv. Mater. Interfaces 2016, 

3, 1600824) 
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Figure D.9 First two cyclic voltammetry measurements at 0.10 mV/s for the annealed a) 

VACNF-V2O5 core-shell structures in the voltage range of 4.0 – 1.5 V.  Further cyclic 

voltammetry measurements at 0.10, 0.50, and 1.00 mV/s for the as-deposited b) and 

annealed c) VACNF-V2O5 core-shell structures in the voltage range of 4.0 – 2.0 V.  

(Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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Figure D.10 Long-term cycling performance of the as-deposited a) and annealed b) VACNF-

V2O5 core-shell structures at a rate of 0.50 A g-1.  The first 100 cycles were conducted in the 

potential range of 4.0 – 2.0 V and the last 200 cycles were conducted in the range of 4.0 – 1.5 V.  

(Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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Material 
Capacity 

(mAh g-1) 

Synthesis 

Method 
Electrolyte Additives   Ref. 

V2O5-rGO 
235 

(20 mA g-1) 
Hydrothermal LiPF6 

1:1:1 

(EC:DMC:DEC) 
1. 

V2O5-Graphene 
243 

(50 mA g-1) 
Slow Hydrolysis  1.2 M LiPF6 

3:7 

(EC:EMC) 
2. 

V2O5/rGO 
211 

(190 mA g-1) 
Solvothermal 1 M LiPF6 

1:1 

(EC:DMC) 
3. 

V2O5-Graphene 

Nanoribbons 

278 

(C/10) 

Synthetic 

Reaction 
1 M LiPF6 

1:1:1 

(EC:DEC:DMC) 
4. 

Graphene Oxide 

Coated V2O5 

240 

(100 mA g-1) 
Hydrothermal 1 M LiPF6 

1:1:1 

(EC:DEC:DMC) 
5. 

rGO-Enwrapped 

V2O5 Nanorods 

287 

(100 mA g-1) 

Hydrothermal 

followed by 

Reflux 

1 M LiPF6 
1:1 

(EC:DMC) 
6. 

V2O5 

Nanocrystals on 

rGO Balls 

280 

(300 mA g-1) 
Spray Pyrolysis 1 M LiPF6 

1:1 

(EC:DMC) 
7. 

V2O5 Nanowires- 

rGO Composites 

225 

(C/5) 
Electrospinning 1 M LiPF6 

1:1 

(EC:DMC) 
8. 

rGO-V2O5 

295 

(31.3 mA g-1) 
Solvothermal 1 M LiPF6 

1:1:1 

(EC:DMC:DEC) 
9. 

V2O5/MWCNT 

sponge 

816 μAh cm-2 

1C 
ALD 1 M LiPF6 

1:1 

(EC:DEC) 
10. 

VACNF-V2O5 

360 (as-dep.) 

294 (annealed) 

(200 mA g-1) 

PECVD 

/RF Sputtering  
1 M LiPF6 

1:1:1 

(EC:EMC:DMC) 

 

Table D.1 Comparison of the 2 Li+/V2O5 insertion/extraction performance of this study 

with literature. (Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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Material 
Capacity 

(mAh g-1) 
Synthesis Method Electrolyte Additives   Ref 

V2O5-

Graphene (2% 

Graphene) 

438  

(C/20) 
Sol-gel 

1.2 M 

LiPF6 

3:7 

(EC:EMC) 
11. 

V2O5 

Nanobelts 

288 

0.2 mA cm-2 
Synthesis 1M LiPF6 

1:1 

(EC:DMC) 
12. 

V2O5 

Nanowires 

351 

(50 mA g-1) 
Hydrothermal 1M LiClO4 

1:1 

(EC:DMC) 
13. 

V2O5 

Nanowire 

(85% 

Graphene) 

400 

(100 mA g-1) 
Hydrothermal 1M LiPF6 

1:1 

(EC:DMC) 
14. 

V2O5 Aerogel 
423 

(C/8) 
Sol-gel/Freeze Dry 1M LiClO4 

1:1 

(EC:DMC) 
15. 

V2O5-Carbon 

(3:1) 

320 

(C/10) 

Combustion/ ball 

milling of Carbon 
1M LiPF6 

1:1 

(EC:DMC) 
16. 

V2O5 - LiBO2 

glass with rGO 

400 

(50 mA g-1) 

Glass forming/ball 

milling of rGO 
1M LiPF6 

1:1 

(EC:DMC) 
17. 

V2O5 
350 

(C/10) 
Aerogel 1M LiClO4 PC 18. 

V2O5-VACNT 

Array 

368 

C/4 

CVD 

/Electrodeposition 

1 M 

LiTFSI 

20% EC 

/[EDMMEA] 

[TFSI] 

19. 

VACNF-V2O5 

547 (as-dep.) 

390 (annealed) 

(200 mA g-1) 

PECVD  

/RF Sputtering  
1 M LiPF6 

1:1:1 

(EC:EMC:DMC) 

 

Table D.2 Comparison of the 3 Li+/V2O5 insertion/extraction performance of this study 

with literature. (Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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Figure D.11 Frontpiece from Highly Stable Three Lithium Insertion in Thin V2O5 Shells on 

Vertically Aligned Carbon Nanofiber Arrays for Ultrahigh-Capacity Lithium Ion Battery 

Cathodes. (Reprinted with permission from Adv. Mater. Interfaces 2016, 3, 1600824) 
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Appendix E - Supplementary Information for Chapter 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E.1 . a) The wide-scan, b) high-resolution V2p3/2, V2p1/2, and O1s peaks of the XPS 

spectrum of the as-deposited (red) and annealed (black) VACNF-V2O5 core-shell structures, 

and c) the deconvoluted XPS core level spectra V2p3/2 of the annealed VACNF-V2O5 core-

shell structure. 
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Figure E.2 Electrochemical characterization of the Na+/V2O5 insertion/extraction properties 

of the as-deposited VACNF-V2O5 core-shell structure in the potential range of 3.5 – 1.0 V 

(vs. Na/Na+).  Rate performance is assessed at 5 different current density values (250, 500, 

750, 1000, and 1500 mA g-1), each for 10 charge-discharge cycles. 
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Figure E.3 Cyclic voltammetry curve of the as-deposited VACNF-V2O5 core-shell structure 

at the scan rate of 0.1 mV s-1 in the potential window of 4.0 – 1.5 V (vs Na/Na+). 



252 

  

0 50 100 150 200 250 300
0

50

100

150

200

250

 Insertion

 Extraction

 Efficiency

Cycle Number

C
a
p

a
ci

ty
 (

m
A

h
/g

)

0

20

40

60

80

100 C
o
u

lo
m

b
ic E

fficien
cy

 (%
)

Figure E.4 Extended long-term cycling of the as-deposited VACNF-V2O5 core-shell structure 

at a rate of 625 mA g-1 in the potential window of 4.0 – 1.5 V (vs. Na/Na+). Note: the jump at 

cycle 42 was due to a power surge that interrupted the long cycling. 
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Figure E.5 a) First five CV curves at a scan rate of 0.1 mV s-1 of the as-deposited VACNF-

V2O5 core-shell structure.  b) Cyclic voltammetry curves at 0.1 (black), 0.5 (red) and 1.0 

(blue) mV s-1 in the potential range of 4.0 – 1.0 V (vs. Na/Na+).   
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Figure E.6 Electrochemical characterization of the Na+/V2O5 insertion/extraction of the as-

deposited VACNF-V2O5 core-shell structure in the potential range of 4.0 – 2.0 V (vs. Na/Na+). 

a) Three consecutive sets of rate performance at 5 different current density values (250, 500, 

750, 1000, and 1500 mA g-1), each for 10 charge-discharge cycles. b) The galvanostatic 

charge-discharge profiles at the last cycle at each current density in the rate performance. c) 

Cyclic voltammetry curves at 0.1 (black), 0.5 (red) and 1.0 (blue) mV s-1.    
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Figure E.7 Rate performance of the VACNF-V2O5 core-shell structure using a 1M NaClO4 

in EC/DEC 1:1 (V/V) electrolyte a) in the potential range of 4.0 – 1.0 V (vs. Na/Na+) at 5 

different current density values (250, 500, 750, 1000, and 1500 mA g-1), each for 10 charge-

discharge cycles.    
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The VACNF-V2O5 core-shell structure was annealed at 450 °C in air for two hours as was 

done in our previous study to form an orthorhombic crystalline shell. The first few cycles are very 

unstable.  An initial insertion capacity of ~800 mAh g-1 (not shown) was achieved in the first cycle 

at a rate of 250 mAh g-1 but rapidly faded to 310 mAh g-1 in cycle 3 and then continuously dropped 

to 82 mAh g-1 in cycle 10 as shown in Figure S8a.  After 10 cycles the capacity dropped below 

~15 mAh g-1 due to structural collapse owing to the small inter layer d-spacing of orthorhombic 

V2O5. The charge-discharge curves in the first few cycles indeed show long plateaus corresponding 

to Na+ insertion into crystalline V2O5 but are very unstable. The poor stability was also reflected 

in the largely varied coulombic efficiency over the cycling. 
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Figure E.8 The rate performance test of a VACNF-V2O5 core-shell structure annealed at 450 

°C in the air for 2 hours in the potential range of 4.0 – 1.0 V (vs. Na/Na+) at 5 different 

current density values (250, 500, 750, 1000, and 1500 mA g-1), each for 10 charge-discharge 

cycles. b) Representative charge-discharge curves for cycles 3, 5, 7, and 9.  
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Annealing was reduced to 250 °C for two hours in air in order to optimize the annealing 

conditions.  Three galvanostatic charge-discharge rate performance sequences were conducted as 

shown in Figure S9.  An initial insertion capacity of 316 mAh g-1 was achieved at a rate of 250 

mA g-1 which faded to 147 mAh g-1 (1.7C) in cycle 10.  Insertion capacities of 120, 104, 92, and 

82 mAh g-1 were achieved at rates of 500, 750, 1000, and 1500 mA g-1, respectively, corresponding 

to 4.2C, 7.2C, 10.9C, and 18.3 C.  When compared to the as-deposited core-shell structure, the 

capacities increased at the higher rates.  This pattern is consistent in the second and third rate 

performance sequences.  However, the last cycle coulombic efficiency only reached 94% at a rate 

of 1500 mA g-1 in the first-rate performance sequence and dropped to 93 and 92% in the second 

and third rate sequences, respectively.  Moreover, the last cycle coulombic efficiency only reached 

80% at the rate of 250 mA g-1 in the first-rate sequence which dropped dramatically to ~70% and 

~60% in the second and third sequences, respectively.  Hence, capacity increased at the expense 

of coulombic efficiency and cell stability. 
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Figure E.9 Rate performance of the VACNF-V2O5 core-shell structure annealed in air at 250 

°C for two hours in the potential range of 4.0 – 1.0 V (vs. Na/Na+) at 5 different current 

density values (250, 500, 750, 1000, and 1500 mA g-1), each for 10 charge-discharge cycles. 
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Tepavcevic et al. reported a bilayered V2O5 nanostructure with an interlayer d-spacing of 

13.5 Å.215  Following their work, the VACNF-V2O5 core-shell structure was annealed at 120 °C 

under vacuum for 20 hours.   Three galvanostatic charge-discharge rate performance sequences 

were conducted as shown in Figure S10.  An initial insertion capacity of 307 mAh g-1 was achieved 

at a rate of 250 mA g-1 which faded to 174 mAh g-1 in cycle 10.  Insertion capacities of 110, 92, 

80, and 68 mAh g-1 were achieved at rates of 500, 750, 1000, and 1500 mA g-1, respectively.  When 

the rate performance was repeated insertion capacities of 129, 78, 61, 51, and 40 mAh g-1 were 

achieved at the respective current rates.  The decay of insertion capacities continued in the third-

rate performance with values of 93, 50, 38, 31, and 24 mAh g-1 at the respective current rates.  The 

capacity values are slightly higher than those observed in the as-deposited core-shell structure 

especially at the higher rates.  However, the coulombic efficiency only reached a maximum value 

of 94% at the rate of 1500 mA g-1.  Moreover, the coulombic efficiency reached 88% at the low 

rate of 250 mA g-1 in the first-rate performance which rapidly decreased to 75 and 73% in the 
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Figure E.10 Rate performance of the VACNF-V2O5 core-shell structure annealed under 

vacuum at 120 °C for 20 hours in the potential range of 4.0 – 1.0 V (vs. Na/Na+) at 5 different 

current density values (250, 500, 750, 1000, and 1500 mA g-1), each for 10 charge-discharge 

cycles.    
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second and third rate sequences, respectively.  It’s clear that these annealing strategies aid in 

improving the overall insertion capacity especially at high rates.  However, coulombic efficiency 

remains an issue especially at the low rates which overall reduces its long-term stability.  It’s likely 

that the performance of the VACNF-V2O5 core-shell structure could be optimized with proper 

thermal annealing. 
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` Several reports have shown improved performances with a thin protective layer of Al2O3 

along the surface of the active material.  A 5.5 nm thick Al2O3 film was deposited along on the 

VACNF-V2O5 core-shell structure using atomic layer deposition.  Three galvanostatic charge-

discharge rate performance sequences were conducted as shown in Figure S11a.  An insertion 

capacity of 273 mAh g-1 was achieved in the 2nd cycle, however, the first 10 cycles were unstable 

contrary to expectations.  Insertion capacities of 134, 105, 90, and 69 mAh g-1 were achieved in 

the first-rate performance sequence at rates of 500, 750, 1000, and 1500 mA g-1, respectively.  

However, coulombic efficiency reached a max value of only 93% at the rate of 1500 mA g-1.  

Insertion capacities in the second/third rate performance sequence rapidly faded to 137/75, 87/46, 

66/34, 54/29, and 42/23 mAh g-1 at the respected rates.  Moreover, coulombic efficiencies 

decreased to ~60% at the rate of 250 mA g-1 in second and third-rate performances.  Long term 

cycling at 625 mAh g-1 in Figure S11b shows moderate improvement over the as-deposited core-

shell structure in terms of capacity.  A high initial insertion capacity of 335 mAh g-1 was achieved 

but dropped to 72 mAh g-1 after 100 cycles.  It could be argued that the increase in capacity could 
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Figure E.11 Rate performance of the VACNF-V2O5 core-shell structure with a 5.5 nm of 

Al2O3 protective layer in the potential range of 4.0 – 1.0 V (vs. Na/Na+) at 5 different current 

density values (250, 500, 750, 1000, and 1500 mA g-1), each for 10 charge-discharge cycles.  

Long term cycling of the VACNF-V2O5-Al2O3 core-shell structure b) at a rate of 625 mA g-1 

in the potential range of 4.0 – 1.0 V (vs. Na/Na+). 
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be attributed to Al2O3 contribution.  Moreover, coulombic efficiency remained steady at ~91% 

throughout cycling duration which is consistent with the as-deposited core-shell structure.   

Overall, no significant improvement is observed in terms of overall performance with a thin Al2O3 

protective layer.   
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Element LIB NIB 

R
s
 12.08 Ω 68.6 Ω 

R
ct1

 68.35 Ω 2.818x10
7
 Ω 

CPE
1
 

C
1
 2.786x10

-3 
F 1.739x10

-3
 F 

n
1
 0.8028 0.1602 

R
ct2

 106.2 Ω 573 Ω 

CPE
2
 

C
2
 1.387x10

-4 
F 7.064x10

-6
 F 

n
2
  0.5571 0.8975 

W σ = 3.875x10
-3

 Ω (s
-1/2

) σ = 1.138x10
-3

 Ω (s
-1/2

) 
 

Table E.1 The fitting parameters of the as-deposited VACNF-V2O5 electrode in the coin cell 

at open circuit potentials of ~2.35 V (vs Na/Na+) and ~3.00 V (vs Li/Li+) for the SIB and LIB, 

respectively, based on the equivalent circuit shown in inset of Figure 6.7. 
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Appendix F - Supplementary Information for Chapter 7 

 

 
Figure F.1 Specific surface area derived from BET measurements of the various oxygen 

ratios detonated graphene. 
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Figure F.2 Mass-specific capacitance of the different oxygen ratios of detonated graphene 

using 4.3 M KOH (black) and 1 M Na2SO4 (red) as electrolyte.  
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Figure F.3 a) An SEM image of Fe3O4 coated CNF fibers. b) The EDS spectrum indicating 

minimal Fe content. 
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Figure F.4 SEM images of the 3D printed MoS2-rGO structure on Nickel foam from the 

top a) and side view b). 

a) b) 
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Figure F.5 Galvanostatic charge-discharge rate performance of MoS2 mixed with carbon 

black and PVDF casted onto a copper substrate 
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Figure F.6 TGA measurements of MoS2, MoS2-rGO, and rGO under air 
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