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ABSTRACT OF THE DISSERTATION 

 

Fabrication and Characterization of Li-ion Electrodes  

for High-Power Energy Storage Devices 

 

by 

 

Chun-Han Lai 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2017 

Professor Bruce S. Dunn, Chair 

 

 

 Renewable energy technologies have been a rapidly emerging option to meet future 

energy demand. However, their systems require stable, high-power storage devices to overcome 

fluctuating energy outputs for consistent distribution. Since traditional Li-ion batteries (LIB) are 

not considered to be capable of fast charging and discharging, we have to develop devices with 

new chemistry for high-power operation. This dissertation focuses on the development of 

supercapacitors and high-rate batteries using a pseudocapacitor material, Nb2O5.  

 In first part of this dissertation, a high-energy density Li-ion supercapacitor is developed 

on the basis of the fast-redox reactions of Nb2O5. By incorporating porous carbon components, 

the resulting Nb2O5 hybrid electrode performs fast charge storage through mixed 

pseudocapacitance-electrical double layer (EDL) mechanisms. By understanding interactions 



	 iii	

between the mechanisms, we are able to design a better hybrid capacitor with both high power 

and energy density.  

 The second part of this dissertation shows the benefit of using a conductive poly(3-

hexylthiophene-2,5-diyl) (P3HT) coating to lessen the surface degradation problems experienced 

by LiNi0.8Co0.15Al0.05O2 (NCA). The pseudocapacitive properties of P3HT films are important as 

they not only provide very good electrical and ionic conductivity, but also suppress the surface 

degradation of NCA. The improved kinetics and chemical stability allow NCA to be coupled 

with Nb2O5 in a full cell device.   

 The third part of this dissertation involves an investigation of another potential high-rate 

cathode, Na3(VO)2(PO4)2F (NVOPF), for Li-ion storage. NVOPF particles are solvothermally 

synthesized into different morphologies, followed by electrochemical Li-ion exchange in a Li 

electrolyte. As a NASICON derivative, we find the same structure can be further adapted to 

improve Li-ion transport and energy storage which lead to higher capacity and better kinetics.  

 In the last part of this dissertation, we focus on the construction of Nb2O5-based full cell 

devices. Lithium manganese oxide (LMO), NVOPF, and NCA are paired with Nb2O5 to make 

prototype high power Li-ion batteries. These devices are capable of storing charge very rapidly 

by retaining the charge storage mechanisms of the fundamental material. The successful 

fabrication of Nb2O5-based high-rate batteries and hybrid capacitors demonstrates the 

effectiveness of incorporating Nb2O5 in high-power energy storage devices. 
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Chapter 1. Introduction and objectives 

 
 Energy storage devices have received considerable attention due to the growing demand 

for powering portable electronics, the electrification of transportation and providing grid-level 

energy storage for renewables.1-3 Although lithium-ion batteries (LIB) with high energy density 

are widely used in these applications, electrical double-layer capacitors (EDLCs) based on 

carbon electrodes offer higher power and shorter charging times and are frequently used to 

complement or even replace batteries, provided low energy density is acceptable.4-7  To 

overcome the energy density limitations of EDLCs, a second mechanism for capacitive energy 

storage, pseudocapacitance, has received considerable interest as charge storage in these 

materials is based on reversible redox reactions occurring at or near the surface.6, 8-11  A variety 

of transition metal oxides (TMOs) have been identified as pseudocapacitor materials.12-16  

Charge storage with TMOs such as RuO2, MnO2 and Nb2O5 reaches much higher levels than the 

EDLCs and offers the prospect of achieving energy densities of lithium-ion battery materials, but 

with the ability to operate at high power.17-19  

The overarching goal for this research is to develop high-power energy storage devices 

that store charge through pseudocapacitive and/or EDL mechanisms. This requires electrodes 

that contain pseudocapacitive materials to exhibit stable solid-electrolyte interface (SEI) 

formation in a designed potential range where devices can operate reliably. By replacing 

electrode components in LIBs or EDLCs with pseudocapacitive materials, we expect to see a 

new generation of devices whose better kinetics leads to high energy and power densities.   

Nb2O5 is one of the Li-ion pseudocapacitive materials receiving industrial interest 

because of its low voltage (1.5 V),20 better rate capability than lithium titanate (Li4Ti5O12) (140 

mAh g-1 in 1 min),16,19 and scalability (11 mg cm-1) without losing its kinetics.21 These 
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impressive properties have been demonstrated with designed electrode architectures which 

actually have very interesting kinetic behaviors. Chapter 2 in this dissertation focuses on the 

development of Nb2O5-carbon hybrid capacitors, and we will learn the importance of both 

electrode design and device operation in a potential range where pseudocapacitance occurs.	

 As Nb2O5 has been selected for replacing graphite as the negative electrode, the surface 

problems associated with positive electrode materials are now considered as the limiting factor 

for operating the full-cell at high charge-discharge rates. LiNi0.8Co0.15Al0.05O2 (NCA) has been 

increasingly studied to replace LiCoO2 (LCO) due to its higher capacity and improved stability 

in the same potential range.22-24 Similarly, Li-exchanged Na3(VO)2(PO)2F (NVOPF) adopts the 

Na superionic conductor (NASICON) structure and has proven to be a promising material for Li-

ion battery cathodes.25 For these reasons, Chapter 3 and Chapter 4 in this dissertation will be 

focusing on developing positive electrodes using NCA and NVOPF, respectively, and 

incorporating them with Poly(3-hexylthiophene-2,5-diyl) (P3HT) for surface protection for high-

power operation.    

Finally, Chapter 5 will focus on full cell construction using nanoporous lithium 

manganese oxide (LMO)26 and the positive electrode materials described in Chapters 3 and 4. 

Pairing different electrodes in a full cell requires careful consideration of their capacity, kinetics, 

and cyclability. By tailoring these electrochemical properties, we successfully developed three 

different Nb2O5-based full cells- Nb2O5//LMO, Nb2O5//NVOPF, and Nb2O5//NCA and 

demonstrated their potential for being next-generation high power batteries capable of rapid 

charging.  
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Chapter 2. Pseudocapacitance for Nb2O5/Carbide-derived Carbon Electrodes and Hybrid 

Devices 

 

Chapter 2.1 Research Background  

 Orthorhombic niobium oxide (T-Nb2O5), in which rapid insertion/de-insertion of lithium 

throughout the entire material leads to high energy density, accommodates lithium contents up to 

Li/Nb = 1 without a phase change.  Preferred ion transport along specific crystallographic 

pathways in T-Nb2O5 is considered to be responsible for achieving the high energy density at 

high rates.27-29 Unfortunately, the poor electronic conductivity of Nb2O5 (10-6 S cm-1) limits its 

performance in thick electrodes.28 For this reason, there has been considerable effort at 

fabricating composite electrodes comprised of nanostructured Nb2O5 with different carbons. 

Among the systems that provide effective electronic conducting pathways are carbon nanotubes 

(CNT), reduced graphene oxide (rGO), and amorphous carbon coatings.30-32 These carbon 

additives successfully improve charge transfer by forming direct oxide-carbon bonds.  Moreover, 

by growing Nb2O5 on carbon, the oxide nanoparticles can be homogeneously dispersed on the 

carbon and the Nb2O5 can be effectively ‘wired’ to provide electronic conduction.33-35 The 

conductive additive need not be carbon.  In a recent paper, a niobium carbide ‘MXene’ (Nb2CTx) 

was used as a precursor to form a hierarchical structure in which Nb2O5 was grown on the parent 

MXene with disordered carbon.36,37 Another important feature for constructing reliable 

electrodes is their porosity, which enables electrolyte access to the redox-active material and can 

be manipulated by using different carbon components and corresponding processing.38  

 The studies involving conductive additives to Nb2O5 have enabled the fabrication of 

electrodes which have thicknesses in the range of several tens of microns. These structures are 
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suitably thick to demonstrate device operation.  However, aside from energy density and power 

density measurements, there has been relatively little insight regarding charge storage 

mechanisms in these materials.  Here, we analyze our experimental results using a recent model 

reported by Girard et. al. which characterized a three-electrode configuration with Nb2O5 as the 

working electrode and LiClO4 in propylene carbonate as electrolyte.39 The authors used a 

continuum approach based on the generalized modified Poisson-Nernst-Planck (GMPNP) model 

for a binary symmetric electrolyte with faradaic reactions.40-43 The simulations qualitatively 

reproduce the experimentally measured cyclic voltammogram (CV) curves and provide 

significant insights regarding interfacial and transport phenomena and charge storage (Figure 

2.1). In particular, the simulations show potential regions where currents are dominated by either 

electrical double layer processes (formed by ClO4
-) or from redox reactions associated with Li+ 

insertion/de-insertion. Another feature we consider in this paper is the transition between the 

capacitive and faradaic potential regions.  As explained later in the chapter, the peak current in 

the CV is a function of the sweep rate (ν):44,10  

 

I = aνb            (2.1) 

 

 where the exponent, b, is an indication of whether currents are diffusion controlled (b = 

0.5) or surface controlled (b = 1).10 The simulation shows that b = 1 both in the capacitive and 

faradaic regimes, with a decrease to b ~ 0.6 at the potential corresponding to the transition 

between these regimes.  In this chapter, we apply this analysis to the operation of an asymmetric 

supercapacitor device.  
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 The present work is based on using carbide-derived carbon (CDC) as a porous conductive 

scaffold for a hybrid material consisting of Nb2O5 nanoparticles deposited on rGO (referred to as 

Nb2O5-rGO).  This work builds on an earlier study in which the deposition of Nb2O5 on CDC 

was poorly controlled and some 80% of the surface area was lost, blocking electrolyte access to 

the redox-active Nb2O5.45 In the current work we successfully fabricated composite electrode 

structures in which Nb2O5-rGO and CDC particles were uniformly assembled by delicately 

controlling their zeta potentials. These particles uniformly cover the surface of CDC layered 

structures that remain unblocked and facilitate electrolyte access. This approach also avoids 

Nb2O5 particles forming unfavorable oxide-oxide contacts. The resulting Nb2O5-rGO   particles 

are responsible for the high energy density at high rate exhibited by the Nb2O5-CDC electrode. 

We then incorporate this material in an asymmetric supercapacitor that operates largely in the 

pseudocapacitive region identified by the simulation.   

Figure 2.1 CV curves for Nb2O5-rGO/CDC hybrid materials (upper) and Nb2O5 thin film 
(lower) show consistent identification of pseudocapacitance (PC) and EDLC potential 
regions determined by which mechanism contributes to the higher current response over a 
given potential range.39,46 
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Chapter 2.2 Experimental 

 

Chapter 2.2.1 Synthesis of Nb2O5-reduced Graphene Oxide (Nb2O5-rGO) 

 The graphene oxide was synthesized by a modification of Hummer’s method.47 2 g of 

graphite powders (Alfa Alser, 2-15 µm, ≥ 99.9995 %) were dispersed in 40 mL H2SO4/H3PO4 

(Sigma-Aldrich) at 9:1 vol. ratio. After 2-hr stirring in an ice bath, 6 g KMnO4 (Sigma-Aldrich, ≥ 

99%) was added to the solution, which triggered exothermic reactions and increased the 

temperature to ~40 °C. The solution was kept at 50°C for the next 2 hr until a viscous grey paste 

was observed. After cooling down naturally, 360 mL cold DI-water was poured into the solution, 

followed by treating with 3 mL H2O2 (Sigma-Aldrich, 30 wt%) with 1-hr ultra-sonication. The 

bright-yellow solution was washed thoroughly with 5M HCl and re-dispersed in DI-water to 

form a 5 g L-1 GO suspension as a precursor for Nb2O5-rGO synthesis.  

 The Nb2O5-rGO was synthesized by using a hydrothermal method followed by post-

annealing. 960 mg NbCl5 (Sigma-Aldrich, ≥ 99.9%) and 52 mg exfoliated GO sheets were 

dissolved in 30 mL water/ethanol (50:50 vol%) solution by vigorous stirring. The solution was 

further homogenized by 30-min ultrasonication and kept still for 1 day. On the next day, the 

solution was transferred to a 40 mL Teflon liner and sealed in a Parr bomb for the hydrothermal 

synthesis. After 12 hour at 200 °C, amorphous Nb2O5-rGO was retrieved as a black monolith 

with clear residual solution. The samples were washed in 200-proof ethanol with 30-min ultra-

sonication followed by centrifugation at 5000 rpm. The process was repeated three times. After 

complete drying at 70 °C, the samples were post-annealed at 500 °C in Ar for 6 hr to attain the 

orthorhombic phase in the Nb2O5-rGO particles. TGA analysis in Figure 2.2 shows that Nb2O5-

rGO contains 89 wt% of oxide.  
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Chapter 2.2.2 Preparation of Nb2O5-rGO/CDC (NRC) Hybrid Particles 

 NRC particles were prepared by mixing the Nb2O5-rGO and CDC (TAC-CDC from Y-

carbon) in an ethanol suspension. 1 g L-1 ethanol suspensions of CDC and Nb2O5-rGO were 

prepared separately with good stability by adding 5 mM NH4OH (Sigma-Aldrich, 28~30% NH3) 

using ultrasonication. The as-prepared suspensions have pH values between 9.89 and 10.17. 

Zeta-potential measurements in Figure 2.3a indicate that the CDC and Nb2O5-rGO have opposite 

surface charges for all ammonia dosages. A control experiment without stirring shown in Figure 

2.3b indicates that the opposite surface charges of CDC and Nb2O5-rGO are completely 

neutralized at a mixing ratio of 40 to 60 wt%, respectively. Accordingly, the surface-charge 

concentration on both particles was stable after the 5 mM NH4OH addition.  

 The Nb2O5-rGO and CDC suspensions were mixed together at different ratios under 

vigorous stirring. By having an opposite surface charge to that of the CDC, the Nb2O5-rGO 

forms a uniform layer on the CDC to produce the NRC particles, The NRC particles were kept in 

a oven at 80 °C overnight to remove the solvent, followed by further dehydration at 110 °C in a 

Figure 2.2 TGA Analysis on Nb2O5-rGO particles. 
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vacuum oven before being made into electrodes. The NRC particles were denoted by their 

Nb2O5-rGO weight ratios, such as NRC-20 (Nb2O5-rGO:CDC= 20:80), NRC-40 (Nb2O5-

rGO:CDC= 40:60), and NRC-60 (Nb2O5-rGO:CDC= 60:40). 

 

 
 

Chapter 2.2.3 Materials Characterization 

 Zeta potential measurements (Zetasizer; Malvern Instruments) were made on the CDC 

and Nb2O5-rGO solutions used in the NRC preparation. Transmission electron microscopy 

(TEM; CM 120, FEI) and scanning electron microscopy (SEM; Nova 230 Nano SEM) were used 

to characterize surface morphologies for Nb2O5-rGO and NRC. Energy-dispersive X-Ray 

spectroscopy (EDX) was used to determine the elemental distribution in NRC electrodes. 

Thermogravimetric analysis (TGA; SDT Q-600, TA instruments) was used to determine the 

amount of oxide in the Nb2O5-rGO as well as moisture content and overall thermal stability. X-

ray diffraction (XRD; PANalytical, X’PertPro) using Cu-Kα (λ = 1.54 Å) and Raman spectra 

(Renishaw inVia) with 514 nm laser line were used to identify the crystallinity of Nb2O5-rGO 

Figure 2.3 (a) Variation of zetapotential for Nb2O5-rGO and CDC in 1 g L-1 ethanol 
suspensions with added amounts of ammonia. (b) Mixture of Nb2O5-rGO and CDC 
suspensions at different weight ratios. 
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and bonding properties of rGO after post annealing, respectively. Brunauer-Emmett-Teller 

(BET) surface area and pore size distribution analysis were carried out by using a gas adsorption 

apparatus (Micromeritics ASAP 2010) with N2 adsorption isotherms at 77 K. 4-point probe 

measurements with a VMP potentialstat/galvanostat (Bio-Logic) were used to determine 

electrical resistivity of NRC electrodes.  

 

Chapter 2.2.4 Electrochemical Study 

 The NRC material was prepared as a conventional electrode in which NRC particles were 

mixed with polyvinylidene fluoride (PVdF) at 9:1 weight ratio in a N-Methyl-2-pyrrolidone 

(NMP) solution to form a uniform slurry. The electrodes were sufficiently conductive so that no 

additional carbon was required.  The slurry was spread on a stainless steel foil by using a doctor 

blade and dried in a vacuum oven at 110 °C. To make electrodes, the sample-loaded foils were 

punched into 1 cm2 discs, leading to a mass loading of 1~1.2 mg cm-2 and a thickness of 40 to 70 

µm depending on the NRC composition. Two control electrodes, 100% CDC electrodes 

(CDC:PVdF = 80:20 wt%) and 100% Nb2O5-rGO electrodes (Nb2O5-rGO:PVdF = 90:10 wt%) 

were prepared by this route. The electrodes were tested in a 2-electrode configuration using a 

Swagelok cell with a lithium counter electrode and 1M LiClO4 in EC/DMC (1:1 in volume) 

electrolyte. For full-cell testing, NRC negative electrodes were paired with positive electrodes 

comprised of YP50F activated carbon (AC), carbon nanotubes (CNTs) and PVdF in a weight 

ratio of 85:5:10. The multi-wall CNTs (Sigma Aldrich) had an outer diameter of 10 nm, an inner 

diameter of 4.5 nm and varied in length from 3 to 6 mm. The weight ratio between the AC and 

NRC is kept at 3:1 to compensate for their capacity difference. In addition to the NRC 

electrodes, the electrochemical properties of the Nb2O5-rGO electrode material were also 
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investigated. For these experiments, a thin film electrode was prepared by drop casting a 

suspension of the Nb2O5-rGO material on a 1x1 cm2 stainless steel substrate. The thin film 

electrodes were tested in a 3-electrode flooded cell which contains 1M LiClO4 in EC/DMC (1:1 

in volume) as the electrolyte and two Li foils serving as counter and reference electrodes. The 

mass loading for the thin film electrode, ~ 30 µg/cm2, was measured using a microbalance with 

0.1 µg resolution. This electrode contained neither binder nor conductive additive.    

 Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements were 

made using a VMP potentiostat/galvanostat (Bio-Logic) at 1.2 - 3 V versus Li/Li+ for half-cell 

and 1 - 2.8 V for full-cell devices. The specific capacity C (C g-1) was determined for different 

NRC electrodes from their CV curves, from the following equation: 

 

𝐶 =  !"#
!"

!!
!!

                    (2.1) 

 

where I is the measured current response (mA), m is the mass loading of the active materials, V1 

and V2 are initial and final potentials (V), and v is the sweep rate (mV s-1). For half cells, the 

mass used in the calculation was the weight of the NRC electrode, but without binder (these 

electrodes did not contain any additional conductive additive). For full cells, the mass used was 

the weight of the NRC electrode (without binder) plus the weight of the YP50F component.  For 

the GCD measurements, electrodes were cycled at different C-rates using 1C equal to 30 mA g-1. 
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Chapter 2.3 Results and Discussion 

 

Chapter 2.3.1 Synthesis and Characterization of Nb2O5-rGO 

 Figure 2.4 shows the as-prepared Nb2O5-rGO after post annealing. TEM images in Figure 

2.4a show that the Nb2O5 nanoparticles were uniformly grown on the rGO sheet, which retains 

its flexible nature with folding and wrinkles. The inset shows the contrast between particles 

(darker) and the sheet underneath, indicating their size ranges from 15 to 25 nm. Figure 2.4b 

shows that the XRD pattern for the annealed Nb2O5-rGO matches that of the orthorhombic T-

phase by JCPDS 30-873. The average crystallite size derived from Scherrer’s equation is 15±4 

nm,48 which is consistent with the particle sizes observed in Fig. 1a. As indicated previously, the 

carbon content of the annealed Nb2O5-rGO was also confirmed to be 11 wt% by using TGA 

analysis (Fig. S2). 

 

 Figure 2.5 displays the Raman spectra for Nb2O5-rGO and pristine graphite. Three 

characteristic peaks, D, G and 2D bands, are marked for comparison between graphite and rGO. 

The pristine graphite shows a dominant G band at 1585 cm-1, which is associated with the in-

Figure 2.4. Morphology and structure of Nb2O5-rGO particles after annealing. (a) TEM 
image for Nb2O5-rGO. Particles of Nb2O5 are outlined in the inset. (b) XRD pattern for 
post-annealed Nb2O5-rGO sheets. 
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plane phonon mode for sp2 carbon vibration. For the rGO spectrum, the G band becomes 

broadened and shifts to 1598 cm-1. The change in the G band is caused by an emerging D’ band 

at 1620 cm-1, which becomes active from forming excess defects during the synthesis.49 Both 

rGO and graphite spectra show their D band at 1351 cm-1, but the rGO one presents much higher 

intensity attributed to the defects and disorder existing at the edges of many tiny annealed sp2 

domains. Furthermore, an intensity ratio of D/G = 1.03 reveals that the average size of sp2 

domains on the rGO sheets becomes much smaller compared to the pristine graphite.32, 34, 50 

Compared to graphite, the 2D band for rGO can be found with lower intensity at the same 

position (2710 cm-1), which means the rGO sheets are actually composed of a few graphene 

layers due to unavoidable restacking after their synthesis.32, 50 As a result, the electrode of 

Nb2O5-rGO without any additional carbon exhibits the highest resistivity of 0.77 Ω-cm and has 

the tendency to form stacked layers. 

 

 

Chapter 2.3.2 Characterization of NRC Particles and Thick Electrodes 

 The opposite surface charges for the Nb2O5-rGO and CDC are instrumental in fabricating 

an electrode architecture in which a redox active phase is embedded in the carbon matrix and yet 

Figure 2.5. Raman spectra for post-annealed Nb2O5-rGO and Graphite powder. 
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its electrochemical properties are prominent.  SEM images for NRC particles prepared at 

different mixing ratios are shown in Figure 2.6. Figure 2.6a shows pristine CDC, which exhibits 

exfoliated layers with micron-scale spacing created by the chlorination process at 800 °C. 

Figures 2.6b to 2.6d show the NRC particles for compositions ranging from 20 wt% to 60 wt% 

of Nb2O5-rGO. For the NRC-20 (Figure 2.6b), the Nb2O5-rGO sheets cover relatively few 

outside layers of CDC. In Figure 2.6c, NRC-40 shows preferential Nb2O5-rGO coverage on the 

CDC edges. More importantly, this image and that of Figure 2.6d show that the Nb2O5-rGO 

particles do not ‘clog’ the CDC microstructures and that the open layered structure of the CDC is 

retained, even for NRC-60 where the additional Nb2O5-rGO particles cover nearly all the CDC 

layers. Based on these results, it would seem that controlling surface charge prevents particle 

aggregation that would obstruct electrolyte access to the NRC electrode.   

Figure 2.6 SEM images for (a) CDC (b) NRC-20 (c) NRC-40 and (d) NRC-60. The 
exfoliated layers of CDC are retained in all NRC samples although NRC-60 shows 
evidence of particle stacking as opposed to isolated particles. 
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 Figure 2.7a shows BET surface area for CDC, Nb2O5-rGO, and different NRC particles. 

The CDC and Nb2O5-rGO have the highest and lowest surface areas (841 m2 g-1 and 73 m2 g-1, 

respectively). Ideally, the CDC surface consists of numerous sub-nano-size pores, which confer 

remarkably high surface area (1600 m2 g-1).52 By changing the mixing ratio, the surface area 

decreases linearly with Nb2O5-rGO content as values range from nearly 700 m2 g-1 for NRC-20, 

to half that amount, 357 m2 g-1 for NRC-60. It is important to note that the NRC particles exhibit 

high surface area with NRC-40 having a surface area of nearly 600 m2/g.  The retention of high 

surface area ensures that the double layer capacitance of the CDC will contribute to the charge 

storage of the NRC material. Figure 2.7b shows the pore size distribution (PSD) for pristine 

CDC, NRC-40, and pristine Nb2O5-rGO particles. The CDCs exhibit an average pore size of ~4 

nm along with a broadened PSD, while the Nb2O5-rGO sheets show only a small peak at around 

20 nm. For the NRC-40 particles, mesoporous structures of CDC and interlayer spacing of the 

Nb2O5-RGO were both observed, which proves that our preparation approach successfully kept 

the CDC microstructures intact. In contrast, the Nb2O5-rGO exhibits no measureable porosity. 

Based on these results, it is not surprising that the surface area scales almost linearly with the 

CDC content; ranging from 828 m2 g-1 for pure CDC, to 374 m2 g-1 for NRC-60. 

 

Figure 2.7 (a) BET-surface-area analysis for NRC particles mixed at different Nb2O5-
rGO/CDC weight ratios and (b) their corresponding pore size distribution. 
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 Table I also lists effective electrical resistivity and calculated porosity for different NRC 

electrodes along with the control sample electrodes, CDC and Nb2O5-rGO. The NRC electrodes 

contain no additional carbon beyond that coming from the CDC and rGO used in the synthesis. 

EDX elemental mapping shows that the Nb2O5-rGO and CDC components are distributed 

uniformly in the NRC electrode (Figure 2.8). The NRC resistivity decreases continuously with 

increasing CDC content. This indicates the CDC provides an effective pathway for electronic 

conduction in the NRC electrodes. Compared with CDC, the rGO sheets are less conductive, 

probably due to the structural defects identified by Raman spectroscopy (Figure 2.5). Thus, the 

pure Nb2O5-rGO particles exhibit the highest resistivity of 0.77 Ω-cm. In contrast to the 

electrical properties, the porosity of NRC electrodes is unaffected by CDC content, with values 

slightly greater than 90% for all compositions. This high level of porosity is important as it can 

provide the electrode with sufficient ion transport through the electrolyte to prevent kinetic 

losses due to mass transport limitations.11 Overall, the surface area analysis and resistivity values 

indicate that the synthesis approach for NRC electrodes successfully preserves the 

microstructures and physical features from individual CDC and Nb2O5-rGO constituents. 

 
 

 
 

Table 2.1 Physical properties for different NRC samples and their components, Nb2O5-rGO and 
CDC.  

Electrode Formula 

(Active materials/PVdF) 

BET surface area of 

active materials  

(m2 g-1) 

Electrode 

resistivity 

(Ω-cm) 

Bulk Density 

(g cm-3) 

Calculated 

porosity 

(%) 

CDC (80/20) 828±40 0.15 0.17 91.8±0.4 

NRC-20 (90/10) 660±41 0.23 0.23 91.1±0.2 

NRC-40 (90/10) 585±54 0.28 0.25 91.4±0.5 

NRC-60 (90/10) 374±60 0.38 0.25 92.4±0.6 

Nb2O5-rGO (90/10) 66±34 0.77 0.38 75.8±1.5 
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Chapter 2.3.3 Pseudocapacitance in Nb2O5-rGO Thin-film Electrodes 

 Cyclic voltammetry offers a convenient measurement approach for distinguishing 

between the different energy storage properties which characterize EDLCs and battery 

materials.8 Equation 2.1 provides a basis for this distinction as battery materials are characterized 

by faradaic reactions limited by semi-infinite diffusion (b = 0.5). In contrast, capacitive storage is 

characterized by currents which are linear with scan rate (b = 1).  The b = 1 values also describe 

the currents due to surface confined redox processes which represent a pseudocapacitance.8 That 

is, pseudocapacitive materials resemble a battery material in that a redox reaction is involved in 

charge storage but it is also different because the kinetics are not diffusion controlled by bulk 

processes. In the present paper, we use b-values derived from the simulations of Girard et. al. to 

provide insight regarding charge storage in Nb2O5-rGO and NRC electrode materials.  

50 µm 

C 

O Nb 

(a) (b) 

Figure 2.8 EDX elemental mapping for NRC-40 electrode made by doctor blading. 
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 Cyclic voltammetry experiments on Nb2O5-rGO electrode materials were carried out 

using different potential ranges as shown in Figures 2.9a and 2.9b. These experiments used thin 

film electrodes in order to provide better comparisons with the simulations. The samples cycled 

in the range between 1.2 and 2.2 V (vs. Li/Li+) are designed to remain partially-lithiated during 

the entire cycle, while the Nb2O5-rGO electrodes cycled up to 3 V are expected to be fully-

delithiated at the end of oxidation. According to the simulations of Girard et. al., the former 

electrodes function in the potential region where only faradaic reactions occur while the 

delithiated sample operates in both the capacitive and faradaic regions.  By using the CV curves 

in Figure 2.9a and 2.9b, we derived b-value variations with potential for partially-lithiated (red) 

and fully-delithiated (blue) Nb2O5-rGO during the lithiation/delithiation process (Figure 2.9c). 

The inset in Figure 2.9c shows the b-values reported by Girard et. al. for comparison.  The red 

curve exhibits a b-value close to 1 between 1.2 V and 1.7 V before decreasing to ~ 0.6 at 1.8 V. 

This potential is consistent with the response reported by Girard et. al. who attributed the dip to 

interfacial and transport properties associated with the transition between capacitive and faradaic 

charge storage processes. These results show that retaining lithium in the Nb2O5-rGO electrode 

enables redox reactions whose kinetics (b=1) are not diffusion limited. Another important 

consideration here is that the presence of lithium in the structure will increase the electronic 

conductivity.29  

 The Nb2O5-rGO electrode (blue) which undergoes delithiation on oxidation shows no 

evidence of b=1 despite its operation in the potential range (> 2.4V) where double layer 

capacitance should dominate charge storage and at low potentials (< 1.7V) where faradaic 

reactions occur. Instead the b-values are on the order of 0.7 at potentials above 2.2V and vary 

between 0.7 and 0.9 at the lower potential ranges. The analysis by Girard et. al. suggests that 
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mass transport limitations of Li+ may occur near the transition between the capacitance and 

faradaic regimes. Thus, we might expect that when there are mass transport contributions 

associated with the measured current, we can expect b-values to be less than 1.0 and as low as 

0.5.  
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Figure 2.9 Cyclic voltammetry experiments and analysis for Nb2O5-rGO thin-film electrodes. (a) Sweep 
rate dependence between 1.2V and 2.2V (vs. Li/Li+). Over this potential range, the Nb2O5 is lithiated 
and charge storage occurs through redox reactions. (b) Sweep rate dependence between 1.2V and 
3.0V (vs. Li/Li+). In this potential range, charge storage is from both double-layer capacitance and redox 
reactions. The dip at ~ 1.8V is associated with the transition between the faradaic and capacitive 
potential regions. (c) Variation in b-value as a function of potential for the two different potential 
regimes. The inset shows the b-value variation for Nb2O5 derived from a simulation.40 (d) Sweep rate 
dependence of the specific capacity for Nb2O5-rGO samples that operate over different potential 
ranges. 
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  The sweep rate dependence for charge storage (Figure 2.9d) indicates that the specific 

capacitance decreases with increasing sweep rate for both electrodes.  The interesting feature 

here is that the voltage ranges are quite different (total voltage: 1.0V vs. 1.8V) and yet the 

amount of stored charge is comparable.  Moreover, the specific capacitance for the sample 

operating in the faradaic range (1.2 to 2.0V) is actually greater than that of the electrode 

operating over the wider potential range.  Thus, for the Nb2O5-rGO electrode there is no energy 

storage penalty upon limiting the potential to just the faradaic regime.  This is an important 

consideration for device operation. 

 

Chapter 2.3.4 Pseudocapcitance in NRC-40 and NRC-60 Electrodes 

 Figure 2.10a shows CV signatures at 2 mV s-1 for Nb2O5-rGO, CDC, and NRC-40 

electrodes. Between 1.2 V and 3 V, the CDC (black) exhibits the characteristic box-shape of an 

EDLC, while the Nb2O5 (blue) displays a significant increase in current response as it is swept 

cathodically below 2.0 V arising from redox reactions. The NRC-40 curve (red) combines CV 

features from both CDC and Nb2O5. Because of its lower resistivity, the voltage offset between 

the oxidation and reduction redox peaks is less than that of the Nb2O5-rGO. As indicated by the 

model developed by Girard et. al.,40 the current contribution below 2 V is dominated by the 

pseudocapacitance from Nb2O5, while above 2.2 V, the contribution from the electrical double 

layer prevails. The sweep rate dependence of charge storage for the different electrodes (Figure 

2.9b) shows that the capacity of the NRC electrode increases with the Nb2O5-rGO content. In 

comparing the different NRC compositions, NRC-60 exhibits the highest specific capacity at low 

sweep rates. Its capacity, however, decreases continuously so that at rates > 5 mV s-1, where 

NRC-40 exhibits greater capacity values and retains nearly 300 C g-1 at 20 mV s-1. We attribute 
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the poor rate capability in NRC-60 to the stacking of Nb2O5-rGO layers as shown in Figure 2.6d. 

Not only will this increase electrode resistivity by forming insulating oxide-oxide interfaces, it is 

likely that some of the Nb2O5 will not be exposed to the electrolyte and thus unable to contribute 

to the redox reactions. Dashed lines in the Figure 2.10b mark the estimated capacity based on 

rule of mixtures at different NRC ratios, indicating the better kinetics of NRC-40 by showing 

less capacity deviation compared with the NRC-60. For these reasons, the NRC-40 electrode was 

chosen for further electrochemical testing.  

 
 
 The b-value analysis used for the Nb2O5-rGO electrode was extended to the NRC-40 and 

NRC-60 electrodes.  The mass loading here, as well as that of the control samples of CDC and 

Nb2O5-rGO, was 1.0 to 1.2 mg/cm2 so that these electrodes provide an indication of their 

performance in relevant devices. The CV curves from 1.2 to 3.0V (vs. Li/Li+) for NRC-40, NRC-

60, 100%-CDC, and 100%-Nb2O5-rGO are shown in Figures 2.11. For the 100%-CDC, the 
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Figure 2.10 Energy storage properties for NRC samples and the components, Nb2O5-rGO and CDC. (a) 
Characteristic CV curves at a sweep rate of 2 mV s-1. (b) Sweep rate dependence of the specific 
capacitance as derived from the CV curves. The specific capacity values are normalized to the materials 
loading excluding binders. Dash lines show the capacity estimated by their mixing ratio using theoretical 
capacity of each material: Nb2O5-rGO: 648 C g-1 (180 mAh g-1), CDC: 180 C g-1 (50 mAh g-1). 



	 21	

rectangular CV curves are distorted at a potential lower than 1.5 V.  There is also a current tail at 

low potentials due to irreversible electrolyte breakdown and SEI formation. For the 100%-

Nb2O5-rGO, redox peaks exist at a potential lower than 2.5 V. It is interesting to note that subtle 

changes in CV shape and especially that of the redox peaks was also observed in the Girard 

simulation.  The origin of this effect is the increasing resistive behavior associated with the 

thicker electrodes. 

 

  

Figure 2.11 Cyclic voltammetry curves between 1 mV s-1 and 10 mV s-1 for (a) NRC-40, (b) 
NRC-60, (c) 100%-CDC, and (d) 100%-Nb2O5-rGO electrodes 
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 Figure 2.12 shows this analysis for the NRC electrodes and for the control samples of 

CDC and Nb2O5-rGO. With the exception of the CDC electrode, b ~ 1 for all the electrodes, 

suggesting that the charge storage kinetics involving Nb2O5 on these electrodes are due to a 

surface-controlled process.  For the CDC electrode (obtained at 2 V vs. Li/Li+), the b-value is 0.9 

in contrast to b=1 which is expected for an electrical double layer capacitor. The possibility here 

is that the response can be influenced by irreversible charge transfer with residual surface groups 

associated with the CDC synthesis.51, 52  

 

  

 The variation in b-value as a function of potential for the NRC electrodes (Figure 2.12b) 

seems to exhibit characteristics that combine those of the CDC and the Nb2O5-rGO control 

electrodes. The dip in b-value to 0.5-0.6 at 1.8V is again an indication of the transition between 

the faradaic and double layer capacitance regimes. The b-values for both NRC electrodes 

increase towards b=1 at lower potential and b=0.9 at higher potential as the electrodes 

Figure 2.12 Log-log plot showing the peak current (from CV curves) as a function of sweep rate for 
NRC samples along with CDC and Nb2O5-rGO. The value of b, which ranges from 0.9 to 1.0, suggests 
that charge storage kinetics is surface controlled. (d) Variation in b-value as a function of potential for 
NRC-40 and NRC-60.  The results are compared to the CDC and Nb2O5-rGO components. 
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approximate the characteristics representative of faradaic and double layer behaviors, 

respectively. The change in b-value with potential for NRC-40 is more abrupt than that for NRC-

60. The b-values for both NRC electrodes at the higher potential are much greater than that of the 

Nb2O5-rGO. This higher b-value is an indication that the CDC part of the NRC is contributing to 

rapid charge storage in this potential range, much more so than the Nb2O5-rGO which exhibits 

b=0.5. Electrochemical impedance spectra (EIS) in Figure 2.13 show NRC-40 has lower charge-

transfer resistance (Rct) and shorter relaxation time, which can be derived by inverse frequency at 

mid-arc, compared to that of Nb2O5-rGO. An expanded view of the NRC-40 spectrum in Figure 

2.13b shows two distinguishable slopes, indicating restricted Warburg diffusion and mobility 

(Rion) for ion transport in porous CDC.53 The inset in Figure 2.13b details the equivalent circuit 

model for NRC electrodes, consisting of a series resistance (Rs), a constant phase element (CPE), 

a Warburg diffusion toward open circuit (Wo), and the Rct. Combining the difference from b-

value transient and EIS analysis, adding conductive porous CDC into the NRC electrodes 

inarguably improves charge transfer kinetics at their pseudocapacitance-dominant region.    
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Figure 2.13 (a) Impedance spectra for NRC-40 and 100%-Nb2O5-rGO electrodes. (b) Expanded 
view of the NRC-40 showing two distinguishable slopes. Inset shows an equivalent circuit model 
for NRC electrodes, consisting of a series resistance (Rs), a constant phase element (CPE), a 
Warburg diffusion toward open circuit (Wo), and the Rct. 
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Chapter 2.3.5 Rate Performance for NRC Half Cell and NRC//YP50F Hybrid Device 

 The galvanostatic charge-discharge (GCD) behavior provides an indication of how the 

energy storage of NRC is enhanced through the addition of Nb2O5-rGO particles. In Figure 

2.14a, the dependence of specific capacity on potential exhibits two linear regimes.  As discussed 

above, the specific capacity corresponding to the potential range between 3.0V and 1.8V can be 

ascribed to the CDC since this is the potential regime where charge storage is generally 

attributed to the electrical double layer (Figure 2.12b). The lower slope occurring between 1.8 

and 1.2V is associated with charge storage from redox reactions. This approximation indicates 

that the specific capacity for a given rate between 0.1 and 4.0 A/g is ~ 20% from electrical 

double layer processes and 80% from redox reactions; this ratio seems to change relatively little 

as a function of rate. The initial results for long-term cycling in Figure 2.14b indicate that the 

capacity at high rates (40C) decreases somewhat over 3000 cycles while the coulombic 

efficiency is nearly 100%. 

 

Figure 2.14 (a) Galvanostatic charge-discharge profiles for a NRC-40 half cell (Swagelok) using a lithium 
counter electrode.  The electrolyte was 1M LiClO4 in EC/DMC (1:1 in volume). (b) Long-term cycling for 
the NRC-40 at a rate of 40C (1-min charging-discharging). 
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A hybrid device was fabricated by pairing the NRC-40 electrode with an activated carbon 

(AC) electrode, YP50F, as shown Figure 2.15. The CVs for the individual NRC-40 and YP50F 

electrodes after adjusting the weight ratio to 1:3 (to account for the difference in specific 

capacity) are shown in Figure 2.15a. Although a fully-charged NRC-40//YP50F cell can ideally 

achieve a potential of 3.2 V, CV plots for the NRC-40//YP50F full cell (Figure 2.15b) indicate 

that the potential window for the full cell was optimized between 1 V and 2.8 V. The current 

response over this voltage range is completely capacitive without any irreversible polarization.  
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Figure 2.15 (a) Half-cell CV curves for NRC-40 and activated carbon (AC: YP50F) at a sweep rate of 1 mV s-

1. (b) CV curves of NRC-40//AC full cell at different sweep rates. (c) Galvanostatic charge-discharge curves 
for NRC-40//AC full cell. (d) Ragone plot comparing AC//AC symmetric cell (0.4 – 2.8V) with NRC//AC hybrid 
cell (1 – 2.8V). 
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Figure 2.15c shows the charge-discharge profiles for the NRC-40//AC (YP50F) full-cell 

devices. The GCD curves exhibit the desired linear voltage response from 2C to 200C. At the 

rate of 200C, a significant polarization appears with an overall 0.8 V drop in the cell voltage. 

This sudden potential drop is not caused by the internal series resistance, but instead seems to 

arise from limitations in NRC electrode performance. Nonetheless, the full cell exhibits 

reasonable levels of energy storage at high power, achieving 16 Wh kg-1 at 4800 W kg-1. A 

Ragone plot for the NRC-40//AC full cell is compared to a symmetric activated carbon cell that 

uses YP50F (Figure 2.15b).  The NRC-40 device shows comparable power density but 

significantly higher energy density than the AC//AC devices due to the pseudocapacitive energy 

storage in Nb2O5.  

Additional comparisons between NRC-40//AC and other devices using Nb2O5 and AC 

are detailed in Table 2. These results indicate that the energy density of a device is highly 

dependent on the Nb2O5 content in its electrodes. Since the NRC-40//AC contains only 8 wt% 

Nb2O5, it exhibits the lowest energy density of 30 Wh kg-1. However, what is most important for 

hybrid devices is their ability to exhibit high energy density at power levels comparable to those 

of carbon-based supercapcitors. In Table 2, we compare the different Nb2O5-based systems at 

3000 W kg-1, and note that the energy density of the NRC hybrid device exceeds that of most 

other devices which contain much greater amounts of Nb2O5.  This improved performance is due 

to both an effective advance in materials design as well as an understanding of the redox 

properties of the NRC electrode and the potential range where capacitive responses occur.  The 

comparisons in Table 2 show that our design is suitable for high-power applications with an 

additional economic advantage of using the least amount of Nb2O5.  
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Table 2.2 Comparison of hybrid devices based on using Nb2O5 as the negative electrode and activated 
carbon (AC) as the positive electrode.  

Nb2O5-based  
Negative Electrode 

AC Positive 
Electrode 

Cell 
Voltage 

(V) 

Energy 
density  

(Wh kg-1) 

Energy density 
 at 3000 W kg-1 

(Wh kg-1) 

Nb2O5 in 
electrodes 

(wt%) 
Nb2O5 nanoparticle19 YP17  1 – 3 40 16 14 % 

Mesoporous Nb2O5/Carbon33 MSP-20 1 – 3 48 29 20 % 

Nb2O5-rGO34 Non-specified 1 – 3 56 40 15 % 

Nb2O5-rGO paper32 Mesoporous AC 0.8 – 3 44 35 16 % 

Nb2O5 NP/CNT mixture31 Non-specified 0.5 – 3 34 12 16 % 

Nb2O5@carbon core-shell33 MSP-20 1 – 3.5 63 19 16 % 

NRC-40 (this work) YP50F  1 – 2.8 30 23 8 % 
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Chapter 2.4 Summary 

 The present work reports on the electrochemical energy storage properties of a composite 

electrode structure that integrates a rGO-anchored redox active material, Nb2O5, which is 

attached to a high conductivity, high porosity CDC scaffold. The Nb2O5-rGO particles and CDC 

scaffold have opposite surface charges and upon mixing the two components, the Nb2O5-rGO 

preferentially attach onto the edges of the CDC without obstructing its layered morphology. The 

resulting NRC particles retain the high porosity and high electrical conductivity of the pristine 

CDC and enable electrolyte access to the redox active material. The NRC is sufficiently 

conductive that no additional carbon is required in preparing the electrodes. The electrochemical 

results are analyzed using the model developed recently by Girard et. al. which shows potential 

regions where currents are dominated by either electrical double layer processes or by redox 

reactions. NRC electrode structures are well explained by this model as b values approaching 1 

are observed at potentials <1.7V when faradaic processes dominate charge storage and at 

potentials >2.2V when electrical double layers control charge storage. The NRC electrodes were 

also studied as a 2.8V hybrid capacitor by pairing with electrodes prepared from activated carbon 

(YP50F).  By using only 8 wt% Nb2O5, the NRC-40//AC hybrid device exhibits reasonable 

levels of energy storage at power levels comparable to those of carbon-based supercapacitors. 

The hybrid device achieves 16 Wh kg-1 at nearly 5000 W kg-1, properties which exceed those of 

systems containing much greater amounts of Nb2O5.  The results with the NRC composite 

electrodes show the benefits of understanding the importance of both materials design and being 

able to operate in a potential range where pseudocapacitive responses occur.  
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Chapter 3. Development of Poly(3-hexylthiophene-2,5-diyl) (P3HT) Surface Coating for 

High-Power LiNi0.8Co0.15Al0.05O2 (NCA) Electrodes 

 

Chapter 3.1 Research Background 

 The increased interest in battery materials and technology has been fueled by the growing 

demand for energy storage for use in portable electronics, vehicle electrification and renewable 

energy technologies.54-59 While Li-ion batteries (LIB) have emerged as the battery of choice for 

most of these directions because of various attractive properties, there is growing interest in 

being able to improve the power density of these energy storage devices without compromising 

their energy density.60,61 Conventional Li-ion batteries using LiCoO2 (LCO) as the positive 

electrode have limited power capability due to parasitic surface reactions. When overcharged, 

LCO is prone to irreversible phase transformation and electrolyte breakdown, forming an 

unstable solid-electrolyte interphase (SEI) layer that not only blocks lithium ion transport but 

also increases the resistance of the entire electrode.62,63 Among the various positive electrode 

materials developed to overcome these limitations, LiNi0.8Co0.15Al0.05O2 (NCA) has generated 

considerable interest due to its higher capacity and improved structural stability. By replacing Co 

with Ni, the capacity improves to 180 mAh g-1, while doping with Al stabilizes the ordered 

layered structures by preventing Ni and Co migration and dissolution during cycling.64  

 Although NCA’s high energy density makes it an attractive cathode for commercial 

electric vehicles, the ability to achieve high power with this material has been severely limited 

due to surface degradation and thermal stability issues.65,66 This surface degradation originates 

from the thermodynamic instability of delithiated NCA triggering cation mixing, such as Ni2+ 

diffusion into Li+ sites. The Ni2+ ions can become trapped, forming spinel or rock salt NiO that 
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blocks Li diffusion through the crystalline channel.67 Makimura et. al. demonstrated that above 

2% cation-mixing, a diffusion-limiting NiO layer was formed on the NCA surface, causing 

significant polarization increase during discharging.68 Reducing the number of Ni2+ ions can 

successfully increase first-cycle efficiency and reduce irreversible capacity loss from cation-

mixing.69 However, cycling NCA under aggressive conditions, such as at high frequency (10 

kHz),70 over extended potential regimes (2.5 V- 4.3 V),71 and higher temperatures (55 °C),72 can 

trigger Ni reduction leading to cation mixing and thus surface degradation.70-72 This reduction 

arises from unstable Ni4+ ions at the delithiated NCA surface undergoing an irreversible reaction 

with the electrolyte, producing Ni2+ and free O2- and causing the formation of the NiO surface 

layer.73 Moreover, the NiO and SEI formed around the NCA secondary particles can lead to 

intergranular cracks and long-term capacity fading.74 Zheng and Makimura both showed that 

NiO disordered structures formed along NCA grain boundaries after the first charge-

discharge.75,76 The thickness of NiO grew rapidly during subsequent cycles creating voids at the 

junction of grains, which can be sites for intergranular crack initiation. As illustrated in Figure 

3.1, the crack then exposes fresh NCA surface to the electrolyte, allowing further SEI and NiO 

growth to occur. The surface growth eventually breaks apart the particle, destroying any 

electronically conducting pathways.  

	

Figure 3.1 Degradation of NCA particle through intergranular crack 
propagation during long-term cycling.71  
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Only a few studies have discussed NCA degradation under fast charge-discharge 

conditions.77-80 At high C-rates (>10C), capacity retention for NCA drops drastically to less than 

50% of theoretical capacity.80 In addition, anomalous capacity arises from the electrolyte 

breakdown and unstable SEI formation.63,81 The low capacity retention at high rates is further 

compromised by the overpotential from unstable SEI and insulating surface layers.63,81 

Moreover, PF5, a common decomposition product of LiPF6, has been shown to react with stable 

SEI components, such as Li2CO3 and ROCO2Li, generating LiF which passivates the surface and 

inhibits high-rate operation.81 Taken together, it becomes clear that a stable SEI that allows fast 

electronic and ionic conduction must be developed for high-rate cycling. Oxides,82-84 

fluorides,85,86 and phosphates87,88 have commonly been used as protective coatings, however, 

their poor electrical and ionic conductivity limit their application for high-power electrodes. 

 Conjugated polymers, such as poly(3,4-ethylenedioxythiophene) (PEDOT),89,90 

polypyrrole (PPy),91,92 and polythiophene (PT),93,94 have been widely studied as energy storage 

materials because of their fast redox reactions, electrochemical stability, and facile integration 

into electrode structures. Recently, there has been interest in using these materials as an electrode 

coating because their tunable polymeric structures and controllable doping permits engineering 

of the ionic and electronic transport properties.95 PEDOT and its poly(ethylene glycol) 

copolymer (PEDOT-co-PEG) are two examples shown to improve the capacity retention and 

cyclability of a cathode material such as LiNi0.6Co0.2Mn0.2O2 (known as NCM-622), by 

suppressing transition-metal dissolution.96 PEDOT:Polystyrene sulfonate (PEDOT:PSS) used on 

Li-rich Li1.17Mn0.56Co0.095Ni0.175O2 and LCO improved the  rate performance by increasing the 

electrical conductivity.97,98 The high electronic conductivity of PPy and PPy/PEG copolymers 

were also used to improve the first-cycle efficiency and high-rate cyclability of LiFePO4 (LFP) 
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electrodes.99,100 These polymers are able to replace insulating binders and carbons in electrodes, 

thus increasing the relative weight percent of the active material.98,100 

Poly (3-hexylthiophene-2,5-diyl) (P3HT), which has been studied extensively for organic 

photovoltaics,101-104 is another polymer of potential interest for surface coatings because its 

relatively high LUMO makes it electrochemically compatible with the operating potential ranges 

for several battery cathodes.103 The appeal of P3HT also stems from the poor electronic 

conductivity in the undoped state, which prevents the LFP from over-discharging, while the 

doped (oxidized) P3HT drastically improves the electrode’s electronic conductivity to values up 

to ~10 S cm-1 when combined with carbon nanotubes.104,105 P3HT-b-poly(ethylene oxide) 

(P3HT-b-PEO) block copolymers, electrochemically doped with lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI), was shown to become both a Li-ion and electron 

conductor in a LFP solid-state device.106  Perhaps more importantly, because P3HT is fully 

soluble in organic solvents, it can homogeneously coat electrode particles with a very thin 

polymer layer, while the colloidal nature of doped polymers, such as, PEDOT:PSS produces less 

homogeneous mixing. 

 In the present work, P3HT is used for both surface protection and as a conductive layer 

for NCA (Figure 3.2). The thickness was carefully controlled to limit the ionic resistance while 

providing sufficient electronic conduction. The improved conduction enables higher power 

densities to be attained in comparison to the control NCA electrodes which were made with the 

standard binder polymer, PVdF. The dense P3HT coating provides limited spacing for ion 

transport of bulky reactants generated from the electrolyte breakdown. In this way, the P3HT 

functions as an artificial SEI, protecting the NCA from degradation. The integration of P3HT 
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with NCA enables the resulting material to perform as a high rate positive electrode for lithium-

ion batteries. 

 

Figure 3.2 P3HT coating becomes electrochemically doped and works as 
artificial SEI layer providing both electronic and ionic conduction during NCA 
operation. 
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Chapter 3.2 Experimental 

 

Chapter 3.2.1 Fabrication of P3HT Thin Film and P3HT-coated NCA Electrode 

 A 15 g L-1 solution of P3HT (regioregular, electronic grade, MW15000-45000, Sigma-

Aldrich) combined with multi-walled carbon nanotubes (O.D. × I.D. × L:10 nm × 4.5 nm × 3~6 

µm, Sigma-Aldrich) is prepared in 1,2-Dichlorobenzene (ODCB, Sigma-Aldrich) with a weight 

ratio of 8:2. To prepare a 50-nm thin-film electrode, 50 µl of the solution was spin-coated at 

2000 rpm for 60 sec onto a 2cm × 2cm fluorine doped tin oxide (FTO, 7 Ω/sq, Sigma-Aldrich) 

coated glass. Electrodes with thickness higher than 50 nm were prepared by drop-casting a 

diluted 1 g L-1 P3HT/ODCB solution. The as-prepared films were vacuum-dried at room 

temperature for 4 hr and then transferred to a vacuum oven at 110 °C overnight. Before testing, 

samples were annealed on a hotplate at 140 °C for 5 min and transferred into a glovebox.  

	 To prepare NCA electrodes using P3HT binder (NCA-P3HT), a slurry composed of NCA 

particles (LiNi0.8Co0.15Al0.05O2, Quallion Corp., Sylmar, CA), carbon nanofibers (CNF, D × L: 

100 nm × 20~200 µm, Sigma Aldrich), CNT, and P3HT in a weight ratio of 90:3:4:3 was 

prepared in ODCB. The slurry for the control electrode (NCA-PVdF) using polyvinylidene 

fluoride (PVdF, Sigma Aldrich) as binder was also prepared with CNT and CNF at the same 

ratio in N-Methyl-2-pyrrolidone (NMP, Sigma Aldrich). Both slurries were coated onto 

aluminum foil using doctor blading, followed by drying in the vacuum oven at 110 °C overnight. 

Before cycling, the NCA-P3HT electrodes were annealed at 140 °C for 5 min. The NCA-coated 

foil was punched into 1 cm2 discs, leading to a mass loading about 1.5 mg cm-2.  
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Chapter 3.2.2 Materials Characterization 

 Scanning electron microscopy (SEM; Nova 230 Nano SEM) was used to capture surface 

morphologies for P3HT thin-film and NCA electrodes. Energy-dispersive X-ray spectroscopy 

(EDX) was used to identify elemental distribution on P3HT-coated NCA electrodes. High-

resolution transmission electron microscopy (HRTEM; FEI Tecnai G2) was used to characterize 

the P3HT coating on the NCA surfaces. X-ray diffraction (XRD; PANalytical, X’PertPro) using 

Cu Kα (λ = 1.54 Å) and synchrotron XRD (Stanford Synchrotron Radiation Lightsource, SSRL 

at beamline 11-3 at 12300 eV) were used to quantify the crystallinity of P3HT thin film and 

NCA particles. The XRD data was collected using a MAR 345 Image Plate with 120 mm work 

distance from Q = 0 to 5.0 Å-1. All diffraction peaks were normalized to the Al peak using Area 

Diffraction Machine. Raman spectroscopy (Renishaw inVia) collected at 514 nm was used to 

characterize the P3HT coating on NCA electrodes. X-ray photoelectron spectroscopy (XPS; 

Kratos Axis Ultra) with a monochromatic aluminum X-ray source was used to determine the SEI 

compositions of the cycled NCA electrodes. Peak calibration was performed using the 

adventitious carbon peak. 

 Absorption images were collected using transmission X-ray microscopy (TXM) at SSRL 

beamline 6-2 at 8.98 keV. To capture clear images of single particles, the mass loading of these 

ex-situ electrodes were adjusted to about 0.5 mg/cm2 to avoid particle aggregation. The 

electrodes were charged and discharged at 16 C (2.56 mA/g) for 450 cycles in a coin cell and 

transferred to a X-ray transparent Al pouch cell in an Ar glovebox. For the measurement, a 6 by 

6 matrix of 34µm × 34µm images was taken at different regions with 1 second exposure time. 

Reference correction and global normalization of the X-ray micrographs was done using 

TXM-Wizard (an in-house developed software package) and the contrast for different 
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images was further adjusted using ImageJ. The reference-corrected images were first 

converted to 8 bit images that consist of pixels linearly scaled to 255 different grey-levels 

(0 being white and 255 being black). The contrast of these images was then slightly tuned 

to improve the contrast between the features of interest. Precautions were taken during 

this process to maintain all features in the original image. 

 

Chapter 3.2.3 Electrochemical Measurements 

 Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS) were carried out using a VMP potentiostat/galvanostat (Bio-

Logic) at 2.7 - 4.2 V versus Li. CV curves used in the kinetic studies were collected at their 5th 

cycle to ensure that the curves were stable. For the GCD testing, different C-rates were used on 

the basis of 1C = 160 mA g-1. EIS was conducted after electrodes were held at selected potential 

for 2 hr, using an amplitude of 10 mV over the frequency range 300 kHz – 1 mHz. The P3HT-

CNT films coated on FTO substrates (1 cm × 1 cm) were tested in a three-neck flooded cell with 

two Li foils as counter and reference electrodes using 1M LiPF6 electrolyte in a 1:1 volume ratio 

in ethylene carbonate (EC)/dimethyl carbonate (DMC). The NCA-P3HT and NCA-PVdF 

electrodes were tested in CR2032 coin-type cells with a Li counter electrode and glass fiber 

separator using the same electrolyte.  
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Chapter 3.3 Results and Discussion 

 

Chapter 3.3.1 Electrochemical Properties of P3HT Thin Film Electrodes 

 Electrochemical properties of thin-film P3HT were characterized using solutions of 

P3HT with 20 wt% carbon nanotubes spin coated on FTO-glass. The addition of CNTs creates 

mesoscale porosity that enables electrolyte to better penetrate the redox-active material.107-109 

XRD patterns for the P3HT-CNT thin film in Fig. 3.3a show the polymer chain arrangement 

before and after electrochemical cycling. A strong (100) peak at 5.4° and weak (200) peak at 

10.7°, corresponding to a lamellar chain-to-chain spacing of 16.5 Å, indicate that the P3HT is 

crystalline.95  The absence of an (010) peak in this θ-θ diffraction scan further confirms that that 

these P3HT films show the standard edge-on chain orientation.110  After cycling, the (100) peak 

shifts to a lower angle corresponding to a layer spacing of 18.3 Å.  Similar shifts have been 

observed previously in chemically doped P3HT and have been associated with a decrease in the 

π-stacking distance in the doped system and a corresponding increase in the lamellar spacing.111 

Anion incorporation into the film may also contribute to this shift. A broad peak at 12.2° (7.3 Å) 

suggests that the electrochemical doping process also creates some more disordered chain 

conformations.  

The thickness of the P3HT-CNT thin film is controlled to be approximately 50 nm to provide 

better resolution of the electrochemical behavior. Electrochemical doping of P3HT-CNT thin 

films is demonstrated in Fig. 3.3b by cyclic voltammetry (CV) between 3 and 4.2 V using 

varying sweep rates. Two pairs of redox peaks, found at 3.4 V and 3.75 V vs. Li/Li+, have been 

associated with the formation of P3HT polarons and bipolarons, respectively.112 The 

conductivity of doped P3HT has been reported to have values as high as 30-100 S cm-1.100,101  
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The consistent responses seen for thin-film P3HT-CNT cycling with varying sweep rates 

suggests that the doping/dedoping processes are not kinetically limited in the voltage range 

studied. The CNTs do not participate in the electrochemical reactions because of the voltage 

range. 

  The kinetics of the redox process can be determined by the power-law relationship,113  

 

I = avb            (3.1)  

  

where I is the peak current, v is the sweep rates, and the power, b, indicates whether the redox 

process is diffusion-controlled (b = 0.5) or surface-controlled (b = 1). Fig. 3.3c shows that b 

values derived from redox peaks at 3.75 V on the CV curves are equal to 1, indicating that 

charge transfer is not diffusion controlled. The neutral-polaron transition, at 3.4V,108 has a b 

value of 0.82 indicating some diffusion contribution to the kinetics, likely related to the poor 

electronic conductivity along the undoped chains. The fast kinetics of anion doping in P3HT 

helps ensure the coating becomes highly conductive at the beginning of NCA charging. Fig. 3.3d 

shows b-value variation in the potential range of NCA operation. From 3.5 V to 4.2 V, the b-

value is continuously close to 1.  

 The electrochemical behavior of the P3HT-CNT films provides important insight into the 

function of the P3HT in relation to the NCA.  The ability to carry out redox reactions at high rate 

(50 mV/s) demonstrates that the P3HT supports high electronic and ionic conductivity.  

Moreover, this behavior occurs over the potential range (3.0 to 4.2V vs. Li+/Li) where the NCA 

is electrochemically active.  This electrochemical compatibility, in combination with the good 
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electron and ion transport and the ability to impede electrolyte degradation reactions (vide infra) 

lead to improved high rate charge storage properties for NCA. 

 

Chapter 3.3.2 Characterization of P3HT-coated NCA (NCA-P3HT) Electrodes 

 The P3HT-CNT film has been shown to be electronically conductive and permeable to 

ions when the thickness is in the 50 nm range. In addition, to be truly useful as a conductive 

Figure 3.3 (a) XRD pattern of P3HT-CNT thin film shows layered polymer-chain structures before 
and after cycling. (b) Cyclic voltammetry curves for P3HT-CNT thin film using sweep rates from 1 
mV s-1 to 50 mV s-1. (c) Log of the peak current vs. log of the sweep rate for the data shown in (b). 
The slope gives the b-value of Equation 1. (d) b-value as a function of potential between 3.4 V and 
4.2 V vs. Li+/Li. 
 



	 40	

coating, the polymer must uniformly cover the NCA. Fig. 3.4a shows the surface morphology of 

an NCA-P3HT electrode in which the P3HT (3 wt%) and CNT (3 wt%) preferentially coat 

micron-sized NCA particles. There is some evidence of CNF (4 wt%) which extends through the 

entire electrode to provide long-range electronic conductivity. EDX elemental mapping (Fig. 

3.4b) shows that the NCA was uniformly covered with the P3HT-CNT coating. Control 

electrodes, NCA-PVdF, comprised of CNT, CNF, and PVdF binder were also prepared using the 

same formulation ratio, only replacing P3HT with PVdF.  Both electrodes exhibited similar 

architectures.  

  

 A magnified image in Fig. 3.5a shows the surface morphology of a single NCA particle 

covered with the P3HT-CNT layer. The CNTs are seen distributed evenly on the NCA surface 

providing short-range electron conduction and, as indicated previously, providing mesoscale 

porosity to facilitate electrolyte penetration throughout the film. A high-resolution TEM 

15 µm 15 µm 

15 µm 15 µm 

Ni 

S C 

10 µm 

(a) (b) 

Figure 3.4 (a)  A SEM image for NCA-P3HT electrode. The electrode contains 3 wt% CNT, 4% 
CNF, and 3% P3HT binder. (b) EDS elemental mapping for an NCA-P3HT electrode. 
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(HRTEM) image in Fig. 3.5b reveals that the thickness of the P3HT-CNT coating on NCA is 

around 15 nm.  

 XRD and Raman spectroscopy enable us to obtain better understanding of the chemical 

nature of the P3HT-CNT film and the interface with NCA. Fig. 3.5c shows the synchrotron XRD 

pattern for the NCA-P3HT electrode. The NCA particles have the α-NaFeO2 layered structure 

with a c/a ratio of 1.7. The integrated peak intensity ratio of I003/I104 is around 1.5, indicating a 

highly-ordered layered structure with negligible cation-mixing.15 No change in the XRD pattern 

was observed upon the addition of P3HT; the 15-nm P3HT coating on the NCA was not thick 

enough for independent XRD analysis, indicating that the P3HT was homogeneously coating all 

surfaces in a very thin layer. Instead, Raman spectroscopy using transient laser pulses was used 

to characterize the surface coating of P3HT-CNT and the NCA particles (Fig. 3.5d). The 

spectrum obtained with a single one-second laser exposure shows only peaks of the P3HT 

coating: 723 cm-1 for Cα-S-Cα’ deformation, 995 cm-1 for Cβ-Calkyl stretching, 1092 cm-1 for Cβ-H 

bending, 1164 cm-1 and 1201 cm-1 for Cα-Cα’ stretching, 1381 cm-1 for Cβ-Cβ’ stretching, 1451 

cm-1 for Cα-Cβ stretching, and a shoulder at 1525 cm-1. This spectrum matches the ground-state 

pre-resonance of oligomers.61 Longer laser exposure times (10 seconds) show the P3HT peaks 

diminishing, an indication of thermal or optical decomposition of the polymer. At the same time, 

peaks for the G band (1585 cm-1) from CNF/CNT and D band (1368 cm-1) increase because 

degradation of the P3HT allows the carbon components in the electrode to be exposed to the 

laser light. After 30 second exposure, a broad peak appears at 580 cm-1 for the hexagonal phase 

of pristine NCA.62 The Raman and XRD data thus both indicate that P3HT fully covers the NCA. 
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Chapter 3.3.3 Kinetic Analysis of NCA-P3HT Electrodes  

 Regardless of the coating, to access reversible Li-ion storage, NCA must first be brought 

into the rhombohedral phase, as a completely delithiated NCA layered structure is required for 

reversible intercalation. This phase transition occurs during the first-charge when NCA is cycled 

in the potential range 3.0 - 4.2 V. The charging process usually occurs at slow rates to allow 

complete transformation. Fig. 3.6a and 3.6b show the first CV cycles for NCA-P3HT and NCA-

PVdF electrodes, respectively, at a sweep rate of 0.5 mV s-1. After the first charge, the curves of 
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Figure 3.5 (a) SEM image of P3HT-NCA electrode shows the NCA particles uniformly covered by P3HT 
and CNTs. (b) HRTEM cross-section of the NCA-P3HT surface. The P3HT-CNT coating is ~15 nm in 
thickness. (c) Cu-Kα and synchrotron transmission XRD pattern for NCA-P3HT electrodes. Peaks from 
the Al substrate are marked with asterisks. (d) Raman spectra of the NCA-P3HT electrode surface 
show the emergence of different peaks as a function of laser exposure time. 
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NCA-P3HT overlap with subsequent cycles, indicating that the phase transition is complete and 

a stable SEI has formed. Redox peaks	 found at 3.85V and 3.65V for deintercalation and 

intercalation, respectively, match well to the Ni3+/Ni4+ transition.116 First cycle charge capacity of 

187 mAh g-1 and discharge capacity of 160 mAh g-1 were obtained, corresponding to a 0.75 

depth of charge with around 15% capacity loss associated with SEI formation and irreversible 

structural change.68 The inset in Fig. 3a shows a peak associated with polaron formation of P3HT 

at 3.43 V during the first charging cycle, indicating that the doping process was initiated at the 

beginning of the NCA charging process. In contrast, the control NCA-PVdF electrode has no 

obvious lithiation/delithiation peaks in the first few cycles due to the large polarization. The CV 

for this electrode after 5 cycles still showed an incomplete charging peak at 4.2 V, and the 

discharge capacity after 5 cycles is only 76 mAh g-1, with a single discharge peak at 3.45 V. This 

behavior shows that the formation process in NCA-PVdF is less favorable compared to NCA-

P3HT.  

Figure 3.6 Initial cyclic voltammetry curves for (a) NCA-P3HT and (b) NCA-PVdF electrodes at 0.5 mV s-1. 
Inset of (a) shows polaron transition peak of P3HT at 3.43 V (vs. Li/Li+) during the first charging cycle.  
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 An analysis of the kinetics of the NCA electrodes can be used to explain the improved 

first cycle charge/discharge process for NCA-P3HT. Figs. 3.7a and 3.7b show CV curves (5th 

cycle) for different sweep rates for the NCA-P3HT and NCA-PVdF, respectively. At 0.5 mV s-1, 

the NCA-P3HT shows its highest current peaks for charging and discharging at 3.82 V and 3.7 V, 

respectively, whereas the NCA-PVdF presents its highest charging current peak around 3.9 V 

Figure 3.7 CV curves (5th cycle) for (a) NCA-P3HT and (b) NCA-PVdF electrodes as a function of 
sweep rate, from 0.1 mV s-1 to 0.5 mV s-1. (c) bvalue variation as a function of potential for NCA-P3HT 
and NCA-PVdF electrodes during discharge. (d) Overpotentials of redox peaks as a function of sweep 
rate for the results shown in (a) and (b) above. 

bch = 0.92 

bdis = 0.9 

0.1, 0.2, 0.3, 
 0.4, 0.5 mV s-1 

(a) 

Voltage (V vs. Li/Li+) 

S
pe

ci
fic

 C
ur

re
nt

 (A
 g

-1
) 

NCA-P3HT 

(b) 

Voltage (V vs. Li) 

S
pe

ci
fic

 C
ur

re
nt

 (A
 g

-1
) bch = 0.7 

bdis = 0.8 

0.1, 0.2, 0.3, 
 0.4, 0.5 mV s-1 

NCA-PVdF 

(d) (c) 

-200 

-150 

-100 

-50 

0 

50 

100 

150 

0.1 0.2 0.3 0.4 0.5 

O
ve

rp
ot

en
tia

l (
m

V
) 

Sweep Rate (mV s-1) 

Charging 

Discharging 

NCA-P3HT 
NCA-PVdF 

Voltage (V vs. Li) 

b-
va

lu
e 

NCA-P3HT 

NCA-PVdF 

Diffusion-Controlled 

Surface-Controlled 

Discharging/Li Intercalation 



	 45	

and lowest discharging current peak at 3.5 V. The shift in peak potential indicates that the NCA-

PVdF has larger polarization compared to NCA-P3HT even at such a slow rate. b-values 

determined from the peak currents using Equation 1 are also shown in the figures. The higher b-

values for NCA-P3HT, 0.92 during charge and 0.9 during discharge for NCA-P3HT versus 0.7 

during charge and 0.8 during discharge for NCA-PVdF, are an indication that the NCA-P3HT 

exhibits better kinetics. This behavior is also shown by determining the variation in b-value as a 

function of potential (Fig. 3.7c) as derived from the discharge part of the CV curves in Fig 4a 

and 4b. The improved discharge kinetics of NCA-P3HT is evident from the b-values being ≥ 0.9 

over nearly the entire range, whereas the NCA-PVdF shows b-values lower than 0.8 and even 

decreasing to unphysical values below 0.5 because of polarization at potentials higher than 3.9 V. 

This large polarization can be attributed to mass transport issues caused by unstable SEI/NiO 

parasitic reactions with the delithiated NCA surface.74-76 

 The CV curves in Fig. 3.7a and 3.7b were also used to determine the variation in peak 

potential position as a function of sweep rate (Fig. 3.7d). This variation in overpotential (dashed 

line in the figure) has been reported for other conducting polymer/electrode studies and is shown 

to be an indicator of the electrode ohmic resistance.96,98 During charging, the potential shifts are 

similar for NCA-P3HT and NCA-PVdF, suggesting that both electrodes have similar ohmic 

resistances in the lithiated state (before charging). However, the discharge characteristics are 

very different. The overpotential for delithated NCA-P3HT is significantly less than that on 

charge, while the values for NCA-PVdF are comparable to those obtained on charging. One 

source of the lower overpotential for NCA can be from the delithiated NCA becoming less 

resistive because the increased Ni4+/Ni3+ ratio leads to hole formation.117 In addition, anion 

doping in the P3HT coating during discharge increases the electronic conductivity. The high 
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overpotential of NCA-PVdF suggests that the NCA was not sufficiently delithitated and/or its 

surface was passivated.  Indeed, similar results have been observed in studies utilizing other 

conducting polymer on different materials, including PEDOT-co-PEG on NMC-622 and PPy on 

LFP. These studies showed that the overpotential during discharge can be greatly reduced by 

using an oxidized (doped) polymer coating.96,98 In addition, the PEDOT-co-PEG coating 

prevented cathode surface degradation from electrolyte breakdown at high voltage, while the 

PPy coating provided better electrolyte penetration that reduced the potential shift of LFP redox 

peaks.  

 X-ray photoelectron spectroscopy (XPS) was used to compare the surface chemistry for 

NCA-PVdF and NCA-P3HT electrodes and provide insight regarding SEI formation on these 

electrodes. In analyzing the XPS results, we used previous research that has shown how Ni 2p, P 

2p, S 2p, Li 1s, F 1s and O 1s spectra can be used to identify various moieties in the SEI.63,81  

The XPS spectra shown in Fig. 3.8 were taken after cycling the electrodes (see Fig. 3.7a and 

3.7b) with the NCA in the delithiated state. For the NCA-PVdF electrode, evidence of NiO, NiF2, 

Li2CO3, Li2O, LiF, and LixPOyFz were all found on the electrode surface. Li2CO3 and LixPOyFz 

are associated with decomposition of electrolyte.63,81 The dominant amount of LixPOyFz indicates 

that the 𝑃𝐹!! preferentially decomposed on the delithiated NCA surface. In addition to LixPOyFz, 

the F 1s spectrum shows a peak at 685.2 eV for a metal fluoride. This peak can be from LiF or 

NiF2 and is the result of the dissociation of LiPF6 and/or HF attack on the NCA. The NiO 

disordered layer was identified from the metal oxide peak at 530.1 eV of the O 1s and further 

resolved with the Ni 2p spectrum showing Ni2+ (855.5 eV) and Ni3+ (858 eV).  

 For the NCA-P3HT electrode, Li2CO3, LiF, and P3HT (163.9 eV and 165.1 eV) are 

identified as the main components of the surface layer (Fig. 3.8). The absence of Ni 2p and P 2p 
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spectra indicates that electrolyte breakdown and HF attack on the NCA surface were essentially 

completely suppressed. This suggests that the P3HT coating stabilizes the delithiated NCA 

surface by preventing direct contact between the NCA and the electrolyte, suppressing the 

formation of NiO and NiF2. In addition, the F spectrum shows an extra peak at 687 eV for C-F 

bonds, suggesting that fluorine was involved in SEI formation with organic species.   

 The SEI formation mechanism for NCA-P3HT seems to be consistent with the reaction 

pathway proposed by Edstrom et. al.,81 

 

Li2CO3 + ROCO2Li + 2PF5 à RF + 2POF3 + 3LiF + 2CO2(g)        (3.2) 

 

Li2CO3 
Li2O LiF 

Li 1s 

Binding Energy (eV) 

LiPF6 

LixPOyFx 
P 2p 

Binding Energy (eV) 

PVdF M-F 
C-F 

F 1s 

Binding Energy (eV) 

Ni2+ 
Ni3+/NiF2 

Ni 2p3/2  

Binding Energy (eV) 

NCA-PVdF 
NCA-P3HT 

In
te

ns
ity

 (a
rb

. u
ni

t) 

O 1s 

M-O 

Li2CO3 

Binding Energy (eV) 

C=O 

Binding Energy (eV) 

In
te

ns
ity

 (a
rb

. u
ni

t) 

In
te

ns
ity

 (a
rb

. u
ni

t) 
In

te
ns

ity
 (a

rb
. u

ni
t) 

In
te

ns
ity

 (a
rb

. u
ni

t) 

In
te

ns
ity

 (a
rb

. u
ni

t) 

S 2p 
P3HT 

LixPOyFx 

LixPOyFx 

Figure 3.8 Ni 2p, P 2p, S 2p, Li 1s, F 1s, and O 1s XPS spectra for the NCA-PVdF (black) and 
NCA-P3HT (red) electrodes after the CV cycling in Fig. 3.7. 



	 48	

Li2CO3 and ROCO2Li are electrolyte breakdown byproducts which react with excessive PF5 on 

the P3HT surface to form LiF and RF. Due to the P3HT doping process, the 𝑃𝐹!! ions were 

localized to the P3HT coating limiting exposure to the NCA particles. The 𝑃𝐹!! decomposes into 

PF5 from overoxidation of P3HT by the following reaction,94 

 

P3HT2+(𝑃𝐹!!)2 à (𝐹!P3HT2+)(𝑃𝐹!!) + PF5                      (3.3)          

 

The nucleophilic reaction on oxidized P3HT with fluorine ions generates PF5 and, accordingly,  

Equation 2 leads to formation of POF3 in the gas phase. Thus, no signal for POF3 can be found 

on the P 2p and O 1s spectra for NCA-P3HT. Because the conductive P3HT coating prevents 

exposure of the delithiated NCA to the electrolyte, Ni cannot react with the electrolyte allowing a 

more stable SEI to form. Therefore, compared with PVdF, the P3HT protects the NCA particles 

by forming a protective and conductive SEI, which leads to significantly better charge transfer 

kinetics. 

 

Chapter 3.3.4 High-rate Cyclability for NCA-P3HT Electrodes 

 Galvanostatic charge-discharge (GCD) experiments were used to characterize the effect 

of charge-discharge rates on the lithium capacity of NCA-P3HT and NCA-PVdF electrodes (Fig. 

3.9a and 3.9b).  At the 1C rate for both charge and discharge, NCA-P3HT exhibited a capacity of 

156 mAh/g and was able to retain capacities of 110 mAh g-1 and 83 mAh g-1 at 16C and 32C, 

respectively. While the energy storage is comparable to what other groups have reported for 

NCA electrodes at 1C,81-86 the values at 16C and 32C are significantly greater than what is 

commonly reported for NCA.  For the NCA-PVdF control electrode, the value at 1C is only 126 
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mAh g-1, which quickly drops to 38 mAh g-1 at 16C. During charging, NCA-P3HT shows less 

polarization than that of NCA-PVdF, especially at higher rates. The higher resistance of the 

NCA-PVdF electrode increases the overpotential required for lithium 

deintercalation/intercalation, and limits the achievable capacity over the measured voltage range.  

  

Figure 3.9 Electrochemical properties for NCA-P3HT and NCA-PVdF electrodes: Galvanostatic cycling 
profiles for (a) NCA-P3HT electrode and (b) NCA-PVdF electrode. (c) Rate capability obtained from the 
galvanostatic cycling in (a) and (b). (d) Long-term cycling for NCA-P3HT shows good stability at both 1C 
and 16C. Cycling for NCA-PVdF at 16C is shown for comparison. 
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 The kinetic difference between the two electrodes is best summarized by the rate 

capability shown in Fig. 3.9c. With NCA electrodes, the capacity loss in the first charging cycle 

is due to the irreversible transition from the hexagonal phase to the rhombohedral phase. This 

diffusion-controlled process requires a relatively slow charging rate to transform the entire 

micron-sized NCA particle.65-69,116 An intriguing property of using the P3HT binder is that the 

time required for the phase transition in the first cycle is reduced considerably (5 hour vs. 1 hour) 

compared to the control electrode. The capacity for the first charge and discharge (at 1C) for 

NCA-P3HT is 181 mAh g-1 and 156 mAh g-1, respectively, leading to a coulombic efficiency of 

85% (Fig. 3.9c). In contrast, NCA-PVdF can only be initiated at a rate of 0.16C and shows a first 

cycle coulombic efficiency of only 81% (Fig. 3.10). Fig. 3.10 also shows the first cycle for 

NCA-P3HT which has no CNTs. Without CNTs, P3HT not only forms a dense coating that 

hinders ion transport between NCA and the electrolyte but also reduces electronic conduction 

because of poor doping kinetics. After cycling at 32C, the NCA-P3HT was then cycled at the 1C 

rate (Fig. 3.9c) and returned to nearly 100% (155 mAh g-1) of its previous capacity at 1C. In 

contrast, the NCA-PVdF exhibits a 10% drop in capacity. Taken together, these results suggest 

that with the P3HT coating, NCA-P3HT not only shows better rate capability but keeps the SEI 

intact under high-rate conditions.  

Fig. 3.9d shows long-term cyclability for NCA-P3HT at 1C (0.16 A g-1) and 16C (2.56 A 

g-1). The NCA-P3HT retains 90 % of its initial capacity after 100 cycles at 1C and 80% of its 

initial capacity after 1000 cycles at 16C. For comparison, the cyclability of NCA-PVdF at 16C is 

also presented in the figure, showing a capacity drop from the maximum of 27 mAh g-1 to 11 

mAh g-1 (40%) after 1000 cycles.  Clearly, the P3HT containing sample show dramatically better 

capacity retention in long-term cycling studies. 
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 Electrochemical impedance spectroscopy (EIS) was used to model the contributions of 

the different components present in the NCA-P3HT and NCA-PVdF cells. Fig. 3.11a shows the 

Nyquist plots for NCA-P3HT (red) and NCA-PVdF (black) after extended cycling at 16C. The 

impedance spectra are fitted to a Randles equivalent circuit with three components (Fig. 3.11b).61 

The high-frequency and mid-frequency responses are associated with charge transport through 

the CNT nanostructures and P3HT coating, respectively, with their charge-transfer resistances 

(Rct1 and Rct2) generally being combined to represent the SEI resistance (RSEI). The semicircle at 

low frequency, which usually varies with state-of-charge (SOC), represents the charge-transfer 

resistance of bulk NCA (Rct3 = RNCA).80, 83, 84, 88, 119   Compared with NCA-P3HT, the NCA-PVdF 

shows both higher RSEI and RNCA. The RSEI and RNCA for NCA-P3HT after 1000 cycles are 31 Ω 

cm-2 and 504 Ω cm-2, respectively, whereas the corresponding values for NCA-PVdF are some 6 

times higher for the SEI (185 Ω cm-2) and twice as large for NCA (1073 Ω cm-2). The lower 
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Figure 3.10 First-cycle GC profiles and coulombic efficiencies for NCA-P3HT and 
NCA-PVdF electrodes. C-rates (1C = 160 mAh g-1) used for NCA-P3HT and NCA-
PVdF are C/2 and C/6, respectively. An NCA-P3HT electrode without carbon addition is 
also shown for comparison. 
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resistances are consistent with the formation of a more conductive SEI and reduced NCA charge-

transfer resistance, leading to the improved kinetics of NCA-P3HT compared to NCA-PVdF. 

EIS for NCA-P3HT before high-rate cycling is also shown in Fig. 3.11a. The RSEI of NCA-P3HT 

increases only slightly, from 18 Ω cm-2 to 31 Ω cm-2. Notably, the first semi-circle and similar 

resistance retained after cycling indicates that the SEI grown on the NCA surface neither blocked 

the CNT nanostructures nor hindered charge transport between the NCA and electrolyte. The 

constant values for RSEI and RNCA throughout the extended cycling are consistent with the 

assessment that the P3HT coating has good stability at high-rate cycling. Detailed comparisons 

of charge-transfer resistances are summarized in Table 1.  
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Figure 3.11 (a) Impedance spectra of NCA-P3HT at the early stages of cycling (Cycle 21) and after 
high-rate long-term cycling (Cycle 1021) and NCA-PVdF after high-rate long-term cycling (Cycle 
1021). (b) Equivalent Randles circuit used to fit the impedance spectra in (a) involves three charge-
transfer resistances as discussed in the text: Rct1 (high-frequency), Rct2 (mid-frequency), and Rct3 
(low-frequency). 
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 Another consideration with NCA-P3HT is whether the coating prevents fragmentation of 

NCA, a critical feature which influences performance, especially during cycling at high rate.  To 

investigate NCA integrity, an electrode after 450 cycles at 16C was imaged using transmission 

X-ray microscopy (TXM). The electrode was retrieved from the testing cell in a glovebox, 

washed with DMC, and transferred to an X-ray transparent Al pouch cell for TXM imaging. Fig. 

3.12a shows the TXM image for the cycled NCA-P3HT electrode. Fragmentation of the NCA is 

believed to occur due to SEI growth, NiO formation, and CO2 evolution along the grain 

boundaries of NCA.65-67,73-76 However, the TXM image clearly shows no disintegration of 

primary particles on the cycled electrode. A high-magnification image for a single NCA particle 

in Fig. 3.12b further serves as strong evidence for the absence of interganular cracking. These 

images establish that the P3HT coating effectively suppressed SEI growth and successfully 

inhibited NCA fragmentation. 

  

   

Table 3.1  Charge-transfer resistances in NCA-P3HT and NCA-PVdF electrodes for the equivalent 
Randles circuits shown in Fig. 3.11 after early stage and extended cycling. 

Charge Transfer 
Resistance 

NCA-P3HT  NCA-PVdF 
Early Stage  

(after Cycle 21) 
Extended Cycling 
(after Cycle 1021) 

 Extended Cycling 
(after Cycle 1027) 

RΩ 2 6  4 
Rct1 3 9  15 
Rct2 15 22  170 
Rct3 436 504  1073 

   Unit: Ω cm-2 
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	 We	end	by	considering	the	benefits	of	a	P3HT	coating,	compared	to	other	inorganic	

coatings.		As	indicated	previously,	the	protective	coating	on	the	NCA	is	based	on	combining	

P3HT	and	CNTs.	Improved	rate	capability	and	cyclability	were	achieved	due	to	the	higher	

conductivity	and	surface	stability	compared	to	other	protective	coatings.	Table	2	compares	

different	 coatings	used	with	NCA	or	other	Ni-rich	 cathode	materials.	Oxides,	 phosphates,	

fluorides,	and	carbons	have	been	successfully	used	as	protective	coatings	but	typically	do	

not	 facilitate	 ion	 transport	 or	 provide	 improved	 electronic	 conduction.80,82-88	 Among	 the	

various	 systems,	 AlPO4	 has	 emerged	 as	 the	most	 effective	 coating	 at	 keeping	 NCA	 from	

harmful	side	reactions.87	During	synthesis	at	700	°C,	the	AlPO4	reacts	with	Li	species	on	the	

surface	to	form	Li3PO4	a	Li	ion	conductor,	whereas	the	Al	is	doped	into	the	NCA	surface	to	

suppress	NiO	formation.	Another	promising	coating	based	on	Co3PO4	not	only	improves	the	

surface	 stability	 by	 forming	 olivine	 LixCoPO4,	 but	 also	 the	 long-term	 cyclability	 by	

suppressing	crack	formation	inside	the	NCA.80	Compared	to	these	other	coating	materials,	

NCA	with	a	P3HT-CNT	coating	offers	a	number	of	advantages	including	particle	initiation	in	

Figure 3.12 Transmission X-ray microscopy (TXM) images for (a) a cycled NCA electrode and 
(b) a single NCA particle. 
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1	 hour,	 high-rate	 charging	 up	 to	 32	 C,	 stable	 long-term	 cycling	 at	 16C,	 and	 ease	 of	

integration.	The	doped	P3HT	coating	provides	enhanced	electronic	conductivity	with	good	

Li	 ion	 transport	 and,	 more	 importantly,	 a	 stable	 SEI	 on	 the	 P3HT	 surface.	 Through	 the	

doping	 process,	 P3HT	 traps	𝑃𝐹!!,	 suppressing	 intergranular	 growth	 of	 SEI	 that	 leads	 to	

disintegration	of	NCA	particles	during	high-rate	cycling.	
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Chapter 3.4 Summary 

	 The high-rate charge storage properties of the positive electrode material, 

LiNi0.8Co0.15Al0.05O2 (NCA), are improved considerably through the use of a conjugated 

polymer, poly (3-hexylthiophene-2,5-diyl) (P3HT), which functions as a conductive 

binder. The P3HT is electrochemically doped over the potential range where NCA is 

electrochemically active, and thus provides high electronic and ionic conductivity. When 

mixed with carbon nanotubes (CNTs), the resulting P3HT-CNT forms a protective 

coating that prevents surface degradation during charging and greatly reduces the 

polarization during discharging. XPS analysis confirms that the P3HT-derived SEI 

suppresses 𝑃𝐹!! decomposition, limiting electrolyte breakdown on the NCA surface and 

preventing the NCA particles from disintegrating during long-term cycling. The energy 

storage properties of NCA-P3HT at 16C and 32C are significantly greater than what is 

commonly reported for NCA. When cycled at 16C, capacities in the range of 100 mAh/g 

are obtained for the first 100 cycles.  This exciting performance underscores the potential 

impact of using conjugated polymers as conductive binders in lithium-ion battery 

electrodes.   
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Chapter 4. Li-ion Exchanged Sodium Vanadium Fluorophosphate (Na3(VO)2(PO4)2F) for 

High-power Battery Cathode Materials  

 

Chapter 4.1 Research Background  

 The sodium-ion positive electrode material, Na3(VO)2(PO4)2F (NVOPF), adopts the Na 

superionic conductor (NASICON) structure and has proven to be a promising cathode material 

for Na-ion battery (SIB). The material offers a higher capacity (130 mAh/g) and operating cell 

voltage (3.8V vs 3.6V) than the corresponding non-fluorinated material, Na3V2(PO4)3.121-123 The 

stoichiometric NVOPF framework, composed of [VO5F] octahedra and [PO4] tetrahedra, form 

two-dimensional layers with partially occupied interstitial sites that are advantageous for fast Na 

ion conduction (Figure 4.1).124,125 To further improve storage kinetics, researchers have been 

focused on growing NVOPF into different nanostructures such as nanocubes,126,127 nanowires,128 

and nanoparticles.129 Carbon additives are incorporated to further increase electrical conductivity 

and their kinetics. Xu et. al. synthesized graphene sandwich structures anchored with NVOFP 

nanocubes (300 nm) that stored 100 mAh g-1 in a hour.121 Jin et. al. expanded on this by coating 

graphene-wrapped NVOPF with another carbon serving as a three-dimensional conductive 

network and leading to a charge storage of 101 mAh g-1 at a rate of 5C (1C = 130 mA g-1).127 

Xiang et. al. demonstrated high rate Na-ion storage (80 mAh g-1 at 50C) using porous graphene 

structures in which 40 nm NVOPF nanoparticles were attached .129          

 Despite NVOPF demonstrating fast ion motion and extraordinary high-rate storage with 

sodium chemistry, we have noticed that its lithium isomorph has received only limited study. 

Compared with SIB, adapting the same chemistry for Li storage leads to a higher total energy 

density not only because of the lower standard reduction potential of Li versus Na, but also due 
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to the lower molecular weight of Li compared with Na.130-132 Kinetically, the smaller ionic radius 

of lithium compared to sodium (0.76 Å and 1.06 Å respectively) should have lower diffusion 

activation barriers and ultimately increase rate performance.130 Xu et. al. used a chemical 

exchange method in which NVOPF crystals were immersed in a solution of 10 M LiBr in 

hexanol and observed better rate capability than that of Na+ storage.133 Park et. al. started with 

Na1.5VPO4.8F0.7 made by solid-state reaction and converted it to Li1.1Na0.4VPO4.8F0.7 using the 

same methods.131 Although the particles are micron-sized, the Li1.1Na0.4VPO4.8F0.7 was capable 

of storing more than 150 mAh g-1 without showing a significant capacity drop even at a rate of 

25C.131 According to these results, the NVOPF structure is capable of serving as a Li host that 

provides superior kinetics for Li-ion storage. It would also be interesting to develop an 

electrochemical model that can bridge the kinetic difference between Na and Li ion systems. 

 Detailed structural evolution of NVOPF with Na intercalation has been studied by 

Sharma and Serras et. al. using synchrotron XRD.134-137 Two phase-transformation regions have 

been identified during both charging and discharging the NVOPF by profiling the total amount 

of Na and their occupancies in the structures (Figure 4.2).137 The charge-discharge curves have 

two clear plateaus and each plateau contains one phase transformation at the end of its charging 

or discharging regions. Their results showed that this phase transformation prevented fast Na 

Figure 4.1 Schematic illustration for 
NVOPF crystal structure.  
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storage in NVOPF, although a detailed study of the electrochemical kinetics for NVOPF has not 

been reported. In this work, we address the question of how the electrochemical properties are 

affected as the mobile ion changes from Na+ to Li+. Using a one-step solvothermal synthesis 

approach, NVOPF powders were anchored to rGO sheets that served as electronically-

conducting networks. The NVOPF-rGO was later ion-exchanged by in a Li electrolyte. 

Crystalline evolution of NVOPF during the ion exchange process was monitored using ex-situ 

X-ray diffraction. By using b-value analysis, we are able to identify changes in charge storage 

mechanism when switching from the Na system to Li system. Additionally, NVOPF-rGO can be 

grown into different morphologies, including micronbrick, nanobrick, nanorod, nanopellet, and 

nanoparticles, which exhibit different aspect ratios, particle sizes and charge storage kinetics. 

These results indicate that the ion-exchanged NVOPF allows deeper depth of charge/discharge 

for Li ions, leading to the facile ion transport and higher energy density compared with Na ions. 

(a) (b) 

Figure 4.2 Evolution of total Na number and Na site occupancy for NVOPF 
during the charging-discharging. The parameters were derived from synchrotron 
XRD pattern using Rietveld refinement. The purple and red shaded areas 
indicate observation of phase transformation caused by Na-ion rearrangement.137 
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Chapter 4.2 Experimental 

 

Chapter 4.2.1 Synthesis of Na3(VO)2(PO4)2F-rGO (NVOPF-rGO) 

 NVOPF-rGO was prepared by a one-step solvothermal synthesis in a solution of water, 

ethanol, and N,N-dimethylformamide (DMF, Sigma Aldrich). First, 100 mg NH4VO3 (99.4%, 

Sigma Aldrich), 100 mg NH4H2PO4 (Sigma Aldrich), and 50 mg NaF (Molar ratio Na:V:P:F = 

3:2:2:3) were dissolved in 10 mL DI water to form a uniform solution. 10 mL GO solution (5 g 

L-1 in ethanol) was dropped into the water solution with vigorous stirring to form a uniform 

precursor/GO suspension. 10 mL DMF was added slowly into the water-ethanol mixture solution 

and homogenized by stirring for 30 min. The solution was then transferred to a 40 mL Teflon 

liner, sealed in a Parr bomb, and heated to 180 °C for 12 hr. When finished, the vessel was 

placed in a fume hood until it was cooled to room temperature The NVOPF-rGO nanobrick was 

then retrieved as a black monolith with clear residual solution. The sample was washed three 

times with ethanol and dried at 60 °C overnight. The different precursor ratios and conditions 

detailed in Table 4.1 were also adapted for synthesizing NVOPF-rGO into different 

morphologies. 

 

Table 4.1 Precursors and solvothermal conditions for synthesizing NVOPF in different shapes. 

NVOPF Shape Na:V:P:F Synthesis 
Temperature Duration Precursors 

Micronparticle 3:2:2:3 180 °C 12 hr NH4VO3, NH4H2PO4, NaF 
Nanobrick 3:2:2:3 180 °C 12 hr 

NH4VO3, NH4H2PO4, NaF, GO Micronbrick 3:2:2:3 140 °C 24 hr 
Nanorod 3:2:2:3 220 °C 6 hr 

Nanopellet 7:2:2:3 180 °C 16 hr NaVO3, NaH2PO4, NaF, GO 
Nanoparticle 3:2:2:1 180 °C 16 hr NaVO3, NH4H2PO4, NaF, GO 
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Chapter 4.2.2 Li-Ion Exchange for Na3(VO)2(PO4)2F-rGO  

  An electrochemical ion-exchange process was used to exchange Na ions with Li ions in 

NVOPF-rGO,. The NVOPF-rGO was made into electrodes with carbon and binder by mixing 

followed by doctor blading (detailed in section 4.2.4.) The electrode was ion-exchanged in a 1M 

LiPF6 in ED/DMC electrolyte using cyclic voltammetry (CV) with a sweep rate of 0.5 mV s-1 

between 3 V and 4.4 V (vs. Li/Li+) for several cycles until obtaining repeatable CV curves. For 

comparison, chemical ion-exchange was also carried out on the NVOPF particles using a 3M 

LiBr (98%, Sigma Aldrich) 1-hexanol (98%, Sigma Aldrich) solution. 50 mg NVOPF-rGO 

mixed with 20 mL ion-exchange solution was ultrasonicated for 1 hour to form a stable and 

uniform suspension. The solution was transferred to a 40 mL Teflon liner, sealed in a Parr bomb 

and heated to 160 °C for 48 hr to complete the ion-exchange process. The chemically exchanged 

NVOPF-rGO was retrieved from the suspension by vacuum filtration, followed by three washing 

steps with methanol and drying in an oven at 60 °C overnight.  

 

Chapter 4.2.3 Materials Characterization  

 Thermogravimetric analysis (TGA; SDT Q-600, TA instruments) was used to determine 

amount of rGO in NVOPF-rGO after synthesis. Scanning electron microscopy (SEM; Nova 230 

Nano SEM) and high-resolution transmission electron microscopy (HRTEM; TF20, FEI) were 

used to characterize surface morphologies of NVOPF-rGO. Energy-dispersive XRD 

spectroscopy (EDX) was used to determine the elemental ratio in different NVOPF-rGO samples 

before and after the ion exchange process. X-ray diffraction (XRD; PANalytical, X’PertPro) 

using Cu-Kα (λ = 1.54 Å) was used to identify the phase transition and crystallinity of NVOPF-

rGO,  
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Chapter 4.2.4 Electrochemical Characterization  

 The NVOPF-rGO electrodes were prepared by doctor blading a uniform slurry which 

contained NVOPF-rGO particles, P3HT binder, and CNT as a conductive additive. The NVOPF-

rGO, P3HT, and CNT were mixed thoroughly in DCB (dichlorobenzene) with a weight ratio of 

95:4:1 by using a mortar and a pestle. The brown-black slurry was cast onto an aluminum foil 

and kept at ambient temperature for one hour to slowly evaporate the solvent, followed by 

completely drying in a vacuum oven at 110 °C overnight. To make electrodes, the coated foil 

was punched into 1 cm2 discs, which had a mass loading of 1.5~ 2 mg cm-2. The electrodes were 

tested in a 2-electrode configuration using a 2032 coin cell with a glass fiber separator, a lithium 

metal counter electrode, and 1M LiPF6 in EC/DMC (1:1 in volume) electrolyte. Electrochemical 

properties were investigated by using a VMP potentiostat/galvanostat (Bio-Logic). Kinetic 

analysis was carried out using cyclic voltammetry (CV) measurements with sweep rates between 

0.1 mV s-1 and 1 mV s-1 and a voltage range of 3 V to 4.4 V (vs. Li/Li+). The capacity of the 

electrodes was determined by galvanostatic charge-discharge (GCD) measurements using C-

rates varying from 0.5 C to 20 C (1C = 130 mA g-1)  over the potential range between 3 V and 

4.5 V (vs. Li/Li+). For comparison, electrodes were also tested in an electrolyte consisting of 1M 

NaPF6 in diethylene glycol dimethyl ether (DGDE).  In this case the potential range varied 

between 3 V and 4.2 V (vs. Na/Na+).   
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Chapter 4.3 Results and Discussion 

 

Chapter 4.3.1 Synthesis and Characterization of NVOPF-rGO 

 The NVOPF-rGO synthesized here exhibits relatively small particle sizes compared with 

that using solid-state heat treatments. By incorporating GO into the synthesis, the particle size 

was further reduced to the submicron level or even below 100 nm. The NVOPF-rGO particle 

contains 18 wt% rGO (Figure 4.3). Figure 4.4 shows SEM images for the NVOPF crystals 

prepared with and without GO additions with a precursor ratio Na:V:P:F = 3:2:2:3. Without the 

GO addition, the NVOPF crystals formed bulky agglomerates (Figure 4.4a) with the size around 

5 to 10 µm. The microparticles (green) exhibit poor electronic conduction which is unfavorable 

for high-rate Li storage. In contrast, by adding GO to the synthesis, the NVOPF particles grown 

on rGO (NVOPF-rGO) show reduced size of 300 nm in Figure 4.4b. Using the GO as a substrate 

provides numerous nucleation sites for growing NVOPF and successfully separates NVOPF 

particle-particle contacts. This approach leads to reduced particle size on the rGO sheets. In 

addition, morphologies of NVOPF-rGO were controlled by tuning synthesis temperatures and 

duration listed in Table 4.1, including nanobrick, micronbrick, nanorod, nanopellet, and 

nanoparticles (Figure 4.4b-f).  

Figure 4.3 TGA analysis on 
NVOPF-rGO particles. 
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 XRD patterns and HRTEM images in Figure 4.5 were used to help us understand growth 

mechanism of the NVOPF particles in different morphologies. Fig. 4.5a shows the patterns for 

NVOPF particles all match with the tetragonal P42/mnm symmetry of JCPDS 76-3845 regardless 

of morphologies  HRTEM images in Fig. 4.5b show edge of a NVOPF nanobrick. Through the 

HRTEM, lattice planes perpendicular to the edge can be easily observed, and the spacing 

between each layer is 0.53 nm, corresponding to the (002) lattice planes matched on the XRD 

patterns.  

 It is noted that different aspect ratios for the NVOPF particles can be determined from the 

SEM images as well. Figure 4.6a summarizes NVOPF geometries derived from the SEM images. 

The individual particles generally exhibit a cubic facet (length a) with an extended length along 

another axis (length c), leading to different aspect ratios. The nanobrick (acting as a synthesis 

5 µm 

3:2:2:3 Na:V:P:F 
w/o GO 

180 °C/12 hr 

5 µm 

140 °C/24 hr 
3:2:2:3 Na:V:P:F 

(a) (c) 

3 µm 

3 µm 

(b) 180 °C/12 hr 
3:2:2:3 Na:V:P:F 

220°C/6hr 
3:2:2:3 Na:V:P:F 

(d) 

1 µm 

3:2:2:1 Na:V:P:F  
180°C/16hr 

7:2:2:3 Na:V:P:F   
180°C/16hr 

2 µm 

(e) (f) 

Figure 4.4 SEM images for (a) bulk NVOPF particles synthesized w/o GO and with rGO (b) NVOPF-
nanobrick, (c) NVOPF-micronbrick, (d) NVOPF-nanorod, (e) NVOPF-nanopellet, and (f) NVOPF-
nanoparticle. 
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baseline) has a length a between 200 nm and 500 nm with an aspect ratio between 1 and 3. When 

synthesized under the conditions of lower temperature (140 °C) or longer time (24 hours), the 

NVOPF-rGO retained the same aspect ratio and grew into micron-size crystals (micronbrick). 

The micronbrick has length a varying from 900 nm to 1.5 µm with aspect ratios similar to the 

nanobrick. In the synthesis at 220 °C, NVOPF nanorods are created with length a ranging 

between 200 nm and 500 nm and an aspect ratio from 2 to 10 even though the synthesis time was 

only 6 hours. Fluorination in NVOPF becomes more favorable at elevated temperatures and 

extends crystal growth along the [002] direction, leading to higher aspect ratio compared with 

low-temperature synthesis. In addition to tuning synthesis environments, we further reduced the 

dimensions by using different amounts of precursor. Adding more Na precursor (Na:V:P:F = 

7:2:2:3) forms the NVOPF-rGO nanopellet with an aspect ratio of 0.3 - 0.5. Reducing the 

fluorine ratio (Na:V:P:F = 3:2:2:1) decreases the particle size and leads to the formation of 70 

nm NVOPF-rGO nanoparticles. Rather than having cubic facets, the nanoparticles have 

relatively round surfaces, making aspect ratios difficult to calculate.  

Figure 4.5 (a) X-ray diffraction patterns for NVOPF-rGO particles. (b) A HRTEM image for NVOPF 
nanobrick. Inset shows the lattice plane along the growth direction in a higher magnification.     
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 Since we have learned the length c is associated with the [002] direction in the NVOPF 

structure, peak intensity ratio of (002)/(200), which should also vary with the NVOPF aspect 

ratios, is also listed in the Fig. 4.6a. As expected, by comparing NVOPF nanorods, nanobricks, 

and nanopellets, the peak intensity ratio clearly increases with their aspect ratios. This indicates 

the [002] direction is the preferred orientation for NVOPF growth, and is consistent with the 

results from similar peak ratios for microbricks (0.98) and nanobricks (0.8) because of their close 

aspect ratios. Although it is difficult to define an aspect ratio for NVOPF nanoparticles, the small 

peak intensity ratio (0.39) can still tell the (002) growth was greatly suppressed for getting the 

small particle size.            

  

 

 Figure 4.6b shows a formation energy diagram during the synthesis of the NVOPF 

crystal, considering structure and morphology variations under different synthesis conditions. 
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Figure 4.6 (a) summary of aspect ratio (c/a) and cube length (a) for different NVOPF particles. 
XRD peak intensity ratios (002)/(200) are also listed.(b) Formation energy diagram derived by 
density-function theory (DFT) calculation for variation of vanadium structure during the NVOPF 
synthesis. 
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Crystal structures of different vanadium compounds, including VO2 layered structures (T1), 

single layer of VO5 pyramids (T2), single layer of VPO4 (T3, VO6 octahedra and PO4 

tetrahedra), VPO4F layered structures (T4), and finally, the NVOPF (T5), are considered in this 

DFT calculation. The T1 step in the diagram shows that addition of sodium ions and water 

molecules raises the overall formation energy and reduces crystalline size by exfoliation of 

layered VO2 structures, whereas T4 indicates that addition of fluorine decreases the formation 

energy by bridging the layered VPO4 into VPO4F. The latter has a preferred growth orientation 

along the NVOPF [002] direction, or the c axis. Therefore, the particle size and aspect ratio of 

NVOPF can both be reduced either by increasing the sodium concentration, or by decreasing the 

fluorine concentration, which is consistent with our synthesis variables for nanopellet and 

nanoparticles.  

  

Chapter 4.3.2 Ion-exchange on NVOPF-rGO Electrodes 

 The ion-exchange process for NVOPF-rGO electrodes was carried out in the first cycle in 

a conventional 1M LiPF6 in EC/DMC electrolyte. Figure 4.7 shows the first three CV cycles for 

NVOPF nanobricks. The first charging cycle for the desodiation process shows different peak 

current and voltage responses compared to the subsequent discharge curve, indicating that the 

desodiation process has a different potential barrier compared with the de-/lithiation process. The 

sequential overlap of subsequent CV cycles implies that the ion exchange was completed after 

the first cycle. 
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 To understand the structural change of NVOPF during Li-exchange,  ex-situ XRD 

analysis in Figure 4.8 was carried out on the electrode at different open-circuit voltages (OCV). 

The NVOPF-nanobrick electrodes were charged/discharged at 1C in a Swagelok-type cell to 

different potentials and held at the assigned potentials for more than 3 hours until the recorded 

current dropped below 5 mA/g. The retrived electrodes were washed with DMC, dried under 

vacuum at room temperature, and characterized by XRD immediately after removal from inert 

atmosphere. Figure 4.8a shows the electrodes charged/discharged to different potentials. The 

OCV and estimated stoichiometry for points 1 to 5 are as follows: 3.4 V:fresh electrode, 4 V: 

Na2(VO)2(PO4)2F, 4.3 V: Na(VO)2(PO4)2F, 4 V: discharged, LiNa(VO)2(PO4)2F, and 3 V: 

discharged, Li2Na(VO)2(PO4)2F. 

Figure 4.7 Electrochemical Li-ion exchange on NVOPF performed by cyclic 
voltammetry using a sweep rate of 0.5 mV/s. 
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Figure 4.8 Ex-situ XRD characterization on NVOPF nanobricks at different stages of Li-ion exchange. 
The complete exchange started with Na deintercalation process by charging from 3.4 V to 4.4 V, 
followed by Li intercalation process by discharging from 4.4 V to 3 V.  (a) The galvanostatic charging-
discharging curves for the Li exchange and different OCVs where the electrodes were retrieved. (b) 
The corresponding XRD patterns for the electrodes at different OCVs.  
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 The corresponding XRD patterns in Figure 4.8b show that the NVOPF underwent a phase 

transfomation during both Na de-intercalation and Li intercalation/exchange process. A new 

peak at 44.5° emerged when the potential increased from 3.4 V to 4 V and formed a complete 

peak at the end of Na de-intercalation at 4.3 V. The peak remained after the electrode was 

charged to 4.45 V and discharged down to 4 V, where the NVOPF was partially reintercalated 

with Li ions, indicating the intercalation of Li is a solid-solution process. The peak then 

disappeared after discharging the electrode to 3 V, indicating the Li-exchanged NVOPF retained 

the same structures with the fresh Na-rich electrode. In the earlier study done by Sharma and 

Serras et. al., the NVOPF structures underwent two phase transformations at the end of each 

plateau during discharge.137 However, our results with Li show there is only one phase 

transformation happening at the lower potential plateau, indicating the Li reintercalation caused 

less lattice strain and suppressed the phase transformation above 4.2 V. It is also noted that the 

representitive XRD peaks above 45° are attenuated because the the crystal structures of NVOPF 

became more disordered after the Li exchange.   

 Figure 4.9 shows EDX analysis on NVOPF nanobricks before and after ion exchange. 

The stoichiometry of NVOPF before Li-ion exchange is 3:2:2:1 for Na:V:P:F, which is 

consistent with the atomic ratio derived from the EDX study in Fig. 4.9a. The EDX results for 

NVOPF after the ion exchange are shown in Figure 4.8b. After ion-exchange, it is expected that 

two Na ions will be replaced by two Li ions, leading to a ratio of 1:2:2:1 for Na:V:P:F. However, 

the atomic ratios in Fig. 4.9b show excess amounts of Na, indicating the Na ions formed SEI on 

the electrode surface rather than diffusing into the electrolyte. The excess F content is from the 

degradation of over-oxidized P3HT as the binder in the electrodes. Therefore, it is difficult to 

determine the exact stoichiometry of ion-exchanged NVOPF using EDX analysis. A HR-TEM 
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image in Figure 4.10a further confirms the SEI and shows surface layer of Li-exchanged 

NVOPF. After the ion exchange, SEI grown on the NVOPF surface is about 5 nm. Notably, the 

Li exchange also reduced the (002) spacing in the surface layer of NVOPF from the 0.53 nm 

down to 0.48 nm. Figure 4.10b shows this 10% contraction also causes incoherent interfaces in 

the surface layer. This lattice contraction suggests that extra cations remained in the surface 

layers after ion exchange. 
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Figure 4.9 EDX elemental distribution for the NVOPF nanobrick electrode (a) before Li-ion 
exchange and (b) after Li-ion exchange. 

Figure 4.10 (a) A HR-TEM image for NVOPF nanobrick after Li exchange. (b) A magnified image of 
the selected area in (a), showing the interface between the (002) planes with different spacing.  
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Chapter 4.3.3 Charge-storage Kinetics for NVOPF-rGO in Na and Li Electrolytes  

 To understand the kinetic difference for Na and Li ions in NVOPF, the nanobrick 

electrodes were tested both in Na and Li electrolytes. The electrolytes used for Na and Li were 

1M NaPF6 in DGDE and 1M LiPF6 in EC/DMC, respectively, and the voltage window was 3.3V 

– 4.2V for Na and 3V – 4.4V for Li on the basis of their difference in reduction potentials (Na: -

2.71 V vs. SHE, Li: -3.04 V vs. SHE). Figure 4.11a and Figure 4.11c show the CV curves for a 

NVOPF-nanobrick electrode cycled in the Na and Li electrolytes, respectively. For the NVOPF 

electrode in Na	

electrolyte, two redox pairs corresponding to V4+/V5+ transition are found at around 3.6 V and 4 

V at a sweep rate of 0.1 mV s-1. These redox peaks correspond to 3.85 V and 4.25 V for the 

electrode in Li electrolytes shown in Fig. 4.11c.  

 The similar potential difference of 0.4 V between the paired redox peaks indicates the 

NVOPF structure can work as a host both for Li and Na ions. Charge storage mechanisms and 

their dependence on the different electrolytes were studied by b-value analysis obtained by 

determining the peak currents (I) at different sweep rates (v) from the CV curves using the 

following equation,44,10  

 

I = avb            (2) 

  

the power b indicates whether the charge-transfer mechanism is limited by diffusion-control (b = 

0.5) or is a surface-controlled process (b = 1). Figure 4.11b shows the b values for NVOPF tested 

in the Na electrolyte. The redox pair at lower potential (~3.6 V) exhibits relatively slow kinetics 

by showing b = 0.56 for the anodic peak and b = 0.55 for the cathodic peak, whereas the redox 
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pair at higher potential (4V) exhibits b = 0.72 and 0.71 for the anodic and cathodic peaks, 

respectively. The higher b-value (b ~ 0.7) at the high potential In contrast, the value of b ~ 0.55 

at lower potential indicates that the charge storage involves a semi-infinite diffusion-controlled 

reaction, which is consistent with multiple-phase transformation found by Sharma and Serras et. 

al..134,137  

  

Figure 4.11 b-value analyses on NVOPF nanobrick electrodes tested in different electrolyte systems. 
(a) CV curves for the electrode cycled in 1M NaPF6 in DGDE. (b) b-values derived from CV curves in 
(a). (c) CV curves for the electrode cycled in 1M LiPF6 in 50/50 EC/DMC. (d) b-values derived from CV 
curves in (c).  
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 The same analysis was also carried out with the Li electrolyte shown in Figure 4.11d.  

Compared to the analysis for Na, the low-potential redox peaks for Li+ are somewhat higher with 

values of b = 0.72 for the anodic peak and and b = 0.68 for the cathodic peak. At the potential at 

4.2 V, both cathodic and anodic peaks exhibit b = 0.8. By correlating this data with the ex-situ 

XRD, we are able to associate the lower b values (at low potential) with Li-storage through the 

phase transformation, whereas the better kinetics at high potential are associated with charge 

storage from the solid solution.  

 

Chapter 4.3.4 Electrochemical Studies on NVOPF-rGO of Different Morphologies 

 Figure 4.12 shows SEM images for different NVOPF electrodes exhibiting a 

homogenous distribution of particles and carbon nanotubes with uniform coverage of P3HT 

binder. Figure 4.13 shows the rate dependence based on GCD measurements for different 

NVOPF electrodes. At the rate of 0.5 C, the NVOPF-micronbrick stores only a capacity of 108 

mAh g-1, which is much lower than its theoretical 130 mAh g-1,138-140 indicating the micronbricks 

were not fully involved in the insertion/deinsertion process. In contrast, other NVOPF 

nanostructures show an average capacity of 120 mAh g-1. By comparing NVOPF nanobricks 

tested in Li and Na electrolyte, we found the storage with Li also demonstrated higher capacity at 

0.5 C (126 mAh  g-1 in Li vs. 120 mAh g-1 in Na) and better rate capability. All the nanosccale 

NVOPF particles are expected to become electrochemically active because their high diffusion 

coefficients for Li and Na ensure that their diffusion length is greater than their physical 

dimensions.xx-xx For capacity stored at higher rates, the NVOPF morphologies including particle 

size and aspect ratio are both important. For example, the capacity stored in NVOPF-nanorod at 

0.5C (118 mAh g-1) drops rapidly to 63 mAh g-1 when using a C-rate of 20C, whereas the 
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nanobrick electrode (red) stores 120 mAh g-1 at the slow rate and retains a capacity of 98 mAh g-

1 at the rate of 20C. The improved kinetics were also found for the NVOPF-nanopellet and 

NVOPF-nanoparticle electrodes, which exhibit a capacity of 101 mAh g-1 and 107 mAh g-1 at 20 

C, respectively. These results demonstrate that the NVOPF shows better rate capacity with the 

reduced aspect ratios and particle sizes.  

Figure 4.12 SEM surface morphologies for different NVOPF electrodes; (a) 
micronbrick (b) nanobrick (c) nanorod (d) nanopellet (e) nanoparticles.  

Figure 4.13 Rate Capability of NVOPF in different morphologies. 
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 The cycling properties of electrode materials subjected to fast charging and discharging 

plays an important role for use as a practical high-rate material. Figure 4.14a shows long-term 

cycling for nanobrick and nanoparticle electrodes at the rate of 20C. Although the nanobrick 

electrode stored a somewhat lower capacity of 96 mAh g-1 vs. 106 mAh g-1 for the nanoparticle 

electrodes, the nanobrick material exhibits better capacity retention.  The capacity for the 

nanoparticle electrode dropped 15% in 200 cycles whereas the nanobrick electrode decreased 

24% over 1000 cycles. Figure 4.14b shows that the Coulombic efficiency for both electrodes 

started at nearly 99.5%. Both decreased thereafter, with the nanoparticle electrode exhibiting a 

somewhat faster efficiency decay, suggesting that the surface of nanoparticles might be prone to 

electrolyte breakdown and becomes unstable during high-rate cycling.  

Figure 4.14 (a) Long-term cyclibility and (b) Coulombic efficiency for the nanoparticle and 
nanobrick electrodes.  
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Chapter 4.4 Summary 

 Li-exchanged NVOPF-rGO in different morphologies were synthesized and studied for 

high-rate cathode materials for Li-ion storage. By controlling the precursor ratios, the NVOPF 

was grown into micronbrick, nanobrick, nanorod, nanopellet, and nanoparticles on rGO sheets. 

The growth mechanism for different particles was hypothesized by DFT calculation and verified 

to some degree using XRD. The aspect ratio of NVOPF particles increased with crystal growth 

along the [002] direction, whereas the cube size or particle size (a) correlates with crystal size 

along the [220] direction. The electrochemical ion exchange of NVOPF particles was 

successfully demonstrated in Li electrolytes. b-value analysis indicated that charge storage in the 

NVOPF using Li ions was less diffusion-controlled compared to using Na ions. For 

electrochemical performance, the NVOPF particles stored capacity for more than 100 mAh g-1 at 

a slow rate of 0.5C. Among the different morphologies, the nanoparticle electrode demonstrated 

the best rate capability, however, the surface instability might become an issue with extended 

cycling at high charge-discharge rates. In contrast, the NVOPF nanobricks showed good long-

term cyclibility at 20C with 76% capacity retention after 1000 cycles. Detailed mechanisms for 

explaining better kinetics but losing cyclability for NVOPF nanoparticles require further 

investigation. Ultimately, these results demonstrate the impact of morphology on the kinetics for 

Li-ion exchange, the charge storage process and the suitability of NASICON-type structures for 

Li high-rate cathode materials.  
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Chapter 5. Fabrication of Nb2O5-based High Power Battery (HPB) 

 

Chapter 5.1 Research Background 

High power batteries (HPB) have received considerable attention because of the rapid 

growth of the interest in renewable technologies and electric vehicles (EV).141-143 The batteries 

used for such applications require specific properties more than high power density, such as 

stability, life span, and most importantly, safety.144-146 Traditional batteries based on graphite and 

lithium cobalt oxide (LCO) electrodes find difficulty in meeting these requirements because of 

their low power and energy density due to surface side reactions with electrolyte (Figure 5.1).147 

Therefore, researchers have been incorporating innovative chemistries that allow fast 

charging/discharging, such as using lithium titanate (LTO) in place of graphite and replacing 

lithium cobalt oxide (LCO) with lithium manganese oxide (LMO).148-151 These electrode 

materials have three-dimensional open crystal channels that provide facile lithium transport and 

stable surface chemistry that ensures thermal stability and low-temperature cyclability.152,153 

Recently, Toshiba has commercialized their HPB using this chemistry, an indication that the 

evolving EV industry has a great need for materials and devices.154 Details for Toshiba HPBs are 

listed in Table 5.1.149,150 Three different chemistries using LTO//LCO, LTO//LMO, and 

LTO//NCM (Lithium nickel cobalt manganese oxide) have been scaled up to at least 3-Ah-grade 

pouch cell batteries, with capacities of 66 Wh kg-1, 64 Wh kg-1, and 90 Wh kg-1, respectively. It 

should be noted that the mass used for normalizing includes the weight from the entire device. 

Among the devices, LTO//LMO becomes the most impressive because of its excellent rate 

capability with such high mass loading. The capacity suffers only a 5% loss when its discharging 

time was shortened from one hour (1C) to one minute (50 C). Despite great discharge 
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performance, the LTO//LMO still requires a charging time as long as one hour, which has always 

been a concern for efficiently powering consumer electronics and EVs.150  

 

 

 

 

 

 

Table 5.1 Specifications for different commercial high-rate batteries.  

HPB Type LTO//LCO150 LTO//LMO149 LTO//NCM149 

Device Energy Density 66 Wh/kg 64 Wh/kg 90 Wh/kg 

Company/Research Toshiba Toshiba Toshiba 

Case Laminated film Laminated film Al metal can 

Nominal Capacity (1C) 3.2 Ah 3.3 Ah 20 Ah 

Total Mass 117 g 128 g 510 g 

Nominal Voltage 2.4 V 2.5 V 2.3 V 

Maximum C-rate 

(1C Charging) 
50C/80% 50C/95% 8C/100% 

Figure 5.1 Cyclic voltammetry profiles for traditional battery components: MCMB anode, 
LCO cathode, and LP30 electrolyte.147 The operating voltage range for electrode materials 
encloses potentials for electrolyte breakdown.  
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Nb2O5 is an attractive material as negative electrode because of its rapid storage through 

pseudocapacitance and potential scalability for commercialization.16,19,21,31 Its charge-discharge 

profile shows a linear slope storing charges at the potential higher than where electrolyte 

breakdown occurs. With well-designed Nb2O5 electrodes, researchers have demonstrated several 

impressive features, such as very rapid charging/discharging (120 mAh g-1 in 1 min),16,19 high 

volumetric capacity (962 F cm-3 at 1C),31 and high mass loading (1.6 mAh cm-2 at 10C),21 

indicating that Nb2O5 may be useful for commercial HPBs. Nb2O5 also exhibits properties which 

are attractive for high-power operation, such as good cycling stability, no SEI formation, and 

thermal stability.16,20 What makes Nb2O5 especially interesting is its pseudocapacitive charge 

storage properties, which offers the prospect of charging today’s high-power devices in seconds 

rather than minutes.155,156 For these reasons there is great interest developing Nb2O5-based HPBs 

with a focus on fast charging properties. 

 In constructing Nb2O5-based HPBs, we must consider the following cell optimization 

considerations: 1. Both positive and negative electrodes store the same amount of capacity.157 2. 

Both positive and negative electrodes have similar kinetics.158 3. Electrolyte retains good 

stability over the full cell operating voltage range.159 The first feature is to ensure that the same 

amount of charge can be “shuttled” between the positive and negative electrodes. Capacity 

mismatch would lower the total energy density of a full cell because the device capacity would 

be limited by the lesser capacity electrode.161-163 The second consideration is that both electrodes 

have a similar rate performance. Kinetic mismatch would lead to capacity mismatch at higher 

rates. The capacity for a kinetically mismatched full cell would decrease at high cycling rates, 

and its kinetics would be limited by whichever electrode has the slower charge transfer 

properties. Finally, electrolyte solvents, such as EC, DMC, PC, are very reliable for being cycled 
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over a wide potential range.163,164 However, any mismatch would cause the cell voltage window 

to shift outside a stable potential range. Once the cell operation voltage falls outside the stable 

range of the electrolyte, the full cell would show serious capacity fading because of electrolyte 

degradation.  

 In this chapter, three different types of Nb2O5-based high power batteries, Nb2O5//LMO, 

Nb2O5//NVOPF, and Nb2O5//NCA, were constructed and demonstrated with fast 

charging/discharging at rates faster than 20 C. Figure 5.2 displays GCD curves used to determine 

voltage ranges for different full-cells, showing that the ideal cell voltage ranges for 

Nb2O5//LMO, Nb2O5//NVOPF, and Nb2O5//NCA are 1.5 V – 3.3 V, 1 V – 3 V, and 0.8 V – 3V, 

respectively. Kinetic analysis was used to understand charge storage limitations in each full cell, 

and the results provide some useful information regarding electrode preparation and device 

operation for the full cells.   

 

Figure 5.2 Paired half cell GCD curves in different full cells for estimation of full-cell voltage range.  
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Chapter 5.2 Experimental 

 

Chapter 5.2.1 Preparation of Nb2O5, NCA, NVOPF, and LiMn2O4 (LMO) Electrodes 

 Detailed formulations for electrodes including Nb2O5-rGO, NCA, NVOPF-rGO, and 

LMO are listed in Table 5.2. Synthesis for Nb2O5-rGO (12 wt% rGO) and NVOPF-rGO 

(nanobrick, 15 wt% rGO) are detailed earlier in Chapter 2 and Chapter 4, respectively. 

Nanoporous LMO derived from sol-gel synthesis was kindly provided by Prof. Sarah Tolbert’s 

group.26 Commercial NCA powders were obtained from Quallion Corp. (Sylmar, CA). Carbon 

nanotube, carbon nanofiber, P3HT, DCB, and NMP were purchased from Sigma-Aldrich and 

were described in previous chapters. Carbon black super-P was purchased from Alfa Aesar. The 

electrodes were made by doctor-blading different slurries that contained active materials, 

conductive carbons, and polymer binders in mass ratios detailed in Table 5.2. The Nb2O5 anodes 

were cast on stainless steel foils, and NCA, NVOPF, and LMO cathodes were prepared on 

aluminum foils. The material-coated foils were dried thoroughly in a vacuum oven at 110 °C 

overnight. Electrode discs were made by punching the foil using a 7/16” puncher, leading to a 

total mass loading of 1~1.5 mg cm-2.  

Table 5.2. Electrode formula for full cell construction. 
Electrode Active Materials (wt%) Carbon (wt%) Binder (wt%) Solvent (%) Substrate 

Nb2O5 Nb2O5-rGO(80) Super P(10) PVdF(10) NMP Stainless Steel 

LMO LiMn2O4(80) CNT(10) CNT(5) P3HT(5) DCB Aluminum foil 

NVOPF Na3(VO)2(PO4)2F-rGO(95) CNT(1) P3HT(4) DCB Aluminum foil 

NCA LiNi0.8Co0.15Al0.05O2(90) CNT(3) CNF(4) P3HT(3) DCB Aluminum foil 
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Chapter 5.2.2 Construction of Full Cell Devices 

 Full cell devices were constructed by pairing Nb2O5 negative electrode and different 

positive electrodes that both store a similar amount of capacity. Details about electrode 

parameters for pairing different full cells are listed in Table 5.3. Before assembling the devices, 

Nb2O5 electrodes were pre-cycled in 1M LiPF6 in EC/DMC (50:50 vol%) with a Li counter 

electrode in a Swagelok® cell. The pre-cycling was carried out by cyclic voltammetry between 

1.2 V and 2.2 V vs. Li/Li+ using 1 mV s-1 as the sweep rate for 5 cycles. To make a full cell, the 

pre-cycled Nb2O5 electrodes were retrieved at a constant open circuit voltage (OCV) of 2.2 V, 

followed by assembly with LMO, NVOPF, and NCA electrodes with the same electrolyte in 

2032 coin cells. The LMO and NCA electrodes used for pairing were freshly-made, whereas the 

NVOPF electrode was used after being ion-exchanged with Li. Cell construction was done in an 

Ar-filled glovebox whose oxygen and moisture levels were both less than 0.5 ppm.  

	 	

	 Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) were carried out 

using a VMP potentiostat/galvanostat (Bio-Logic). As-prepared full cells stood for 3 - 6 hr for 

electrolyte wetting purposes until they reached a stable OCV. The stabilized OCV of a fresh 

assembled full cell was around 0.7 - 0.9 V. Before testing charging-discharging performance, 

each cell was initiated by using CV for 5 cycles to activate its positive electrode. Details for the 

Table 5.3 Electrode parameters for pairing different full cells.  

Full Cell N.E. 
capacity 

P.E. 
capacity 

A.M. 
loading 

Mass ratio 
(NE:PE) 

Initiation 
voltage range 

Initiation  
CV rate  

Measured 
capacity  

Nb2O5//LMO 0.11 mAh 0.08 mAh 1.71 mg 45:55 2 – 3 V 1 mV s-1 0.07 mAh 

Nb2O5//NVOPF 0.16 mAh 0.14 mAh 2.05 mg 45:55 1.4 – 3 V 1 mV s-1 0.13 mAh 

Nb2O5//NCA 0.18 mAh 0.18 mAh 2.15 mg 60:40 1 – 3 V 0.5 mV s-1 0.17 mAh 

*N.E.: negative electrode, P.E.: positive electrode, A.M.: active mass, including both electrodes, CV: cyclic 
voltammetry  
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initiation process on different cells, such as voltage ranges and CV sweep rates, are also listed in 

Table 5.3. The apparent capacity C (mAh) for different full cells was determined from their CV 

curves, from the following equation: 

 

𝐶 =  !
!.!

!"#
!

!!
!!

                    (5.1) 

 

where I is the measured current response (mA), V1 and V2 are initial and final potentials (V), and 

v is the sweep rate (mV s-1). Selected CV curves were used to study electrode kinetics from the 

following equation:44,10  

 

I = avb             (5.2)  

  

where I is the peak current, v is the sweep rates, and the power of b indicates whether charge-

transfer mechanism is limited by diffusion-controlled (b = 0.5) or surface-controlled processes (b 

= 1). Rate performance of the full cells was carried out over an extended potential range by GCD 

using a C-rate on the basis of their apparent capacity (1 C-rate = 43 mAh g-1 for Nb2O5//LMO, 

65 mAh g-1 for Nb2O5//NVOPF, and 83 mAh g-1 for Nb2O5//NCA) and total active mass from 

both electrodes. 
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Chapter 5.3 Results and Discussion 

 

Chapter 5.3.1 Kinetic study on Nb2O5-rGO Electrodes    

 Figure 5.3a shows CV curves for a Nb2O5 electrode. The curves show characteristic 

peaks for the redox reaction leading to the formation of LixNb2O5. As mentioned in Chapter 2, 

the Nb2O5 stores charges through a pseudocapacitive mechanism below a potential of 1.8 V, 

showing a b-value constantly close to 1. Similar b-value variation is demonstrated in Figure. 

5.3b, indicating Li intercalation (discharging) and de-intercalation (charging) in the Nb2O5 thick 

electrode are both dominated by a surface-controlled process. It is also noted that the b-value 

increases during discharging and charging, suggesting that lithiated Nb2O5 shows better kinetics 

for intercalation compared to unlithiated Nb2O5. This unique kinetic change has been 

explained.16     

Figure 5.3 (a) CV curves for an Nb2O5 electrode at different sweep rates. (b) 
Variation in b-value as a function of potential derived from charging and 
discharging CV curves in (a).  
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 To ensure capacity matching at different rates, the capacity of the Nb2O5 electrode was 

determined by GCD using different C-rates. Figure 5.4 shows the variation in capacity and 

coulombic efficiency at different charge/discharge times. Two potential windows, 1 - 2.5 V and 

1.2 – 2.5 V, were also studied to determine the stability of the electrolyte at different rates. As 

shown in Fig. 5.4a, the Nb2O5 electrode always stored more capacity with the larger potential 

window. For the small window of 1.2 – 2.5 V, the Nb2O5 electrode stored 132 mAh g-1 at a rate 

of 1C (1C = 140 mA g-1) and only 85 mAh g-1 at 30C. In contrast, with the larger window, the 

capacity increased to 163 mAh g-1 at the rate of 1C and 100 mAh g-1 at 30C. Notably, the 

difference of capacity measured at the rate of 1C is much higher than that at the 30C, indicating 

that expanding the potential window to obtain more capacity stored in Nb2O5 is less effective 

when cycling the material with the faster rate. 

 

 Figure 5.4b shows the coulombic efficiency variation at different rates. The efficiency for 

both cells dropped at the slower rates regardless of their potential windows. The efficiency loss 
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Figure 5.4 Electrochemical properties of Nb2O5:  (a) Capacity and (b) coulombic efficiency 
dependence on different charging (discharging) times. These properties were studied in two 
potential windows (1-2.5 V vs. 1.2-2.5 V) to determine correlation between rate performance 
and electrolyte stability.  
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with Nb2O5 is caused by SEI formation and electrolyte breakdown at lower potential occurring at 

a slow cycling rate.16,45,46 In addition, electrolyte breakdown became more serious along with 

greater efficiency loss when pushing the lower potential limit down to 1 V. However, when 

using a rate faster than 10C, the efficiency soon recovered to 100% for both potential windows. 

This indicates that the Nb2O5 electrode became more reliable with negligible efficiency loss 

when it was cycled at the faster rate.   

 

Chapter 5.3.2 Nb2O5//LMO HPBs 

 After realizing the Nb2O5 is a potential anode material, the next step is to find another 

pseudocapacitve cathode for kinetic matching. LMO has demonstrated great improvement in 

kinetics through nanostructuring.26,153,165 Therefore, we decided to use nanoporous LMO as 

reported in a recent publication as the cathode.26 The nanoporous LMO particles showed 

extraordinary fast kinetics by storing charges through solid-solution reaction, capacitive CV 

curves and b-value equal to 1. In the paragraphs below, we focus on the electrochemical 

properties of Nb2O5//LMO full cells as the properties of the individual electrodes have already 

been reported.  

 Capacity matching plays an important role in constructing a Nb2O5//LMO full cell. 

Figure 5.5a show individual CV curves at a sweep rate of 1 mV s-1 for Nb2O5 and LMO 

electrodes. The Nb2O5 stores a capacity of 140 mAh g-1 between 1.2 V and 2.2 V, whereas the 

LMO stores has a capacity of 80 mAh g-1 between 3.5 V and 4.5 V. Based on this information, 

the appropriate mass ratio of Nb2O5:LMO for pairing should be 4 : 7, and the full cell with paired 

electrodes is expected to operate between 1.8 V and 3.1 V. By taking capacity loss into account 
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for SEI formation on fresh LMO electrodes, the paired capacity ratio has been optimized to be 9 : 

11 corresponding to the pre-cycled Nb2O5 electrode and a fresh LMO electrode.  

 Figure 5.5b and 5.5c compare CV curves for Nb2O5//LMO full cell paired in different 

capacity ratios. The ideal pairing in Fig. 5.5b demonstrated repeatable CV curves between 2 V 

and 3 V, whereas the cell in Fig. 5.5c, which had less capacity for its negative electrode, 

exhibited shifted CV curves toward higher potential with each cycle. The current fading at the 

defined potential range was caused by over-discharge on the Nb2O5 electrode and forming a SEI 

Figure 5.5 (a) Individual CV curves for Nb2O5 and LMO electrodes measured in their separated 
half cells. (b) Repeatable CV curves derived from a capacity-matched full cell. (c) Variation of 
CV curves obtained from a full cell with mismatched capacity. The sweep rate is 1 mV s-1 for all 
the plots. 
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that prevented Li de-intercalation. This would keep the potential of the Nb2O5 electrode 

constantly low and create extra overpotential for charging the full cell.         

  Figure 5.6a shows CV curves for the Nb2O5//LMO full cell cycled between 2 V and 3 V. 

The sweep rates were controlled between 1 mV s-1 and 10 mV s-1, corresponding to 

charge/discharge time from 20 minutes to 100 seconds, respectively. The device displays box-

shaped CV curves and has capacitor-like behavior. The amount of charge stored within this 1 V 

window is much higher than that of EDLCs due to the pseudocapacitive properties of Nb2O5 and 

LMO. Figure 5.6b plots b-value variation derived from the CV curves in Fig. 5.6a, showing the 

b-value is close to 1 (minimum 0.93) both for charging and discharging across the entire 

potential range of the device. The consistently high b value, without any dip, indicates Li ions in 

the full cell were freely shuttled between the two electrodes through the single energy storage 

mechanism.  

 

 Rate performance for the Nb2O5//LMO device as determined by GCD measurement is 

shown in Figure 5.7a. The lower potential limit was further reduced to 1.5 V to overcome 

Figure 5.6 (a) CV curves for a Nb2O5//LMO device at different sweep rates and (b) b-
value variation on the basis of (a).   
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expected polarization when cycling at relatively high rates. The cell was cycled between 1.5 V 

and 3 V at constant charge/discharge rates, showing a capacity of 41 mAh g-1 at the rate of 1C 

and 32 mAh g-1 at 60C. This 78% capacity retention is remarkable for such a large charge-

discharge time difference between 1hr (1C) and 45 sec (60C). The charge-discharge capacity at 

different rates is also plotted separately in Figure 5.7b. The overlapping capacity at different 

rates indicates this device is capable of both fast charging and discharging. This linear behavior 

has been emphasized in core-shell structures of LFP used as a hybrid capacitor material.166 

However, here the Nb2O5//LMO demonstrated the same capacitor behavior with pure 

pseudocapacitance, and more importantly, high specific capacity comparable with commercial 

high rate Li-ion batteries.149,150   

  

 In addition to cell capacity, the variation in average cell voltage at different rates is 

another important consideration for the device energy density. Figure 5.8 shows the average 

discharge voltage for the Nb2O5//LMO using constant current charging-discharging rates. The 
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Figure 5.7 (a) Charging and discharging curves for the Nb2O5//LMO at different C-rates 
rates (1C = 42 mA/gtotal mass).(b) Charge-discharge capacity plot on the basis of (a) as a 
function of different C-rates.  
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variation in discharge voltage for a commercial LTO//LMO cell with 1C charging is also plotted 

for comparison. Compared with LTO//LMO, the Nb2O5//LMO cell shows the lower voltage of 

2.35 V at 1C,. However, at the rates higher than 20C, the discharge voltages for LTO//LMO 

drops rapidly below that of Nb2O5//LMO. It should be noted the crossover point would occur at a 

rate slower than 20C if the LTO//LMO cell had been charged/discharged at the same rate. Based 

on the retention of cell voltages and its reasonable capacity, for a one minute charge-discharge, 

the Nb2O5//LMO demonstrated 70 Wh kg-1 with a power density of 4400 W kg-1. 

 

Chapter 5.3.3 Nb2O5//NVOPF HPBs 

 Since ion-exchanged NVOPF was shown in Chapter 4 to potentially be a high-rate 

cathode, it would also be interesting to study its electrochemical properties in a full cell paired 

with Nb2O5. Figure 5.9a shows half-cell CV curves for Nb2O5 and NVOPF, indicating the ideal 

cell voltage for the device is between 1.6 V and 3.2 V. On the basis of capacity difference 

(Nb2O5: 140 mAh g-1, NVOPF: 120 mAh g-1), the mass ratio for pairing the full cell should be 

Nb2O5:NVOPF = 6 : 7, which is quite close to the optimized ratio 9:11. Figure 5.9b shows full 

cell CV curves for Nb2O5//NVOPF cells with and without pre-ion exchange. Similar to the CV of 

Figure 5.8 Average cell voltage as a function of C-rate for the Nb2O5//LMO 
full cell compared with a commercial LTO//LMO battery.149 
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the NVOPF half-cell, the curves show two paired peaks at about 2.05 V and 2.7 V. The pre-ion-

exchanged cell showed overlapping CV curves after the first cycle, whereas the cell without ion 

exchange showed the CV shifting toward higher potential in subsequent cycles. This is because 

the fresh NVOPF in the full cell consumed Li during the first charge, leading to an irreversible Li 

depletion in the electrochemical system. The shifted CV also suggests that similar surface 

degradation occurs on the both electrodes, which hinders not only Li deintercalation from the 

Nb2O5 but also the reintercalation into the NVOPF. Therefore, the NVOPF electrodes must be 

precycled in Li electrolyte for ion exchange before being paired with Nb2O5 in a full cell. 

 

 A kinetic study was also carried out on the Nb2O5//NVOPF full cell. Figure 5.10a shows 

CV curves for the full cell at sweep rates from 0.5 mV s-1 to 4 mV s-1, which correspond to 

charge-discharge time between 53 min and 400 sec. To compare the kinetics of NVOPF in a half 

cell (Fig. 4.12), peak b values for the Nb2O5//NVOPF derived from Fig. 5.10a are shown in 

Figure 5.10b. It is noted that the b values for the full cell ranges between 0.8 and 0.9, which are 

higher than the b vales earlier derived in a half cell (0.7 ~ 0.8). Although reasons for getting the 
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Figure 5.9 (a) Half cell CV curves for Nb2O5 and NVOPF electrodes. (b) Full cell CV curves 
for Nb2O5//NVOPF with and without pre-ion exchange. 
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higher b values in the full cell are still unknown, the results indicate the charge storage is less 

diffusion-controlled compared with the kinetics in a half cell. 

  

 GCD performance for the Nb2O5//NVOPF full cell is presented in Figure 5.11a. The 

apparent capacity stored in the full cell between 1 V and 3 V was 63 mAh g-1, which is close to 

the calculated capacity of 65 mAh g-1. Each charge/discharge curve shows three slopes from 

combining the slope of the GCD curve from the Nb2O5 and two plateaus from the NVOPF. The 

device stored 63 mAh g-1 at a rate of 2C (30 min) and 43 mAh g-1 at 30C (80 sec). The rate 

capability is summarized in Figure 5.11b, showing excellent cycling stability for the full cell at 

different rates. Capacity retention at the rate of 40C is 70% of the capacity at 2C, and the 

overlapping charge-discharge capacity also demonstrated the prospect of achieving high-rate 

charging. Figure 5.11c shows the variation of cell voltage at different C-rates. Compared with 

LTO//LMO, the cell voltage at slow C-rate for Nb2O5//NVOPF is already lower, and the voltage 

drops linearly with a similar slope as LTO//LMO because both LTO and NVOPF have 

discharging plateaus. Therefore, the Nb2O5//NVOPF, which was able to store an energy density 

Figure 5.10 (a) CV curves for a Nb2O5//NVOPF at different sweep rates. (b) b values 
derived from the CV peaks in (a). 
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of 140 Wh kg-1 in one hour, only demonstrated 80 Wh kg-1 when it was charged/discharged in 

one minute. 

 

 

Chapter 5.3.4 Nb2O5//NCA HPBs 

 Another candidate for pairing with Nb2O5 is the NCA-P3HT detailed in Chapter 3, where 

we emphasized its excellent high-rate cyclability (1000 cycles at the rate of 16C). The ideal mass 

ratio for pairing a Nb2O5//NCA full cell on the basis of individual capacity (Nb2O5: 140 mAh g-1, 

NCA: 160 mAh g-1) is 8 : 7. However, by taking into account the 15% irreversible capacity for 

the first cycle of NCA, the mass ratio for pairing Nb2O5 : NCA in the full cell was optimized as 6 

: 4. The cell voltage for the full cell, which can be determined from individual CV curves for 

Nb2O5 (Fig. 5.3; 1.2 – 2.2 V) and NCA (Fig. 3.6; 3 – 4.2 V), is selected as 1 – 3 V. Figure 5.12a 

shows the CV curves for Nb2O5//NCA full cell cycled at sweep rates between 0.2 mV s-1 and 2 

mV s-1, corresponding to charge/discharge time from 3 hr to 20 min, respectively.  

 Figure 5.12b shows the b-value variation derived from the CV curves. The b-value 

variation for both charge and discharge is constantly above 0.9 at voltages higher than 2 V, 

	
Figure 5.11 (a) GCD curves and (b) rate capability for an Nb2O5//NVOPF full cell. (c) Average cell voltage 
dependence on cycling C-rates for the full cell. 
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indicating that charge storage for both Nb2O5 and NCA electrodes was dominated by surface-

controlled pseudocapacitance. The major kinetic difference between charge and discharge occurs 

at the potential below 1.8 V. In the voltage range between 1.8 V and 2 V, the b values are 0.7 ~ 

0.8 for charging, whereas the b-values are 1 for discharging. This indicates that there is a the  

 

kinetic loss with both the Li intercalating into Nb2O5 and deintercalating from the NCA, which is 

consistent with what we have found with each half cell.  

 

 Figure 5.13a shows GCD performance of Nb2O5//NVOPF full cell at different C-rates (1 

C-rate = 83 mA g-1). The capacity stored at a rate of 1 C (1 hr charge-discharge) was 80 mAh g-1, 

leading to an energy density of 183 Wh kg-1 on the basis of a cell voltage of 2.3 V. For high-rate 

capability, the device stored a capacity of 60 mAh g-1 at 16 C (3 min) and still retained an energy 

density of 130 Wh kg-1 with a cell voltage of 2.15 V. The rate capability for the Nb2O5//NVOPF 

full cell is summarized in Figure 5.13b. The devices demonstrated 75% capacity retention within 

the time frame between 1 hr and 3 min.  
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Figure 5.12 (a) Full cell CV curves for Nb2O5//NCA at different sweep rates. 
(b) b-value variation derived from the CV curves in (a). 
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Chapter 5.3.5 Comparison of Nb2O5-based HPBs  

 The overall performance for Nb2O5//LMO, Nb2O5//NVOPF, and Nb2O5//NCA is 

summarized in Figure 5.14a using the Ragone plot. Apparent capacity for each full cell is 95 Wh 

kg-1 for Nb2O5//LMO, 140 Wh kg-1 for Nb2O5//NVOPF, and 160 Wh kg-1 for Nb2O5//NCA. For 

high-rate capability, the Nb2O5//LMO cells have the best rate performance as there was only a 

25% drop in energy density (68 Wh kg-1) when being charged/discharged in 1 min compared to 

1C (91 Wh kg-1). Although the Nb2O5//NVOPF and Nb2O5//NCA showed a higher energy 

density (79 Wh kg-1 at 40C and 94 Wh kg-1 at 32C, respectively) at a power density close to 5000 

W kg-1, their instability at such high rates can be anticipated based on the long-term cycling 

results from their individual half cell (NVOPF at 20C in Fig. 4.16a and NCA at 16C in Fig. 

3.9d). Therefore, by considering their high-rate stability, Nb2O5//LMO, Nb2O5//NVOPF, and 

Nb2O5//NCA were operated by charging/discharging at 1-min, 2-min, and 3-min, respectively. 

The cycling performance for the full cells is illustrated in Fig. 5.14b. The Nb2O5//LMO was able 

to store 66 Wh kg-1 in 45 seconds (5315 W kg-1) for 3000 cycles and retain 90% of the energy 

Figure 5.13 (a) Full cell GCD curves for Nb2O5//NCA. (b) Rate capability for the full cell. 
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density. This performance in terms of cyclability at 60C high rate is much better than the 

reported LMO half cell, which showed only 75% capacity retention at 10C for 2000 cycles.xx For 

Nb2O5//NVOPF, a 2 minute charge-discharge exhibited an energy density of 93 Wh kg-1 (2790 

W kg-1) for 1000 cycles and retained 90% of its initial energy density. The Nb2O5//NCA 

achieved 125 Wh kg-1 when charged/discharged in 3 min (2678 Wh kg-1). The device exhibited 

85% energy density retention over 500 cycles. Similarly, both the Nb2O5//NVOPF and 

Nb2O5//NCA demonstrated the better high-rate cyclability compared with the half-cell 

performance of only cathodes in Chapter 3 and Chapter 4. The improved high-rate cyclability, 

verified with three different full cells, suggests that using Nb2O5 as a negative electrode is 

equally important for achieving high-rate performance in the devices.   

  

  

	
Figure 5.14 (a) Ragone plots and (b) high-rate cyclability for Nb2O5-based high-rate batteries. 
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Chapter 5.4 Summary 

 In summary, three high-power batteries using pseudocapacitive Nb2O5 as the anode and 

fast-kinetics cathode materials, LMO, NVOPF, and NCA were fabricated and demonstrated fast 

charge/discharge cycling. Kinetic studies carried out on different devices show that the charge 

storage mechanisms for individual electrodes were adaptable for the full cell. Although the rate 

performance seems to be limited by its cathode, after pairing with Nb2O5 anodes, the full cell still 

demonstrated better kinetics compared to a commercial LTO//LMO battery as the Nb2O5//LMO 

demonstrated outstanding fast-charging capability and cyclability at 60C (1 min). The overall 

energy density for Nb2O5//LMO is considered to be higher than LTO//LMO based on their shift 

of cell voltage at different C-rates. The other two prototypes, Nb2O5//NVOPF and Nb2O5//NCA, 

exhibited slower kinetics than the Nb2O5//LMO. However, for a reasonable 2 to 3 min 

charge/discharge time, the energy density for Nb2O5//NVOPF and Nb2O5//NCA was determined 

to be about 1.5 times (~93 Wh kg-1) and twice (~125 Wh kg-1) the energy density of  

Nb2O5//LMO (66 Wh kg-1). These results not only prove that a LTO//LMO full cell is able to 

achieve fast-charging by replacing the LTO with Nb2O5, but also by pairing with NVOPF and 

NCA, the energy density of the Nb2O5-based device can be improved without compromising 

power density. 
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Chapter 6. Conclusions 

  
 This dissertation has addressed some of the important kinetic issues in current Li-ion 

storage devices by electrode design, fabrication and using the pseudocapacitance of Nb2O5. Four 

different high-power energy storage devices including NRC//YP50F, Nb2O5//LMO, 

Nb2O5//NVOPF, and Nb2O5//NCA were developed and demonstrated higher energy density (20 

~ 120 Wh kg-1) and better power capability (3000 ~ 5000 Wh kg-1) compared with traditional 

LIBs and EDLCs. The first part of this dissertation focused on Nb2O5 negative electrodes. From 

a fundamental understanding of pseudocapacitance in Nb2O5 and its interfacial properties with 

electrolyte, we were able to build electrode architectures allowing facile electron and ion 

transport to support fast kinetics in the NRC/YP50F high-rate devices. The second and third 

parts of this dissertation focused on development of high-power cathodes through conductive 

polymer coatings and Li-ion exchange, respectively. The conductive P3HT coating improved the 

electronic conductivity of the electrodes through electrochemical doping but, more importantly, 

addressed the surface degradation issues for NCA by suppressing electrolyte breakdown and 

parasitic reactions on the cathode surface. Li-ion exchange was used in conjunction with the 

NASICON-type structure of NVOPF and successfully adapted for Li-ion storage.  The ion-

exchanged structures not only showed improved capacity and kinetics because of better Li 

diffusivity but also demonstrated better stability than LCO at high potential by storing charge 

through a solid solution mechanism. Finally, we paired the high performance negative and 

positive LIB electrodes described above and fabricated prototype devices in which we 

characterized the electrochemical properties of Nb2O5-based high power batteries. Combining 

the pseudocapacitive behavior of Nb2O5 anodes with the various high rate cathode materials 

(LMO, NVOPF, and NCA) with P3HT-stabilized surfaces, the resulting full cells demonstrated 
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excellent cycling properties with energy densities as high as 125 Wh kg-1 and charge/discharge 

times less than 3 min. These studies establish that Nb2O5 is an important electrode material for a 

new generation of high-power batteries.    
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