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ABSTRACT OF THE DISSERTATION 

Pseudosolid Electrolytes and their Application in Next-Generation Sodium-ion Storage Devices 

by 

Ryan Henry DeBlock 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2020 

Professor Bruce Dunn, Chair 

 

 Sodium-ion batteries are quickly becoming a promising, earth-abundant alternative to 

lithium-ion technology. To address ongoing safety issues associated with both lithium- and 

sodium-ion batteries, we apply sol-gel processing to create nonflammable, pseudosolid 

electrolytes. An interconnected, porous silica scaffold encapsulates an ionic liquid creating an 

“ionogel” electrolyte with high liquid content. These electrolytes retain the conductivity the ionic 

liquid (~1 mS cm–1), but are macroscopically solid. In Chapter 2, we demonstrate the synthesis 

of compliant, organically-modified ionogel electrolytes for sodium-ion batteries and demonstrate 

their use in energy storage devices. When tested with common electrode materials (such as 

activated carbon, sodium vanadium phosphate, sodium titanium phosphate) these ionogel 

electrolytes enable at least 100 cycles with minimal capacity fade and high Coulombic 

efficiency.  

 To enable the use of sodium metal as a high-capacity electrode, we modify the 

pseudosolid electrolyte synthesis to incorporate tetraglyme as a low vapor pressure alternative 
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to ionic liquid. In Chapter 3, we demonstrate that these pseudosolid electrolytes have both wide 

electrochemical stability windows (up to 4.5 V vs Na|Na+) and ionic conductivity values near 1 

mS cm–1. We observe extremely low overpotentials (~50 mV) to sodium metal plating/stripping 

onto carbon-coated aluminum over hundreds of cycles. When paired with sodium vanadium 

fluorophosphate (NVOPF) cathode, devices with glyme electrolyte deliver theoretical capacity of 

125 mAh g–1 at a rate of 0.5C and are among the most energy-dense solid-state, sodium-ion 

storage devices to date.      

 Typical battery electrodes are crystalline compounds with layered or tunnel structures 

which allow facile ion transport. In contrast, amorphous materials are explored seldomly and 

have widely varying properties due to their variable nature.  In Chapter 4 we explore the 

synthesis amorphous vanadium dioxide (a–VO2) and its capability as a sodium-ion storage 

material. Pristine a–VO2 powder delivers nearly 300 mAh g–1 and, when grown on graphite foam 

(presented in Appendix A), sustains 160 mAh g–1 at an extremely fast rate of 60C.   
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g−1 in the symmetric cell, based on the mass of both the cathode and anode materials. 

Figure A.5. Morphology and structural characterizations of c-VO2 and a-VO2. a,b) FESEM and 

TEM of GF supported c-VO2 electrodes. c,d) FESEM and TEM of GF supported a-VO2 

electrodes. e) Crystal structure of monoclinic VO2 (B) with two different types of square 

pyramidal sites at the intervals of the VO6 octahedra. f) Photograph showing the electrode is 

bent by a small force to demonstrate the flexibility and lightweight.   

Figure A.6. Cross-section view of GF supported a-VO2 electrodes at different magnification. 

The figures show a height of ~100 nm of the a-VO2 nanosheet and the nanosheets anchor on 

both the outside and inner wall of the graphene foam. 

Figure A.7. Galvanostatic charge/discharge performance of pure GF in the voltage window of 
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Chapter 1: Introduction and Objectives 

1.1. Background on Electrochemical Energy Storage 

 As electrochemical energy storage (EES) devices become ubiquitous in the 21st century, 

the development of new materials and devices continues to drive innovation. The primary focus 

of these efforts is to increase both specific energy (the amount of charge a device holds per 

weight) and specific power (how fast the charge is utilized per weight) which are beneficial for 

applications ranging from portable electronics to electric vehicles.1,2 For the case of electric 

vehicles, greater specific energy leads to a longer driving range and greater specific power 

allows for faster charging.3 As readily seen in Figure 1.1, typical lithium-ion batteries (LIBs) 

excel in their energy density, but are somewhat slow and limited to charge/discharge timescales 

on the order of hours. In comparison, capacitors have extremely fast response times, but store 

limited charge. Ideal device progress would push performance into the upper right-hand corner 

of the graph to compete with the performance of an internal combustion engine.   
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Figure 1.1. Ragone plot comparing the specific energy and specific power of common energy 

storage devices.4 Modified from its original version.  

 

Generally, materials which comprise the EES devices determine performance and are 

classified by the mechanism in which they store charge (Figure 1.2). Each of these mechanisms 

are discussed throughout this dissertation, but a brief summary is provided here. Electrical 

double-layer capacitors (EDLCs) store charge purely through ion adsorption/desorption at the 

surface of a porous material, typically carbon. This process is extremely fast, but only stores a 

limited amount of charge.5 In comparison, battery-type materials undergo chemical reactions via 

the oxidation/reduction of transition metal ions in the crystal lattice.3 This process results in a 

phase change which typically limits the speed and longevity of most battery materials. 

Pseudocapacitive materials, which will be expanded on in Chapter 4 and Appendix A, 

experience redox reactions, but no phase change and can subsequently operate at much faster 

rates than traditional battery materials. More specifically, pseudocapacitance occurs through 

either through surface redox reactions (i.e. RuO2∙H2O) or intercalation reactions (T-Nb2O5).6,7 
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Figure 1.2. Differentiation of charge-storage mechanisms for capacitive (grey), 

pseudocapacitive (green and pink), and battery materials (yellow). Modified from its original 

version.8 

 

1.2. Battery Fundamentals 

Of all EES devices, lithium-ion batteries (LIBs) have been the storage of choice for 

portable electronics since the 1990s when they became commercially available. This is primarily 

due to their extremely high energy density when compared to other technologies such as lead 

acid and zinc carbon.3,9 Over the past few decades, LIB technology has developed significantly 

and is now a 40 billion USD industry in 2020, projected to be more than 130 billion USD by 

2027.10 A schematic for a typical lithium-ion battery is depicted in Figure 1.3. below.  



4 
 

 

Figure 1.3. Schematic of a lithium-ion battery depicting the discharge process3 (lithium ions 

removed from the graphite and inserted into the layered oxide compound). 

 

Although there are variations of LIBs for different applications, each one contains the 

same basic components: 

Electrodes 

The electrodes of a LIB are what determine the energy density. Their function is to serve 

as hosts for lithium ion insertion/deinsertion. Upon charging, lithium ions flow from the cathode 

to the anode. This process is reversed on discharge. Electrodes are fabricated by mechanical 

mixing of active battery materials (the materials which store lithium ions) with conductive carbon 
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to decrease electronic resistance and binder to attach the particles to a metallic foil called a 

current collector.11  

Cathode: the high-potential electrode which generally consists of a layered, transition 

metal oxide (i.e. lithium cobalt oxide or LCO). These materials are usually layered 

structures which can intercalate lithium between crystallographic layers. The current 

collector for this electrode is nearly always aluminum because it is lightweight and has 

high electronic conductivity.  

Anode: the low-potential electrode which is almost always graphite. The current 

collector for this electrode is copper. Although copper is heavier and more expensive, 

aluminum alloys with lithium at the low potentials seen on the anode side of the 

battery.12  

Electrolyte 

The electrolyte for a LIB serves as a conduction pathway for lithium ions to travel 

between electrodes. In order to force electrons through an external circuit, the electrolyte must 

necessarily be electronically insulating. Electrolytes are commonly organic solvents (mixtures of 

linear and cyclic carbonates) and a lithium-containing salt.13  

 

1.3. Sodium-ion Batteries 

Currently, lithium-ion batteries hold a large portion of the energy storage market, but 

questions remain regarding the abundance and economic viability of LIBs. As the battery market 

is on target to nearly triple by 2027,10 the demand for the components of LIBS is set to increase 

dramatically. Currently, lithium is produced primarily in Australia and South America from salt 
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brine or lithium-containing rock with the vast majority of remaining reserves located in Chile 

(Figure 1.4.). Equally important to consider is that the Democratic Republic of the Congo 

produces roughly 50% of the global supply of cobalt, a common transition metal in LIB 

cathodes. This severe regionality of resources needed for LIBs is projected to be a large 

roadblock towards electric vehicle production.14 

 

 

Figure 1.4. Geographical breakdown of the production and reserves for both lithium and 

cobalt.15 Modified from its original version.  
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Table 1.1. Comparison of sodium and lithium ions as charge carriers for energy storage. 

Modified form its original version.16 

 

 

To combat the resource drawbacks of LIBS, many researchers are developing 

alternative chemistries.17–20 One promising substitute is the sodium-ion battery (SIB). Lithium 

and sodium are quite similar from a chemistry perspective, but differ in a few key areas which 

are highlighted in Table 1.1. Although sodium is heavier and slightly larger than lithium, sodium-

ion technology offers other benefits over LIBs. For instance, lithium precursors are orders of 

magnitude more expensive than those for sodium (primarily sodium carbonate) which are 

abundant and mined throughout the world. Due to its naturally high occurrence in the Earth’s 

crust, sodium precursors are 1000–10,000 times more prevalent and 10 times cheaper than 

lithium ones.15,16 Most cathodes for SIBs utilize iron, manganese, or vanadium as their transition 

metal for redox instead of cobalt which bolsters their position as a “greener” alternative to LIBs. 

From an engineering perspective, aluminum can be used as a current collector for both cathode 

and anode in SIBs (LIBs require copper on the anode side due to alloying reactions) which 

further reduces cost and weight.21 A general schematic for SIBs is depicted in Figure 1.5. 

Similar to LIBs, SIBs typically utilize a layered oxide cathode and a carbon anode. In this case, 
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however, hard carbon (also known as non-graphitizable carbon) is used on the low-potential 

side.22 This is discussed in detail in Appendix B of this dissertation. In recent years, the 

performance of SIBs has begun to approach that lithium-based storage and remains promising 

technology.23–25 

 

 

Figure 1.5. Schematic for a typical sodium-ion battery. The cathode is a layered oxide material, 

the anode is hard carbon, and the electrolyte is a sodium salt solvated in organic solvent.22 

 

1.4. The Flammability of Common Battery Electrolytes 

 The flammability of LIB technology remains one of the largest impediments towards 

continued proliferation, especially in applications where safety is critical.  Fires from LIBs are 

somewhat common in news media and have notoriously occurred in technology such as the 

Samsung Galaxy Note 7, the Boeing 787, and the Chevrolet Volt electric vehicle.26 Furthermore, 

LIB fires can be difficult to extinguish and can release harmful chemicals upon ignition.26 This 
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risk stems from the use of highly flammable organic solvents as electrolytes in LIBs. The 

majority of LIB systems utilize a solution of organic carbonates, such as ethylene carbonate and 

dimethyl carbonate, and lithium hexafluorophosphate salt. Generally, through internal short 

circuits (although mechanical abuse and electrical abuse can be triggers as well), a process 

called thermal runaway can occur by which the electrolyte will decompose in exothermic 

reactions causing subsequent degradation and heat.27–29 To combat this issue, existing LIB 

devices incorporate safety vents and battery management systems to prevent overcharging. 

Even still, there are numerous conditions under which thermal runaway can occur (Figure 

1.6.).30 

 

 

Figure 1.6. Schematic of potential pathways towards catastrophic failure in lithium-ion 

batteries.30 
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1.5. Sol-gel-derived, Pseudosolid Electrolytes 

Solid electrolytes are a large step towards improving upon the safety and performance of 

sodium-ion battery systems. Not only does a thermally and chemically stable solid electrolyte 

provide a significant margin of safety, it also makes cell processing and fabrication more facile, 

and generally allows for a larger voltage window, ultimately improving upon the energy storage 

properties of the system.31–33 On the cell level, solid electrolytes may allow for less packaging 

which would increase both energy and power density. Typically, significant portions of a battery 

pack’s weight are attributed to preventing electrolyte leakage and containment in case of 

thermal runaway.1,34,35  

Despite the tremendous advantages of solid electrolytes however, many challenges still 

remain. First solid electrolytes typically suffer from a significantly lower ionic conductivity than 

their liquid counterparts due to sluggish diffusion.36 Second, highly-resistive, solid-solid 

interfaces between the electrode and electrode slow sodium-ion dynamics further.37 Many solid 

electrolytes additionally have issues with stability against various electrode materials.38  

As a route towards combining the favorable traits of solid and liquid electrolytes, a new 

class of “pseudosolid” electrolytes has recently emerged in the field of energy storage.39–41 

Ionogel electrolytes incorporate an ionic liquid (room temperature molten salt) into a matrix of 

nanoscopic porosity which provides mechanical stability. These electrolytes take advantage of 

the inherently high ionic conductivity of ionic liquids (up to 25 mS cm–1) and the stability and 

ease of cell fabrication associated with solids. Ionic liquids have many other desirable traits for 

battery electrolytes including low vapor pressure, good thermal stability (>300°C), large voltage 

windows (some up to 5.5 V), and are generally inflammable. 42,43  
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There are various materials which can provide mechanical stability to an ionogel. 

Polymers such as poly(methyl methacrylate) and poly(vinylidene fluoride-co-

hexafluoropropylene) are the most common.44–47 Alternately, inorganic materials such as silica 

can also encapsulate an ionic liquid. 48,49 Figure 1.7. details the synthesis and functional 

components of a silica-supported ionogel derived from sol-gel synthesis. Thus far, research into 

ionogel electrolytes for sodium-ion batteries is fairly limited and consists of primarily polymer-

based matrices. In Chapter 2, we synthesize sol-gel derived ionogel electrolytes and apply them 

in sodium-ion devices as nonflammable alternatives to carbonate electrolytes. Chapter 3 also 

explores a pseudosolid electrolyte supported by sol-gel-derived silica, but a long-chain glyme 

replaces the ionic liquid to improve stability with sodium metal.  
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Figure 1.7. Description of ionogel components and their functions in a pseudosolid electrolyte. 

 

1.6. The Low Capacity and Poor Rate Capability of Current LIB Cathode Materials 

In recent years, lithium-ion battery materials have plateaued with regard to both energy 

density and power density.50–52 Technology such as electric vehicles still requires significant 

improvements in both energy and power density of electrochemical energy storage for full 

market breakthrough and competition with internal combustion engines (Figure 1.8.). 
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Figure 1.8. Theoretical specific energy compared to practical specific energy delivery for a 

variety of electrochemical energy storage devices. 

 

Research to date on high-rate electrode materials has concentrated on crystalline 

materials where crystallographic pathways such as open channels or sparsely occupied planes 

lead to high-ion mobility.53,54 In contrast, amorphous materials do not have such structural 

features and, although these materials have been investigated as electrolytes, there are 

relatively few studies on their use as electrodes in batteries.55,56 Recently however, researchers 

have begun investigating amorphous materials due to their open framework, isotropic diffusion 

pathways, lack of phase change, and better stress accommodation.57–59 Our work on 

amorphous vanadium dioxide (a-VO2) offers a dramatic change in common perceptions of 
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battery materials as the material exhibits high energy density at high discharge rate (Chapter 4 

and Appendix A). In combination with a linear discharge curve under galvanostatic conditions, 

a–VO2 delivers a high capacity over 3 volts in sodium electrolyte. 

 

1.7. Objectives 

1. Create a novel, pseudosolid-state electrolyte for Na-ion batteries that offers the ionic 

conductivity of a liquid electrolyte in combination with the chemical and thermal stability 

and enhanced safety of a solid-state electrolyte. 

a. Chapter 2 details the synthesis and electrochemical performance of an ionogel 

electrolyte created through the encapsulation of an ionic liquid within an 

organosilica matrix. Chapter 3 explores the adaptation of the sol-gel synthesis 

techniques to a glyme-based electrolyte which boasts incredibly stable cycling in 

contact with sodium metal.    

 

2. Investigate the potential of amorphous materials as hosts for high-performance, sodium-

ion batteries. 

a. Chapter 4 investigates the use of amorphous vanadium dioxide as a sodium-ion 

battery electrode. This work is improved upon in Appendix A by growing 

amorphous VO2 onto a graphene foam scaffold. In Appendix B, examines the 

rate capability and charge-storage mechanisms of an amorphous carbon 

nanofoam electrode.  
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Chapter 2: Siloxane-modified, silica-based ionogel as a pseudosolid electrolyte for 

sodium-ion batteries  

We employ a one-pot, siloxane-modified sol-gel synthesis to encapsulate an ionic liquid 

within a silica matrix leading to a monolithic ionogel electrolyte (IG). This pseudosolid electrolyte 

provides a non-flammable alternative to traditional carbonate liquids and demonstrates a wide 

stability window (5V) as well as a high ionic conductivity (~1 mS cm–1). Electrochemical methods 

reveal reversible cycling with both high- and low-potential electrodes materials in both modified 

half-cell and full-cell testing formats.  

2.1 Introduction 

 Lithium-ion batteries (LIBs) have become the battery of choice for mobile electronics and 

electric vehicles due to their versatility and high energy density.1 However, the localized origin of 

lithium is a crucial limitation as the LIB market is predicted to more than triple in size between 

2020 and 2027.2  Moreover, the world supply of cobalt, a main component of common cathode 

materials in LIBs, is primarily excavated as a by-product of copper or nickel mines which causes 

widely varying prices and concerns over future availability.3 

The potential limitations in LIBS have led to investigations of alternative chemistries. One 

such substitute is the sodium-ion battery (SIB) which uses a slightly larger, more electropositive 

sodium-ion as the energy carrier. In general, SIBs exhibit similar characteristics to LIBs, albeit 

with generally slower kinetics and a smaller number of viable intercalation electrode materials as 

a consequence of the larger ionic radius. Despite these drawbacks, sodium is 1,000–10,000 times 

more abundant than lithium and is found in the Earth’s crust globally.4 Many prominent cathode 

materials for SIBs contain iron, manganese, or vanadium which are more plentiful than cobalt.5 

Additionally, sodium does not alloy with aluminum appreciably which allows for its use as the 

current collector for the negative electrode as opposed to LIBs which utilize copper. Together, 
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these features make sodium-ion batteries somewhat less expensive than their lithium 

counterparts and particularly desirable for applications such as grid-level storage.5 

Another readily observable problem with current LIB technology is their thermal instability. 

Traditional liquid electrolytes in LIBs consist of a lithium salt (generally lithium 

hexafluorophosphate) solvated in a mixture of organic carbonates, typically a mixture of ethylene 

carbonate and dimethyl carbonate which are highly flammable. Excessive heat from operation or 

environment often leads to thermal runaway whereby thermal energy induces unfavorable side 

reactions which produce additional heat and flammable by-products.6 

Ionic liquids (commonly called room-temperature ionic liquids) have recently emerged as 

a class of solvents which have potential applications in numerous fields such as catalysis, green 

synthesis, and energy storage due to their unique characteristics when compared to traditional 

solvents. Although numerous ionic liquids exist, most consist of a bulky, asymmetrical cation 

(such as imidazole, pyrrolidine, piperidine, etc.) coupled with an anion which range from simple 

halides to more complicated sulfonamides.7 The high formation energy of efficient, three-

dimensional packing leads to low melting points below 100°C.8 A number of ionic liquids possess 

properties desirable for electrolytes such as stability (thermal, electrochemical, etc.), reasonable 

levels of ionic conductivity, low vapor pressure, nonflammability, and effective solvation of alkali 

ions. In the field of energy storage, the use of ionic liquids as an electrolyte in supercapacitors 

widens their voltage window and increases energy density.9 A number of battery-type materials 

used in lithium-ion systems also function with ionic liquid electrolytes.10 

Pseudosolid electrolytes called “ionogels” address the problems of flammability by taking 

advantage of the nonvolatility of ionic liquids. One family of ionogels is based on having ionic 

liquids swelled into polymer matrices creating freestanding solids.11,12 Although electrolytes for 

lithium-ion battery research are much more common (primarily for non-flammable and high-

temperature applications)10 a small number of reports exist regarding ionogels for sodium-ion 
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batteries. Singh et. al, for example, reported an ionogel electrolyte consisting of an ionic liquid 

immobilized by poly (ethylene oxide) (PEO).13 Other polymer hosts include poly (vinyl chloride) 

(PVC)14, poly (methyl methacrylate) (PMMA)15, poly (ethylene glycol) diacrylate (PEGDA)16, and, 

most commonly, poly (vinylidine fluoride-co-hexafluoropropylene) (PVDF-HFP).17–19  Although 

polymer-based ionogels exhibit reasonable electrochemical properties and are easy to 

synthesize, they suffer from thermal degradation when the polymer either melts or decomposes, 

typically between 100–150°C.  

A second family of ionogels involves sol-gel synthesis to encapsulate ionic liquids within 

a mesoporous silica matrix.20 In typical sol-gel syntheses, a metal alkoxide precursor undergoes 

hydrolysis and condensation polymerization.  In the case of silica sol-gel reactions, hydrolysis 

produces Si–OH groups which undergo condensation to form Si–O–Si bonds. The resulting sol 

is comprised of colloidal SiO2 particles suspended in a solvent. Upon gelation, a two-phase 

system forms consisting of a network of 5-10 nm amorphous silica particles in combination with 

a solvent phase that fills the pores. Removal of the solvent leads to the formation of highly porous 

solids known as xerogels (ambient drying) or aerogels (supercritical drying). When an ionic liquid 

is used as the solvent instead of a volatile one such as ethanol, no evaporation occurs. The 

resulting material is a macroscopically rigid, nonporous material in which the ionic liquid is trapped 

by capillary forces in the nanometer sized pores in the silica network.21  

The inorganic ionogel synthesis route has several advantages. First, the amount of ionic 

liquid incorporated into the solid can reach near 90 wt% by controlling the volume of the inorganic 

phase. The high weight loading of ionic liquid allows for electrochemical properties similar to those 

of the neat ionic liquid within the mesoscopic pores while simultaneously maintaining the structure 

of a macroscopic solid. Second, because all precursors are in the liquid phase, ionogels can 

permeate into porous electrode architectures and maintain intimate solid-liquid contact to improve 

transport kinetics. Liquid-phase synthesis also allows for the creation of thinner electrolytes or 
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arbitrary form factors through spin-coating or infiltration.20 The ability to have the in-situ formation 

of a mesoporous silica network distinguishes sol-gel-derived ionogels from those formed through 

the incorporation of fumed silica, i.e. physical gels.22 

 

 

Figure 2.1. Schematic representation and photograph of our ionogel electrolyte for sodium-ion 

batteries. 

 

In the present work, we use sol-gel synthesis to form a siloxane-modified silica scaffold 

that traps an ionic liquid electrolyte which contains a solvated sodium salt (Figure 2.1.). This 

process leads to a freestanding solid electrolyte for sodium-ion battery applications. In addition to 

characterizing the structural and chemical nature of the pseudosolid electrolyte, we incorporate 

ionogel electrolytes in electrochemical cells and evaluate their performance in sodium-ion 

batteries. Although a few ionogel electrolytes for sodium-ion batteries are reported in literature, 

this is the first demonstration of a full Na-ion battery based on an ionogel electrolyte and two 

insertion electrodes.   
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2.2. Experimental 

Materials 

Dimethylsiloxane-(25-30% ethylene oxide, 400 cSt) block copolymer (m-PDMS) was 

purchased from Gelest. 1-Butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (99.9%) 

[PYR14][TFSI] was purchased from Millipore Sigma and dried at 100C under vacuum on a 

Schlenk line before use. Sodium(I) bis(fluorosulfonyl)imide (99.7%) [NaFSI] was purchased from 

Solvionic and was used as purchased. Trimethoxymethylsilane (98%) (MTMS), formic acid (98%), 

and all reagents used in the electrode synthesis were purchased from Sigma Aldrich. 

 

Synthesis of ionogel electrolyte 

A specific amount of trimethoxymethylsilane (MTMS) was combined with dimethylsiloxane 

block copolymer (m-PDMS) and formic acid (500 µL) to form the initial sol. This was allowed to 

stir for 10 minutes at a temperature of 30°C. An ionic liquid electrolyte (ILE) solution of 0.5M 

NaFSI in [PYR14][TFSI] was then added to the stirring mixture. The volume ratio of MTMS:m-

PDMS:ILE was adjusted to create ionogels of varying composition. For example, the ★ 

composition had a volume ratio of MTMS:m-PDMS:ILE of 1.8:2:1.  The initial total volume was 

kept at 850 µL and the amount of formic acid was held constant at 500 µL. The solution was 

subsequently vortex mixed and cast into ~2 cm2 polypropylene molds. Gelation occurred within 1 

hour. Samples were left to dry ambiently for 6 hours followed by 2 hours under vacuum and then 

overnight under vacuum at 70°C. Ionogel electrolytes (IGs) were appropriately sized for testing 

with a leather punch. 

 

Synthesis of Na3V2(PO4)3@C (NVP) 

NVP@C cathode was synthesized using a method adapted from literature.23 Vanadium 

pentoxide (2 mmol) and anhydrous oxalic acid (6 mmol) were dissolved in water (10 mL) under 
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stirring in a water bath (80 °C) until the color of the solution turned blue. Then, glucose (2 mmol), 

sodium oxalate (3 mmol) and excess ammonium dihydrogen phosphate (6 mmol) were slowly 

added into the blue solution sequentially. Ethylene glycol (20 mL) was added dropwise into the 

above solution and stirred for one hour. The mixed solution was slowly dried at 100 °C under air 

flow. After the solution had dried completely, the powders were ground and then kept in a vacuum 

oven at 120 °C for 12 hours. Finally, the dried powder was further ground and annealed at 750 

°C for 8 hours (5 °C min–1) in Ar atmosphere. 

 

Synthesis of NaTi2(P04)3@C (NTP) 

NTP@C anode was synthesized by proper modification of the NVP recipe above. Titanium 

(IV) isopropoxide (2 mmol), sodium oxalate (1 mmol), dihydrogen phosphate (3 mmol), and 

glucose (2 mmol) were mixed into DI water (10 mL) sequentially under rapid stirring. After 5 

minutes of stirring, ethylene glycol (20 mL) was then mixed into the solution. Once fully dissolved 

and homogenous, the solution was dried slowly at 100 °C under air flow. After the solution had 

dried completely, the powders were ground and then kept in a vacuum oven at 120 °C for 12 

hours. Finally, the dried powder was further ground and annealed at 700 °C for 6 hours (5 °C min–

1) in Ar atmosphere. 

 

Electrode preparation 

For NVP@C electrodes, a slurry was obtained by mixing 85 wt% active material, 10 wt% 

Ketjen black carbon and 5 wt% PVDF binder in N-methyl-2-pyrrolidone (NMP) and coated on Al 

foils. For NTP@C electrodes, the ratios were kept the same, except that carboxymethyl cellulose 

(CMC) was used as the binder in water. The electrodes were dried in a vacuum oven at 120 °C 

overnight before testing. The mass loading of active material in electrodes was about 1.0 mg cm–

2. As described previously24, overcapacitive activated carbon (AC) electrodes were created by 
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infiltrating nickel foam with a slurry of conductive carbons to a weight loading of ~10 mg cm–2, with 

an area ratio of ~3:1, and a capacity ratio of ~10:1 activated carbon:NVP. 

 

Electrochemical characterization 

Ionic conductivity for both ionic liquid and ionogel electrolytes was calculated from 

electrochemical impedance spectroscopy (EIS) measured using two stainless steel blocking 

electrodes. An AC voltage of 10 mV was applied with frequencies ranging from 100 mHz to 500 

kHz. Activation energy was calculated using an Arrhenius analysis with a linear regression fit 

R2>0.995. The electrochemical stability window of the ionogel electrolyte was assessed using 

linear sweep voltammetry at a sweep rate of 0.1 mV s–1 with a platinum working electrode and a 

silver foil counter/reference electrode.  

EIS was also utilized to assess cell resistance changes over time for various devices. Coin 

cells were constructed with ionogel electrolyte and various combinations of sodium metal and 

NVP electrodes. Impedance measurements were made on several cells: symmetric sodium 

(Na|IG|Na), symmetric NVP (NVP|IG|NVP), and an asymmetric configuration (Na|IG|NVP). The 

measurements were made immediately after cell construction and 72 hours later. 

Galvanostatic cycling was performed in coin cell format with the ionogel electrolyte 

pressed between two electrodes. For half-cell devices, NVP was the working electrode and either 

sodium metal or activated carbon served as the counter/reference electrode. Capacity was 

normalized to the weight of the NVP in these devices. For full-cell cycling, NVP was the working 

electrode and NTP was the counter/reference electrode. An excess of 10 wt% NTP anode was 

used so capacity could be normalized solely to the NVP.  
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Physical characterization 

The ionogel morphology was characterized by nitrogen gas adsorption analysis 

(ASAP2020 Plus, Micromeritics Instruments Corp.) After removal of ionic liquid from the sol-gel 

network as reported previously.20 Briefly, the ionic liquid was solvent exchanged for acetone by 

soaking the ionogel electrolyte for three days in 20 mL acetone. The acetone was subsequently 

exchanged with liquid CO2 and supercritically dried. This procedure prevents the sol-gel network 

from pore collapse and retains the morphology of the inorganic matrix when it contained the ionic 

liquid. TEM (T12, FEI) and SEM (Nova NanoSEM 230, FEI) images were obtained on solvent-

exchanged gels after coating the samples with gold. Thermogravimetric analysis was carried out 

in air using a TA SDT Q600 analyzer at a heating rate of 10 °C min−1. X-ray photoelectron 

spectroscopy (XPS; Kratos Axis Ultra) was performed using a monochromatic aluminum X-ray 

source with peak calibration determined using adventitious carbon. Fourier-transform infrared 

spectroscopy (FTIR; Jasco‐670 Plus) measurements were performed on ionogel samples after 

casting onto PTFE sample cards. Young’s modulus was calculated using nanoindentation 

experiments (n=5) taken on an MTS Nano Indenter XP. A Poisson ratio of 0.5 was used for the 

calculation of modulus.25 

 

2.3 Results and Discussion 

Synthesis and fundamental characterization 

Sol-gel chemistry is often utilized to create porous, interconnected structures of various 

metal oxides. For instance, acid-catalyzed hydrolysis of silicon alkoxides (e.g. silicon 

tetraethylorthosilicate [TEOS]) produces silica scaffolds and proper selection of precursor tunes 

structural properties.21 Multiple end groups can be changed from an ethoxy group (-O-C2H5) in 

tetrafunctional TEOS to a methacrylate group, vinyl group, phenyl group, etc. Alternatively, 

substitution with a methyl group terminates bonding for that section of the monomer making the 
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silane trifunctional.26 In the present study, methyltrimethoxysilane (MTMS) is used as a means to 

impart hydrophobicity as well as increase porosity and mechanical robustness. Silica synthesized 

using MTMS retains the nonhydrolyzable methyl group in the final structure which provides 

electrostatic repulsion between neighboring silica chains and subsequent flexibility.26 To provide 

further compliance, we also incorporate an organic silica component, poly(dimethylsiloxane) 

(PDMS) which has been employed successfully in ionogel electrolytes.27 Flexibility, and more 

importantly structural integrity under compression, are vital to prevent mechanical failure of the 

electrolyte during construction of electrochemical cells which experience ~5 MPa of pressure in 

coin cell format.28  

Equally as important as the silica network is the choice of ionic liquid electrolyte (ILE). In 

this work, we employ 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (also 

known as [PYR14][TFSI]) as the ionic liquid component and sodium bis(fluorosulfonyl)imide 

[Na][FSI] as the sodium-containing salt. [PYR14][TFSI] is known for its wide voltage window (~5–

6V) and its moderate conductivity (~2 mS cm–1)29 while the sodium salt was chosen for its stable 

cycling behavior and role in the formation of a dense solid electrolyte interphase (SEI).30–32 The 

components utilized in the ionogel synthesis are depicted in Figure 2.2a.  

In this one-pot, liquid-phase synthesis (Figure 2.2b), we utilize an ethylene oxide-modified 

PDMS (m-PDMS) to ensure miscibility with the ionic liquid. Both silica precursors (MTMS and m-

PDMS) mix with formic acid to begin hydrolysis followed by condensation reactions. After the sol-

gel reaction has begun, but before gelation has occurred, ionic liquid is added to the precursor 

solution which, after mixing, is cast into a propylene mound. After several drying steps to 

evaporate water and methanol produced from the synthesis, a monolithic ionogel electrolyte of 

typical area of 2 cm2 and thickness of 400 µm is removed from the polypropylene mound.  
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Figure 2.2. a. Components (ionic liquid, sodium salt, and silica structure precursors) and b. 

synthesis schematic for the ionogel electrolyte. 
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The ternary phase diagram (Figure 2.3.) shows how ionogel stability is affected by 

composition. This phase diagram is comprised of the volume fractions of three components (m-

PDMS, MTMS, and PYR14 TFSI) while the volume of formic acid was held constant. All samples 

were aged and dried in the same manner. Ideally, the largest ratio of ionic liquid would produce 

an ionogel with the best electrochemical performance because its composition is closest to that 

of the ionic liquid electrolyte. However, without sufficient solid content, the ionogel will not gel into 

a monolith. The balance between m-PDMS and MTMS is also important; m-PDMS alone will not 

produce monoliths and MTMS alone leads to the formation of brittle ionogels. Mixtures with the 

incorrect ratio of the two silica precursors result in ionogels with low conductivity (below 0.1 mS 

cm–1) or those which are noted as ‘Fragile’ in Figure 2.3. These ionogels are either too brittle or 

too soft and tend to produce short circuits during cell fabrication or testing. All subsequent 

experiments described in this study pertain to the ‘Ideal’ composition range in Figure 2.3 whose 

composition was based on the volume ratio of MTMS:m-PDMS:ILE of 1.8:2:1.   



32 
 

 

Figure 2.3. Ternary phase diagram for ionogel electrolyte synthesis. Values are from the initial 

volume fraction of each component. In these experiments, formic acid was kept at a constant 

volume. Regions of phase separation (yellow) are those in which some gelation occurred, but was 

separated from the ionic liquid. “No monolith” regions (red) showed no indication of gelation in the 

time of the experiment. The cutoff from low ionic conductivity (light blue) was 0.1 mS cm–1 and 

the cutoff for “too soft” (purple) was 1 MPa. Brittle samples (dark blue) fractured immediately upon 

cell construction. The ★ sample was utilized for subsequent testing in this manuscript.  
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Thermogravimetric analysis (TGA) shows the evolution of the weight change upon heating 

(Figure 2.4a). There is no weight loss below 100°C, indicating minimal adsorbed moisture due to 

the hydrophobicity. The ionogels are thermally stable up to 150°C at which point the NaFSI salt 

begins degradation.33 Subsequent weight loss is from a combination of the decomposition of m-

PDMS (boiling point ~200 °C), [PYR14][TFSI] (degradation temperature 400 °C), and removal of 

the methyl groups from the silica surface (continuously from 300-700 °C).26,33–38 At temperatures 

above 500°C, the remaining weight pertains to primarily to silica from the MTMS. Based on these 

data, we estimate the ionic liquid electrolyte content of the MTMS:m-PDMS:ILE 1.8:2:1 ionogel to 

be between 50–55 wt% after all drying steps were completed. This was confirmed by measuring 

the remaining scaffold weight after removal of the ionic liquid electrolyte with acetone. 

Nanoindentation on ionogel samples reveals an elastic modulus of 13±5 MPa for our optimized 

sample which compares well with other gel electrolytes in literature (Figure 2.5.). X-ray diffraction 

(XRD) of the ionogel (Figure 2.4b) displays two broad peaks at 12.5° and 21° corresponding to a 

combination of the ionic liquid and amorphous silica.39 Fourier-transform infrared spectroscopy 

(FTIR) measurements of the ionogel (Figure 2.4c) exhibit peaks corresponding to the ionic liquid 

superimposed with those from Si-O-Si and Si-CH3.40 Taken together, the TGA, XRD, and FTIR 

results confirm the presence of only ionic liquid and organically-modified silica in the final sample.  

 

Figure 2.4. a. Thermogravimetric analysis b. X-ray diffraction and c. Fourier-transform infrared 

spectroscopy of the ionogel electrolyte.  
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Figure 2.5. Elastic moduli for gel electrolytes with various supporting matrices. PVDF: 

poly(vinylidene fluoride)41, PMMA: poly(methyl methacrylate)42, SiO2 NPs: silica nanoparticles11, 

SiO2 Matrix: sol-gel-derived silica43, PEGDA: poly(ethylene glycol) diacrylate16, PDMS: 

poly(dimethylsiloxane).27 

 

Structurally, the ionogels display flat surfaces covered with droplets of ionic liquid, 

(Figure 2.6a,b). To determine the morphology of the mesoporous silica scaffold, gas adsorption 

measurements were made on materials in which the ionic liquid electrolyte was removed by a 2-

step process.20 First, the ILE was solvent exchanged with acetone. This solvent was then 

removed by supercritical drying in CO2 which suppresses capillary pressure during drying and 

preserves the mesoporous SiO2 structure by preventing pore collapse.44 The measurements 

were made on samples with an equimolar amount of MTMS replacing the m–PDMS which 

prevented pore collapse on the softer structure. The isotherm and pore-size distribution (Figure 

2.7.) reveal an open structure with a surface area of 884 m2 g–1 and an average pore size of 13 
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nm. Although there will be differences in the pore architecture upon addition of m–PDMS, this 

measurement provides a general idea of the pore architecture. 

 

 

Figure 2.6. a,b. Scanning electron micrographs and c. a representative energy dispersive 

spectroscopy scan of the ionogel electrolyte before ionic liquid extraction. d,e. scanning electron 

micrographs and f. transmission electron micrograph of the ionogel electrolyte after ionic liquid 

extraction. 
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Figure 2.7. a. Nitrogen adsorption isotherm and b. the pore-size distribution for an ionogel with 

no m–PDMS (replaced with equimolar MTMS). 

 

Electrochemical stability and cycling 

We conducted a series of transport and electrochemical measurements to assess the 

suitability of using the ionogel in SIBs. All electrochemical experiments performed with ionogel 

electrolyte utilized the MTMS:m-PDMS:ILE 1.8:2:1 composition. Electrochemical impedance 

spectroscopy (EIS) is used to reveal the transport behavior of the ionogel electrolyte as a function 

of temperature as shown in Figure 2.8a. The room temperature ionic conductivity of 0.7 mS cm–1 

is somewhat less than that of the ILE (2 mS cm–1), but higher than most SIB solid electrolytes.45 

The temperature dependence of the conductivity exhibits an Arrhenius relationship for both the 

ILE and the ionogel electrolyte over the temperature range 20°C to 100°C. (Figure 2.8b).  The 

ionogel electrolyte exhibits an activation energy of 0.3 eV which is on the same order as that of 

the ILE (0.2 eV) as well as other solid electrolytes such as Na11Sn2PS12, Na3SbS4, and 

Na3Zr2Si2PO12.46–48 
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One significant advantage of ionogel electrolytes is their large electrochemical stability 

window (ESW). To assess the ESW for our system, we utilize linear sweep voltammetry (LSV) 

with blocking electrodes (Figure 2.8c). The positive sweep and negative sweep were performed 

on different samples to prevent influence from degradative species. Using a silver wire quasi-

reference, the ionogel electrolyte demonstrates a stability window of nearly 5V with a conservative 

current cut-off of 10 µA cm–2. This value correlates well with the window for [PYR14][TFSI] in the 

literature49,50 and suggests that this solid electrolyte system may be compatible with high-voltage 

cathodes.   

 

 

Figure 2.8. a. Electrochemical impedance spectroscopy as a function of temperature for the 

ionogel electrolyte b. Ionic conductivity–inverse temperature plot and extracted activation energy 

c. Linear sweep voltammetry to assess the electrochemical stability window of the ionogel 

electrolyte. Two separate samples were used for the forward and reverse scan.  

 

Electrochemical stability and reversibility with electrode materials are important 

considerations for novel SIB electrolytes. To assess these properties, we pair our ionogel 

electrolyte with sodium vanadium phosphate (NVP), a prototypical sodium-ion battery cathode. 

NVP possesses the NASICON crystal structure, leading to a high sodium-ion diffusivity as well 

as a distinct redox couple upon sodiation/desodiation at 3.4 V vs Na|Na+.51 In addition to these 
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desirable traits, NVP has also been successfully demonstrated as a cathode in ionic liquid 

electrolytes52,53 making it an ideal cathode for evaluating our ionogel electrolyte. Although NVP 

suffers from a low electronic conductivity, this is often ameliorated by hybridization with various 

carbon materials.51 In the current work, we used a published method23 to synthesize NVP with 

glucose-derived, pyrolyzed carbon to enhance conductivity.  

When paired with our ionogel electrolyte and a sodium metal counter electrode, the NVP 

cathode displays broad, polarized redox peaks at a slow sweep rate of 0.1 mV s-1 (Figure 2.9a). 

As a control, we replace the ionogel with a common 1M NaPF6 diglyme electrolyte54 which exhibits 

sharp redox peaks with minimal peak separation at the same sweep rate. Upon disassembly of 

the coin cell with ionogel electrolyte, we observed significant discoloration on the sodium metal 

electrode, indicating that the sodium metal was unstable in contact with the ionogel electrolyte.  

In order to investigate ionogel-electrode stability, we construct three cells with different 

combinations of sodium metal and NVP electrodes separated by ionogel electrolyte: Na|IG|Na, 

NVP|IG|Na, and NVP|IG|NVP. EIS of these cells (Figure 2.9b) reveals that devices with sodium 

metal electrodes (Na|IG|Na and NVP|IG|Na) exhibit significantly larger resistance than a 

symmetric NVP cell. In fact, the total resistance of the symmetric sodium cell was more than two 

orders of magnitude higher than that of the symmetric NVP cell. These data indicate that the 

Na|ionogel interface is highly resistive and impedes limits interfacial transport.  
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Figure 2.9. a. Cyclic voltammetry (0.1 mV s–1) for an NVP cathode against sodium metal 

demonstrates severe polarization for the ionogel electrolyte. A control test in 1M NaPF6 diglyme 

is included as a comparison at the same sweep rate. Current is normalized to peak current for 

proper comparison. b. EIS spectrum for 3 cells: Na|IG|Na, NVP|IG|Na, and NVP|IG|NVP. Inset 

shows the low resistance of the NVP|IG|NVP cell (green). EIS spectra for c. the traditional half-

cell (NVP|IG|Na) and d. the modified half-cell (NVP|IG|AC) immediately after and 72 hours after 

construction.  

 

In typical laboratory-scale battery testing, both galvanostatic discharge and cyclic 

voltammetry tests utilize the “half-cell” format to assess electrochemical performance. In this 

arrangement, the working electrode is the material under investigation with a counter/reference 

electrode of sodium metal (for SIBs) serving as an infinite source of sodium ions and a stable 
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reference potential. One critical assumption in this testing method is that sodium metal is either 

stable or quickly passivated in the electrolyte. Unfortunately, sodium metal is not stable in contact 

with most electrolytes and thus the suitability of half-cell testing has been called into question in 

recent literature.55–57  

An alternative approach is to use an activated carbon (AC) electrode in place of the sodium 

metal to mitigate stability issues with sodium metal. Here, carbon stores charge capacitively at its 

surface and does not undergo faradaic reactions. This approach has been used in literature to 

more accurately test the electrochemical properties of sodium-ion electrodes.58,59 In fact, Vogl et 

al. demonstrated reversible cycling of NVP cathode and AC anode in ionic liquid using this 

approach.60 The resulting configuration resembles a sodium-ion capacitor (SIC) where one 

electrode stores charge faradaically (NVP) and the other stores charge capacitively (activated 

carbon). The capacitive charge storage of the carbon is considerably more reversible than the 

faradaic reaction of the NVP and effectively isolates the performance of the cell to that of the 

cathode material.  
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Figure 2.10. XPS for a,c,e,g. the NVP|IG|Na sample and b,d,f,h. the NVP|IG|AC sample after 

72 hours exposure to electrolyte. a,b. Survey scans, c,d. C 1s e,f. O 1s and g,h. F 1s scans. 
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Table 2.1: Elemental composition of the NVP cathode surface after 72 hours exposure to 

ionogel electrolyte.  
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Figure 2.11. XPS (N 1s, Na 1s, P 2p) spectra for a,c,e. the NVP|IG|Na cell and b,d,f. the 

NVP|IG|AC cell. 
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Figure 2.12. XPS (S 2p, V 2p, Si 2p) spectra for a,c,e. the NVP|IG|Na0 cell and b,d,f. the 

NVP|IG|AC cell. 
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To compare the ionogel interface of sodium metal and activated carbon, we evaluate two 

cells using EIS: (NVP|IG|Na) and (NVP|IG|AC). Measurements occurred immediately after and 

72 hours after construction without cycling. The spectra in Figure 2.9c,d indicate drastically 

different impedance responses. The NVP|IG|AC cell displays a negligible impedance gain over 

three days (from 33 Ω to 34.5 Ω total resistance) whereas the NVP|IG|Na cell increases from 

7000 Ω to 25000 Ω total resistance. In addition, the semi-circular arcs for NVP|IG|Na are severely 

depressed indicating the presence of a resistive, interfacial layer.55,61,62 The dramatic difference 

in impedance emerges as a consequence of significant electrolyte breakdown.  

To investigate this mechanism, we probe the surface of the NVP electrodes with X-ray 

photoelectron spectroscopy (XPS) 72 hours after cell construction. Figures 2.10.–2.12. and Table 

2.1 summarize the XPS data and reveal that ionogel contact with sodium metal caused 

breakdown of fluorine-containing components, (TFSI–, FSI–). All bonds from the NVP–AC sample 

correspond to components of the ionic liquid (PYR14 TFSI), sodium salt (NaFSI), or the 

organosilica structure.63–65 In contrast, the NVP|IG|Na sample exhibits additional peaks 

corresponding to degradation products. The C 1s scans depict C=O and C–O bonds, likely 

attributable to Na2CO3 and/or various organic species. This is corroborated by the presence of 

various carbon–oxygen bonds in the O1s spectrum for NVP|IG|Na. The most revealing spectra 

are the F 1s. The NVP|IG|AC surface contains only CF3 bonds (from the TFSI–) whereas 

NVP|IG|Na has peaks for both CF2 (from the PVDF binder) and NaF. As there are no free F– in 

solution, the fluorine must come from breakdown of either the TFSI– or FSI–. The components 

found on the surface of the NVP|IG|Na sample resemble those found in the SEI (solid electrolyte 

interphase) and CEI (cathode electrolyte interphase) of similar cells,35,52,63,64,66 but our cells have 

not been electrochemically cycled. The existence of NaF is also consistent with the effect of TFSI-

based liquids on sodium metal.30 
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Figure 2.13. Schematic representation of the a. NVP|IG|AC half-cell and b. the NVP|IG|NTP 

full-cell devices. 

 

Based on the above results, we characterized the electrochemical stability and reversibility 

using the NVP|IG|AC cell; a schematic of the cell is shown in the Figure 2.13a.  Galvanostatic 

charge-discharge experiments at a rate of 0.25C (30 mA g–1) were used to assess electrochemical 

cycling with the ionogel electrolyte. The activated carbon electrode possessed about 10x the 

capacity and 3x the area of the NVP electrode so that the performance of the cathode could be 

isolated. As seen in Figure 2.14a, the shape of the discharge curves changes only slightly 

between cycle 1 and cycle 50. No significant capacity fade occurred over 50 cycles and the 

Coulombic efficiency after the first 10 cycles remained above 98% (Figure 2.14b). The rate 

retention of the NVP|IG|AC cell is shown in Figure 2.14c. Near theoretical capacity is achieved at 
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both rates of 0.1C and 0.25C. At rates below 1C the NVP retains a discharge capacity above 100 

mAh g–1 which is comparable to other ionic liquid and ionogel electrolytes with both sodium 

metal19,52,53,67 and activated carbon60 counter electrodes. At high rates above 1C, the NVP|IG|AC 

cell delivers increasingly less charge due to the low ionic conductivity of the electrolyte. As 

demonstrated in literature, however, the rate retention could be significantly improved by elevating 

the temperature of the cell which is possible due to the thermal stability of the ionic liquid.43,60   

 

 

Figure 2.14. a. Galvanostatic charge/discharge curves for a rate of 0.25C and b. corresponding 

capacity and Coulombic efficiency for the NVP|IG|AC cell. c. Discharge capacity of the NVP|IG|AC 

cell as a function of C-rate. 

 

To demonstrate a full sodium-ion battery, we pair the NVP cathode with sodium titanium 

phosphate (NTP) anode and ionogel electrolyte. The results for cycling at a rate of 0.25C are 

shown in Figure 2.15 and a schematic of this cell is shown in Figure 2.13b. In this cell, the NTP 

was overloaded by ~10% so that the charge and discharge capacity could be attributed to the 

NVP alone. The first cycle shows excess capacity associated with structural rearrangement 

and/or dissolution which is common in NTP electrodes.68–70 Thereafter, the full-cell device 

stabilizes to ~85% of its theoretical capacity and exhibits only ~ 10% capacity loss with a 

Coulombic efficiency of 99% (Figure 2.15b) over 100 cycles.  In comparison to another solid-state, 
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sodium-ion full-cell devices, our ionogel electrolyte demonstrates better capacity and cycling 

stability. A symmetrical NVP cell with Na3Zr2Si2PO12 solid electrolyte only reported 20 mAh g–1 at 

an areal current density of 10 µA cm–2 (compared to our 40 µA cm–2).71 Even when comparing to 

nonflammable liquid electrolyte, a similar NVP|NTP cell with trimethyl phosphate liquid electrolyte 

reported a comparable 100 mAh g–1 at rate of 0.2C.69 To the best of our knowledge, this is the 

first demonstration of a full-cell, sodium-ion device utilizing an ionogel electrolyte. These results 

establish that Na+ conducting ionogel electrolyte is a promising nonflammable, solid-state 

electrolyte for sodium-ion batteries.  

 

 

Figure 2.15. a. Galvanostatic charge/discharge curves at a rate of 0.25C and b. the 

corresponding capacity and Coulombic efficiency for the NVP|IG|NTP full-cell device. 
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2.4. Conclusions 

In this work, an ionogel electrolyte (IG) was synthesized through the encapsulation of an 

ionic liquid within an organically-modified silica matrix. This synthesis approach leads to a 

pseudosolid electrolyte with a high ionic conductivity (0.7 mS cm–1) a 5V electrochemical stability 

window and thermal stability up to 150°C. Interfacial reaction with sodium metal was identified as 

a dominating factor in half cell experiments. The problem was overcome by replacing the sodium 

metal electrode with an activated carbon electrode. Half-cell experiments with NVP cathode 

exhibited excellent reversibility and good capacity at rates up to 0.5C. A solid-state sodium ion 

battery comprised based on the ionogel electrolyte with an NVP cathode and an NTP anode 

demonstrated appropriate capacity and excellent cycling with only a slight capacity loss over 100 

cycles. These results show the promise of ionogels serving as a nonflammable, pseudosolid 

electrolyte for sodium ion batteries.  
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Chapter 3: Nonflammable, pseudosolid electrolyte with ultralow overpotential for 

sodium-metal batteries 

 Solutions of sodium salt in glyme solvent are encapsulated within mesoporous silica 

matrices for fabrication of pseudosolid, sodium-ion electrolytes. Incorporation of a polymer 

matrix provides mechanical stability and allows for long-term cycle stability. We demonstrate 

incredibly low overpotentials for sodium metal plating/stripping and subsequently fabricate 

energy-dense, sodium-metal batteries with sodium vanadium fluorophosphate (NVOPF) 

cathode. The devices last over one hundred cycles and show no signs of degradation, even at 

high current densities.  

 

3.1. Introduction and Background 

On the basis of their low-cost and earth-abundant materials, sodium-ion batteries (SIBs) 

are viable options for next-generation energy storage, especially in the fields of grid storage, 

electric vehicles, and mobile-power delivery.1–4 One subset of this technology which has 

received renewed attention is the sodium-metal battery (SMB).5 Although similar to the sodium-

ion battery, the major distinction in SMBs is the use of pure sodium metal as the low-potential 

electrode. Sodium metal possesses a high theoretical capacity (1165 mAh g–1) and a low 

working voltage (0 V vs Na|Na+), both of which can increase energy density substantially.6–8 In 

fact, SMBs predate the modern lithium-ion battery by at least a decade with the advent of the 

sodium-sulfur and ZEBRA batteries.9 In these devices, molten sodium metal anode is 

surrounded by a β-Al2O3 solid electrolyte and either a sulfur or NiCl2 cathode, respectively. 

Compared to the standard lithium-ion battery anode, graphite, sodium metal has approximately 

3x higher capacity, several orders of magnitude higher electronic conductivity, is over 10x 

cheaper, and has high natural abundance distributed homogenously on a global scale.10,11 
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When compared to common sodium-ion anode materials in Figure 3.1., sodium metal stands 

out as an ideal candidate for high energy-density batteries. Despite these tremendous 

characteristics, sodium metal is often considered impractical due to its reactivity and dangerous 

propensity for dendritic growth.   

 

Figure 3.1. Comparison of the theoretical specific capacity and desodiation potential of various 

anode materials for sodium-ion batteries.6 

  

 Similar to its lithium metal counterpart, sodium metal experiences nonuniform deposition 

upon electrochemical plating. Typically, an unstable solid electrolyte interphase (SEI) is formed 

upon sodium plating which breaks upon repeated cycling. This process exposes fresh sodium 

metal to the electrolyte which begins the process again, but with an effectively smaller surface 

area.12,13 This spatial inhomogeneity leads to local current density amplification which further 
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drives dendritic growth, leading to separator penetration and ultimately, device failure.12,14 In 

contrast to lithium however, sodium metal exhibits instability with commonly-used, carbonate-

based electrolytes. Many researchers have questioned the effectiveness of testing with sodium-

metal electrodes in such solutions.15–18 Heritage work on lithium-ion batteries was likely applied 

to sodium-ion systems without consideration for compatibility and has remained the standard 

since.  As evident in Figure 3.2., sodium is much less reversible in galvanostatic 

plating/stripping experiments in carbonate electrolyte. Sodium plating/stripping experiments 

relveal significantly higher overpotentials, less uniform deposition, and a high likelihood to 

forming short circuits, resulting in a shorter cycle life.  

Recently, glyme-based electrolytes, especially 1M NaPF6 in diglyme, have shown 

outstanding stability in contact with sodium metal and are quickly becoming the new standard 

for electrode testing in sodium-ion batteries.19–25 Glymes (or glycol methyl ethers) are 

hydrocarbon chains with alternating carbon, ether linkages, and end-capped with methyl groups. 

In contrast to the ionic liquids utilized in Chapter 2, glymes are relatively versatile solvents which 

are easily accessible, cheap, and used in a variety of common organic syntheses. Low 

molecular weight glymes (e.g. monoglyme, diglyme) have relatively high vapor pressures and 

are flammable. However, higher molecular weight glymes (tetraglyme, pentaglyme, and 

poly(ethylene glycol) dimethyl ether (PEGDME) are nonflammable and show markedly low 

vapor pressures and high flash points.26  

In this work, we apply the knowledge obtained from Chapter 2 on ionic-liquid-based 

electrolytes to glyme solvents in order to make a pseudosolid electrolyte which is stable in 

contact with sodium metal. The resulting stability enables the fabrication of SMBs with high 

energy density coupled with a nonflammable, solid electrolyte. We selected sodium 

tetrafluoroborate in tetraglyme (NaBF4:G4) as the sodium-ion electrolyte for encapsulation within 
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silica matrix due to its low vapor pressure and recent success in both sodium-ion and sodium-

metal batteries.27,28    
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Figure 3.2. Plating/stripping data for symmetric lithium metal and sodium metal cells at a) 0.1 

mA cm–2 b) 1 mA cm–2 and c) 5 mA cm–2. The electrolyte for Li|Li cells is 1M LiPF6 in ethylene 

carbonate:dimethyl carbonate (1:1, w:w). The electrolyte for Na|Na cells is 1M NaPF6 in either 

ethylene carbonate:dimethyl carbonate (1:1, w:w) or ethylene carbonate:propylene 

carbonate:dimethyl carbonate (0.45:0.45:0.1, w:w).16 
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3.2. Experimental  

Materials 

Tetraethylorthosilicate, formic acid (98%), sodium tetrafluoroborate, poly(vinylidene fluoride-co-

hexafluoropropylene) (Mw ~400,000), and all reagents used in the synthesis of NVOPF were 

purchased from Sigma Aldrich. Tetraethylene glycol dimethyl ether (tetraglyme or G4) was 

purchased from Acros Chemicals. Carbon-coated aluminum foil was purchased from MTI Corp.  

 

Gel electrolyte synthesis 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) was first dissolved in acetone at 

a concentration of 50 mg/mL. Pseudosolid gel electrolytes were synthesized by combining 

tetraethylorthosilicate (54 µL), PVDF-HFP solution (1 mL), and 1:4 (mol:mol) NaBF4:G4 (150 µL) 

in a glass vial under stirring. Formic acid (70 µL) was then added to initiate sol formation. This 

was allowed to stir for 10 minutes at a temperature of 30°C. The solution was subsequently 

vortex mixed and cast into polypropylene molds of the desired size (typically 2 cm2). Gelation 

occurred within 1 hour. Gels were left to dry ambiently for 6 hours followed by 2 hours under 

vacuum and then overnight under vacuum at 70°C. Electrolytes were then cut to the appropriate 

size for testing.  

 

Synthesis of (NVOPF@rGO) 

Sodium vanadium fluorophosphate (Na3(VO)2(PO4)2F) was synthesized by adapting a previous 

method.29 Briefly, 40 mg of freeze-dried graphene oxide (GO) was suspended in water with a 

sonifier. Then, 2 mmol ammonium vanadate, 3 mmol sodium fluoride, and 2 mmol ammonium 

dihydrogen phosphate were dissolved sequentially into the GO solution. After 20 minutes 
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stirring, 20 mL dimethylformamide was added to the mixture and was further stirred for one 

hour. This solution was then transferred into a Teflon-lined hydrothermal vessel and heated to 

180°C for 24 hours. The supernatant of this solution was then removed through centrifugation 

and washed with water and ethanol multiple times. The resulting powder was dried at 100°C 

under vacuum before electrode preparation.   

 

Electrode preparation  

A slurry was obtained by mixing 85 wt% active material, 10 wt% Ketjen black carbon and 5 wt% 

PVDF binder in N-methyl-2-pyrrolidone (NMP) and coated onto carbon-coated aluminum foils. 

The electrodes were dried in a vacuum oven at 120 °C overnight before testing. The mass 

loading of active material in electrodes was ~1.0 mg cm–2. 

 

Electrochemical characterization 

Ionic conductivity was calculated from impedance spectroscopy measured using two polished 

stainless steel blocking electrodes. An AC voltage of 10 mV was applied with frequencies 

ranging from 100 mHz to 500 kHz. These same parameters were also used to assess the 

interfacial resistance of various cells as a function of cycling. The electrochemical stability 

window of the electrolyte was assessed using linear sweep voltammetry at a sweep rate of 0.1 

mV s–1 with a carbon-coated aluminum working electrode and a sodium metal counter/reference 

electrode. Galvanostatic cycling was performed in coin cell format with sodium metal 

counter/reference electrodes. For experiments involving liquid electrolyte, Celgard 2300 

separator was used to prevent electrical shorting.  
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The transference number was calculated using the Bruce-Vincent method.30 Briefly, impedance 

measurements on a symmetric sodium metal cell were taken before and after a 10 mV 

polarization which lasted until steady state was reached (~4 hours). Equation 3.1 below was 

used to calculate the transference number:  

                                          Equation 3.1 

where I is current, ∆V is the applied polarization potential, and R is the resistance taken from 

EIS. Subscripts “0” and “SS” indicate the initial and steady state values, respectively.  

 

3.3. Results and Discussion 

Various concentrations of glyme-based liquid electrolyte (NaBF4 in tetraglyme) were 

used in control experiments in order to establish the fundamental properties of this electrolyte. 

We define the electrolyte in terms of molar ratios (as opposed to molarity) to be accurate when 

comparing across samples of different volume. Plating/stripping experiments in asymmetric cells 

were then chosen as a comparison technique. In these experiments (described in Figure 3.3.), 

we fabricate a cell with sodium metal as the counter/reference electrode and a metal such as 

copper or aluminum as the working electrode (in this case carbon-coated aluminum). A certain 

amount of sodium metal plates onto the aluminum for a given time and is stripped off until the 

voltage rises dramatically, indicating complete sodium metal removal. This technique allows for 

the efficiency of sodium metal plating/stripping to be calculated as well as for the overpotential 

to be measured for each cycle.31–33 In this work, overpotential refers to the additional 

electrochemical potential needed to drive a reaction past its thermodynamically-determined 
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value. Because we utilize sodium metal as our reference in these tests, a perfect cell would both 

plate and strip at 0 V.  

 

Figure 3.3. a) Schematic representation of the plating/stripping process and b) the 

corresponding response of a constant-current experiment. Step 1: reversible surface reactions 

with the carbon coating on aluminum foil. Step 2: Nucleation of sodium metal. Step 3: initial 

growth of sodium metal. Step 4: steady-state growth of sodium metal. Step 5: current reversal 

and stripping of sodium metal. Step 6: steady-state stripping of sodium-metal. Step 7: stripping 

of remaining sodium metal and reactions with carbon. A capacity of 1 mAh was plated on each 

cycle at a current density of 1 mA cm–2.   

 

As can been seen in Figure 3.4., even the initial cycles for 1:4 NaBF4:G4 have an 

extremely low overpotential of ~11 mV at a moderate current density of 1mA cm–2. This value is 

among the lowest reported in literature.25,34–37 At a higher salt concentration of 1:2 NaBF4:G4, 

the overpotential still remains low, albeit with a slight increase approximately 16 mV. Initial 
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coulombic efficiency of both cells is incredibly high (>80%) and quickly stabilizes to above 97% 

within the first few cycles. Long-term cycling for both the 1:2 and 1:4 molar ratio electrolytes is 

demonstrated in Figure 3.4c,d. We demonstrate 250 cycles without shorting or catastrophic 

failure while the overpotential and coulombic efficiency (100% after ~cycle 50) remain 

encouragingly stable. Panels e) and f) of Figure 3.4. track the efficiency and mid-voltage 

overpotential (measured on the stripping test at the 30-minute point) and demonstrate 

stabilization in the first tens of cycles.  

 Based on the stable cycling seen in asymmetric plating/stripping cells, we apply 1:4 

NaBF4:G4 in traditional half cells with sodium vanadium fluorophosphate (Na3(VO)2(PO4)2F 

(NVOPF)) cathode. This material is known for its two redox plateaus and high-rate capability 

and is discussed in greater detail later in this chapter.38–41 Figure 3.5. shows the first cycle of 

galvanostatic discharge for NVOPF half-cells against sodium metal at a rate of 1C in both 1:4 

NaBF4:G4 and standard 1M NaPF6 G2 which is used as the control sample. These data reveal 

remarkably similar cycling near theoretical capacity for both electrolyte systems. We observe 

slightly higher polarization for the tetraglyme-based electrolyte which is expected due to its 

longer chain length and subsequently lower ionic conductivity.26,42,43   
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Figure 3.4. a) Selected cycles of plating and stripping experiments with carbon-coated 

aluminum working and sodium metal counter/reference electrodes at a current density of 1 mA 

cm–2 for a capacity of 1 mAh cm–2 for a,c) 1:4 NaBF4:G4 and b,d) 1:2 NaBF4:G4. Coulombic 

efficiency and mid-voltage overpotential as a function of cycling for e) 1:4 NaBF4:G4 and f) 1:2 

NaBF4:G4. All tests were one hour of plating and one hour of stripping with a 1V cutoff. 



69 
 

 

Figure 3.5.  First cycle of galvanostatic discharge for NVOPF electrode in 1:4 NaBF4:G4 

electrolyte and standard 1M NaPF6 G2 as comparison. The charge/discharge rate is 1C. Testing 

was performed in half-cell, two-electrode format with NVOPF working electrode and sodium 

metal counter/reference electrode.  

 

 After confirmation of the favorable electrochemical environment for sodium metal in 1:4 

NaBF4:G4, we proceeded to incorporating it into a pseudosolid electrolyte. As described 

previously in Chapter 2 and in literature for ionogels,44–48 we employ a liquid silica precursor (in 

this case tetraethyl orthosilicate) in acid-catalyzed, sol-gel synthesis in conjunction with a 

supporting polymer, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP). This 

polymer is known to provide stability to gel electrolytes for both lithium-ion and sodium-ion 

batteries.49–51 After addition of formic acid to catalyze the sol-gel process, we observe gelation 

within 1–2 hours. We then dry the electrolytes ambiently overnight to allow for complete reaction 

and then remove by-product solvents (water and methanol) by more aggressive drying at 100°C 
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under vacuum. As confirmed through thermogravimetric analysis (TGA), these pseudosolid 

electrolytes are ~60 wt% NaBF4:G4, ~15 wt% PVDF-HFP, and ~15% silica matrix (Figure 3.6.) 

This ratio of components balances ionic conductivity with mechanical stability.  

 

Figure 3.6. Thermogravimetric analysis (TGA) in air of the glyme-based gel electrolyte. Heating 

rate: 10 °C min–1.  

 

Electrochemical impedance spectroscopy (EIS) probed the ionic conductivity of the 

NaBF4:G4 pseudosolid electrolyte. As seen in Figure 3.7., we observe a room-temperature ionic 

conductivity of 0.9 mS cm–1 for the glyme-based gel electrolyte which is larger than many solid 

electrolytes and on par with many liquid electrolytes.3,52  Additionally, the ionic conductivity of 

the solid electrolyte is only slightly diminished from that of it liquid counterpart (1.3 mS cm–1). 

We also determined the electrochemical stability window (ESW) of the electrolyte systems using 

linear sweep voltammetry (LSV). In this setup, sodium metal acts as both counter and reference 
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electrode while carbon-coated aluminum acts as the working electrode. The positive sweep 

(blue) and negative sweep (green) were performed on two different cells to avoid influence of 

degradation products on the opposite sweep direction. Figure 3.7.b shows a wide ESW of over 

4V even at conservative current cutoffs below 100 µA cm–2. This large window enables the use 

of high-potential electrode materials which can significantly boost the energy density of new 

SMB devices. In addition, a wide voltage window helps diminish the amount of electrolyte 

degradation experienced upon cycling which will increase device longevity and cycling stability. 

On the negative potential sweep, reversible sodium metal plating and stripping is discussed 

extensively later in this chapter. 
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Figure 3.7. a) Ionic conductivity as a function of temperature for the glyme-based gel 

electrolyte. The liquid electrolyte was included for comparison at room temperature. b) 

Electrochemical stability window tests for the pseudosolid electrolytes. This test was performed 

with a carbon-coated aluminum working electrode and a sodium metal counter/reference 

electrode at a sweep rate of 1 mV s–1. Tests for measuring the transference number of the 

glyme-based pseudosolid electrolyte including the c) polarization step and d) impedance 

before/after polarization to extract resistance values.  

 

 Another important aspect of an electrolyte for sodium-ion batteries is the transference 

number which is a measure of the fraction of current delivered by the carrier in question (in this 

case Na+). We extract this value utilizing the Bruce-Vincent method which involves measuring 

the resistance of a symmetrical sodium metal cell using EIS before and after a small potential 
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hold (Figure 3.7 c,d) . Using Equation 3.1, a transference number of 0.3 was calculated for our 

glyme-based pseudosolid electrolyte which is on par with many liquid and solid electrolytes in 

literature.53–55 A high transference number allows for more rapid ion conduction and helps 

dissipate concentration gradients more quickly at high rates of charge/discharge.56 

 

Figure 3.8. Plating/stripping experiments for a cell with a carbon-coated aluminum working 

electrode, sodium metal counter/reference electrode, and the glyme-based gel electrolyte a) 

Increasing plating capacity from 0.5 mAh cm–2 to 5 mAh cm–2 at a current density of 0.5 mA cm–

2
.  b) Midcycle overpotential taken on the plating cycle as a function of current density with a 

plating capacity of 1 mAh cm–2 for both the liquid and gel electrolyte of 1:4 NaBF4:G4. c) 

Coulombic efficiency and d) midcycle overpotential for long-term cycling at a current density of 

0.5 mAh cm–2. 
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Due to the tremendous stability of the liquid electrolyte with sodium metal, we fabricate 

various cells to probe the plating/stripping behavior of the glyme-based solid electrolyte. In each 

of these cells, the working electrode is carbon-coated aluminum and the counter/reference 

electrode is sodium metal. In coin cell format, we investigated our gel electrolyte as a monolith 

which is sandwiched between the two electrodes. The results for plating/stripping tests with 

increasing plating capacity can be seen in Figure 3.8a. Even at a high capacity of 5 mAh cm–2, 

this system can reversibly plate and strip with no apparent degradation or loss in efficiency. This 

trait is vital for energy-dense batteries which take full advantage of the large capacity of sodium 

metal. In addition to large capacity, our glyme-based gel electrolyte is able to plate sodium with 

a relatively low overpotential, even at high current densities. A low overpotential ensures a high 

energy efficiency and reversibility at high current densities. In Figure 3.8b, an extraordinarily low 

overpotential (~50 mV) is observed for the gel electrolyte at a current density of 0.5 mA cm–2 

which only increases to about 500 mV at 5 mA cm–2. Although greater than that of the 

NaBF4:G4 liquid electrolyte, these values are among the lowest reported for any electrolyte 

system.5,12,13 At a current density of 5 mA cm–2, the electrolyte begins to exhibit increased 

polarization at the end of its plating cycle (Figure 3.9.) which likely points to the onset of dendrite 

formation. This system is also capable of long-term stability, as evidenced by Figure 3.8c,d 

which plot the Coulombic efficiency and midcycle overpotential for a current density of 0.5 mA 

cm–2 over 100 cycles. Stability over hundreds of cycles is crucial for battery longevity and 

reliable performance. 
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Figure 3.9. Galvanostatic sodium plating curves for various current densities. Carbon-coated 

aluminum working electrode, sodium metal counter/reference electrode, and glyme-based gel 

electrolyte.  

 

 We probe the interfacial resistance of the sodium metal plating/stripping utilizing EIS as 

a function of cycling. In this setup, we use a symmetric sodium metal cell and take an EIS 

measurement after each plating cycle (Figure 3.10). The first cycle demonstrates a significantly 

larger resistance in Figure 3.9a than the subsequent cycles which can be seen in Figure 3.9b 

with a smaller data range. After the first cycle, the total resistance of the cell settles around 85 

Ohms and remains invariant with further cycling. This is likely due to the removal of surface 

oxides, hydroxides, etc. on the sodium metal in the first cycle.  
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Figure 3.10. Electrochemical impedance spectroscopy (EIS) taken after each plating cycle for a 

symmetrical sodium sandwiching the glyme-based gel electrolyte. a) The full data range and b) 

a reduced range show the decrease in cell resistance after the first cycle.   

 

 To demonstrate the full capability of the glyme-based gel electrolyte, we construct a 

sodium-metal battery with NVOPF cathode. This material is grown onto reduced graphene oxide 

(rGO) though hydrothermal synthesis. The presence of rGO greatly improves the electronic 

conductivity and improves rate capability as well as cycle stability. We confirm the phase, 

amount of rGO, and morphology in Figure 3.11. XRD reveals peak positions which correspond 

completely to NVOPF38–41 and no impurity phases. The amount of carbon scaffold was tuned to 

~12 wt%, as confirmed by thermogravimetric analysis, which balances conductivity and active 

material accessibility. Finally, we observe a nanorod morphology with a diameter of ~200nm 

and a length of ~1 µm in Figure 3.11c,d.   
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Figure 3.11. a) X-ray diffraction (XRD) b) thermogravimetric analysis (TGA) and c,d) scanning 

electron microscopy (SEM) images of the NVOPF@rGO cathode. 

 

 Electrochemically, our SMB with glyme-based gel electrolyte and NVOPF cathode 

demonstrates stable cycling and moderate rate capability. As seen in Figure 3.12a, we achieve 

near theoretical capacity for the NVOPF (130 mAh g–1 based on two electron redox) and two flat 

redox plateaus at a rate of 0.5C. Even at 1C, (Figure 3.12b), our solid-state SMB still delivers 

over 100 mAh g–1 with capability of supporting high charge/discharge rates. Our outstanding 

stability with sodium metal is further shown by the reversible cycling seen in Figure 3.12c for 

100 cycles at a rate of 0.5C. 57–59 We achieve a specific energy (based on the weight of both 
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electrodes) of ~500 Wh kg–1 at a rate of 0.5C and can also deliver ~200 Wh kg–1 at a specific 

power of ~1900 W kg–1. In addition to being thermally-stable and nonflammable, our SMB is 

competitive with other solid-state, sodium-ion batteries (Figure 3.12d) and is compatible with 

sodium-metal anodes. Other solid-state systems utilize polymers soaked in flammable 

carbonate electrolyte57,58 or true solid electrolytes59 with limited rate capability. 

 

 

Figure 3.12. Electrochemical results for the NVOPF sodium-metal battery with glyme-based gel 

electrolyte. a) Charge/discharge curve at a rate of 0.5C b) Rate retention for C-rates: 0.2C, 

0.25C, 0.33C, 0.5C, 1C, 2C, and 4C c) long-term cycling at a rate of 0.5C d) Ragone plot 

comparing this work to other full-cell, sodium-based devices.57–59  



79 
 

3.4. Conclusions 

 We demonstrate the synthesis and electrochemical properties of a glyme solvent 

encapsulated within a silica matrix as a pseudosolid electrolyte for sodium-metal batteries 

(SMBs). Combinations of sodium tetrafluoroborate in tetraglyme solvent exhibit extremely low 

overpotentials of ~11 mV which remain invariant with capacity and with cycling. The initial 

coulombic efficiency is high (>80%) and this quickly stabilizes to above 97% within the first few 

cycles. Long-term cycling (>200 cycles) was demonstrated without shorting or catastrophic 

failure. A 1:4 molar ratio of NaBF4:G4 gel electrolyte was also evaluated in two-electrode cells 

with Na3(VO)2(PO4)2F (NVOPF) cathode and sodium metal anode, achieving near theoretical 

capacity and 500 Wh kg–1 at a charge/discharge rate of 0.5C.   
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Chapter 4: Amorphous vanadium dioxide as a high-capacity electrode for sodium-ion 

batteries 

We investigate amorphous vanadium dioxide (a–VO2), synthesized by a simple 

precipitation reaction heat treatment, as a host for sodium-ion storage. In contrast to its 

crystalline form, we observe pseudocapacitive-like properties of a-VO2. When grown onto 

graphene foam (explored in Appendix A), this material exhibits extremely fast charges storage 

and supports ~400 mAh g–1. Based on these results, we expect amorphous materials to be 

more seriously investigated as charge-storage hosts for a variety of alkali ions.  

  

4.1. Introduction and Background 

Traditional electrochemically-active materials in rocking-chair type batteries have 

layered- or tunnel-type structures which can reversibly intercalate/deintercalate lithium ions.1 

When investigating new materials for lithium-ion storage, researchers often focus on interlayer 

spacing and available crystallographic space for lithium insertion as a route towards improving 

both rate and cyclability.2–4 As a consequence of the larger cationic size of sodium, there are 

generally fewer host materials for sodium-ion insertion compared to lithium-ion insertion.5–7 

Amorphous materials, as a consequence of their disordered structure, are one route 

towards combating this issue and researchers have recently investigated their advantages over 

crystalline materials for electronic applications.8–10  Amorphous metal oxides in particular are 

potential candidates in electrochemical systems and have shown promise as supercapacitor 

materials.11,12 Due to their random arrangement of metal-oxygen bonds and lack of long-range 

order, amorphous oxides can have significantly different properties from their crystalline 

analogues.13,14 Generally, amorphous oxides have higher surface area, higher tensile strength, 
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and better chemical stability than crystalline oxides.15 From an electrochemical perspective, 

amorphous oxides have several desirable features (depicted in Figure 4.1.):  

• Accommodation of volume change 

Due to their extra free volume, amorphous materials are better equipped to handle the 

volumetric changes associated with ion intercalation.16 This feature leads to lower 

mechanical stress upon cycling which increases cycle life and Coulombic efficiency.17,18 

In fact, strain values near 1% have been observed for the common lithium-ion battery 

material LiNi0.33Mn0.33Co0.33O2 (NMC) upon intercalation/deintercaltion.19 Although 

lithium-ion storage is possible in many materials, larger ions such as sodium and 

potassium are much more difficult to insert. Figure 4.2. depicts the differences in ion 

storage for various crystalline materials compared with amorphous iron phosphate. 

Especially for large ions such as potassium, many crystalline lattices do not have 

sufficient room for intercalation.20  

 

Figure 4.1. Differentiation of crystalline and amorphous materials. Bottom tiles depict the 

potential advantages of amorphous materials for energy storage.15 
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• Isotropic electronic properties 

Although materials with layered or tunnel structures provide pathways for ion diffusion, 

they are also generally restricted to facile diffusion in limited crystallographic directions. 

In contrast, amorphous materials are isotropic and do not suffer from asymmetry in 

properties such as electronic conductivity or active site availability.21  

 

• Improved diffusional kinetics 

As a consequence of having a homogenous distribution of active sites, amorphous 

materials tend to have better reaction kinetics.22,23 In addition, crystalline materials tend 

to be diffusion-limited by the nucleation and growth of new phases when undergoing 

lithiation/delithiation.24 Amorphous materials, on the other hand, have no such limitations 

and undergo substantially faster redox.16   

 

Despite the overwhelming benefits of amorphous materials for energy storage they are 

somewhat difficult to characterize structurally with commonplace laboratory equipment. The 

simplest and quickest method to assess the structure of a material is with X-ray diffraction 

(XRD). Although powerful, this technique provides limited to no information on amorphous 

materials due to their lack of long-range order. To accurately probe the local structure of 

amorphous materials, X-ray absorption techniques such as X-ray absorption near-edge 

structure (XANES) and X-ray absorption fine structure (XAFS) are generally required.25 These 

techniques have been successfully employed to characterize amorphous battery materials and 

are becoming increasingly popular.26–28 
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Figure 4.2. Schematic of alkali-ion charge storage in both crystalline materials (cobalt oxides, 

manganese oxides, and iron phosphate) and amorphous iron phosphate. For large ions such as 

potassium, many crystalline hosts cannot provide adequate space for insertion, but the extra 

free volume in amorphous materials makes it a possibility.20 
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Recently, work on amorphous vanadium pentoxide has shown promising results for lithium-

ion batteries. For example, Chae et. al demonstrated that amorphous V2O5 stored nearly four 

times more capacity than crystalline V2O5 in nonaqueous lithium electrolyte.29 Uchaker et. al 

similarly demonstrated a significant increase in capacity when utilizing amorphous V2O5 in 

sodium electrolyte.18 In an aqueous LiCl solution, amorphous VOx of mixed-valence 

demonstrated over 100,000 cycles with minimal capacitive decay.17 Thus far, amorphous 

vanadium dioxide (a–VO2) has been fairly unexplored as an energy storage material for sodium-

ion batteries. Because crystalline VO2 offers significantly higher electronic conductivity and a 

unique metal-insulator phase transition, we hypothesized that VO2 would experience even 

greater benefits than V2O5 upon amorphization. Herein, we describe the synthesis and 

characterization of a–VO2 as a sodium-ion storage material.    

 

4.2. Experimental 

Synthesis 

The synthesis pathway is summarized in Figure 4.3. Specifically, 526 mg VOSO4∙xH2O 

(Sigma Aldrich) was stirred into 5 mL DI water at room temperature. Separately, 543 mg of 

NH4HCO3 was dissolved into 5 mL DI water at room temperature. After complete dissolution, 

the ammonium bicarbonate solution was slowly added dropwise over 15 minutes to the 

vanadium sulfate solution. This mixture stirred for 1 hour and an amorphous, brown precipitate 

of VO(OH)2 formed. 

The precipitate was separated by centrifugation and washed repeatedly with water and 

then ethanol (three times each). Following washing, the precipitate was dried at 75°C on a 
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Schlenk line overnight. For conversion to amorphous VO2, the VO(OH)2 was heat treated at 

275°C for 3 hours in flowing argon atmosphere.  

 

 

Figure 4.3. Schematic of the synthesis for amorphous VO2. 

 

Crystalline VO2(B) was synthesized through a hydrothermal method. Briefly, 5mmol of 

vanadium pentoxide (Sigma Aldrich) was dispersed in a mixture of 35 mL DI water and 2 mL 

methanol using a sonication probe for 5 minutes. This mixture was then transferred into a 

Teflon-lined autoclave and heated to 200°C for 24 hours. The resulting blue powder was 

washed thoroughly with water followed by ethanol (three times each). Following washing, the 

precipitate was dried at 75°C on a Schleck line overnight. 

 

Structural and chemical characterization 

Transmission electron microscopy (TEM) and electron diffraction were performed on an 

FEI T12 Cryo-electron microscope. X-ray photoelectron spectroscopy (XPS) was performed on 
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a Kratos Axis Ultra with a monochromatic aluminum X-ray source. X-ray diffraction (XRD) was 

performed on a PANalytical X’Pert Pro using a Cu Kα (λ = 1.5418 Å) source.  

Electrochemical characterization 

Electrochemical measurements were taken on a Biologic VMP3 potentiostat. Both cyclic 

voltammetry and galvanostatic discharge were conducted in two-terminal, coin-cell format. a–

VO2 electrodes were fabricated by mixing a–VO2, Super P carbon black (Alfa Aesar), and PVDF 

binder (Kynar Flex) in an 80:10:10 ratio in N-methyl-2-pyrrolidone (NMP) solvent. This slurry 

was cast onto an aluminum foil current collector and dried at 120°C under vacuum overnight 

before testing. The electrolyte used for testing was 1M NaPF6 solvated in a mixture of ethylene 

carbonate − diethyl carbonate − fluoroethylene carbonate (1:1:0.03 in volume). All testing 

utilized a glass fiber separator (Whatman GF/D) and a counter/reference electrode of thoroughly 

cleaned sodium metal (Sigma Aldrich). The mass loading of active material was 1 mg cm-2. All 

coin cell assembly was performed inside an argon glovebox with both moisture and oxygen 

levels below 0.5 ppm.  

 

4.3. Results and Discussion 

 Nanoparticles of vanadium dioxide can be produced through a variety of synthesis 

techniques including chemical and physical vapor deposition, sol-gel, sputtering, and pulsed-

lased deposition.30 In this work, we utilize a simple precipitation route from aqueous VOSO4 

solution to control the oxidation state of vanadium (Figure 4.3.). We found that by beginning with 

a precursor of V4+ and utilizing a low-temperature synthesis that we could suppress the 

formation of V5+. After dissolution of VOSO4∙xH2O in water, ammonium bicarbonate was added 

as a pH control agent to stabilize the formation of amorphous vanadium oxyhydroxide (Figure 
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4.4).31–33 We confirm the lack of structure using X-ray diffraction (XRD) in Figure 4.4b as well as 

the oxidation state of the vanadium using X-ray photoelectron spectroscopy (XPS) in Figure 

4.4c. The peaks in XPS at 516.4 eV and 523.7 eV correspond to the V2p3/2 and V2p1/2 peaks for 

V4+, respectively.34 Additionally, the peaks at 530 eV and 531 eV correspond to vanadium–

oxygen and vanadium–hydroxide bonds, respectively.34–36 In agreement with previous literature 

(Figure 4.5), heat treatment at 275°C in argon atmosphere subsequently produced a–VO2. 

Careful consideration should be taken for the heat-treatment temperature and atmosphere as 

VO2 crystallizes around 400°C, will oxidize in air above 300°C, and will not decompose from 

VO(OH)2 until at least 250°C.32,37,38      

 

 

Figure 4.4. a) Scanning electron microscopy (SEM) b) X-ray diffraction (XRD) and c) X-ray 

photoelectron spectroscopy (XPS) of amorphous VO(OH)2 powder. 
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Figure 4.5. Thermogravimetric analysis (TG) and differential thermal analysis (DTA) of 

amorphous VO(OH)2 in argon atmosphere.32 

 

 The XRD results for a–VO2 can be seen in Figure 4.6.a) and display only broad peaks 

corresponding to the sample holder. For comparison, the XRD results for commercial vanadium 

pentoxide and hydrothermally-synthesized, crystalline VO2(B) are included in panels b) and c). 

All samples were compared with nonnormalized intensity in panel d). Based on these data, we 

can confirm that a–VO2 is amorphous.     
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Figure 4.6. X-ray diffraction data for a) amorphous vanadium dioxide b) commercial vanadium 

pentoxide c) hydrothermally-synthesized VO2(B) d) and all three samples VOx for intensity 

comparison. 

 

 We investigate the oxidation state of vanadium in a–VO2 using XPS in Figure 4.7. 

Careful procedures were taken to process the XPS data properly including measuring the V2p 

and O1s spectra simultaneously, calibrating peak position to the O 1s peak at 530 eV as 

opposed to adventitious carbon at 284.8 eV, and using peak separation as well as position to 

determine the identity of vanadium oxidation.34 Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) evaluate the morphology of a–VO2 in Figure 4.4. b), c) 
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and reveal a primary particle size of approximately 100 nm and plate-like morphology. Electron 

diffraction measurements taken with TEM exhibit show broad, diffuse diffraction rings which 

further confirm the amorphous nature of a–VO2.39 

 

  

Figure 4.7. Chemical and structural analysis of a-VO2. a) Overlapping V2p and O1s regions of 

X-ray photoelectron spectroscopy b) scanning electron microscopy (scale bar 2 µm) c) 

transmission electron microscopy (scale bar 100 nm) and d) electron diffraction.    
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Both galvanostatic discharge and cyclic voltammetry (CV) measurements were utilized 

to assess the charge-storage properties of a–VO2 (Figure 4.8.). a–VO2 stored an impressively 

high 275 mAh g–1 of sodium at a slow current rate of 40 mA g–1. Based on the quasi box-like 

shape of the voltammograms (Figure 4.8b), we also investigated the pseudocapacitive nature of 

a–VO2.  

 The current response (i) in a cyclic voltammetry experiment can be described as a 

power-law function of the sweep rate (ν) where a is a constant and b is the power-law 

exponent:24,40  

                                                                                                         Equation 4.1.                                                        

Here, the b-value is used to describe the charge-storage mechanism in materials and is 

extracted from plots of log(i) vs log(ν). Redox reactions which are diffusion-limited follow the 

Randles-Sevcik equation and their current is proportional to the square root of sweep rate, 

providing a b-value of 0.5.41,42 In contrast, materials which store charge purely capacitively will 

exhibit a b-value of 1. Pseudocapacitive materials will similarly show b-values near 1 because 

their Faradaic reactions are limited to the surface or near surface of the material and are not 

diffusionally-limited.43 In this case, we observe a b-value of 0.68 and 0.70 for the oxidation and 

reduction peaks, respectively which suggests a mixture of diffusion-controlled and surface-

controlled reactions.44,45  

Appendix A details a parallel investigation of a–VO2 which has been grown onto a 

graphene foam scaffold through hydrothermal synthesis. In this work, we observe 

unprecedented capacity and rate retention for a–VO2 due to a combination of the reduced 

nanosheet dimensions and the pseudocapacitive charge storage mechanism. Interestingly, the 
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a–VO2 grown on graphene foams exhibits a more symmetrical CV (Figure A.3.) as well as a b-

value of 0.93.  

 

Figure 4.8. Electrochemical performance of a–VO2 as a sodium-ion battery electrode. a) Slow 

galvanostatic charging/discharging at 40 mA g–1 b) cyclic voltammetry for b-value analysis c) 

rate retention and d) voltage–time curves at 800 mA g–1. 

 

The rate retention of pristine a–VO2 ( Figure 4.8c) shows a sharp decrease in discharge 

capacity with increasing current density. At the slowest rate (40 mA g–1), a–VO2 can store nearly 

300 mAh g–1 in roughly seven hours, but this reduces dramatically to under 100 mAh g–1 at 400 
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mA g–1. These data suggest that the decreased dimension of the a–VO2 nanosheets in 

Appendix A store not only more charge than their pristine counterpart here, but also that kinetics 

are surface-controlled. This becomes more pronounced when comparing the rate retention for 

a–VO2 grown on graphene (Figure A.3e,f) and pristine a–VO2 (Figure 4.9) in both cathodic and 

anodic windows. Both windows can support ~70 mAh g–1 in pristine a–VO2 which is nearly 

tripled for the same rate when grown onto graphene foam.  

 

 

Figure 4.9. Slow galvanostatic cycling for a–VO2 in its a) high-voltage regime (4V–2.5V vs 

Na|Na+) and b) low voltage regime (2.5V–1V vs Na|Na+). 

 

 As a proof-of-concept, solid-state device, we employ the glyme-based pseudosolid 

electrolyte from Chapter 3 of this dissertation with a–VO2 cathode and sodium metal anode. As 

demonstrated in Figure 4.10, a-VO2 only stores about 100 mAh g–1 at a low current density of 40 

mA g–1. This may be due to wettability issues with the solid electrolyte or, more likely, due to 

dissolution of vanadium from the active material. This has been found to be an issue with other 
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vanadium-based compounds in glyme electrolyte46 and is further substantiated by the consistent 

fade in capacity seen between cycle 1 and cycle 30.  

 

Figure 4.10. Slow galvanostatic cycling (40 mA g–1) of a–VO2 with glyme-based gel electrolyte 

and sodium metal counter/reference electrode. 

 

 Table 4.1 compares our work to other vanadium dioxide materials for sodium-ion 

batteries in literature. Through utilization of the wide 4V window of a–VO2 grown on graphene 

foam (Appendix A) as two separate cathodic and anodic electrodes, we fabricate a symmetric 

battery which is capable of an outstanding 63 Wh kg–1 at a power density of 3.3 kW kg–1. In 
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addition, the device is capable of severe overcharging and electrode inversion which could be a 

significant safety feature in a full-cell device. 
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Table 4.1. Comparison of sodium-ion storage in vanadium dioxide materials.  

Phase 
Current density:  

capacity 

Voltage range 

(vs Na|Na
+

) 
Loading (mg cm

–2

) Reference 

Amorphous 

VO
2
 

40 mA g
–1

:  

275 mAh g
–1

 

1-4 V 1.0 This work 

Amorphous 

VO
2
 

40 mA g
–1

:  

400 mAh g
–1

 

1-4 V 0.8 Appendix A 

VO
2
(A) 

50 mA g
–1

:  

125 mAh g
–1

 

1-4 V 0.42 47 

VO
2
(B) 

65 mA g
–1

:  

325 mAh g
–1

 

1.5-3.5 V 2.5 48 

VO
2
(B) 

100 mA g
–1

:  

  300 mAh g
–1

 

1.5-3.5 V 0.6 49 

VO
2
(B) 

50 mA g
–1

:  

150 mAh g
–1

 

1.5-4 V N/A 50 

VO
2
(B) 

60 mA g
–1

:  

250 mAh g
–1

 

0.25-3 V N/A 51 

VO
2
(B)  100 mA g

–1

:  0-3 V N/A 52 
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 350 mAh g
–1

 

VO
2
(B) 

140 mA g
–1

:  

  175 mAh g
–1

 

1-3.8 V N/A 53 

VO
2
(B) 

50 mA g
–1

:  

250 mAh g
–1

 

1.5-3.5V 0.3-1 54 

 

 

4.4. Conclusions 

 Amorphous VO2 (a–VO2) was explored as an electrode material for sodium-ion batteries. 

A low-temperature, facile process produces a-VO2 with no impurities or V5+ surface oxide. 

Galvanostatic discharges tests exhibit a high capacity of 275 mAh g–1 at 40 mA g–1. We analyze 

the electrochemical properties of pristine a-VO2 and compare it to a–VO2 grown on graphene 

foam (demonstrated in Appendix A). The promising features of amorphous vanadium dioxide 

showcase the potential of disordered materials for both sodium-ion storage and ion-storage in 

general.     
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Chapter 5: Summary and Future Direction 

 The sodium-ion battery (SIB), due to its lower cost and more abundant components, is a 

promising alternative technology to the well-known lithium-ion battery (LIB). Although LIBs and 

SIBs are similar in their chemistry, sodium-ion batteries face unique challenges which require 

appropriately-tailored solutions. This dissertation details various approaches to address these 

issues through the introduction and implementation of novel electrolyte and electrode systems.   

 Flammability of common electrolyte materials remains a large issue for the continued 

commercialization of energy-dense battery systems into consumer products. To meet this need 

for nonflammable electrolytes, we synthesize and characterize sol-gel-derived, pseudosolid 

electrolytes. In Chapter 2, we investigate the use of an ionogel electrolyte in which nonvolatile 

ionic liquid is encapsulated within an organically-modified silica matrix. We establish the 

cyclability of our ionogel electrolyte with common electrode materials such as activated carbon, 

sodium vanadium phosphate, and sodium titanium phosphate. In a broader context, this 

demonstration provides one possible route for utilization of solid electrolytes which are regarded 

as the next big innovation for batteries. Unlike traditional solid electrolytes which are typically 

too resistive, we retain liquid-like kinetics in a macroscopic solid through the use of a silica 

scaffold. In conjunction with our organic modification for durability, ionogel electrolytes are a 

promising solution which combines the safety of a solid with the dynamics of a liquid. Future 

progress on reducing the thickness of the ionogel monoliths through spin-coating would enable 

further increases in energy density.      

 In Chapter 3, we adapt the ionogel synthesis to instead encapsulate a tetraglyme-based 

liquid electrolyte which is stable against sodium metal. Not only are they cheap and versatile, 

glyme solvents of higher molecular weight also exhibit negligible vapor pressure similar to ionic 

liquid. Due to their outstanding stability and low cycling overpotential with sodium metal, these 
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glyme-based gel electrolytes allow for the direct use of sodium metal as an anode. Boasting a 

theoretical capacity over 3x greater than graphite, the utilization of a sodium metal anode can 

significantly improve the energy density of an SIB. We demonstrate a prototype cell of 450 Wh 

kg–1 with sodium vanadium fluorophosphate cathode, sodium anode, and our nonflammable, 

glyme-based gel electrolyte. An energy density this high competes with state-of-the art LIB 

systems which utilize volatile liquid electrolytes. By being both cost-effective and 

electrochemically-stable, this glyme-based gel electrolytes establishes a scalable direction for 

nonflammable sodium-ion batteries. To advance this work further, progress should be made in 

creating thinner electrolytes which will increase both energy density and power density at the 

cell level.       

 Due to the larger size of the sodium cation, different materials and architectures must be 

employed to match or exceed performance of LIBs. To avoid the difficulty of fitting the larger 

sodium ion between well-defined, crystallographic features (tunnels, layers, etc.), we explore the 

possibility of using an amorphous material as an ion host. In Chapter 4, amorphous vanadium 

dioxide (a–VO2) is presented as a potential sodium-ion electrode. Pristine a–VO2 demonstrates 

a high capacity at slow rates and voltammetric features reminiscent of a pseudocapacitive 

material. When grown on graphene foam in Appendix A, the capacity, rate capability, and 

contribution from surface-controlled reactions improves dramatically. Although the performance 

of a–VO2 is impressive, the important takeaway from this work is possibility for future 

amorphous electrode materials which could unlock new potential for energy storage materials, 

especially for larger ions (Na+, K+, Ca2+, Zn2+, Al3+, etc.). As X-ray absorption techniques 

become more available and advanced, the capability of understanding amorphous materials, 

especially through in-situ experiments, increasing tremendously.     
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Appendix A: Unleashing the Power of Symmetric Energy Storage with Reborn 

Pseudocapacitance 

*a version of this dissertation appendix is in preparation as a manuscript thanks to work in 

collaboration with Dongliang Chao, Chun-Han (Matt) Lai, Qiulong Wei, Changrong (Rose) Zhu, 

Hong Jin Fan, and Bruce Dunn 

 

Pseudocapacitive charge storage materials is distinguished from other types of 

electrochemical energy storage by fast charging and high power capabilities. One candidate 

pseudocapacitive material is monoclinic VO2 (B), a layered compound with high theoretical 

capacity and rich chemistry of various vanadium valence states. VO2 research has thus far 

focused on the crystalline rather than the amorphous phase, despite the impressive 

electrochemical properties of the latter, which includes an improved pseudocapacitive behavior 

due to disorder. Here we demonstrate linear voltage profile over a 3-volt range with high 

reversible capacity. As a result, a full symmetric battery with both cathodic and anodic 

pseudocapacitance is constructed showing fast charge/discharge rate in one minute and 

unleashed energy/power output. This pseudocapacitive based symmetric battery enabled by 

amorphous material provides new avenues for designing next-generation safer power devices. 

 

A.1. Introduction 

 Pseudocapacitive materials have emerged as an interesting direction for energy storage 

materials. While there is some discussion about specific features which distinguish 

pseudocapacitive materials, there seems to be general agreement that these materials may 

offer the elusive characteristic of achieving high energy at high rates of operation.1, 2, 3 The 
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overwhelming trend for the studies on pseudocapacitive materials has been to investigate Li+ 

insertion into crystalline solids. The most common systems operate between 2.5 and 1.0 V vs. 

Li+/Li (ref. 4, 5, 6).  Finding pseudocapacitive materials at higher voltages has been difficult and 

only recently researchers seemed to uncover possible materials in the range of 4.0V (ref. 7).   

 The present paper concerns the electrochemical properties of VO2. Crystalline VO2 is 

one of the most well-studied transition metal oxides, largely because of the metal-

semiconductor transition that it goes through at ~70°C (ref. 8). The ion insertion properties of this 

material, however, have received much less attention. The crystalline form of VO2 which is of 

most interest is VO2 (B), a layered structure formed from edge-sharing VO6 octahedra. The 

material possesses good room temperature conductivity, rapid ion diffusion, and higher capacity 

than other vanadium oxides.9, 10 In Li+ systems, VO2 has been studied as both a positive 

electrode11, 12, 13 (1.5–3.5 V vs. Li) and a negative electrode14, 15 (0.01–3.0 V vs. Li).  During Li 

ion insertion, a phase change with obvious discharge plateaus occurs, which limits its rate 

capability and cycling stability14. With Na ions, which have larger ionic sizes than Li ions (1.02 Å 

for Na+ vs. 0.76 Å for Li+), lattice accommodation is more diffusion limited, leading to much 

worse rate performance with limited Na ion insertion. Various approaches have been used to 

improve the rate performance including forming composites with reduced graphene oxide16, 

surface coating by graphene quantum dots11, and ultrathin nanobelt design17. However, the 

ability to achieve high rate reversibility with Na+ remains a significant challenge.  

In this paper, we show that the Na+ insertion properties of amorphous VO2 (a-VO2) are 

significantly better than that of VO2(B). This amorphous material exhibits a linear galvanostatic 

profile which exists over a wide voltage range (1 to 4V vs. Na/Na+). This voltage profile is 

reminiscent of an electrical double layer capacitor (EDLC), except that with VO2, there are redox 

reactions which increase the specific capacity significantly. The reversible capacity of over 400 
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mAh g–1 exceeds that of any other Na+ insertion material, crystalline or amorphous. Because the 

linear voltage regime encompasses the voltage range for both positive and negative electrodes, 

this enables us to operate a symmetric sodium-ion battery in which a-VO2 serves as both the 

anode and cathode.  

 

A.2. Results and Discussion 

Materials Synthesis and Characterization 

 The two VO2 materials which are the subject of this study are monoclinic VO2(B), noted 

as c-VO2, and the corresponding amorphous composition (a-VO2). Both materials are prepared 

on graphite foam (GF) by solvothermal methods with oxalic acid serving a reducing agent. The 

synthesis details for both forms of VO2 are discussed in the Materials and Methods section. 

While the synthesis methods are similar for both materials, the higher concentration of 

vanadium precursor leads to a higher nucleation rate and formation of the crystalline VO2(B). 

The c-VO2 tends to form platelets which are about 100 nm thick with a lateral size of 300 to 500 

nm (Fig. A.1.a and Supplementary Fig. A.5.). In comparison, the a-VO2 forms thin sheets which 

are 5 nm thick with lateral dimensions of 30–60 nm (Fig. A.1.b). The plan view shown in Fig. 

A.1.a,b underscores the difference in dimensions and shows that both materials are 

mesoporous. The cross-section of a-VO2 is shown in Fig. A.1.c a and Supplementary Fig. A.6. 

The amorphous VO2 materials grow perpendicular to the graphite foam and form layers in the 

range of 100 to 150 nm thick. The X-ray diffraction (XRD) patterns in Fig. A.1.d identify the 

crystalline material as monoclinic VO2 (B) (JCPDS 31–1438) in combination with the highly 

crystalline structure of the GF substrate (JCPDS 75–1621). The VO2 (B) structure is presented 

in Supplementary Fig. A.5.e. The lattice-resolved HRTEM image shows an interplanar spacing 

of 2.9 Å for the (400) planes of c-VO2 (inset in Fig. A.1.d). In addition, the fast Fourier Transform 
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(FFT) spots reveal the existence of (110) and (200) facets in the [002] zone axis, implying that 

the layers of c-VO2 are stacked along the [002] direction11, 18. The a-VO2 material is X-ray 

amorphous, as only the GF peaks are observed in the XRD (see Fig. A.1.e). The FFT image is 

consistent with the amorphous structure. X-ray photoelectron spectroscopy (XPS) carried out on 

the as prepared materials (Fig. A.2.) indicates that in the c-VO2 all the vanadium is in the +4 

state while a-VO2 has a small amount of V3+ present. 

 The graphite foam serves as both a lightweight three-dimensional porous current 

collector and a flexible scaffold that maintains structural continuity of the electrode. This 

electrode enables ion and electron access to the VO2 active material without the need for 

binders or conductive additives. The pores facilitate electrolyte penetration to the mesoporous 

VO2 layers shown in Fig. A.1. while the GF provides electron conduction. The a-VO2 loading 

was 0.8 mg cm–2 while that for c-VO2 was 1 mg cm–2. 
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Figure A.1. Structural and morphology characterizations of c-VO2 and a-VO2. a. Plan view of c-

VO2. b. Plan view of a-VO2. c. Cross-section of a-VO2 on graphite foam. d. XRD of c-VO2 shows 

that the material corresponds to VO2 (B). The strong reflection at 26.6o is from the graphite 

foam. The inset shows the TEM image with the fast Fourier transform (FFT) pattern. e. XRD of 

a-VO2 shows only the peaks for the GF. The inset shows the TEM image of the thin plate with 

the FFT pattern. 

 

Structure and chemistry of Na+ intercalated VO2 

 Reversible Na+ insertion into both c-VO2 and a-VO2 occurs over a wide potential range, 

from 4.0 to 1.0 V (vs. Na/Na+). The first three galvanostatic cycles taken at a charge–discharge 

rate of 0.1 C (40 mA g−1) shows a linear voltage profile with a specific capacity about 400 mAh 
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g–1 (Fig. A.3.a). The slightly greater capacity for the first cycle can likely be attributed to 

formation of the solid electrolyte interphase (SEI). Since this electrode includes the contribution 

from graphite, control experiments indicate that between 4.0 and 1.0 V (vs. Na/Na+), there is 

only a negligible capacity contribution from the GF (Supplementary Fig. A.7.). To the best of our 

knowledge, the reversible capacity of over 400 mAh g–1 exceeds that for any other Na+ insertion 

material. This capacity corresponds to the insertion of ~1.24 Na+. This value is in good 

agreement with EDX spectra taken after discharge (Supplementary Fig. A.8.) and is consistent 

with the Na:V ratio (1.24:1) from XPS results (Fig. A.2.). The XPS measurements upon 

discharge to 2.5 V indicate a mix of V4+ and V3+ states, while at 1.0V, only V3+ is evident. It 

should be noted that the XPS measurements were made after the samples had been subjected 

to Ar etching so that the results are more representative of bulk behavior. Thus, the combination 

of the EDX and XPS results suggest that Na+ insertion occurs in the bulk of the material and is 

not limited to just the surface. Finally, it is important to mention that after 50 cycles, XRD 

indicates that the amorphous character of a-VO2 is retained (Supplementary Fig. A.9.).  

 The c-VO2 material also undergoes Na+ insertion over a wide potential range. At the 

same 0.1C charge-discharge rate, the reversible capacity for the full electrode is ~360 mAh g–1 

(Supplementary Fig. A.10.). This value is somewhat less than 400 mAh g–1 obtained with a-VO2, 

but is still quite significant. This capacity implies that the fully charged material has a 

composition of Na1.10VO2 which is in good agreement with the EDX result (Supplementary Fig. 

A.8.a). The linear voltage behavior shown in the galvanostatic experiment (Supplementary Fig. 

A.10.) suggests that there is no phase transition over the 4.0 to 1.0 V range. This is confirmed 

by ex situ XRD measurements for the c-VO2 over 50 cycles (Supplementary Fig. A.11. and 

A.12.). The first cycle shows that peak shifts which occur from Na+ insertion and de-insertion are 

reversible. The change in lattice parameter between the fully charged and discharged states is 

~0.83%, ~0.27%, and ~1.46% expansion for a, b, and c, respectively. This corresponds to a 
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volume expansion of ~2.1% and establishes that Na+ insertion and de-insertion are occurring 

within the bulk material and not at the surface. Although no phase change is observed over 50 

cycles, there is a permanent peak shift which can be associated with trapped Na+, namely, not 

all Na ions can be extracted after complete cycles (Supplementary Fig. A.11. and A.13.). Based 

on the lattice parameter shift and the corresponding capacity, we estimate the amount of 

trapped Na to be ~0.3. This Na trapping is not obvious in the a-VO2 (absence of Na XPS peak 

after desodiation in Supplementary Fig. A.13.). 
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Figure A.2. High-resolution XPS spectra of V 2p for c-VO2 and c-VO2. a,b) pristine state of c-

VO2 (a) c-VO2 (b). c,d) upon discharge to 2.5 V (D2.5 V) of c-VO2 (c) c-VO2 (d). e,f) upon 

discharge to 1.0 V (D1.0 V) of c-VO2 (e) c-VO2 (f).  

 

Charge storage properties of VO2 

 The charge storage properties for both c-VO2 and a-VO2 were investigated in the 4.0 to 

1.0 V (vs. Na/Na+) regime as well as in specific voltage regions for positive electrode and 

negative electrodes. For the 3.0 V voltage span, the quasi-rectangular cyclic voltammetry (CV) 

curves (Fig. A.3.b) for a-VO2 are consistent with the linear galvanostatic behavior shown in Fig. 

A.3.a. These two features are often taken as indications of a pseudocapacitive response19. It is 

significant to note that the triangular voltage-time characteristic for a-VO2 is analogous to that of 
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a carbon-based double layer capacitor (Fig. A.3.c). The difference is that energy storage with a-

VO2 arises from redox processes and for a one-minute charge-discharge, the amount is over 10 

times greater than that achieved with activated carbon. The current peaks at ~2.0 V in Fig. A.3.b 

and Supplementary Fig. A.14.a enable one to gain insight regarding the charge storage 

mechanism as the relationship between peak current (i) and sweep rate (υ) is given by a power 

law relation: 

 

                                                            i = aυb      (1) 

where a is a constant and b indicates whether the charge storage mechanism is associated with 

semi-infinite diffusion (b = 0.5) or a surface-controlled or a capacitor-like process (b = 1). The 

value of b = 0.93 obtained for a-VO2 below 1 mV s–1 suggests that even at slow sweep rates, 

Na+ insertion is not controlled by semi-infinite diffusion (Supplementary Fig. A.15.a). An 

accompanying analysis can be used to determine qualitatively the relative contribution of each 

charge storage process by considering the current at a given potential to be comprised of each 

type:  

                                  i (V) = k1υ + k2υ
1/2      (2) 

where k1 and k2 are the proportionality constants describing the surface or capacitance-

controlled currents and diffusion-controlled currents, respectively. This analysis (Fig. A.3.d) 

indicates that k1 is ~90% over the entire 3.0 volt range. The corresponding characteristics for c-

VO2 (~60%) indicate that the kinetics have a greater contribution from semi-infinite diffusion 

processes (Supplementary Fig. A.14.b-d). As a result, the energy storage for a-VO2 is much 

greater than that of c-VO2 at the higher sweep rates (Supplementary Fig. A.15.b). In comparing 

these results, it is important to note that the high rates of Na+ insertion are achieved in a system 
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characterized by lattice disorder and does not depend upon preferred crystallographic 

pathways.  

 Two separate series of half-call experiments were carried out with a-VO2 in order to 

evaluate this material as both a positive electrode and a negative electrode for sodium-ion 

batteries. In addition to the high capacity arising from a significant amount of Na+ insertion, the 

pseudocapacitor-like behavior shown over the 3.0 volt range suggested that this material might 

be able to effectively retain its good energy density at high rates of charge and discharge.   

 The cathodic window (4.0 to 2.5 V vs. Na/Na+) shows a similar linear voltage response 

as that in Fig. A.3.a, although this behavior becomes less linear at higher rates. Figure A.3.e 

shows that the specific capacity is very good at the lower rates (190 mAh g–1 at 0.5C), however, 

this value decreases appreciably to 90 mAh g–1 at 60C. At 20C, the slope is quite linear and the 

capacity of ~125 mAh g–1 is retained for some 500 cycles (Supplementary Fig. A.16.a). Similar 

to the results of Fig. A.3.d, the analysis involved in Eqn. 2 leads to a k1 value is > 90% for the 

cathodic window (Supplementary Fig. A.17.). The anodic window (2.5 to 1.0 V vs. Na/Na+) 

exhibits comparable behavior (Fig. A.3f) in terms of its linear response at low charge-discharge 

rates becoming less linear at high rates. The specific energy values range from 210 mAh g–1 at 

0.5C to ~90 mAh g–1 at 60C. Here too, at 20C, the voltage slope is linear and the capacity is 

~120 mAh g–1 after 500 cycles (Supplementary Fig. A.16.b). The k1 value is just slightly less 

than 90%, similar to the results for the cathodic window (Supplementary Fig. A.18). Finally, it is 

important to note that over 1500 cycles at 60C, the half-cells exhibit only 15% capacity loss 

(Supplementary Fig. A.19.). 
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Figure A.3.  The charge storage properties for a-VO2 in the 4.0 to 1.0 V (vs. Na/Na+) regime as 

well as in specific voltage regions for positive electrode and negative electrodes. a) Initial first 

three charge/discharge profiles of the a-VO2 electrode at 0.1C (40 mA g−1). b) CV curves at 

various scan rates from 0.2 to 5 mV s–1. c) The triangular charging and discharging over the 

entire 1 to 4 volt region at 60C and extend for multiple cycles. d) Capacitive (shaded area) and 

diffusion-controlled (cavity area) contribution to charge storage of a-VO2 at 0.8 mV s−1. e,f)  

Galvanostatic charge/discharge profiles at different rates from 0.5−60C  of a-VO2 electrode in 

cathodic (e) and anodic (f) windows, respectively. 1C is defined as 200 mA g−1 in specific 

cathodic/anodic window.  
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Symmetric batteries based on amorphous VO2 

 Symmetric batteries, where the same active material serves as both anode and cathode, 

have recently attracted some interest for the following reasons: 1) they can be overcharged and 

overdischarged to some extent and 2) by using the same material for both electrodes, 

fabrication costs are expected to be lower20, 21, 22. In research to date, symmetric batteries have 

been based on the bipolar materials having two distinct plateaus, one at high voltage (between 

2 and 4 volts vs. the alkali metal of interest) and one at lower voltage (between 0 and 2 volts). 

The systems reported  include Na3Ti2(PO4)3 (ref. 22), Na2VTi(PO4)3 (ref. 20), Na0.6[Cr0.6Ti0.4]O2 

(ref. 23) and MoS2 (ref. 24) which is considered to be 'quasi-symmetric' (ref. 24). Although these 

systems have demonstrated reversible charge-discharge characteristics, the kinetics are 

diffusion controlled and the occurrence of phase transitions with these systems often leads to 

structure changes and poor cycling behavior (see schematics in Fig. A.4.a). The use of a-VO2 

as a bipolar electrode offers a very different approach.  The linear response under galvanostatic 

conditions means that phase changes are avoided, and that charge and discharge are the result 

of only Na+ insertion and de-insertion processes.  Moreover, the high rate capability associated 

with the pseudocapacitive nature of these materials can be exploited (Fig. A.4.a).  
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Figure A.4. Symmetric battery based on a-VO2 with pseudocapacitive behavior. a) Schematics 

of two types of symmetric batteries based on bipolar electrode materials. For the top row, 

traditional phase transition based symmetric device configuration. The bipolar material with two 

obvious plateaus in the half-cell. The electrode can be assembled and cycled at both cathodic 

voltage plateau and anodic voltage plateau. For the bottom row, pseudocapacitance-enabled 

symmetric devices configuration. Bipolar material shows with wide-window capacitive behavior. 

b) Galvanostatic charge/discharge profiles at different rates from 1−50C.  c) High-rate long-term 

cycling stability of a-VO2 based symmetric device at 50C. A rate of 1C corresponds to 100 mA 

g−1 in the symmetric cell, based on the mass of both the cathode and anode materials.  
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 The a-VO2 symmetric battery was assembled with two identical electrodes, which was 

cut from the pre-sodiated a-VO2 (discharge to 2.5 V) to a composition of Na0.62VO2 . As shown 

in Fig. A.4.b and Supplementary Fig. A.20., the device operates in the 0 to 3 volt window with a 

linear voltage profile for galvanostatic charge and discharge and at 1C exhibits a reversible 

capacity of ~93 mAh g–1 based on the mass of both electrodes. This capacity is in good 

agreement with the values of the individual electrodes in half-cell experiments (Fig. A.3.e,f). The 

device can be operated at substantially higher rates, leading to values of 72 mAh g–1 at 10C and 

~60 mAh g–1 at 30C. The ability to provide good energy density at such high rates can be 

attributed to the pseudocapacitive nature of the a-VO2. At 30C, the full cell delivers an energy 

density of 63 Wh kg–1 at a power density of 3.3 kW kg–1. The symmetric VO2 battery also cycles 

quite well. At 50C, the specific capacity retained 83% of its initial value over 1500 cycles (Fig. 

A.4.c). We believe that the capacity loss arises from an increase in electronic resistance which 

occurs upon the addition of sodium ions in VO2 (ref. 17).  

 We also carried out additional safety experiments on overcharging/overdischarging, 

polarity swap, and self-discharge to further understand the characteristics of the symmetric 

battery. Preliminary results on overdischarging to −0.3 V and overcharging to 3.3V are 

described in Supplementary Fig. A.21. Afterwards, we reversed the polarity on a discharged cell 

at 0V and continued the cycling test. Interestingly, the capacity is retrieved after the polarity 

swap (see Supplementary Fig. A.22.) In the self-discharge experiments, both the individual 

electrodes as well as the full cell were investigated. As shown in Supplementary Fig. A.23., the 

open circuit potentials stabilize within a short period of time for the VO2//Na cells at both 

cathodic and anodic windows as well as for the VO2 symmetric cell. After the initial 10 hours, 

there is only a very gradual decrease in open circuit voltage. The discharge characteristics of 

the full cell after standing on open circuit for 100 hours indicate that the device retains 90% of its 

initial capacity.   
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A.3. Conclusions 

 Amorphous materials represent an interesting structure in which to examine charge 

storage properties. Rather than defined crystallographic pathways, these materials offer an 

open framework with the possibility of multiple percolation directions which facilitate ion 

transport and tolerate volumetric changes more uniformly than crystalline materials. The present 

paper shows that the Na+ insertion properties of amorphous VO2 are superior to those of its 

crystalline counterpart. In galvanostatic experiments, the material exhibits a linear voltage profile 

over a 3-volt range (4.0 to 1.0 V vs. Na/Na+) leading to a reversible capacity of 400 mAh g–1. 

The linear voltage characteristic enables the material to be prepared as both a positive 

electrode and a negative electrode for Na+ batteries. Voltammetry studies indicate that the 

material exhibits pseudocapacitive behavior which lead to stable energy densities in the range 

of 120–125 mAh g–1 at 20C for each electrode. By using a-VO2 as both the anode and cathode, 

we fabricated a symmetric Na+ battery whose energy and power densities exceed the 

characteristics of other ‘quasi-symmetric’ batteries which involve phase transitions to retain their 

bipolar behavior.  

 

A.4. Materials and Methods 

Materials  

Oxalic acid H2C2O4 (≥99.0%), vanadium(V) oxide V2O5 (≥99.6%), hydrogen peroxide 

H2O2 (35 wt. %), sodium Na (≥98%), Sodium hexafluorophosphate NaPF6 (≥98%), ethylene 

carbonate C3H4O3 (≥99%), diethyl carbonate (C2H5O)2CO (≥99%), fluoroethylene carbonate 

C3H3FO3 (≥99%), and Whatman glass fiber were purchased from Sigma−Aldrich. All reagents 

were used without further purification. 
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Synthesis 

3D array of a-VO2 electrode was prepared by a facile solvothermal method. In general, 

2.5 mmol of H2C2O4 and 0.75 mmol of V2O5 were dissolved in 5 mL of distilled water at 80oC 

until the solution turns dark blue color. Then, 0.7 mL of H2O2 was added dropwise into the 

previous dark blue solution to form solution I. 35 mL ethanol was mixed with solution I in room 

temperature to form solution II. One piece of substrate (i.e., graphite foam15 (GF)) was then 

immersed into the solution II in a 50 mL Teflon-lined stainless steel autoclave. The autoclave 

liner was kept at 180 ºC for 2 h. The resulting a-VO2 sample was collected by rinsing with 

distilled water and ethanol in turn for 3 times and dried in vacuum for 24 h. The c-VO2 were 

synthesized with similar method by just increasing the concentration of solution II for ~3 times 

(with 7.5 mmol H2C2O4, 2.25 mmol V2O5, and 2.1 mL of H2O2). The weight of VO2 can be 

determined by weighting the GF before and after the solvothermal growth (analytical balance, 

RADWAG, MYA 21, d = 1 μg). We also checked that the weight of GF remains the same even if 

we further remove the VO2 by acid. The areal mass of pure GF is 0.61 mg cm−2. The VO2 

loading was 0.80 mg cm–2 for a-VO2 and 1.00 mg cm–2 for c-VO2 electrode. Herein, strategy of 

concentration control was employed to facilitate the assembly of preferred VO2 nanostructures. 

As the decrease of the precursor concentration, the nucleation rate decreases, thus results in 

smaller nucleation particle sizes; Moreover, the presence of more electrolytes could promote 

instant 3D coagulation and aggregation for the growth of direction coordinated structures, thus 

facilitating the formation of thicker nano-wall c-VO2 aggregates25, 26, 27. 

 

Materials characterization 

The morphologies of the samples were characterized by field emission scanning 

electron microscopy (FESEM, JEOL JSM–6700F). The crystallographic structures of the 
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samples were identified using high-resolution transmission electron microscopy (HRTEM, JEOL 

2100F at 200 kV) with an energy dispersive X-ray spectroscopy system. Valence states 

measurements were performed by X-ray photoelectron spectroscopy (XPS) with a VG 

ESCALAB 220i-XL system using a monochromatic AlKa1 source (1486.6 eV). The Ar+ beam 

was rastered on the area of 2 × 3 mm for 60 s. The integrated area and atomic ratios of the 

peaks were fitted using the Casa-XPS software. The atomic sensitivity factors were from the 

Kratos library within the Casa software. The XRD patterns were recorded on Bruker-AXS D8 

Advance X-ray diffractometer with CuKα radiation (λ = 1.54186 Å) at 40 KV and 40 mA on 

rotation between the angular range of 10o to 60o (2θ), using Ni detector slit and the Lynxeye 

detector, with a step size of 0.02o and a time setting of 0.5 second per step. For the ex situ XPS 

and XRD experiments, the a-VO2 and c-VO2 working electrodes were sodiated and desodiated 

to their specific potentials. The cycled working electrodes were removed from the cell, washed 

with dimethyl carbonate and dried overnight in the argon-filled glovebox. These electrodes were 

loaded on the XPS/XRD sample holders in the glovebox and sealed in the transfer chambers to 

prevent exposure to the environment. 

 

Electrochemical measurements 

Swagelok cells were assembled in an argon-filled glove box (moisture and oxygen levels 

< 1 ppm) with the as-fabricated freestanding samples as the working electrode (without using 

binder or additives), the metallic sodium foil as both the counter and reference electrodes, 1 M 

NaPF6 in ethylene carbonate − diethyl carbonate − fluoroethylene carbonate (1:1:0.03 in 

volume) as the electrolyte, and glass fiber as the separator. The galvanostatic 

charge/discharge, cyclic voltammetry (CV), cycling and electrochemical impedance 

spectroscopy measurements were carried out using LAND battery cycler (CT2001A) and Bio-
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logic potentiostat (VMP3). The symmetric cell was fabricated with just the same mass loading of 

cathode and anode. Prior to full-cell assembling, one cycle activation of VO2 in half-cell was 

performed with cut-off voltage at 2.5 V. CV and galvanostatic cycling were performed using 

cutoff voltages of 4.0 and 1.0 V vs. Na+/Na for wide-potential window test, 4.0 and 2.5 V vs. 

Na+/Na for cathodic-potential window test, 2.5 and 1.0 V vs. Na+/Na for anodic-potential window 

test, and 3.0 and 0 V for symmetric cell test. The sweep rates for the CVs were between 0.2 and 

50 mV s−1. The current densities used for galvanostatic cycling ranged from 40 to 12000 mA g−1. 

The capacities were calculated based on the mass of VO2 active materials. Full cells were 

assembled in a soft-packed pouch geometry using the same cathode and anode. The self-

discharge measurements were conducted by first charging at a current of 100 mA g−1 and then 

relaxing for 6000 min duration. The open-circuit potentials were recorded during the relax times. 

The energy and power densities were normalized to the total mass from both anode and 

cathode materials. 
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A.5. Supplementary Information 

 

Figure A.5. Morphology and structural characterizations of c-VO2 and a-VO2. a,b) FESEM and 

TEM of GF supported c-VO2 electrodes. c,d) FESEM and TEM of GF supported a-VO2 

electrodes. e) Crystal structure of monoclinic VO2 (B) with two different types of square 
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pyramidal sites at the intervals of the VO6 octahedra. f) Photograph showing the electrode is 

bent by a small force to demonstrate the flexibility and lightweight.   

 

 

 

Figure A.6. Cross-section view of GF supported a-VO2 electrodes at different magnification. 

The figures show a height of ~100 nm of the a-VO2 nanosheet and the nanosheets anchor on 

both the outside and inner wall of the graphene foam. 
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Figure A.7. Galvanostatic charge/discharge performance of pure GF in the voltage window of 

4.0 and 1.0 V vs Na/Na+. The result shows that the capacity contribution from GF in the 

composites are neglectable. 

 

Figure A.8. EDX spectra of c-VO2 (a) and a-VO2 (b) after discharge. The results give Na:V ratio 

of nearly 1.10:1 for c-VO2 and 1.22:1 for a-VO2 electrodes. 
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Figure A.9. Ex situ XRD patterns of a-VO2 before and after charge/discharge cycles at 0.1C. 

The absence of any new peaks confirms the a-VO2 retains its amorphous state after discharge 

in following cycles. 
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Figure A.10. Galvanostatic charge/discharge profile of c-VO2 compared with a-VO2 electrodes 

after 3 cycles activation at 0.1C. The a-VO2 electrode delivers a specific discharge capacity of 

~400 mAh g−1 at a slow rate of 0.1C (40 mA g−1), whereas the c-VO2 electrode shows a lower 

capacity of ~360 mAh g−1. Notably, a-VO2 leads to lower polarization (90 mV for the a-VO2) and 

a sloped galvanostatic profile, suggesting the capability of fast charge storage through 

pseudocapacitance. In contrast, the galvanostatic profile for c-VO2 shows a higher overpotential 

of 680 mV during the charge and discharge process. 
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Figure A.11. Structural evolutions of c-VO2 during cycles. Ex situ XRD patterns of c-VO2 

collected over 50 cycles at different discharge–charge voltages. The current density is 0.1C. No 

phase change occurs but the peaks do shift as Na+ insertion and de-insertion affect the lattice 

parameter. 
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Figure A.12. Ex situ HRTEM images of the c-VO2 collected after discharge at 0.1C. Single 

crystalline feature reserved after cycle with slight lattice expansion.  

 

 

Figure A.13. XPS survey scan for c-VO2 and a-VO2 at the desodiated state D4.0V-50th after 

argon plasma etching to remove the outer surface layer. Note the absence of Na peak in the a-

VO2. 
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Figure A.14. a) CV curves at various scan rates (10 to 50 mV s−1) for a-VO2. b,c) for c-VO2 

electrodes. d) Capacitive (shaded area) and diffusion-controlled (cavity area) contribution to 

charge storage of c-VO2 at 0.8 mV s−1. 
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Figure A.15. a) Relationship between logarithm anodic peak current (at ca. 2.0 V) and logarithm 

scan rate for a-VO2 from 0.2 to 10 mV s−1. b) The mass-normalized capacity as function of 

sweep rate for a-VO2 and c-VO2. 

 

 



139 
 

 

Figure A.16. Galvanostatic charge/discharge profiles of a-VO2 electrode. Galvanostatic 

response at 20C for a-VO2 for 500 cycles in a) the cathodic window and b) the anodic window. 
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Figure A.17. CV curves at various scan rate for a-VO2 electrode at specific cathode/anode 

window. a,c) in cathodic and anodic windows, respectively. b,d) Capacitive (shaded area) and 

diffusion-controlled (cavity area) contribution to charge storage of a-VO2 electrode in cathodic 

and anodic windows, respectively. 
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Figure A.18. CV curves at various scan rate for c-VO2 electrode at specific cathode/anode 

window. a,c) in cathodic and anodic windows, respectively. b,d) Capacitive (shaded area) and 

diffusion-controlled (cavity area) contribution to charge storage of c-VO2 electrode in cathodic 

and anodic windows, respectively. 
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Figure A.19. High-rate long-term cycling stability of a-VO2 electrode at 60C in both cathodic and 

anodic windows. A rate of 1C corresponds to 200 mA g−1. 

 

Figure A.20. The electrochemical performance of bipolar a-VO2 based symmetric device. a) 

First ten cycles activation of a-VO2 based symmetric device at 1C. b) CV curves at various scan 

rate of 0.2, 0.4, 0.6, 0.8 mV s−1 of a-VO2 symmetric device after activation. 
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Figure A.21. Overcharging and overdischarging characteristics of the a-VO2 symmetric cell at 

1C. a) Over charge performance in the voltage range of 0 to 3.3 V. b) Over discharge 

performance in the voltage range of −0.3 to 3.0 V. 

 

Figure A.22. The polarity swap test of the a-VO2 symmetric cell. Comparison of discharge 

profiles at 1C before and after electrode reversion. 
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Figure A.23. Self-discharge properties of the individual electrode and the entire device. a) 

Photograph of a soft-packed pouch cell demonstration of a-VO2 symmetric cell. b) The stability 

of open-circuit potential as a function time. c-e) The discharge behavior of the VO2//Na cell at 

cathodic window (c), anodic window (d), and VO2 symmetric cell (e) after 100 hours of open 

circuit, the cell retains nearly 90% of its initial capacity at 2C. 
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Appendix B: Carbon nanofoam paper enables high-rate and high-capacity Na-ion storage 

*a version of this dissertation appendix was published in Energy Storage Materials 

(DOI:10.1016/j.ensm.2019.05.040) in collaboration with Jesse S. Ko, Megan B. Sassin, 

Ashley N. Hoffmaster, Bruce S. Dunn, Debra R. Rolison, and Jeffrey W. Long 

 

Carbon nanofoams (CNF) fabricated within carbon-fiber paper are investigated as 

negative electrodes for electrochemical Na-ion storage. In electrolyte-limited half-cell testing vs. 

sodium metal, these freestanding, ultraporous electrode architectures deliver specific capacity 

>200 mA h gCNF
–1 at a 1C rate and >150 mA h gCNF

–1 at 10C. The outstanding charge-storage 

capacity is a consequence of the high defect concentration inherent to the amorphous carbon 

nanofoam, which maximizes a capacitively controlled sodiation mechanism, while the through-

connected pore structure of the CNF facilitates high-rate capability. We also compare the 

electrochemical performance of two pore–solid architectural variants of CNF paper electrodes. 

 

B.1. Introduction 

Sodium-ion batteries (Na-ion; NIBs) have recently emerged as a compelling competitor 

to lithium-ion batteries1,2 with the advantages of offering safer operation and using more 

abundant chemical elements (Na+ as the charge-compensating cation and Fe- or Mn-based 

positive electrodes).3 Despite the chemical similarities and closely related charge-storage 

mechanisms between sodium and lithium ions, the broader application and commercialization of 

NIBs has been limited by the lack of a low-cost, reliable negative electrode material that 

provides performance comparable to graphite in LIBs.4 Graphite-intercalation compounds have 

positive energies of formation with sodium, such that electrochemical sodiation of pristine 
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graphite is problematic5, thus prompting the search for alternative negative electrodes for Na+ 

storage.  

Stevens and Dahn first demonstrated that hard carbon (amorphous, non-graphitizable) 

exhibits reversible Na+ capacity approaching 300 mA h g–1, although with poor first-cycle 

coulombic efficiency.6,7 The electrochemical charge-storage model for Na-ion involves a multi-

stage association at carbon defects that dominates at high potentials, followed by intercalation 

into turbostratic (small, randomly oriented) domains, and ultimately filling micropores (< 2 nm) in 

the plateau region, ~ 0 V vs. Na/Na+.  This model is corroborated experimentally by in-situ 

Raman scattering8 and electrochemical measurements of size-tuned turbostratic domains9, and 

reinforced by computational studies on the binding energy of Na+ at defective graphene sheets10 

and amorphous carbon.11 Such findings have spurred research on a myriad of other types of 

carbon for Na-ion storage, including soft porous carbon12,13, graphene14,15, carbon 

nanofibers/wires16,17, and carbon nanospheres.18,19 Specifically, highly disordered carbon has 

shown promising sodium-ion storage at challenging current demand.20,21,22 

The demonstrated benefits of defects and disorder in amorphous carbonaceous 

materials for Na-ion storage can be captured in a device-ready, binder-free electrode 

architecture comprising aerogel-like carbon nanofoam supported within the confines of carbon-

fiber paper. This electrode design concept was previously developed23 and validated for such 

applications as aqueous electrochemical capacitors24,25, but also exhibits multiple structural 

characteristics that should be beneficial for Na-ion storage. The sol–gel-derived carbon 

nanofoam marries an inherently disordered nature and high micropore content to a 3D-wired 

network of mesopores and/or macropores. The final electrode architecture provides high 

specific surface area (300–600 m2 gTotal
–1) and internal free volume to sustain ion balance during 

high-rate charge–discharge.25 This physicochemical expression of electrified interface includes 

the features necessary for efficient Na-ion insertion and adsorption according to the multistage 
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model described above. As a freestanding electrode structure, CNF papers also mitigate the 

need for binder or conductive additives, the latter of which induce undesirable side reactions 

during Na-ion storage and contribute to low first-cycle Coulombic efficiency.26 

 

B.2. Results and Discussion 

In this study, we examine two CNF pore–solid structures in which the pore-size 

distribution is controlled by varying the precursor resorcinol–formaldehyde (RF) formulation: 

“40/500” and “50/500” CNF papers designate either 40 or 50 wt% RF, with both sol-to-gel 

reactions catalyzed using a resorcinol to catalyst (Na2CO3) molar ratio of 500.23,25 The key 

differences, respectively, between the 40/500 and 50/500 CNF papers are specific surface area 

(~ 420 vs. ~ 550 m2 gT
–1), mean pore size (17 vs. 8 nm), and total pore volume (1.2 vs. 

0.92 cm3 gT
–1).25 Scanning electron microscopy (SEM) of 40/500 and 50/500 CNF paper (Figure 

B.1a,b, respectively) reveals the open porosity and aperiodic architecture of the CNF domains 

and visually validates why this pore–solid architectured foam promotes rapid mass transport 

and electrolyte infiltration. The hard-carbon character of these materials is verified by X-ray 

diffraction (XRD; Figure B.1c) and Raman scattering (Figure B.1d). As expected for sol–gel-

derived carbon27, the XRD peaks at ~ 25° and ~ 44° 2θ are broad while the ratio of integrated 

Raman intensity (ID/IG) of the D-band (defective graphite bonds) and G-band (pristine graphite) 

indicates highly disordered carbon.28  
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Figure B.1. Structural information on the CNF papers including cross-sectional SEM of the a) 

40/500 and b) 50/500 architectures; c) X-ray diffraction; and d) Raman spectroscopy. 

 

The CNF electrodes are electrochemically characterized in a two-terminal configuration 

with sodium metal acting as both counter and reference electrode. We use an electrolyte 

comprising 1 M NaPF6 in diethylene glycol dimethyl ether (diglyme) to minimize solid electrolyte 

interphase (SEI) decomposition during cycling observed in conventional carbonate-based 
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electrolytes.29-31 Cyclic voltammetry provides an initial assessment of charge-storage dynamics 

in the CNF electrodes. Representative voltammograms at sweep rates ranging from 0.5 to 5 mV 

s–1 for CNF-containing half-cells are shown in Figure B.2. At slow sweep rates, peak-like 

features in the 0–0.2 V region dominate, while at fast rates the voltammetric shapes become 

more capacitor-like, with contributions broadly expressed across a larger voltage range (0–1.4 

V). Such trends are similar to those reported for related highly defective carbons in Na-ion 

electrolytes.20,21,22 

 

 

Figure B.2. Cyclic voltammograms at various sweep rates for cells containing a) 40/500 and b) 

50/500 carbon nanofoams. 

 

The first cycle of galvanostatic charge–discharge testing is shown in Figure B.3a for 

individual CNF||Na cells containing either 40/500 or 50/500 CNF paper. The shape of the 

discharge curve is typical for a hard carbon, with a sloping region from 2 V to ~ 0.1 V and 

finishing with a plateau region below ~ 0.1 V. The ~80 micron-thick CNF paper electrodes have 

respective CNF loadings of 2.82 and 3.65 mgCNF cm–2 for 40/500 (4.38 mgT cm–2) and 50/500 

(5.21 mgT cm–2), which are higher active material loadings than the 1–2 mg cm–2 typical for 

powder-composite electrodes of similar thickness.32-34 Although the mass of both architectures 
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includes 30–40 wt% carbon fiber, nearly all of the capacity is derived from the amorphous CNF. 

Galvanostatic measurements on cells using carbon fiber paper (no CNF) provide a reversible 

capacity < 25 mA h gT
–1 (Figure B.4.).  
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Figure B.3. a) Galvanostatic cycling at a current of 100 mA gT
–1; b) galvanostatic rate retention; 

and long-term cycling of c) 50/500 CNF paper and d) 40/500 paper at a current density of 

100 mA gT
–1. 
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The initial Coulombic efficiency for cells containing either architecture is an encouraging 

>80% at 100 mA gT
–1 and quickly stabilizes to > 98% on subsequent cycles. First-cycle 

efficiency (FCE) for half cells using hard carbon generally ranges between 60–80% in 

carbonate electrolytes and can be substantially lower for those high surface–area materials that 

facilitate formation of SEI in unstable electrolyte.35,36 Recently, improved FCE has been 

demonstrated for similar electrode materials in glyme electrolyte.31,37 Other factors such as 

choice of binder and conductive carbon may impact coulombic efficiency during half-cell 

cycling38; for example, the presence of “Super P” carbon in composite electrodes has been 

linked to severe first-cycle capacity losses.26  

The 50/500 CNF sustains higher capacity than its 40/500 counterpart over all rates 

(Figure B.3b) and even delivers 150 mA h gCNF
–1 at 1 A gT

–1 or 5 mA cm–2 (complete charge or 

discharge over ~ 5 min). We attribute the performance difference to the ~30% higher specific 

surface area of the 50/500 architecture. Higher surface area amplifies the number of defects 

(thus increasing defect-mediated charge-storage in the sloping region) and subsequently 

enhances Na+ capacity—as seen in Figure B.3a.  
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Figure B.4. Galvanostatic cycling (100 mA g–1) of Na-ion half-cell containing Lydall carbon-

paper as the cathode. 

 

The capacity for 50/500 CNF paper at 100 mA gT
–1 or 0.5 mA cm–2 is 222±3 mA h gCNF

–

1, which is typical for most hard carbon systems (reversible capacity generally between 200–

300 mA h g–1).35,39 When normalized to the entire weight of the CNF paper, the 50/500 

architecture provides >140 mA h gT
–1 in one hour. For comparison, an industrial LIB graphite 

anode delivers specific capacity of 210 mA h gT
–1 at low rates (including the weight of binder 

and copper current collector).40 Graphite LIB anodes are known to fade dramatically with 

increasing rates41, whereas the 50/500 CNF paper still delivers >100 mA h gT
–1 at a rate of 

~10C. This is also significantly higher than other phenol resin-derived, highly-porous carbons 

tested either as powder composites42-44 or as monoliths.45 Long-term cycling performance of the 

50/500 and 40/500 electrodes, exercised at 100 mA gT
–1, is shown in Figure B.3c,d respectively; 

specific capacity remains above 190 mA h gCNF
–1 after 100 cycles in the 50/500 CNF electrode.  
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Figure B.5. a) Normalized diffusion coefficient derived from a GITT experiment and b) b-value 

analysis to differentiate regimes of differing charge-storage mechanism. 

 

The galvanostatic intermittent titration technique (GITT), in which current pulses and 

subsequent rest periods are alternated to track the transient voltage response during rest, is 

used to measure the Na-ion diffusion coefficient at different potentials (Figure B.5a; sodiation 

curves are shown in Figure B.6). Two minima in diffusivity occur at ~ 0.55 V and ~ 0.1 V. The 

first minimum can be attributed to SEI formation, as previously observed in GITT curves for hard 

carbon32,37,46; the second can be attributed to the shift in storage mechanism from defect-

mediated to insertion/micropore-mediated.47 We also perform b-value analysis on voltammetric 

data (Figure B.2), from which we determine a more precise transition point between these 

charge-storage regimes (Figure B.5b). The b-value analysis characterizes the charge-storage 

process as either diffusion-controlled (b = 0.5, current proportional to the square root of sweep 

rate) or surface-controlled (b = 1, current varies linearly with sweep rate). The slope of 

log(sweep) rate against log(peak current) provides the b-value, and this analysis can be 

performed over the entire voltage range.48 Both the 40/500 and 50/500 CNF electrodes exhibit 

surface-controlled charge storage from 2 V to 0.15 V, a trend that is verified when voltammetric 
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currents are normalized linearly for scan rate (Figure B.7). Below 0.15 V the rate of charge 

storage becomes diffusion-controlled, in agreement with the GITT analysis.  

 

Figure B.6. Galvanostatic sodiation curves for galvanostatic intermittent titration (GITT) tested 

with a current pulse of 10 mA gT
–1 for 30 min followed by a relaxation period of 2 hours. 

 

The following equation was used to calculate diffusivity9: 

 

�̃� =  
4

𝜋
(

𝑚𝑏𝑉𝑚

𝑀𝐵𝑆
) (

∆𝐸𝑠

∆𝐸𝑡
)

2

 

Where:  

m = mass of sample 

Vm = molar volume  

MB = molar mass 

S = contact surface area 
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Es = the voltage difference between the plateau of each rest period  

Et = the voltage difference between the bottom of initial iR drop and the end voltage 

during the current pulse period 

 

 

Figure B.7. Cyclic voltammograms of the 40/500 (a,c,e) and 50/500 (b,d,f) CNF electrodes with 

a,b) current normalized only to area c,d) current normalized to area and sweep rate and e,f) 

current normalized to area and the square root of sweep rate. 
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Using the cut-off voltage determined above (0.15 V), the capacity contributions from the 

sloping and plateau regions of the discharge can be calculated (Figure B.8). This treatment 

reveals that even at low current density, the majority of measured capacity (~ 66%) derives from 

the sloping region (2.0–0.15 V). As the current density increases, the contribution to capacity 

from the sloping region is essentially constant, consistent with the relatively high diffusion 

coefficient and b-value of 1, while the plateau region continually diminishes to < 10% of total 

capacity at 1 A gT
–1. For hard carbons, storage within the sloping region is typically attributed to 

adsorption at defect sites (monovacancies, divacancies, Stone–Wales defects, etc.), whereas 

turbostratic-domain insertion and micropore clustering dominate in the plateau region.8,9,49 The 

high capacity of and rate retention in the defect-mediated voltage range for CNF suggests that 

increasing the defect density of the carbon nanofoam could boost charge-storage performance 

even further. Raman scattering indicates a modestly higher ID/IG ratio for 50/500 (Figure B.9). 
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Figure B.8. Capacity distribution from the sloping region (solid) and from the plateau region 

(shaded) for both the 40/500 (red) and the 50/500 (blue) CNF paper electrodes. 
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Figure B.9. Sloping and total discharge capacity from galvanostatic cycling at 50 mA gT
–1 as a 

compared to the relative intensity of the D- and G-bands from Raman spectroscopy. 

 

B.3. Conclusions 

Defect-mediated charge-storage mechanisms operate at higher potential (vs. Na|Na+) 

than for Na+ insertion/clustering reactions, yet the improved capacity and rate performance now 

demonstrated in a device-ready hard-carbon electrode architecture should more than 

compensate for the slight loss in voltage (~ 0.3 V) when used in full-cell NIBs. By fabricating 

electrodes in lightweight, freestanding forms, such as CNF papers, cell-level specific energy can 

be significantly increased by minimizing weight contributions from passive components (binder, 

conductive additive, current collector). Carbon nanofoam paper electrodes have also 

demonstrated near-linear scaling of capacity with the use of multiple layers of carbon-fiber 

paper25, which indicates achievable, industrially relevant mass loading per geometric area.  
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While the electrochemical results presented herein are promising from a practical 

perspective, further understanding of the role of specific defects in carbon for Na-ion storage will 

support additional improvements in capacity, power, and cycle life. Because 

disordered/amorphous carbons are more difficult to characterize than their crystalline 

counterparts, advanced techniques will be particularly insightful, especially those that are 

performed in-operando, such as total neutron scattering and the associated pair distribution 

function analysis and soft X-ray–based characterization techniques.9,50 

 

B.4. Material and Methods 

All materials were used as received. Carbon nanofoam papers were prepared as 

previously reported.23,25 Briefly, Lydall carbon paper is first treated in an air plasma (Harrick 

plasma cleaner; ice chips included in the chamber to also supply water vapor), a process that 

ensures effective wetting of the paper in subsequent steps. Resorcinol-formaldehyde (RF) 

precursor sols were prepared by mixing resorcinol, water, formaldehyde, and aqueous sodium 

carbonate solution for 30 minutes then left to oligimerize for 3 hours at room temperature. To 

achieve distinct architectures, the weight percent of RF in the aqueous sol was weight 40% 

(40/500 samples) or 50% (50/500 samples). Both 40/500 and 50/500 CNF architectures had a 

resorcinol:Na2CO3 molar ratio of 500:1. After oligimerization, plasma-treated papers were 

immersed into the sol and impregnated with the assistance of vacuum. Infiltrated carbon paper 

is then clipped to clean glass slides and the assembly is wrapped in duct tape to slow solvent 

evaporation. Duct-taped packages are then sealed into aluminum foil pouches with a small 

amount of DI water and subsequently heated in a pressure cooker ~90°C for 9.5 hours followed 

by 80°C for 14.5 hours. Following this polymerization step, the samples are pyrolyzed at 1000C 

under flowing argon to yield the final CNF paper. 
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The electrolyte was 1 M NaPF6 (Sigma Aldrich) in diethylene glycol dimethyl ether (Sigma 

Aldrich); Whatman glass fiber was used as the separator in all experiments. A voltage range of 

2 V to 0.01 V vs. sodium metal (Sigma Aldrich) was used in all experiments. Half-cells were 

constructed in coin-cell format with polished sodium metal as the counter/reference electrode. 

Galvanostatic cycling was conducted using an Arbin BT2000 cycler and the capacity was 

normalized to the amount of carbon nanofoam (mA h gCNF
–1) as the carbon fiber paper is not 

electrochemically active to a large degree (Figure B.4). The areal weight loading of the 50/500 

and 40/500 carbon nanofoam papers are ~ 3.65 and ~2.82 mg cm–2 CNF, respectively. Current 

was normalized to the weight of the entire electrode (mA gT
–1). Voltammetric experiments were 

conducted on a Gamry 600 potentiostat and GITT was performed on a Biologic VMP3 

potentiostat. The GITT analysis was performed by first precycling the electrodes at 25 mA gT
–1 

for 5 cycles and then applying a current of 10 mA gT
–1 for 30 min followed by a relaxation period 

of 2 h. For analysis by scanning electron microscopy, CNF papers were first immersed in liquid 

nitrogen for 1 minute, freeze-fractured with a new razor blade, then mounted on 45/90o 

aluminum SEM stubs with conductive carbon paint.  Imaging of the cross section was performed 

at 20 keV on a Leo Supra 55 SEM. X-ray photoelectron spectroscopy was performed on a 

Kratos Axis Ultra with a 203 monochromatic aluminum X-ray source.  
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