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Electrochemical energy storage has been widely used in various areas, including new energy 

sources, auto industry, and information technology. However, the performance of current 

electrochemical energy storage devices does not meet the requirements of these areas that include 

both high energy and power density, fast recharge time, and long lifetime. One solution to meet 

consumer demands is to discover new materials that can substantially enhance the performance of 

electrochemical energy storage devices. In this dissertation we report four transition metal 

materials systems with potential applications in electrochemical energy storage.  

Nanoscale and nanostructured materials are expected to play important roles in energy storage 

devices because of their enhanced and sometimes unique physical and chemical properties. 

Studied here is the comparative electrochemical cation insertion into a nanostructured vanadium 

oxide, a promising electrode material candidate, for the alkali metal ions Li+, Na+ and K+ and the 

organic ammonium ion, in aqueous electrolyte solutions. Observed are the distinctive insertion 

processes of the different ions, which yield a correlation between physical degradation of the 

material and a reduction of the calculated specific charge. The results reveal the potential of this 

nanostructured vanadium oxide material for energy storage. Vanadium based electrochemical 

systems are of general interest, and as models for vanadium based solid-state electrochemical 

processes, the solution state and the solid-state electrochemical properties of two cryolite-type 

compounds, (NH4)3VxGa1-xF6, and Na3VF6, are studied. The electrochemical behavior of 

(NH4)3VxGa1-xF6 explored the possibility of using this material as an electrolyte for solid state 

energy storage systems.  

Zeolite-like materials have large surface to volume ratios, with ions and neutral species located in 

the nanometer sized pores of the 3-dimensional framework, potentially yielding high energy 

density storage capabilities. Yet the insulating nature of known zeolite-like materials has limited 
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their use for electrical energy storage. Studied here are two vanadium based zeolite-like structures, 

the oxo-vanadium arsenate [(As6V15O51)-9]∞, and the oxo-vanadium phosphate [(P6V15O51)-9]∞, 

where the former shows electronic conduction in the 3-dimensional framework. Mixed electronic 

and ionic conductivity, from the framework and from the cations located within the framework, 

respectively, is measured in the oxo-vanadium arsenate, and allows the use of this material in 

electrochemical double-layer capacitor configuration for energy storage. By contrast, the 

oxo-vanadium phosphate shows ionic conduction only. Lastly, a new strontium manganese 

vanadate with a layered structure exhibiting mixed protonic and electronic conductivity is studied. 

The various transition metal compounds and materials systems experimentally studied in this 

thesis showcase the importance of novel materials in future energy storage schemes.  
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Chapter 1  Introduction 

World energy consumption today mainly depends on fossil fuels that provide the energy for 

transportation, electricity, industry and many other areas. However, the combustion of fossil fuels 

is a major source of CO2 emissions, influencing the global climate [1]. At the same time, the 

diminishing reserve of fossil fuels has brought increasing demand for new, cheap, efficient, clean, 

and renewable energy sources, such as solar, wind, and nuclear energy [2-4]. A common feature of 

all these new energy sources is that they are utilized to generate electricity, which is stored using 

electrical energy storage devices. Therefore, the efficiency of the storage devices of electrical 

energy is a key factor that controls the efficiency, competitiveness, and marketability of the new 

energy sources [3, 5]. The performance of current electrical energy storage systems, however, does 

not meet consumer demands. For example, the energy storage devices still have difficulty to 

efficiently handle solar and wind energies, which produce electricity in an intermittent and 

unsteady fashion [6]. 

Efficient energy storage devices are not only important for new energy sources; they are crucial for 

the auto industry, information technology, and almost every aspect of human activities. For 

example, the development of hybrid electric vehicles, plug-in hybrid electric vehicles and 

all-electric vehicles requires the replacement of the internal combustion engine with more efficient 

electrical energy storage devices such as batteries. However, the current power density, size, 

weight, and cost of batteries are still far from optimum, which limits the market share of these 

vehicles. Gordon E. Moore stated in 1965 that the number of transistors on a computer chip would 

increase exponentially in time, the so called Moore’s law [7] which still drives the semiconductor 

industry. It has been successfully used to predict the improvement of computer performance over 
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the past several decades, and is regarded as a reliable method to forecast future development. 

However, the development of electrical energy storage systems is at a pace slower than the pace 

enjoyed by electrical devices as suggested by Moore’s law, and is currently the main bottleneck 

that hinders progress in industries that rely and use an electrical energy storage component. In 

order for energy storage progress to maintain pace with the rest of the electronics world, grand 

transformations in electrical energy storage systems are much desired. 

Electrochemical energy storage is a major approach for storing electrical energy. The two 

fundamental electrochemical energy storage devices are batteries and electrochemical capacitors 

[8], both of which are based on electrochemistry principles. The energy storage in batteries is in 

the form of the capability to generate charges by chemical reactants. Upon energy release, the 

chemical energy stored in batteries is converted into electrical energy. Batteries always have 

higher energy density than electrochemical capacitors but smaller power density, shorter lifetime 

and longer charging time. Electrochemical capacitors, also called supercapacitors or 

ultracapacitors, provide faster power delivery and longer lifetime than batteries, but currently do 

not have the same energy density as batteries [9]. Electrochemical capacitors store energy directly 

in the form of charges. They employ porous materials as energy storage media to achieve a high 

surface area. The energy density of supercapacitors is much higher than that of conventional 

capacitors because of the enormous surface area the porous materials provide, and the small charge 

separation (in the order of angstroms) at the interface between electrodes and electrolytes. The first 

supercapacitor was developed in 1957 based on a double-layer mechanism [10]. The 

supercapacitors fabricated with the double-layer mechanism use mesoporous carbon as electrodes 

and are called electric double-layer capacitors (EDLCs). They have high capacitance because the 

length scale of the charge separation in a double-layer is intrinsically at the molecular scale. The 
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energy in EDLCs is electrostatically stored in the form of charges. Another type of supercapacitor 

is the pseudocapacitor, which is developed with conducting polymers and transition metal oxides 

as electrode materials [11, 12]. It has high electrochemical pseudocapacitance, which is the 

capacitance with the charges electrochemically stored at the interface between the electrode and 

electrolyte with fast and reversible electrochemical reactions. 

Ragone plots are typically used to compare and evaluate the energy delivery performance of 

various energy storage systems by plotting specific power as a function of specific energy [13, 14]. 

Specific energy represents how much total energy can be stored, while specific power refers to 

how fast energy can be delivered. The diagonal axis of a Ragone plot represents time scales that 

are the time constants obtained as the specific energy divided by the specific power. The time scale 

provides the time needed for completing the discharge of stored energy of a device performing at 

its maximum rate. The Ragone plot in Ref. [14] shows the specific power and energy properties of 

the most important electrochemical energy storage systems. In this and other Ragone plots, 

batteries have large specific energy, while conventional capacitors have large specific power. 

Electrochemical capacitors have larger specific power than batteries and larger specific energy 

than conventional capacitors. However, all three still cannot meet the energy and power density 

requirements of efficient electrical energy storage. Currently extensive efforts are being devoted to 

the development of innovative electrical energy storage systems. 

The performance of electrochemical energy storage systems is mainly constrained by the materials 

used. Therefore, there is a great need of novel materials for electrochemical energy storage devices. 

Transition metal compounds have gained much attention as electrochemical energy storage 

materials due to their interesting structural, electrical and electrochemical properties. They provide 

multiple oxidation states for electron transfer reactions, e.g. redox reactions, and are broadly used 
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as electrode materials for both batteries and electrochemical capacitors. For example, transition 

metal compounds can be used as cathode materials for Li-ion and Li batteries [15, 16]. Li batteries 

use Li metal as the anode material and transition metal compounds as the intercalation material at 

the cathode. The intercalation occurs via the following reaction:  

                                       (1.1) 

where M is a transition metal such as Ni, Mn, Co, V, Ti, etc. or their mixtures, and X could be O, S, 

or other cations like SO4
2- or PO4

3- [15]. In Li-ion batteries, both the cathode and anode are made 

of intercalation compounds, with alloys or transition metal compounds as the anode and transition 

metal oxides as the cathode. Li-ion batteries operate by transporting Li+ ions between two 

electrodes. The Li-ion insertion process in the cathode materials occurs via the following reaction: 

                                         (1.2) 

where MOn is a transition metal oxide like MnO2, CoO2 and NiO2 [17, 18]. Here, we assume that 

only one Li ion is inserted every transition metal site, and only the transition metal undergoes the 

oxidation-reduction step as shown in the reaction above. Besides transition metal oxides, other 

transition metal compounds, including LiFePO4 and Li2MnSiO4, are also employed as cathode 

materials in Li-ion batteries [16]. Transition metal oxides such as RuO2, MnO2, Co3O4, Fe3O4 and 

NiO are excellent pseudo-capacitive active materials [19-22]. Pseudocapacitors with electrodes 

based on these transition metal oxides can produce higher capacitances than EDLCs based on 

porous carbon electrodes [14, 22, 23]. Although transition metal compounds have already been 

adopted as electrochemical energy storage materials, they still have limitations including high cost, 
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low specific surface area, low electrical conductivity and low temperature and chemical satiability. 

More research is thus needed to discover new transition metal compounds and to understand their 

electrochemical properties. In this thesis, we report the physical, electrical and electrochemical 

characterizations of four transition metal materials in light of their potential applications in the 

field of electrical energy storage. All characterization methods are discussed in Chapter 2. 

In Chapters 3 and 6, we report a nanostructured vanadium oxide material and a cryolite-type 

compound, (NH4)3VxGa1-xF6, focusing on their electrochemical properties. Electrochemistry 

studies the electrochemical reactions that occur at the interface of two phases. Electrochemical 

reactions bring about the transfer between electrical energy and chemical energy and play an 

important role in energy storage. Historically, electrochemistry has been involved in energy 

storage -from the Baghdad battery over two millennia ago [5] to the Li-ion batteries and 

electrochemical capacitors currently used. As shown in Fig. 1.1, the Baghdad battery has all the 

necessary components of an electrochemical cell, including two electronic conductors (a copper 

cylinder and an iron rod) as electrodes in contact with an ionic conductor as the electrolyte. 

Although the performance of electrochemical energy storage systems has been improved over 

years by the development of new batteries and electrochemical capacitors, our knowledge of the 

complex electrochemical processes occurring in these systems is still limited. A deep 

understanding of these electrochemical processes is significantly important not only for enhancing 

the efficiency of existing batteries and supercapacitors but also for developing new concepts for 

novel electrochemical energy storage systems. In Chapter 3, we investigate the electrochemical 

behavior of a nanostructured vanadium oxide material as electrodes in chloride solutions 

containing different cations. In Chapter 6, we study the solid state electrochemical processes of 

(NH4)3VxGa1-xF6, as well as in (NH4)3VxGa1-xF6 aqueous solutions functioning as electrolytes.  
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Figure 1.1: Sketch of the Baghdad battery, the first known electrochemical cell in the world used 

for electroplating over two millennia ago (modified from Ref. [5]). 

 

A major challenge in the field of energy storage is to design a device with both high specific energy 

and high power density. One promising route to address this challenge is to utilize nanostructured 

materials. Recent developments have shown that nanostructuring of materials -either controlling a 

material’s morphology at the nanoscale or controlling a material’s structural at the nanoscale- have 

led to enhanced performance of electrochemical energy storage devices [24, 25]. The underlying 

physical principle is that compared to traditional materials, nanostructured materials have higher 

surface-to-volume ratios and shorter diffusion lengths [26]. As a consequence, more energy can be 

stored per unit volume, and energy can be released more rapidly due to enhanced rate of 
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electrochemical reactions, yielding both high energy and power density. However, a big challenge 

with nanostructured materials is their stability issue over rapid charge-discharge cycles. In fact, the 

stability of any electrode materials is a general concern in the field of energy storage. To address 

these issues, we study a nanostructured material composing vanadium oxide nanosheets in Chapter 

3. We discuss both the electrochemical insertion process and the cyclic stability of this 

nanomaterial.  

In Chapters 4 and 5, we report two zeolite-like materials (an oxo-vanadium arsenate 

[(As6V15O51)-9]∞, and an oxo-vanadium phosphate [(P6V15O51)-9]∞), and a strontium manganese 

vanadate framework, SrMn2(VO4)2( 3-OH)( 4-OH2), respectively. All are transition metal oxide 

frameworks and are mixed electronic-ionic conductors. We investigate their electrical properties 

as a function of temperature. As discussed before, the EDLCs are supercapacitors based on the 

electric double-layers that are formed at the interface between the electrodes and electrolytes, with 

electrons in the electrode and mobile ions in the electrolyte. The capacitance of the EDLCs can be 

calculated by the equation: 

                                  (1.3) 

where C is the capacitance, A is the effective surface area, r is the relative static permittivity 

(dielectric constant), 0 is the permittivity of free space, and d is the charge separation distance. 

The EDLCs attained large capacitance because of the short charge separation distance (on the 

order of angstroms) and the large effective surface area from the porous electrode material. 

Zeolite-like materials thus have the great potential to be used as electrodes for EDLC because of 

their porous structure formed by the crystal framework [27]. A schematic concept of an EDLC 
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using zeolite-like materials as electrodes is shown in Ref. [27]. The two electrodes are connected 

to an external voltage source with a potential difference V. An ion membrane separates the cell into 

two half-cells, with one electrode in each. The membrane is permeable to the electrolyte ions. The 

two electrodes are oppositely charged, and thus attract oppositely charged ions from the electrolyte 

solutions into the pores of the zeolite-like electrodes. The energy stored in an EDLC is expressed 

by the following equation: 

                                  (1.4) 

where U is the stored energy. With a high capacitance C per material volume obtained with the 

double-layer mechanism, a large specific energy is achieved. However, the application of porous 

structures based on zeolite-like materials to EDLCs is limited by the limited electronic conduction 

of these materials. In Chapter 4, we study the electronic and ionic conductivities of the 

oxo-vanadium arsenate and phosphate. Since manganese oxides are widely used because of their 

interesting structural and electrical properties [28-30], we study the protonic and electronic 

conductivities, as a function of temperature, in a new layered structure of the strontium manganese 

vanadate in Chapter 5.  

In short, while we here present several new materials systems and concepts for electrical energy 

storage applications, the field is still wide open for new and transformative discoveries for this 

outstanding scientific, economic and societal topic.  
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Chapter 2  Materials and characterization  

2.1 Materials 

The materials under investigation in this work are synthesized hydrothermally. Hydrothermal 

synthesis is a closed-system physical and chemical process used in the preparation of various new 

materials, including porous materials [31-33], ionic conductors [34, 35], and complex oxides and 

fluorides [36, 37]. It is popular because of its high reactant reactivity, easy reaction control, low 

pollution and low energy consumption. Hydrothermal synthesis is defined as “any heterogeneous 

chemical reaction in the presence of a solvent (whether aqueous or nonaqueous) above room 

temperature and at pressure greater than 1 atm in a closed system” [38]. In this thesis, we report the 

physical and electrical properties of some hydrothermally synthesized nanostructured material 

(nanostructured vanadium oxide, in Chapter 3) and crystalline materials (oxo-vanadium arsenate 

and phosphate frameworks, strontium manganese vanadate and arsenate frameworks, and 

cryolite-type (NH4)3VxGa1-xF6 and Na3VF6 crystals, in Chapters 4, 5 and 6, respectively). 

2.2 Physical characterization 

2.2.1 X-ray crystallography  

We perform single crystal x-ray diffraction (XRD) analysis to obtain the structural information of 

our crystalline samples. The XRD experiment is performed on an Oxford Diffraction Gemini A 

Ultra diffractometer equipped with a Sapphire 3 CCD detector and operating with MoK  radiation 

as shown in Fig. 2.1. The crystal samples we use are selected under microscope and cleaned. We 

choose single crystals that are regularly shaped and have no obvious dislocations, and discard 

twinned crystals or crystals with cracks and dislocations. The single crystals are then placed in 
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Paratone oil. This oil is a highly viscous organic compound that serves to bind the crystal to the 

loop shape sample holder. The sample holder and single crystal are then mounted on a goniometer. 

The XRD experiments are performed at 295 K or 100 K. The program CrysAlisPro [39] is adopted 

for data collection, unit cell refinement, and data processing, from which we obtain the unit cell, 

space group and electron density map. The crystal structures are then solved and refined using 

SHELXL-97 [40] via OLEX2 [41]. 

 

Figure 2.1: Picture of the Oxford Diffraction Gemini A Ultra diffractometer. 

 

2.2.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is used to analyze the thermal stability and composition of our 

samples. TGA is an analytical tool for monitoring the mass of a sample as a function of 
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temperature or time with a controlled temperature program under a controlled atmosphere [42]. 

We perform the TGA experiment with a Perkin Elmer TGA7 thermogravimetric analyzer in a 

nitrogen atmosphere. The thermogravimetric analyzer consists of a heating system that precisely 

controls and monitors temperature change and a sample pan supported by a precision balance. 

Crystals are picked out from the hydrothermal reaction product, cleaned and dried. They are then 

ground with a mortar and pestle to a uniform powder. Then the TGA experiment is performed at a 

certain temperature range and rate. The sample mass is monitored during the experiment. A TGA 

thermal curve is plotted with time or temperature as abscissa and weight or weight percent as 

ordinate. We analyze the compounds’ changes during the TGA experiment by the percent of mass 

of starting material obtained in the final product. 

2.2.3 UV-Vis adsorption edge spectrum  

Ultraviolet-visible (UV-Vis) adsorption edge spectrum is used to determine the optical band gap. 

An Evolution 300 UV-Vis spectrophotometer (as shown in Fig. 2.2) is adopted to perform UV-Vis 

diffuse reflectance measurements on powder samples. It is equipped with a Praying Mantis diffuse 

reflectance accessory (DRA) specifically designed to measure diffuse reflectance. The powder 

samples are prepared following the same procedure as in the TGA experiment. The powder sample 

is placed in a stainless steel sample holder mounted horizontally into the chamber of the Praying 

Mantis DRA. Ultraviolet-visible light beams onto the powder sample. Diffusely reflected light is 

collected by the instrument detector through two hemispherical mirrors above the sample to give a 

diffuse reflectance spectrum. From the transition between the strong short-wavelength and the 

weak long-wavelength absorption in the spectrum, the absorption edge is obtained as the band gap 

energy, which is the energy separation between the valence and conduction bands of the material 

[43]. 
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Figure 2.2: Picture of the Evolution 300 UV-Vis spectrophotometer equipped with a Praying 

Mantis diffuse reflectance accessory. 

 

2.3 Electrical characterization 

2.3.1 Electrode fabrication 

Electrodes are fabricated on the hydrothermal synthesized materials for electrical characterization. 

Depending on the objective of the chosen characterization technique, a different contact type is 

fabricated. The details of each fabricated contact will be discussed in their respective chapters. In 

this section, only the common contact fabrication technique is introduced.  
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Before the contacts are fabricated, we first clean the samples. High-level cleaning is necessary for 

good contact between the electrodes and sample. The cleaning process is altered depending on the 

property of the sample. The workable cleaning methods include scratching with a wood stick, 

wiping with filter paper, and soaking or rinsing with deionized water (DI water), acetone (ACE) or 

isopropanol (IPA). A substrate is needed to hold the sample and electrode. At room temperature 

measurement, glass chips cut from Corning pre-cleaned 75 x 25 x 1 mm micro slides are used. At 

higher temperature, 5 x 5 x 0.5 mm, R plane Al2O3-sapphire wafers are chosen because of their 

excellent thermal conductivity and heat tolerance. The dimensions of the substrate can be modified 

but are limited to the size of the sample holder of the equipment. If the sample needs to be put on 

the 14-pin dip header, the dimensions will be limited to 19 mm by 7 mm. Figure 2.3 shows a 

picture of a dip header with contacted samples. If mounted to the ColdEdge open cycle CoolTran 

system (detailed description in subsection 2.3.4.1), the dimensions are limited to 25 mm by 7 mm. 

Different electrode materials are adopted. An EPO-TEK H20E silver conductive epoxy is used for 

measurement at temperatures lower than 473 K, while a PELCO high performance silver paste can 

be used at higher temperatures up to 1200 K. All the contact material can be cured at 318 K 

overnight. The contacted samples are connected to the measurement equipment with silver or gold 

wires. For the room temperature measurement performed on a 14-pin dip header, the contacted 

sample is attached to the dip header using Apiezon N grease, and the gold wire connecting the 

contact sample is soldered to the dip header with indium. Indium and Apiezon N grease are both 

stable at room temperature but not at a higher temperature. At a temperature higher than 430 K, 

which is the melting point of indium, high temperature solder is used. For samples to be mounted 

to the ColdEdge open cycle CoolTran system, the silver wire is clipped to the screws of the dips of 

the ColdEdge sample holder. 
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Figure 2.3: Representative picture of a dip header with a sample with four silver contacts. 

 

2.3.2 DC electrical conductivity measurement  

The DC electrical conductive property is investigated using both the 2-point method and the 

4-point method. The technique for contact fabrication is discussed in subsection 2.3.1. The 2-point 

method needs two contacts on opposite sides of the sample. It is performed alongside the 4-point 

method to provide a comparison. Current-voltage (I-V) measurement is performed with the 

Keithley 2400 source meter. A voltage sweep with specified range, rate and interval is applied 

between two contacts, and the current is monitored at the same time. From the measured I-V curve, 

the resistance of the sample is extrapolated. We obtain the electrical conductivity from the 

dimensions of the sample.  

The 4-point method is preferred to avoid the effects of contact resistance and provide a more 
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precise calculation of the conductivity by the method for measuring electrical resistivity from H. C. 

Montgomery [44]. Four contacts are made at four angles of the sample. Measurement is performed 

using the Keithley 2400 source meter. We apply variable current between two of the four contacts 

and monitor the voltage difference between the other two electrodes. As shown in Fig. 2.4, the 

sample has dimensions l1, l2 and l3. The conductivity can be calculated by the equation: 

 = 1/HER                                 (2.1) 

where  is the conductivity and H is a function of l2/l1, which is obtained from the plot in Fig. 2.4; 

E is effective thickness; and R is the resistance obtained from the I-V curve.  

 

Figure 2.4: The relation between function H and sample dimensions (from reference [44]).  



 

16 

2.3.3 Impedance spectroscopy 

The impedance spectroscopy provides AC information complementary to the DC electrical 

measurements. The material under investigation is considered as an equivalent two-component 

parallel combination of one capacitor and one resistor, as shown in Fig. 2.5(b). The equivalent 

impedance is calculated by: 

Z = Z′ - iZ″ = (1/R + i C)                   (5.2) 

with real part: 

Z′ = R/[1 + ( RC)2]                       (5.3) 

and imaginary part: 

Z″= R[ RC/(1 + ( RC)2]                    (5.4) 

where  is the frequency, R is the resistance and C is the capacitance. Cole–Cole plot in Fig. 

2.5(a) is plotted with the imaginary (Z″) as a function of the real (Z′) part of the impedance [45, 

46]. Frequency  increases in the counter-clockwise direction. From the Cole–Cole plot and the 

frequency, we can obtain the resistance and capacitance of the material. The maximum of Z′ is at 

the smallest frequency, and the joint of the Cole–Cole plot and x axis on the right hand side 

provide the resistance R. Z″ has the maximum when RC is equal to 1. We can thus calculate the 

capacitance C. We use a Stanford SR830 DSP lock-in amplifier and a Perkin–Elmer 7225 DSP 

lock-in amplifier to perform an impedance spectroscopy study of our crystalline sample. A 

constant voltage is applied. The real and imaginary parts of the current are obtained at a frequency 

between 0.001 Hz and 50000 Hz. We then obtain the variation of the imaginary part of impedance 
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as a function of frequency, and the variation of real and imaginary parts of impedance in the form 

of Cole-Cole plots. The waiting time for each data point taken is not the same. At a lower 

frequency, the waiting time is longer as the lock-in amplifier needs a longer time to equilibrate. 

 

Figure 2.5: Circuit of two-component parallel combination of one capacitor and one resistor (b), 

and its Cole–Cole plot (a). 

 

2.3.4 Variable temperature measurement technique 

In this subsection, two variable temperature systems are described, which are a commercial 

ColdEdge open cycle CoolTran system and a home-built quartz tube variable temperature system. 

We introduce the experimental setup and their temperature control mechanisms. 

2.3.4.1 ColdEdge open cycle CoolTran system 

The ColdEdge open cycle CoolTran system was developed in our lab in 2010. It can perform 
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variable temperature electrical measurements from 78 K to 810 K in a vacuum environment. The 

system includes a temperature control system and a sample holder in a sample chamber that can be 

vacuumed. The temperature control system contains a built-in heater, a cooling system using liquid 

nitrogen flowing through a vacuumed transfer line, and a built-in thermocouple to read the sample 

temperature. We obtain the desired temperature from the equilibrium of the heater and the cooling 

system, which is controlled by a Lakeshore 331 temperature controller. Figure 2.6 shows a view of 

the ColdEdge open cycle CoolTran system.  

 

Figure 2.6: Picture of part of the ColdEdge open cycle CoolTran system. 

 

We redesigned the sample holder to fit our electrical measurement requirements. Figure 2.7(a) 

shows the factory-designed sample holder. It is constructed with a copper plate and 10 pins 
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separated from the copper plate by ceramic columns. Samples are soldered to the pins. After 

several uses, the 10 ceramic columns, which should be electrically isolated, become conductive 

because of residue from the solder and the organic component inside the crystal samples 

(oxo-vanadium arsenate frameworks in chapter 4). We rebuilt the sample holder as shown in Fig. 

2.7(b). With this new design, the copper in the middle benefits the thermal transfer, and the 

ceramic pieces made by MACOR machinable glass ceramic on both sides, which are replaceable if 

residue accumulates on them, ensure electrical insulation between pins. Stainless steel screws are 

used as pins so that no solder is needed, which reduces the likelihood of residue.  

 

Figure 2.7: The factory designed sample holder (a) and the rebuilt sample holder (b) for the 

ColdEdge open cycle CoolTran system.  

 

We then clip the silver wire connecting the sample to the screws and perform a temperature 

recalibration for the new sample holder, using a platinum thermocouple attached to test the 

temperature of the sample holder. Figure 2.8 shows the recalibration result. The x axis represents 
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the temperature of the sample holder, while the y axis represents the temperature read from the 

built-in thermocouple. The temperature deviation in the sample holder reading from the built-in 

thermocouple is tiny and can be ignored.  
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Figure 2.8: Temperature recalibration for the rebuilt sample holder of the ColdEdge open cycle 

CoolTran system. 

 

2.3.4.2 Home-built quartz tube variable temperature measurement system 

In this subsection, a home-built system for variable temperature measurement is discussed, which 

we call the home-built quartz tube variable temperature measurement system. Unlike the 
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ColdEdge open cycle CoolTran system, which can be used to perform both high and low 

temperature measurement, the home-built quartz tube variable temperature measurement system 

can go only up to 473 K. Samples should be first soldered to a mounting package (14-pin dip 

header) as shown in Fig. 2.3. The dip header is then mounted into the sample holder inside the 

quartz tube. As shown in Fig. 2.9, the home-built quartz tube system is equipped with a quartz tube, 

a sample holder for electrical measurement where the dip head is mounted, a heating system and 

two thermocouples. The sample holder is located in the middle of the quartz tube. The heating 

system enlaces the resistance heating wires around the right side of the quartz tube. Two PID 

controllers are utilized to control the temperature of the resistance heating wires. The heating wires 

heat the nitrogen gas in the right side of the quartz tube. Nitrogen then flows from right to left to 

transfer heat to the sample. A gas valve on the right is used to control the nitrogen flow. The 

temperature can be controlled by both the PID controllers and the nitrogen gas valve. Two 

thermocouples are used to read the sample temperature. One thermocouple is placed below the 

sample, while the other is placed above the sample. The reading from the upper thermocouple is 

always higher due to the rising of hot air. The temperature of the sample is calculated as the 

average of the two read temperatures. During the measurement, the nitrogen flow should be started 

5 minutes before heating to fill the quartz tube with nitrogen and remove reactive gasses like 

oxygen, and should be kept flowing after measurement until the equipment has returned to room 

temperature. 
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Figure 2.9: Schematic for the home-built quartz tube variable temperature measurement system. 

 

2.3.5 Electrochemistry  

Electrochemistry studies the interaction between electrical energy and chemical reaction taking 

place at the interface between two phases. An electrochemical reaction is driven by an externally 

applied voltage or creates a voltage, which is also called an oxidation-reduction (redox) reaction. 

Electrochemistry plays an important role in energy storage. In the work introduced in this article, 

we have performed electrochemical measurements not only on the solution state electrolyte but 

also on the solid state electrolyte, which are discussed in the following subsection.  

2.3.5.1 Solution state electrochemistry 

The solution state electrochemistry study is performed on vanadium oxide nanosheets material and 

[NH4]3[VxM’1-xF6] material. The details are discussed in Chapters 3 and 6, respectively. Here we 

introduce the commonly used voltammogram measurement technique for the solution state 

electrochemical study. Figure 2.10 shows the experimental setting. A complete electrochemical 
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cell is obtained by combining a working electrode (WE), a counter electrode (CE), a reference 

electrode (RE) and an electrolyte solution. In our experiment, the working electrode, the counter 

electrode and the electrolyte solution depend on the purpose of the experiment; while the Koslow 

silver/silver chloride reference electrode 1004 is always used as the reference electrode. The 

electrodes are connected to a Keithley 2400 source meter and a Keithley 2000 multimeter as 

shown in Fig. 2.10. The Keithley 2400 source meter is used to provide the voltage sweep between 

the working and counter electrodes, while the Keithley 2000 multimeter is used to monitor the 

voltage between the working and reference electrodes. We perform the voltammogram 

measurement using different voltage sweep ranges, sweep rates and voltage intervals. 

 

Figure 2.10: Schematics of the experimental setting for solution state electrochemical 

measurement.  
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2.3.5.2 Solid state electrochemistry 

Solid state electrochemistry studies the solid state electrolyte. We perform the solid state 

electrochemical measurement of [NH4]3[VxGa1-xF6] crystal in Chapter 6. In this subsection, we 

introduce the technique used for the solid state electrochemistry study. Four silver contacts are 

fabricated on the crystal samples using the technique discussed in 2.3.1. Then three of the four 

contacts are chosen as working electrode (WE), counter electrode (CE), and pseudo-reference 

electrode (PRE) to perform a 3-point electrochemical measurement. The 3-point measurement 

combines a 2-point current-voltage measurement with the Keithley 2400 source meter, and a 

voltage measurement with the Keithley 2000 multimeter. As shown in Fig. 2.11, the two 

measurements share the working electrode. V3 is the voltage obtained by the Keithley 2000 

multimeter for the 3-point measurement, which is the voltage between working and pseudo 

reference electrodes, while V2 is the voltage sweep provided by the Keithley 2400 source meter for 

the 2-point method, which is the voltage between working and counter electrodes. It is similar to 

the measurement system for solution state measurement. In the 3-point measurement, a silver 

electrode serves as the pseudo reference electrode. There is a special geometry requirement of the 

reference electrode placement in the solid electrolyte [47, 48]. In our experiment, the 

microelectrode concept is employed for the reference electrode, which will be presented with 

results and discussion in Chapter 6. The pseudo-reference electrode provides a constant potential, 

but the potential is attributed to the composition of the electrolyte and is unknown. To provide a 

certain reference potential, an Ag/AgCl reference electrode system is designed to standardize the 

voltammogram data. Figure 2.12 shows the sketch of the measurement setting for the solid state 

electrochemical measurement with an Ag/AgCl reference electrode system on the left.  
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Figure 2.11: Schematic diagram of the solid state voltammogram measurement set-up with pseudo 

reference electrode. 

 

 

Figure 2.12: Schematic diagram of the solid state voltammogram measurement set-up with an 

Ag/AgCl reference electrode. 
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To obtain a stable and reproducible reference electrode that can be used under a variety of 

conditions, a home-built Ag/AgCl reference electrode is constructed from a 1 mm diameter Ag 

wire. The wire, after cleaning, is bent to a helical shape and then soaked in Clorox bleach for 1 hour. 

An AgCl film coating is then formed on the outside of the Ag wire. The Ag wire is rinsed with DI 

water, dried and used as an Ag/AgCl reference electrode [49]. The helical shape is adopted to 

increase the surface area of the reference electrode. A 3 M KCl solution is used as the electrolyte 

solution with the reference electrode system. The bare straight Ag wire with 1 mm diameter is used 

to connect the KCl solution electrolyte for the reference system and the solid sample. We set up the 

potentiometric cell assembled with the helical Ag/AgCl reference electrode against a commercial 

Ag/AgCl reference electrode to check the helical Ag/AgCl reference electrode. The potential drop 

on the helical Ag/AgCl reference electrode versus the commercial Ag/AgCl reference electrode 

were obtained using the Keithley 2182 as a function, and presented in Fig. 2.13. The tiny 

difference between the two reference electrodes can be ignored when we compare the magnitude 

of the drop to the peak potential in the voltammogram of the [NH4]3[VxGa1-xF6] crystal. The 

voltammogram versus pseudo electrode and versus Ag/AgCl reference electrode data will be 

discussed in Chapter 6. 
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Figure 2.13: The half cell voltage of the helical Ag/AgCl reference electrode in 3 M KCl solution 

vs. the commercial Ag/AgCl reference electrode as a function of time. 
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Chapter 3  Electrochemical properties of a nanostructured 

vanadium oxide in aqueous salt solutions  

In this chapter, we present a comparative electrochemical study of a nanostructured vanadium 

oxide material in chloride solution of different cations. Electrochemical energy storage plays an 

ever increasing role in the demand for effective, reliable and safe energy storage solution. Li-ion 

batteries are used as the main power sources in a variety of applications, such as mobile phones, 

laptop computers, medical devices and hybrid electric vehicles, and offer higher theoretical 

specific capacity and energy density than comparable energy storage devices because of the low 

atomic number and low redox potential of Li ion [50, 51]. Li ions serve as charge carrier diffusing 

into electrode materials. Their small ionic size facilitates fast kinetics and as a result permits the 

remarkable electrochemical performance observed [52]. Li-ion batteries are a mature technology 

for energy storage, yet come with issues include cost, Li supply, safety, reliability and stability [53, 

54]. Approaches to mitigate the issues include use of different cations [54-56], electrolytes —solid 

[57], solid ionic liquid [58], organic ionic plastic [59] or polymeric [59-61] —with simultaneous 

investigations into the synthesis of new materials to address energy storage needs. 

Metal oxides are ubiquitous, with applications ranging from catalysis to energy storage. Various 

vanadium oxides and nanostructured vanadium oxides garner considerable interest as ion insertion 

material for electrochemical energy storage [26, 53, 62-69]. In previous studies [26, 63-70], the 

results have indicated that nanostructure may improve the electrochemical properties of vanadium 

oxides compared to bulk material. The morphology of nanostructured materials suggests large 

available space for higher ion or molecule mobility, large accessible surface area for ion insertion 

and extraction [63, 71] and also short diffusion length for electrode rate capability [26]. These 



 

29 

features grant the material both battery-like electrochemical character and capacitor 

pulse-power-only electrochemical character which allow for an electrochemical storage device 

with both higher attainable energy density and achievable power density. However even with 

optimized nanostructures, Li-ion batteries with vanadium oxide electrode material are constrained 

and limited to meet the cycling stability requirement which is the major concern for long-term 

operation and advanced applications [72, 73].  

To provide an alternative choice to Li-ion batteries, the development of new charge carrier is 

critical for improvement of electrochemical energy storage systems. Ions other than lithium are 

considered as charge carriers for secondary batteries, for example Mg2+, Al3+, and Zn2+, when 

inserted into vanadium oxide aerogels showed excellent electrochemical activity [74]. Moreover, 

Na has attracted tremendous attention as a promising battery functional ion [54, 75, 76].  

In this chapter, we report a nanostructured vanadium oxide material[77]. The hydrothermally 

synthesized vanadium oxide material is electrically characterized by variable temperature 

measurement. We also report the comparative study of the electrochemical insertion process of 

different cations into the same vanadium oxide material. The choice of alkali cations, Li+, Na+ and 

K+, as well as the ammonium NH4
+ ion aims at investigating the possibilities of using cations other 

than Li+, which are more abundant and less costly, with acceptable performance in electrochemical 

energy storage applications. The electrochemical behavior of the vanadium oxide material as a 

function of various cations and cycles is investigated correlated with visual changes in the 

vanadium oxide nanosheets as observed by scanning electron microscopy and the specific charge 

adsorbed per cycle in the voltammogram cyclic experiment.  
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3.1 Physical characterization 

The vanadium oxide material under investigation was obtained by hydrothermal synthesis, and the 

isolated material is rinsed with deionized (DI) water and subsequently dried in air. The vanadium 

oxide is isolated as the major product in the form of folded nanosheets crumpled into a 

quasi-spherical 3-dimensional object, (henceforth referred to as 3D VO) affording a large and 

accessible surface area. Morphological characterization of the sample was performed using a 

scanning electron microscopy (SEM), and the folded sheets are observed in the SEM image shown 

in Fig. 3.1. The diameter of a sphere on average is about 200 m.  

 

Figure 3.1: Scanning electron micrograph of the nanosheets assembled into a sphere. Scale bar on 

large image, 10 μm; inset, 1 μm. 
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The 3D VO spheres were attached to W wires by H20E Epotek silver conductive epoxy to 

fabricate electrodes for electrochemical measurement as described in section 3.3. The SEM 

experiments were performed on the electrodes and the surface of the vanadium oxide spheres 

before and after various cations insertion were studied. The surface change before and after 

electrochemical measurement with various chloride solution electrolytes will be described in 

section 3.3. Elemental analysis was performed by inductively coupled plasma optical emission 

spectroscopy, x-ray photoelectron spectroscopy (XPS) and energy dispersive x-ray spectroscopy 

analysis. The vanadium content of the sample is roughly 40% by weight among the various 

analyses. A few percent of Ga is also consistently present in all analyses. XPS data shows the 

presence of both V+4 and V+5 oxidation states, and the mixed valence is also supported by the dark 

green color of the 3D VO spheres. Combining the results of the various analyses, a reasonable 

suggested composition can be expressed as VO2.2-2.4, with Ga acting as a potential dopant at less 

than 2% by weight. The electrochemical activity observed in the electrochemical measurement (in 

section 3.3) might correspond to reduction of the V+4 and V+5 by the various cations insertion 

processes into the 3D VO nanosheets. The density of the material is 3.08 g/ml as determined by the 

floatation method in CH2I2/CH2Cl2. 

3.2 Electrical characterization  

Variable temperature conductivity measurements were performed in the temperature range 80 K to 

700 K. Two samples, each with two contacts on one single 3D VO sphere were fabricated for a 

lower temperature range measurement from 80 K to 350 K and a higher temperature range 

measurement from 290 K to 700 K respectively. The single 3D VO spheres were washed with DI 

water and air dried first. The two contacts were made on opposite sides of one sphere with H20E 

Epotek silver conductive epoxy for the lower temperature range and with PELCO high 
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performance silver paste for the higher temperature range respectively on a 5 x 5 x 0.5 mm, R 

plane Al2O3-sapphire wafer from MTI Corporation. Both samples were cured at 318 K for about 

12 hours. The samples were connected and mounted to the ColdEdge open cycle CoolTran system 

(detailed description in Chapter 2) with silver wires. The variable temperature conductivity 

measurements were performed with Keithley 2400 source meter, which applied voltage sweep 

from -10 V to 10 V then back to -10 V between two contacts and recorded the current. The 

resistance information was extracted from the voltage and current measured. Then we calculated 

the conductivity from the resistance taking account of both the size of the single 3D VO spheres 

and the position of the electrode by the method for measuring electrical resistivity from H. C. 

Montgomery (detailed description in Chapter 2) [44]. 

Initially, both samples were measured at room temperature (about 300 K) and atmospheric 

pressure and then subjected to vacuum at a base pressure of 10-6 Torr for 3 hours. The conductivity 

values obtained which are due to the material itself plus adsorbed water decrease as the samples 

are subjected to vacuum. The room temperature conductivity values of the two measurements 

under vacuum are around 1  10-7 -1cm-1, and the difference between them is not significant. The 

variable temperature data was taken after the conductivity measurement at room temperature was 

stabilized under vacuum, indicating the minimization of contributions from adsorbed water. In the 

lower temperature range measurement, we decreased the temperature step by step from room 

temperature and simultaneously performed the same conductivity measurement as at room 

temperature every 10 K with waiting time of 15 min for each measurement. Then the sample was 

warmed-up to room temperature and the conductivity value obtained again. Data from room 

temperature to 350 K was obtained with the same temperature step and waiting time. In the higher 

temperature range measurement, we increased the temperature from 290 K to 800 K with a 
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temperature increment 20 K and waiting time of 15 min, and obtained the conductivity information 

in the same manner as in the lower temperature range. The conductivity values obtained from both 

samples in the temperature range from 290 K to 350 K overlap nicely. We combine the two data 

sets and the plot is presented in Fig. 3.2. The increase in conductivity as the temperature increases 

indicates semiconducting behavior. The data indicates two regions, below 350 K and above 350 K. 

In both the two regions, we observe the exponential dependence of conductivity upon temperature. 

We assume an Arrhenius type equation for the temperature dependence of the electrical 

conductivity [78]: 

                             (3.1) 

where the pre-exponent factor 0 is the maximum electrical conductivity at infinite temperature, 

EA is the activation energy for the electrical conduction, T is the temperature and k is the 

Boltzmann constant. The activation energies EA are calculated by the least-square straight-line fit 

to be 0.086 eV below 350 K and 0.51 eV above 350 K respectively.  
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Figure 3.2: Variable temperature conductivity data from 80 K to 700 K. For T < 350 K, 10 K 

increments; T > 350 K, 20 K increments. Wait time between increments 15 min throughout. 

 

3.3 Electrochemical characterization 

The 3D VO material is a promising candidate to be used in electrical energy storage application as 

the large surface area for ion insertion as well as adsorption offered by the nanosheets. We 

performed a comparative study for the electrochemical insertion of different alkali cations as well 

as ammonium cation into the 3D VO material. Electrodes are constructed from tungsten, 99.95% 

(metals basis) annealed W wire with 0.5 mm diameter from A Johnson Matthey Company cut into 

segments of length 60 mm, and scrubbed with Scotch-Brite Scour Pad, washed with DI water and 

air dried. The working electrode (WE) and counter electrode (CE) were each fabricated by 
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attaching 20 3D VO spheres to one end of the W wires with H20E Epotek silver conductive epoxy 

in a line of length 6 mm and cured at 318 K for 12 hours. The commercial Ag/AgCl reference 

electrode (RE) from Koslow Scientific Company was adopted. The electrochemical cell was 

assembled in a 30 ml beaker of diameter 32 mm with 20 ml 3M aqueous chloride solutions of 

various cations respectively as electrolyte. Reagent grade lithium chloride, sodium chloride and 

potassium chloride crystals from Spectrum Chemical Mfg. Corp. and 98+% ammonium chloride 

from A Johnson Matthey Company were mixed with DI water respectively to prepare the 

electrolytes. The Schematics of the electrochemical measurement system is shown in Fig. 3.3. The 

separation distance between WE and CE is 2.5 mm and between CE and RE is 15 mm as labeled in 

Fig. 3.3. The separation distances are kept constant in all the comparative measurement. The 

portions of the WE and CE with the 3D VO spheres attached are immersed into the electrolyte. A 

Keithley 2400 source meter applies voltage sweeps between the WE and CE, and the voltage of the 

WE versus the Ag/AgCl RE is obtained by a Keithley 2000 multimeter. Baselines were obtained 

by measuring two W wires covered with silver epoxy (up to 6 mm) as the WE and CE, Ag/AgCl as 

the RE, in 3M aqueous solutions of each of the chloride salts in the same experimental setting as 

described above. 
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Figure 3.3: Schematics of the experimental setting for electrochemical measurement of the 3D VO 

materials in chloride aqueous solution of various cations. 

 

The electrochemical measurements were all performed at room temperature, about 300 K. To 

investigate the effects of cation insertion into the nanosheets, we performed cyclic voltammetry 

measurement in 3M LiCl, NaCl, KCl, and NH4Cl aqueous solutions both with the electrodes 

constructed with 3D VO material and the electrodes for baseline measurement as described above. 

For this comparative study, the potential sweep range between the WE and CE (baseline and 3D 

VO material) was kept constant, -2 to 2 V, as was the scan rate of 20 mV s-1. The potential of the 
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WE versus the RE is depicted in Fig. 3.4, indicating the response of the 3D VO material, under 

identical measurement conditions, to insertion/adsorption of different cations. The 1st cycle (in all 

the measurements) starts with the WE at -2 V versus the CE, and thus some solution cations 

migrate towards the WE and adsorb/insert onto the nanosheets. As the potential is swept towards 

more positive values, the cations de-insert from the WE. We consider that during the 1st cycle, 

fewer cations are adsorbed, because steady-state conditions are not yet attained. This assumption is 

borne out by the observation that starting with the 2nd cycle, the de-insertion peak, which occurs 

around +0.04 V versus Ag/AgCl in all the panels in Fig. 3.4, dramatically increases in magnitude 

(grey dot plus line). Thus, the 2nd cycle is used as a starting point for the comparative study among 

the four cations. Cation insertion into the nanosheets occurs in the range -0.16 to -0.11 V versus 

Ag/AgCl (Fig. 3.4 all panels). Similarly, the 2nd cycle is used for the baseline measurements of the 

W wires with the Ag epoxy in the respective electrolytes. Acquiring of this baseline measurements 

allows evaluation of the response of the 3D VO material as distinct from that of the W wire with 

the Ag epoxy. The 2nd cycle of the baseline measurement in each electrolyte is shown in all the 

panels of Fig. 3.4 (light grey line). The electrochemical insertion/de-insertion process -or the 

reduction/oxidation of the vanadium centers- is presented by the following Faradaic reaction: 

                 (3.2) 

where M+ is the cation in the electrolyte. Here, we are considering that only a single cation inserts 

per vanadium site [26]. 
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Figure 3.4: Voltammograms in 3M aqueous solutions of (a) LiCl, (b) NaCl, (c) KCl, and (d) NH4Cl, 

with the vanadium oxide as WE vs. Ag/AgCl RE. In each panel, indicated are 2nd cycle of the 

baseline (light grey, line only), 2nd cycle (grey dot plus line), and 20th cycle (red, line only). 

 

The response of the 3D VO material to different ion insertion processes is gleaned by inspecting 

the voltammograms of Fig. 3.4, coupled with the before and after images of the nanosheets 

obtained by SEM, depicted in Fig. 3.5. For each set of before and after images, electrodes were 

assembled, images obtained (all at same magnification), and the same electrodes were then placed 

in the appropriate electrolyte solution, voltammograms were obtained (up to 20 cycles) after which 

the electrodes were air-dried. The after images were obtained as close as possible to the location of 



 

39 

the before images. Assessing both the electrochemical data and the SEM images, a consistent 

observation emerges. Inspection of the voltammograms indicates that in NaCl and NH4Cl 

electrolytes (Figs. 3.4(b) and 3.4(d)), the reduction/oxidation peaks increase in area as the number 

of cycles increase, attesting that the insertion/de-insertion is reversible in these electrolytes. Close 

examination of the reduction peak, especially in the case of Na+ and NH4
+ cations (Figs. 3.4(b) and 

3.4(d)), show a loop (similar albeit much narrow loops are also present in the case of Li+ and K+). 

As the WE is swept towards more negative potential, after the de-insertion step at 0.04 V, more 

cations from the solution migrate and are adsorbed onto the nanosheets in the WE. This 

momentary positive charge accumulation causes a shift in the potential of the WE vs. Ag/AgCl, 

forming the observed loop. In the case of Li+ and K+, this shift is very small, and we thus surmise 

that these cations interact strongly with the nanosheets and do not penetrate deeply into the spheres, 

whereas in the cases of Na+ and NH4
+, these ions interact less, moving across the nanosheet 

surfaces and deeper into the folds of the material, allowing for more cations during a cycle to insert. 

This assumption is consistent with the observations that in NaCl and NH4Cl electrolytes, there is 

minimal material buildup on the nanosheets (determined from the SEM images in Fig. 3.5), and a 

concomitant increase occurs in the specific charge measured (as will be seen in Fig. 3.8). The 

stronger a cation binds, the less reversible the process is, leading to material buildup, which in turn 

prevents further electrochemical processes, and thus the specific charge diminishes or stays 

constant. 
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Figure 3.5: SEM images of nanosheets before ((a), (c), (e), and (g)) and after ion insertion: (b) Li+, 

(d) Na+, (f) K+, and (h) NH4
+. Inset in each panel (right top) shows overall location, with delineated 

area shown at higher magnification. Scale bar is 10 μm. 
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Hence, the voltammograms corresponding to processes in LiCl and KCl show a reduction of the 

reduction/oxidation peaks, attributable to these cations strongly adsorbing/binding to the 

nanosheets, resulting in irreversible electrochemical behavior and rapid degradation of the 

material due to the observed buildup seen in the after images, especially in LiCl electrolyte (Fig. 

3.5(b)). In NaCl and NH4Cl electrolytes, the after images (Figs. 3.5(d) and 3.5(h)) show less 

degradation than those obtained in LiCl and KCl (Figs. 3.5(b) and 3.5(f)). Degradation may be 

expressed as buildup of material on the nanosheets, seen in, e.g., Figs. 3.5(b) and 3.5(f) as 

thickening and coarsening of the nanosheets. We note minimal buildup with Na+ and NH4
+ cations 

as compared to Li+ and K+ cations. The deposited material is not soluble in water. In an attempt to 

reverse the degradation of the Li and K inserted nanosheets, we tried to dissolve the buildup by 

soaking of the electrodes in DI water for more than 12 hours. No reduction of buildup was noticed 

in images obtained after this step. Representative image is shown in Fig. 3.6 for the Li inserted 

nanosheets after soaking in DI water. 

 

Figure 3.6: SEM images of Li+ ion inserted nanosheets after DI water washed (soak in DI water for 

12 hours), Inset in each panel (right top) shows overall location, with delineated area shown at 

higher magnification. Scale bar is 10 μm. 
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The amount of charge transferred in the insertion/de-insertion steps, as well as the specific 

charge per cycle for 4 different cations are calculated from the 1st cycle up to the 20th cycle in Fig. 

3.7. During the cyclic voltammogram measurement, the potential is swept between WE and CE 

with a constant rate 20 mV s-1. The voltammograms depicted in Fig. 3.4 reflect the potential 

difference between WE and RE which is swept with the effective scan rate (and also effective 

potential sweep range) vs. Ag/AgCl varying based on the response of the 3D VO material to 

cation insertion in a particular electrolyte. Concurrently with the 3-electrode measurements 

plotting in Fig. 3.4, we plot the 2-electrode current-voltage (I-V) traces as measured between the 

WE and CE when the potential is swept from -2 V to 2 V (WE to CE), and back to -2 V to 

complete a cycle. Figure 3.8 shows a representative plot of the I-V traces with voltage between 

the WE and CE and with selected cycle numbers for Li+ ion only. Without a reference electrode 

at a stable potential, the current peaks we observed in Fig. 3.8 vary with various cycles and not 

provide the redox potential, yet the plots allow us to obtain current versus time information for 

the specific charge calculation. The charge transferred per cycle for the insertion/de-insertion 

process could be estimated from the current peak area in the same kind of I-V plots as shown in 

Fig. 3.8, using equation:   

Q = IdV/R                             (3.3) 

here Q (C) is the charge amount transferred, I (A) and V (V) are current and voltage in the 

2-electrode current-voltage (I-V) traces, and R is the constant voltage sweep rate which is 20 mV 

s-1. The volume of 3D VO materials in the electrode is obtained assuming 20 spheres on each 

electrode with an average diameter of 200 m, and density of 3.08 g/ml. The specific charge is 

calculated taking account of the mass of the 3D VO materials. 
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Figure 3.7: Charge and specific charge for the 3D VO material as a function of cycle number from 

the 1st cycle to 20th cycle for each of the cations studied. 

 

Figure 3.8: The current-voltage (I-V) traces as measured between the WE and CE in LiCl solution 

in 2nd cycle (grey), 4th cycle (blue), 6th cycle (wine), 10th cycle (olive) and 20th cycle (red). 
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From Fig. 3.7, we observe a decrease of specific charge for Li+, and after an initial increase a 

slow decrease for K+, as the number of cycles mounts. On the other hand, as the number of 

cycles mounts, we observe specific charge increases for both Na+ and NH4
+, with NH4

+ showing 

the largest increase in this comparative study. This parallels the electrochemical behavior and 

also correlates with the degradation observed in the SEM images for Li+ and K+. The highest 

value of the specific charge is obtained for NH4
+, 180 mAh g−1, using the Faradaic reaction 

mentioned earlier with one cation per V site inserting into the VO material. The specific charge 

obtained for NH4
+ is favorable [26, 53, 63-68, 79], especially as the electrolyte is a 

straightforward aqueous solution of NH4Cl, and as measurements are performed under ambient 

conditions. 

3.4 Conclusion 

In this chapter, we report the detailed experiments and observations of electrical and 

electrochemical characterization of a 3D VO material. The variable temperature electrical 

conductivity measurements indicate semiconducting behavior. We perform cyclic voltammetry 

measurements on the 3D VO nanosheets in LiCl, NaCl, KCl, and NH4Cl aqueous solution. The 

electrochemical behavior with different cations and various cycles are correlated with physical 

modifications to the nanosheets as observed by SEM, and to the amount of charge deposited as a 

function of cation and cycle number. The 3D VO nanosheets are electrochemically active not only 

in Li+ but also Na+, K+ and NH4
+ containing electrolyte. We find that Na+ and NH4

+ cations are 

viable candidates in vanadium reduction/oxidation processes for energy storage, as they cause 

minimal physical modifications to the vanadium oxide material, and show increase in the specific 

charge as a function of cycle number. The differing behavior of the various ions has implications 

for their use in electrical energy storage applications.  
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Chapter 4  Ionic and electronic properties of oxo-vanadium 

arsenate and phosphate frameworks 

Porous materials, with ordered or irregular arrangement of pores and different pore sizes from 

nanometer to micrometer, contribute to various important technological processes from catalysis 

and separation to capacitive electrical storage [9, 14, 80-84]. Zeolitic materials consist of a broad 

range of porous crystalline solids are characterized by the presence of nanoscale channels and 

cavities delineated by their crystalline framework. [85-87] As a function of the structure, the 

specific surface area in zeolitic materials is high, potentially offering large electrical storage 

capabilities. Microporous aluminosilicate zeolite frameworks are electrically insulating but ionic 

conduction is measured in various zeolites as function of ion size and charge, and pore size and 

accessibility [88-91]. Select transition metal phosphate and arsenate three-dimensional 

framework materials structurally resembling zeolites may similarly support ionic conduction. 

The introduction of transition metals into the framework potentially allows the modification of 

the electrical characteristics of the framework itself, yielding mixed conductors. A promising 

utility of zeolite-like mixed conductors is in energy applications, e.g. electrical energy storage. 

Literature [27] reported a potential application of an electrically conducting zeolite-like 

framework electrical double-layer capacitor (EDLC), where the electrical energy storage is 

achieved by the charge separation at the interface between the electrically conducting electrode 

and electrolyte solution. After employing electrically conducting zeolite-like framework as 

electrode, both the short distance of charge separation (atomic in scale) and the large effective 

area supported by the microporous structure of the zeolite-like material contribute to the large 

attainable capacitance value of the EDLC. Yet, uses for electrically conducting zeolite-like 
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frameworks can be envisioned in other important energy applications, in ion-exchange 

membrane technologies and catalysis. It is therefore imperative to develop electrically 

conducting zeolite-like frameworks. In this chapter, we report two zeolite-like framework 

materials, a vanadium arsenate [(As6V15O51)-9]∞, compound (1), and a vanadium phosphate 

[(P6V15O51)-9]∞, compound (2) [92]. We compare the electrical characteristics of the two 

compounds through the measurements of conductivity as a function of temperature and 

extra-framework constituents. Our results indicate that compound (1) is a mixed conductor with 

framework electronic conduction and ionic conduction associated with the extra-framework 

constituents. Compound (2), in contrast, shows only ionic conductivity. Probing the electrical 

properties of zeolite-like mixed conductors paves the way for the innovative use of these 

materials.  

4.1 Materials 

The vanadium arsenate [(As6VIV
12VV

3O51)-9]∞, (1) and phosphate [(P6VIV
12VV

3O51)-9]∞, (2) were 

synthesized by hydrothermal methods to be crystalline cubes with ~50 m edge. Figure 4.1(a) 

exhibits an individual crystal of (1). Both the structures of the two compounds were determined 

through single crystal x-ray crystallography. The crystal structure of (1) is reported in literature 

[93]. The structure is cubic and in the space group Im3m with lattice constant a equals to 16.62  

at 100 K. As shown in Figs. 4.1(b) and 4.1(c), the V5O9 half pseudo spheres, which are statically 

disordered to form two kinds of half pseudo spheres with ratio 1:1, connect to each other via 

non-distorted AsO4 tetrahedra and construct an anionic framework. The three-dimensional 

framework delineates a porous structure with accessible pore dimension of 4.1 , which allows for 

37% solvent accessible void space of the total crystal volume. Organic cations and water species as 
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extra-framework constituents are situated within the framework cavities in order to compensate 

for the negative framework charge. They are usually mobile and make an allowance for the 

exchange with other cations such as alkali cations. Compound (2) [33, 94] was synthesized as a 

phosphate analog of compound (1) for comparative studies of the electronic properties of 

structurally similar yet compositional different materials. For compound (2), single crystal x-ray 

diffraction was performed at 290 K, and the vanadium phosphate framework crystallizes in the 

cubic space group Im3m with lattice constant a equals to 16.00 . The inorganic framework is 

similar to compound (1), with the phosphate group substituting for the arsenate tetrahedral unit. 

The charge balancing extra-framework constituents in (1) and (2) could not be located from the 

XRD data, yet has been inferred from elemental analysis, energy-dispersive x-ray, 

thermogravimetric analysis, and infrared spectroscopy.  

 
 

Figure 4.1: (a) Scanning electron micrograph of (1), scale bar 50 μm. (b) Half pseudo sphere unit 

in the crystal structure of (1). (c) Crystal structure of (1) down a. Yellow balls are As. Blue balls 

are V. Red balls are O. 
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4.2 Methods and experimental  

We measure the electrical conductivity ( ) as a function of temperature on the as-synthesized 

single crystals, single crystals after heat treatment, and various ion-exchanged crystals, to probe 

the electrical properties of compounds (1) and (2) and their various ion-exchanged forms. We 

obtain the total conductivity ( tot) due to the framework plus the extra-framework constituents. 

The electronic conductivity ( el) is due to the empty framework (i.e. absence of extra-framework 

constituents), and the ionic conductivity ( ion) is attributed to the extra-framework constituents, 

organic and inorganic. The ionic conductivity ( ion) is obtained by subtraction, ion = tot - el. 

The measurement of empty framework provides the electronic conductivity ( el) of the material. 

We obtained the empty frameworks of both compounds (1) and (2) by a heat treatment. From the 

thermogravimetric analysis of the as-synthesized compound (1) [93], the organic extra-frame 

constituents located within the pores of the framework could be expelled by heating to yield an 

empty framework with void pores. The thermogravimetric analysis result as shown in Fig. 4.2 

indicates three steps of weight loss. The first weight loss starts around 313 K is attributed to the 

loosely held water. We observe a 10% weight loss by the time 370 K is reached. The second 

weight loss at around 470 K is attributed to the tightly held water. The organic extra-framework 

constituents are expelled at around 600 K as observed from the third weight loss step. By 700 K, 

the pores within the framework are essentially empty. The heat treatment was performed by 

heating the as-synthesized single crystals with organic extra-framework constituents in a quartz 

tube furnace under a flow of N2 gas, and then the empty framework was kept under an 

overpressure of N2 until measurement to avoid water reoccupying of the framework pores. For 

compound (1), we tried two routes: (a) contacting the as-synthesized crystals with the PELCO 
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high performance silver paste and obtaining their room temperature and ambient pressure 

conductivity value, subjecting them to the heat treatment up to 700 K for two hours, and 

obtaining the conductivity value again; and (b) subjecting loose crystals to the heat treatment the 

same as route (a) and afterwards obtaining their conductivity values. While the first route 

provided a direct before and after comparison, more crystals cracked during the heating if they 

were initially contacted then not. For the second route, and as a reference, we would measure the 

room temperature and ambient pressure conductivity of a crystal from the same reaction. The 

conductivity values of the empty framework obtained from the two routes did not differ 

significantly. For compound (2), heat treatment was performed only on the silver paste contacted 

single crystals. Two electrodes were first fabricated on the as-synthesized single crystals with the 

PELCO high performance silver paste and the room temperature DC conductivity at ambient 

pressure was obtained. Then the samples were heated up to 570 K for 1/2 hours and 720 K for 

1/2 hours respectively. After 720 K, disintegration of the crystals was observed. More silver 

paste was added to the contacts of the samples after 570 K heat treatment to avoid the situation 

of contacts becoming loose. After the heat treatment of both 570 K and 720 K, no current could 

be detected in the conductivity measurement indicating the empty framework of compound (2) 

as essentially electrically insulating.  
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Figure 4.2: The thermogravimetric analysis result of compound (1) in the temperature range from 

293 K to 973 K. 

 

We obtain the ionic conductivity ( ion) by subtracting the electronic conductivity from the total 

conductivity ( tot). The total conductivity for organic ions is obtained directly on the 

as-synthesized crystals. We performed various ion exchange processes with alkali ions on the 

as-synthesized crystals. As described above, the mobility of the extra-framework constituents 

side the porous structure makes the ion exchange feasible. To obtain the framework with 

compounds (1) and (2), all at room temperature. After the crystals were soaked for several days, 

they were filtered off and washed twice with DI water. For compound (1), we started with the 

as-synthesized framework and exchanged the organic cation with Li, Na, K and Rb ions from 

solutions of their chloride salts. The concentrations of the alkali halides were around 3 M (LiCl, 

3.1 M, NaCl and KCl, 3.2 M, and RbCl, 2.2 M). Reagent grade LiCl, NaCl, KCl and RbCl 
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crystals from Spectrum Chemical Mfg. Corp. were mixed with DI water respectively to prepare 

the solution for the ion exchange experiments. Our attempts in exchanging the organic cation with 

Rb+ always resulted in the disintegration of the crystals. For (2), the organic extra-framework 

constituents were exchanged with Na+ and K+ successfully (salt solution concentrations same as 

those used for (1)). For the electrical measurements on the ion-exchanged frameworks, two 

methods were used. In the first case, as-synthesized materials were contacted, measured, and 

then soaked in an alkali halide solution (with the contacts), and re-measured after the ion 

exchange process. This route provided a direct before and after comparison. In the second and 

preferred case, crystals were chosen from a reaction, soaked in the desired alkali halide solution, 

and then contacted and measured. A crystal of the as-synthesized material from the same 

reaction was also measured, providing a comparison point.  

Electrical measurements were performed on the individual crystals as-synthesized, after heat 

treatment and after ion exchange processes of both (1) and (2). Single crystals down to ~50 μm 

were contacted on a side by H20E Epotek silver conductive epoxy or PELCO high performance 

silver paste. The contacts were cured at 318 K for a few hours, and connected to the 

measurement holder by silver or gold wires. Figure 4.1(a) shows a representative crystal of 

compound (1), and while crystals of various sizes were isolated, we deliberately chose the 

smaller crystals to minimize crystal imperfections and to facilitate complete ion exchange for 

reliable comparison of electrical transport on the same crystal. While the majority of the 

measurements were performed in a 2-point geometry, we also performed 4-point measurements 

on the as-synthesized compounds (1) and (2), and compared the conductivity values between the 

2- and 4-point measurements. The differences were not significant, and for the comparative 
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measurements we present under sections 4.3, 4.4 and 4.5, mainly 2-point contact geometries were 

employed.  

DC measurements were obtained using a combination of a Keithley 2400 source meter, a 

Keithley 2000 multimeter and an SRS SR570 low-noise current amplifier. The voltage sweep 

was provided by Keithley 2400 source meter, and we obtained the current value by the Keithley 

2000 multimeter and the SRS SR570 low-noise current amplifier. Conductivity values were 

calculated from the measured resistance by the method from H. C. Montgomery (detailed 

description in Chapter 2) [44]. The room temperature DC conductivity at ambient pressure 

measured for an as-synthesized cube of compound (1) with 50 μm edge is 3 × 10-8 Ω-1 cm-1. AC 

measurements are performed by phase sensitive detection using lock-in techniques. Typically the 

in-phase and out-of-phase AC response currents under applied AC voltage were measured, 

allowing for the establishment of complex dielectric functions and complex impedance plots [45, 

46, 95, 96]. Complex impedance measurements on contacted single crystal were performed using 

an SRS SR830 DSP lock-in amplifier, and Cole-Cole plots obtained. Details of the measurement 

method are described in Chapter 2. 

Variable temperature data from both DC and AC measurements were obtained on two 

measurement systems, which were a commercial ColdEdge open cycle CoolTran system and 

home-built quartz tube variable temperature system (detailed description in Chapter 2). A number 

of identical measurements were obtained in both systems, and values of the calculated 

conductivities compared. Representative data are plotted in Figs. 4.3, 4.4 and 4.5.  

4.3 Variable temperature DC conductivity of oxo-vanadium arsenate 

The variable temperature DC conductivity measurement for compound (1) was performed in the 
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ColdEdge open cycle CoolTran system. Samples contacted with PELCO high performance silver 

paste on a 5 x 5 x 0.5 mm, R plane Al2O3-sapphire wafer from MTI Corporation were cured at 318 

K for 4.5 hours and then connected to the sample holder with silver wire. While curing the 

contacts occurred at roughly the same temperature as the beginning of the initial water loss from 

the framework as observed from the thermogravimetric analysis result in Fig. 4.2, the samples 

were then in ambient atmosphere during the rest of the contacting and wiring process. So the 

contribution to the conductivity from the loosely held water in the pores cannot be ignored. We 

probed this contribution by the following comparative measurement. Room temperature 

conductivity values were obtained for contacted crystals in the Cold Edge unit first at 

atmospheric pressure and then the chamber was evacuated to a base pressure of 10-6 Torr for 30 

min (at room temperature). The surface water and loosely held water in the pores were expelled, 

and the conductivity values were obtained again. We observed the conductivity decrease due to 

the loss of water from within the pores and surface water for all the samples. The after vacuum 

conductivity value for the empty framework samples and the as-synthesized samples were about 

100 times smaller than before vacuum, while the after vacuum conductivity value for Li, Na and 

K ions exchanged samples were about 1000 times smaller. Then the samples, without surface 

water and loosely held water, were heated to 690 K in increments of 15 K and a wait time of 15 

min between increments. The various ionic and electronic conductivities were measured 

following the same manner allowing for comparisons. For each type, several similar 

measurements were obtained. The representative conductivity data were plotted in Fig. 4.3 which 

shows the total conductivity of the vanadium arsenate framework (denoted by the symbol star) as 

well as all the various electronic and ionic conductivities (organoammonium, Li+, Na+, and K+). 

The variable temperature data of the empty framework samples after heat treatment indicates 
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semiconducting behavior, with an activation energy of around 0.75 eV in the temperature range 

400-667 K. Fitting the framework data to standard expressions for Mott variable range hopping 

in one-, two- or three-dimensions [97-99], or to models using activation across an energy gap 

[100], does not appear to account for the electron dynamics within the framework. Various 

effective dimensionalities were considered for the framework electrons [27]. 
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Figure 4.3: Variable temperature conductivity of (1) and ion-exchanged (1). The comparative plot 

highlights the electronic (circle) contribution to the total conductivity (star). The temperature 

range is 285-690 K. 

 

The ionic conductivity obtained by subtracting the electronic conductivity from the total 

conductivity could be expressed by equation  = nqμ, where n is density, q is charge and μ is 

mobility of carriers. The density and mobility are considered with thermal activated behavior, n 
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as e[-E1/kBT] and μ as e[-E2/kBT], such that nμ varies as e[-(E1 + E2)/kBT] as a function of 

temperature. (E1 + E2) could be extracted from the measured conductivities, and both the 

framework electron density and the mobility of ions with the framework pores thus the 

conductivities increase as the temperature increases. Concurrently, the de-trapping and 

subsequent mobility of the ions may be influenced by the increasing electron density, as 

temperature increases. The free and mobile framework electrons may screen the potential traps 

holding the ions in the pores of the framework. The ionic conductivity in compound (1), which is 

influenced by the electronic conductivity, cannot be fitted to a simple Arrhenius-activated model 

of ionic transport [90, 91, 101, 102] in the temperature range 285-690 K. Yet, the data indicate 

the occurrence of channeling of ions through a sublattice occurs, through a mechanism that at 

least includes phonon-assisted hopping [103, 104]. The ionic conduction in compound (1) could 

be elucidated by the attachment sites within the vanadium arsenate framework, and the 

interaction between ionic degrees of freedom of the extra-framework constituents and the 

carriers in the framework [103, 104]. The trace with the inorganic cation exchanged framework 

of compound (1) shows a slightly stronger than exponential increase of the conductivity as a 

function of temperature as observed in Fig. 4.3. The activation energies of the ionic 

conductivities of various alkali cations were extracted over the same temperature region 

~360-667 K, and the representative values were 0.59 eV for Li+, 0.55 for Na+, and 0.65 for K+. In 

the case of the organoammonium cation, as shown in Fig. 4.3, the increase of the 

organoammonium conductivity levels off and then decreases around 560 K, attributed to the 

expelling of the organoammonium cations. The trend of organoammonium conductivity as a 

function of time is in agreement with the total conductivity trace (symbol star), which shows a 

slight decrease but then an increase because of the influence of the increasing contribution of the 
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framework electronic conductivity. To obtain the activation energy before the organoammonium 

cations start to be expelled, the representative value of 0.57 eV for the activation energy was 

evaluated with an upper temperature limit of 560 K. The activation energies of the ionic 

conductivities of different ions have been proved to be correlated with the ion size and type, and 

thus their relative electrostatic, covalent and polarizability effects, and this work is in progress 

[105-108]. 

4.4 Variable temperature DC conductivity of oxo-vanadium phosphate 

We performed the DC conductivity measurement on the structurally similar vanadium phosphate 

material, compound (2). The Na+ and K+ exchanged compound (2) were prepared from the ion 

exchange processes as described at section 4.2. The time we soaked the as-synthesized crystal 

into the NaCl and KCl aqueous solutions respectively is about 4 days. The samples for electrical 

measurement were fabricated by contacting the as-synthesized and Na+ and K+ exchanged 

individual crystals with H20E Epotek silver conductive epoxy and cured at 318 K for 12 hours. 

Then the samples were contacted to the dip header with gold wire. The conductivity measurements 

were performed at the quartz tube system at ambient pressure, under a flow of N2 gas, with an 

initial wait period of around 30 min. The variation of the conductivity is shown in Fig. 4.4. 

Comparing the values of the conductivity before and after the wait period under the flow of gas 

of all the three traces, we observe a decrease, attributed to loss of water from the crystal. The 

variable temperature conductivity were obtained with the same temperature increment (10 K) 

and waiting time (15 min). The room temperature measured conductivity of the empty 

framework from heat treatment is too small compared to the room temperature conductivity of 

the as-synthesized compound indicating that the vanadium phosphate framework does not 

support electronic conduction. Thus, the total conductivity plotted in Fig. 4.4 in this case is also 
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the ionic conductivity. Fitting the conductivity data in the range 310-475 K, we observe an 

exponential increase of the ionic conductivity, distinct from the slightly stronger than 

exponential increase observed for compound (1) in Fig. 4.3. The framework of compound (2) 

compared to that of compound (1) does not show electronic conductivity, and thus in (2) we do 

not have interactions between framework carriers and the ionic conductivity of the 

extra-framework constituents.  

 

Figure 4.4: Variable temperature conductivity of (2) and ion-exchanged (2). The temperature 

range is 310-475 K. 
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4.5 Variable temperature AC electrical characterization of oxo-vanadium phosphate 

We performed AC studies on compound (1) with various cations to provide complementary 

information to the DC measurements. The variable temperature AC studies were performed on 

same sort of samples as used in section 4.3 in the ColdEdge open cycle CoolTran system. The 

chamber was evacuated for 1 hour to 10-6 Torr, and the samples were heated to 490 K first. Then 

Cole-Cole plots were obtained at temperatures 490 K, 600K, and 700 K. The AC measurement 

took about 40 min for each temperature value with the waiting time between each value of about 

30 min. Room temperature AC information was also obtained by connecting the sample directly 

to an SRS SR830 DSP lock-in amplifier. In our contacted samples, we note that the surface area 

covered by the contacts compared to the total surface area of the single crystal is not negligible, 

and thus the influence of the contacts is an open question. The contacts behave similar to 

contacts on semiconducting materials [100], partially non-ohmic, especially at low frequencies 

and ambient temperatures. Yet, the measurements described by Fig. 4.5 are performed on 

roughly same sized single crystals of compound (1) with similarly sized contacts, allowing us to 

extract comparative information. We applied AC voltage with frequency sweep from low to high. 

The imaginary (Z″) and real (Z′) part of the impedance could be extracted from the measured AC 

response current, and Cole-Cole plots plotted [45, 46]. 



 

59 

 

Figure 4.5: Plots of impedance measurement on (1) and ion-exchanged (1) at various 

temperatures. For the organoammonium trace at 297 K, a line is drawn through the experimental 

points to guide the eye. As indicated, the frequency increases from right to left in the figure. To 

better represent the data, some of the traces are multiplied by an appropriate factor. 

 

In Fig. 4.5, we exhibit the Cole-Cole plots for the K+ exchanged compound (1) at different 

temperatures, and the as-synthesized compound (1) with organoammonium cation at room 

temperature for comparison. The resistance of each trace could be measured as the diameter of 

the semi-circle depicted. The resistances obtained at 490, 600 and 700 K for the K+ exchanged 

compound (1) decrease as we expected and are in agreement with the DC measurement result. 

More pronouncedly formed semi-circle is observed at higher temperature. A deviation from the 
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circular trace at very low frequencies is observed indicates an effective increase in the complex 

part of the impedance at low frequency. We attribute the deviation to the contact resistance. 

Similar trend was observed for the as-synthesized compound (1) with organoammonium cation. 

We obtained data at 490 and 600 K for the organoammonium sample, which are not shown 

because of the uncertainty from the loss of organic ions during the sample heating phase. The 

297 K Cole-Cole plot for the K+ material was less conclusive, and thus not included. Instead, we 

show the room temperature impedance trace of as-synthesized organoammonium material with 

more pronounced deviation of the semi-circle. 

An equivalent circuit model provides an interpretation of the Cole-Cole plots as shown in Fig. 

4.6. We consider a capacitor and resistor in parallel for the extra framework ions and the 

framework. The charge separation of extra framework ions and the electrons in the framework 

formed the capacitance (CEDL), and electrochemical leakage -e.g. charge transfer between the 

ions and the framework, and diffusion of ions within the pores, constitutes the parallel resistance 

(Rparallel) [109]. The ionic, electronic and contact resistances in series with the parallel circuits of 

CEDL and Rparallel construct a resistance (Rseries). As the temperature is increased, the contact 

resistance as well as the ionic and electronic resistances decrease as expected (and shown in Fig. 

4.3), so do the contribution of the series resistance Rseries to the measurement. But, even at 700 K 

for the K+ exchanged (1), there is a slight deviation at low frequency due to Rseries. Nevertheless, 

the conductivity values could be extracted from the resistance measured as the diameter of the 

semi-circle taking account of the size of the crystals used. And the conductivities obtained 

overlap what we depicted in Fig. 4.3, thus provide complement for the DC measurements and 

add to our understanding of electrical properties of zeolite-like mixed conductors. 
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Figure 4.6: The equivalent circuit model corresponding to the Cole-Cole plot as shown in Fig. 

4.5. CEDL is the capacitance formed at the electrical double-layer; Rparellel is the resistance from 

electrochemical leakage; Rseries is ionic, electronic and contact resistance in series.  

 

4.6 Conclusion 

We compare the electrical characteristics of two structurally similar but compositionally 

different zeolite-like frameworks as a function of temperature and various extra-framework 

constituents. The oxo-vanadium arsenate framework is a mixed conductor with both electronic 

conduction from the framework and ionic conduction from the extra-framework constituents, and 

where these two interact with each other. We assume the electronic conduction influences the 

ionic conduction as the temperature increases by assisting the de-trapping of the ions in the pores 

of the framework. We observe a slightly stronger than exponential increase of the ionic 

conductivity as a function of temperature. Yet in the oxo-vanadium phosphate material, only 

ionic conductivity is detected. Understanding the conductivity pathways in zeolite-like mixed 

conductors, electronic and ionic conductivities and their interplay, impacts fundamental 

endeavors as well as applications. 
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Chapter 5  Electrical properties and crystal structures of strontium 

manganese vanadate and arsenate frameworks 

An increasing emphasis is placed on transition metal oxides with a variety of structures and 

properties [110-112], which is widely used in various fields. For example, it can be used in energy 

storage as the electrode material for supercapacitors [113-115] and rechargeable batteries 

[116-118]. Manganese compounds catch our attention because of the interesting structural and 

electrical properties. They have the tendency to form open frameworks [28-30, 118] and provide 

mixed valence which is critical for the electron transfer and energy storage [118-121]. In this 

chapter, we report two transition metal oxide materials, a strontium manganese vanadate, 

compound (1), and a strontium manganese arsenate, compound (2), both prepared by 

hydrothermal method. The morphology of a representative crystal of compound (1) is shown in 

Fig. 5.1. It is a rectangular plate-like crystal of about 200 μm wide and 15 μm thick and brown in 

color. A structural change of compound (1) caused by high temperature is deduced by 

thermogravimetric analysis (TGA). We present the comparative study of the structure of 

compound (1) before and after the structural change and compound (2) by single crystal x-ray 

diffraction (XRD) analysis. The structural change of compound (1) is due to the loss of water from 

the 3-OH2 and 4-OH sites. After the structural change, the structure of compound (1) is similar to 

that of compound (2). We also measured the conductivity of compound (1) as a function of 

temperature and crystal direction by employing a 4-point conductivity measurement in a single 

crystal. An anisotropic protonic conductivity is observed which vanishes after the structural 

change. 
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Figure 5.1: Optical micrograph of the rectangular single crystal of (1) with side length ~200μm and 

thickness ~15μm. 

 

5.1 Thermogravimetric analysis and UV-VIS adsorption edge spectrum analysis 

We studied the thermal stability of the hydrothermally synthesized compound (1) by 

thermogravimetric analysis (TGA). The as-synthesized single crystals were picked out from the 

reaction, washed with DI water, dried and ground in a mortar with a pestle to uniform powder. 

TGA experiment was performed on the powdered sample with a Perkin Elmer TGA7 

thermogravimetric analyzer in a nitrogen atmosphere. The mass of the power samples was 

monitored as a function of temperature from 296 K to 872 K at a heat rate of 8~9 K min-1. As 

observed in the plot in Fig. 5.2, the sample is very stable until around 675 K. Then a weight loss of 

about 6% is observed from 675 K to 775 K, which is assumed to be attributed to the expelling of 

hydrogen and oxygen atoms as water from the crystal structure and indicates a structural change in 

the strontium manganese vanadate framework. This structural change will be further investigated 

by single crystal x-ray diffraction in section 5.2. Above 775 K, the new structure after the 

structural change is stable up to 872 K. 
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Figure 5.2: TGA result of (1) run at 8~9 K min-1 in the temperature range 296 K to 872 K. 

 

The ultraviolet-visible (UV-Vis) diffuse reflectance measurement was performed on the powder 

sample of compound (1) following the same procedure as the TGA experiment, with the Evolution 

300 UV-Vis spectrophotometer and the Praying Mantis diffuse reflectance accessory (DRA) at 

room temperature. The optical bandgap was extrapolated from the UV-VIS adsorption edge 

spectrum to be 1.21 eV. It is similar to the bandgap of GaAs, which is 1.43 eV. 

5.2 Single crystal x-ray diffraction analysis  

As discussed in section 5.1, a structural change of compound (1) occurs in the temperature range 

675 K to 775 K as deduced from the TGA result. In this section, we compare the crystal structure 

of compound (1) before and after a heat treatment by single crystal XRD analysis to explore this 

structural change. Single crystal samples were picked from reaction, washed with DI water and 

dried. And single crystal XRD experiment was performed on one of them at 100 K. Then the 
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crystals were heated up slowly to 800 K, and stayed at 800 K for 1.5 hours in a quartz tube furnace 

under a flow of N2 gas. After cooled down, the crystals were still brown and without any 

obviously difference observed under microscope. Single crystal XRD measurement was 

performed again at 295 K on one of the single crystals after the heat treatment. 

The crystal structure of compound (1) before the heat treatment is best solved in the monoclinic 

space group C2/m with an R value 2.11%, and the lattice parameters are a = 9.3196(19) Å, b = 

6.4409(13) Å, c = 7.6405(15) Å and  = 117.81(3)°. The crystal data and structure refinement are 

shown in Table 5.1. The fractional atomic coordinates, bond lengths and angles are shown in 

Tables 5.2, 5.3, 5.4 and 5.5 respectively. The crystal structure down a is shown in Fig. 5.3(a) and 

the molecular formula is SrMn2(VO4)2( 3-OH)( 4-OH2). The octahedral manganese units connect 

to each other via Mn-O bonds and form Mn<O 
O >Mn chains in the b direction as shown in Fig. 5.3(d). 

A geometrical distortion is observed in the MnO6 octahedra. Among the six Mn-O bonds, the 

average bond length of the four shorter Mn-O bond is about 2.05 Å which is similar to the value 

reported in reference [122], where the average Mn-O bond length is 2.01 Å for Mn3+ ion, while the 

two longer bonds are around 2.19 Å indicating the elongation Jahn-Teller distortion. The 

Jahn-Teller distortion removes the degeneracy of electronic state and lowers the overall energy of 

the structure [123]. The Mn<O 
O >Mn chains and vanadium tetrahedral units form manganese 

vanadate layers. And the layers in turn are connected to each other through strontium sites along 

the c direction to form a 3-dimensional structure. The distance between two layers is 3.13 Å. 

According to the bond valence sum analysis [124], the oxidation state of vanadium is +5 and that 

of manganese is + 2.5. The +2.5 oxidation state of manganese is due to the simultaneous presence 

of Mn+2 and Mn+3 in the framework. Based on these oxidation state assignments, 3 additional 

hydrogen sites are assigned to balance the charge of the framework. The hydrogen sites (gray balls 
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in Fig. 5.3(d)) are attached to the oxygen sites in the Mn<O 
O >Mn units forming a chain, which are 

the only chemically reasonable locations for hydrogen, to form 3-OH and 4-OH2 respectively, 

and refined independently with the restraint that O-H bonds equal to 0.83 Å. The distance between 

oxygen sites in 3-OH and 4-OH2 near each other is around 2.60 Å. And a hydrogen atom trapped 

between 2 oxygen sites has two bonds, one short and strong bond and one long and weak bond, in 

the shape of O-H…O, as shown in Table 5.5. Hydrogen may migrate from 3-OH2 to 4-OH to 

induce protonic conduction [125].  

The crystal structure of compound (1) after the heat treatment at 800 K is solved in the monoclinic 

space group P21/m with an R value 13.00%. The structure down a is shown in Fig. 5.3(b). The 

lattice parameters are a = 9.2830(7) Å, b = 6.0268(9) Å, c =7.6676(13) Å, and  = 118.765(11) , 

and the molecular formula is SrMn2(VO4)2O0.5. The crystal data and structure refinement are 

shown in Table 5.6. The fractional atomic coordinates, bond lengths and angles are shown in 

Tables 5.7, 5.8 and 5.9 respectively. The space group change from C2/m to P21/m indicates the 

decrease in symmetry. The unit cell parameters are similar to that of the crystal structure before the 

heat treatment, except the b value which is decreased from 6.4409(13) Å to 6.0268(9) Å. Based on 

the molecular formula after the heat treatment, the structure loses all the hydrogens and some of 

the oxygen. We assume the following chemical reaction occurs during the heat treatment:  

SrMn2(VO4)2( 3-OH)( 4-OH2)  SrMn2(VO4)2O0.5 + 1.5H2O     (5.1) 

The distance between two manganese atoms in a Mn<O 
O >Mn chain decreases from 3.22 Å to 3.01 Å 

which contributes to the b value decrease. Every two Mn<O 
O >Mn chains connected to each other 

through tetrahedral vanadium in the Sr-Mn-V-O framework are divided to one chain which 

remains unchanged after the heat treatment, chain (1), and the other chain which is disordered after 
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the heat treatment, chain (2). As shown in Fig. 5.3(e), the oxygen atoms lost during the heat 

treatment are only from chain (2). The following comparison of chain (2) before and after the heat 

treatment (Figs. 5.3(d) and 5.3(e)) aids in the elucidation of the structural change. In chain (2) 

before the heat treatment, there are two types of oxygen atoms. One is attached to hydrogen, and 

the other is attached to the vanadium sites. After the heat treatment, the oxygen atoms attached to 

hydrogen are expelled, and the chain is broken. The manganese atoms in this broken chain move to 

the sites of the expelled oxygen, while the remaining oxygen atoms are still connected to vanadium 

sites and the tetrahedral vanadium is unaffected. Thus we conclude that the structural change is 

mainly influencing chain (2) during the heat treatment.  

 

Figure 5.3: Crystal structure down a of (1) before the heat treatment (a), after the heat treatment (b) 

and (2) (c). The Mn<O 
O >Mn chains of (2) before the heat treatment (d), after the heat treatment (e), 

and (2) (f). Yellow balls are V. Orange balls are As. Blue balls are Mn. Green balls are Sr. Red 

balls are O. Gray balls are H. 
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Compound (2) with similar crystal structure was synthesized and studied for comparison. Single 

crystal XRD diffraction on the hydrothermal synthesized compound (2) was obtained at 295 K. 

The crystal structure is solved with an R value of 7.44%, and the structure down a is depicted in 

Fig. 5.3(c). The lattice parameters obtained are a = 9.2430(6) Å, b = 6.0401(2) Å, c = 7.5923(5) Å, 

and  = 118.796(9) , in the monoclinic space group P21/m, the same space group in which we 

obtain the best solution for compound (1) after the heat treatment. The crystal data and structure 

refinement are shown in Table 5.10. The fractional atomic coordinates, bond lengths and angles 

are shown in Tables 5.11, 5.12 and 5.13 respectively. From the molecular formula, 

(Sr2Mn(AsO4)2O), compound (2) has a different composition. In the structure of compound (2), 

tetrahedral arsenate is located at the same sites as the tetrahedral vanadate unit in compound (1) 

after the heat treatment. The ratio of Sr and Mn is 2:1 as the strontium takes the same manganese 

sites in the disordered Mn<O 
O >Mn chains of the strontium manganese after the heat treatment (as 

shown in Figs 5.3(e) and 5.3(f)).  
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Table 5.1: Crystal data and structure refinement for (1) before the heat treatment 

Chemical formula SrMn2(VO4)2( 3-OH)( 4-OH2) 

Formula weight 462.40 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group C2/m 

Unit cell dimensions a = 9.3196(19) Å 

b = 6.4409(13) Å 

c = 7.6405(15) Å 

 = 117.81(3)° 

Volume 405.67(14) Å3 

Z 2 

Density (calculated) 3.786 Mg m-3 

Absorption coefficient 11.816 mm-1 

F(000) 434 

Crystal size 0.17 x 0.12 x 0.01 mm3 

Theta range for data collection 3.01-30.09  

Index ranges -12<=h<=13, -9<=k<=6, -10<=l<=9 

Reflections collected 2436 

Independent reflections 637 [R(int) = 0.0275] 

Completeness to theta = 30.09° 98.8 % 

Absorption correction Gaussian 

Max. and min. transmission 0.885 and 0.203 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 637 / 2 / 48 

Goodness-of-fit (S) on F2 1.120 

Final R indices [I>2sigma(I)] R = 0.0211, wR2 = 0.0512 

R indices (all data) R = 0.0236, wR2 = 0.0523 

Largest diff. peak and hole 0.705 e Å-3and -0.545 e Å-3 
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Table 5.2: Fractional atomic coordinates for (1) before the heat treatment 

Element 
Equivalent position 

Occupancy 
x y z 

Sr 0.0000 0.0000 0.0000 0.250 

Mn 0.2500 0.2500 0.5000 0.500 

V 0.41529(7) 0.0000 0.21226(8) 0.500 

O1 0.3429(3) 0.5000 0.4109(4) 0.500 

O2 0.3079(3) 0.0000 0.3498(4) 0.500 

O3 0.0355(2) 0.2802(3) 0.2565(2) 1.000 

O4 0.2726(3) 0.0000 -0.0218(4) 0.500 

H1 0.324(6) 0.5000 0.297(4) 0.500 

H2 0.443(3) 0.5000 0.463(14) 0.250 

 

 

Table 5.3: Bond lengths in the structure of (1) before the heat treatment 

Bond Length/ Å Bond Length/ Å 

Sr-O2 2.867(3) V-O3#1 1.7378(18) 

Sr-O3 2.5697(16) Mn-O1 2.0869(17) 

Sr-O4 2.622(3) Mn-O2 2.1857(17) 

V-O2 1.757(3) Mn-O3 2.006(2) 

V-O4 1.658(3)   

Symmetry codes: #1 x+1/2, -y+1/2, z. 
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Table 5.4: Angles in the structure of (1) before the heat treatment 

Angle Angle/ ° Angle Angle/ ° 

O2-Sr-O2#2 180.00(17) O2-V-O4 104.54(13) 

O2-Sr-O3#3 64.67(5) O3#1-V-O3#6 109.12(12) 

O2-Sr-O4 58.76(8) O3#1-V-O4 109.26(8) 

O3-Sr-O3#4 90.78(7) Mn-O1-Mn#7 100.99(11) 

O3-Sr-O4 105.35(6) Mn-O2-Mn#8 94.90(9) 

O4-Sr-O4#2 180.00(10) V-O2-Mn 131.52(5) 

O1-Mn-O1#5 180.0 Mn-O2-Sr 96.01(8) 

O1-Mn-O2 98.96(7) V-O2-Sr 92.52(10) 

O1-Mn-O3 90.48(9) Mn-O3-Sr 110.92(7) 

O2-Mn-O2#5 180.0 Mn-O3-V#9 122.17(9) 

O2-Mn-O3 88.16(8) Sr-O3-V#9 125.58(9) 

O3-Mn-O3#5 180.0 V-O4-Sr 104.18(12) 

O2-V-O3#1 112.26(7)   

Symmetry codes: #1 x+1/2, -y+1/2, z. #2 -x, -y, -z. #3 x, -y, z. #4 -x, y, -z. #5 -x+1/2, 

-y+1/2, -z+1. #6 x+1/2, y-1/2, z. #7 -x+1/2, y+1/2, -z+1. #8 -x+1/2, y-1/2, -z+1. #9 

x-1/2, y+1/2, z. 

 

 

Table 5.5: Hydrogen bonds for (1) before the heat treatment 

D-H…A 
Length/ Å Angle/ ° 

D-H H…A D…A D-H…A 

O1-H1...O4#10 0.803(19) 1.86(2) 2.648(3) 166(5) 

O1-H2...O1#11 0.83(2) 1.76(2) 2.591(6) 177(10) 

Symmetry codes: #10 -x+1/2, -y+1/2, -z. #11 -x+1, -y+1, -z+1. 
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Table 5.6: Crystal data and structure refinement for (1) after the heat treatment 

Chemical formula SrMn2(VO4)2O0.5 

Formula weight 444.39 

Temperature 297.7(4) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P21/m 

Unit cell dimensions a = 9.2830(7)Å 

b = 6.0268(9) Å 

c = 7.6676(13) Å 

 = 118.765(11)° 

Volume 376.05(9) Å3 

Z 2 

Density (calculated) 3.925 Mg m-3 

Absorption coefficient 12.729 mm-1 

F(000) 414 

Crystal size 0.13 x 0.12 x 0.02 mm3 

Theta range for data collection 4.208-33.006° 

Index ranges -14<=h<=13, -9<=k<=8, -11<=l<=11 

Reflections collected 12010 

Independent reflections 1456 [R(int) = 0.1319] 

Completeness to theta = 30.09° 99.7 % 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.334 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1456 / 0 / 85 

Goodness-of-fit (S) on F2 1.184 

Final R indices [I>2sigma(I)] R = 0.1300, wR2 = 0.3816 

R indices (all data) R = 0.1621, wR2 = 0.3998 

Largest diff. peak and hole 6.603 e Å-3and -2.075 e Å-3 
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Table 5.7: Fractional atomic coordinates for (1) after the heat treatment 

Element 
Equivalent position 

Occupancy 
x y z 

Sr 0.7391(3) 0.2500 0.0080(4) 0.500 

Mn1 0.5000 0.0000 0.5000 0.500 

Mn2 0.9021(3) 0.2500 0.5839(4) 0.500 

V1 0.1615(5) 0.2500 0.1978(6) 0.500 

V2 0.3201(5) 0.2500 0.7707(6) 0.500 

O1 0.034(3) 0.2500 -0.036(4) 0.500 

O2 0.044(3) 0.2500 0.306(4) 0.125 

O3 0.2826(17) 0.009(2) 0.274(2) 1.000 

O4 0.445(2) 0.2500 0.656(4) 0.500 

O5 0.456(3) 0.2500 0.014(4) 0.500 

O6 0.1948(19) 0.019(2) 0.705(2) 1.000 

O7 0.574(2) 0.2500 0.405(3) 0.500 

O8 0.823(7) 0.2500 0.761(13) 0.125 

 

Table 5.8: Bond lengths in the structure of (1) after the heat treatment 

Bond Length/ Å Bond Length/ Å 

Sr-O1#1 2.91(3) V1-O3 1.756(14) 

Sr-O2#1 2.64(3) V2-O4 1.77(3) 

Sr-O3#2 2.591(14) V2-O5 1.68(2) 

Sr-O4#3 2.76(2) V2-O6 1.726(15) 

Sr-O5#3 2.65(3) Mn1-O3#3 1.928(14) 

Sr-O6#4 2.557(15) Mn1-O4#3 2.130(19) 

Sr-O8 2.37(8) Mn1-O7 1.937(11) 

V1-O1 1.60(2) Mn2-O8 1.82(8) 

V1-O2 1.66(3)   

Symmetry codes: #1 x, y, z+1. #2 -x+2, y+1/2, -z+1. #3 x-1, y, z. #4 -x+2, -y, -z+2. 
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Table 5.9: Angles in the structure of (1) after the heat treatment 

Angle Angle/ ° Angle Angle/ ° 

O1#1-Sr-O2#1 55.0(7) O3-V1-O3#7 111.6(9) 

O1#1-Sr-O3#2 66.7(5) O5-V2-O 103.4(11) 

O1#1-Sr-O5#3 175.1(6) O4-V2-O6 111.7(6) 

O1#1-Sr-O6#4 104.4(5) O5-V2-O6 111.4(7) 

O1#1-Sr-O8 38.6(17) O6#7-V2-O6 107.5(10) 

O2#1-Sr-O3#2 110.0(5) O3#3-Mn1-O3#5 180.0 

O2#1-Sr-O6#4 62.8(5) O3#3-Mn1-O4#5 86.7(7) 

O2#1-Sr-O8 93.6(17) O3#5-Mn1-O4#5 93.3(7) 

O2#1-Sr-O4#3 170.3(7) O3#3-Mn1-O7 92.7(7) 

O2#1-Sr-O5#3 129.9(8) O3#5-Mn1-O7 87.3(7) 

O3#2-Sr-O3#5 74.1(6) O4#3-Mn1-O4#5 180.0 

O3#2-Sr-O4#3 62.7(5) O4#3-Mn1-O7 83.3(6) 

O3#2-Sr-O5#3 109.5(5) O4#5-Mn-O7 96.7(6) 

O3#5-Sr-O6#4 103.0(5) O7-Mn1-O7#8 180.0 

O3#2-Sr-O8 42.1(8) V1-O1-Sr#9 95.7(12) 

O4#3-Sr-O5#3 59.8(8) V1-O2-Sr#9 104.9(12) 

O4#3-Sr-O3#4 123.7(5) Mn1#10-O3-Sr#5 111.2(6) 

O4#3-Sr-O8 76.7(18) V1-O3-Sr#5 116.2(7) 

O5#3-Sr-O6#4 79.3(5) V1-O3-Mn1#10 123.2(7) 

O5#3-Sr-O8 136.5(17) V2-O4-Mn1#2 132.2(5) 

O6#4-Sr-O6#6 78.7(7) Mn1#2-O4-Mn1#10 90.1(10) 

O6#4-Sr-O8 130.6(10) V2-O4-Sr#10 95.1(10) 

O1-V1-O2 104.4(13) Mn1#2-O4-Sr#10 99.1(6) 

O1-V1-O3 112.4(6) V2-O6-Sr#4 114.4(7) 

O2-V1-O3 107.8(7) Mn1#11-O7-Mn1 102.1(8) 

Symmetry codes: #1 x, y, z+1. #2 -x+2, y+1/2, -z+1. #3 x-1, y, z. #4 -x+2, -y, -z+2. #5 

-x+2, -y, -z+1. #6 -x+2, y+1/2, -z+2. #7 x, -y+1/2, z. #8 -x+1, -y, -z+1. #9 x, y, z-1. #10 

x+1, y, z. #11 -x+1, y+1/2, -z+1. 
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Table 5.10: Crystal data and structure refinement for (2) 

Chemical formula Sr2Mn(AsO4)2O 

Formula weight 492.35 

Temperature 297.6(4) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P21/m 

Unit cell dimensions a = 9.2430(6) Å 

b = 6.0401(2) Å 

c = 7.5923(5) Å 

 = 118.796(9)  

Volume 371.45(4) Å3 

Z 2 

Density (calculated) 4.402 Mg m-3 

Absorption coefficient 19.369 mm-1 

F(000) 454 

Crystal size 0.10 x 0.04 x 0.01 mm3 

Theta range for data collection 4.21-35.76° 

Index ranges -14<=h<=14, -9<=k<=9, -12<=l<=12 

Reflections collected 14008 

Independent reflections 1813 [R(int) = 0.1008] 

Completeness to theta = 30.09° 97.5 % 

Absorption correction Gaussian 

Max. and min. transmission 0.907 and 0.325 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1813 / 0 / 79 

Goodness-of-fit (S) on F2 1.373 

Final R indices [I>2sigma(I)] R = 0.0744, wR2 = 0.1746 

R indices (all data) R = 0.0820, wR2 = 0.1776 

Largest diff. peak and hole 2.461 e Å-3and -5.377 e Å-3 
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Table 5.11: Fractional atomic coordinates for (2) 

Element 
Equivalent position 

Occupancy 
x y z 

Sr1 0.24362(18) 0.2500 0.0152(2) 0.500 

Sr2 0.58638(15) 0.7500 0.41708(18) 0.500 

Mn 0.0000 0.5000 0.5000 0.500 

As1 -0.17291(15) 0.2500 0.77970(18) 0.500 

As2 0.34197(15) 0.7500 0.80226(19) 0.500 

O1 -0.2956(9) 0.4754(12) 0.7097(12) 1.000 

O2 -0.0390(15) 0.2500 0.0244(17) 0.500 

O3 -0.0485(11) 0.2500 0.6661(14) 0.500 

O4 0.2192(8) 0.5173(11) 0.7270(11) 1.000 

O5 -0.0741(10) 0.7500 0.5922(12) 0.500 

O6 0.4565(16) 0.7500 0.0474(15) 0.500 

O7 0.4587(15) 0.7500 0.6923(18) 0.500 

 

 

 

 

 

 

 

 



 

77 

Table 5.12: Bond lengths in the structure of (2) 

Bond Length/ Å Bond Length/ Å 

Sr1-O1#1 2.526(8) Sr2-O7#6 3.107(3) 

Sr1-O2#2 2.647(13) Sr2-O7#7 2.852(11) 

Sr1-O3#2 2.724(9) As1-O1 1.686(7) 

Sr1-O4#2 2.640(8) As1-O2 1.664(11) 

Sr1-O6#3 3.029(14) As1-O3 1.739(9) 

Sr1-O7#3 2.572(13) As2-O4 1.722(7) 

Sr2-O1#4 2.558(7) As2-O6 1.639(10) 

Sr2-O1#5 2.741(8) As2-O7 1.652(11) 

Sr2-O4#6 2.988(8) Mn-O3 2.148(6) 

Sr2-O5#4 2.756(8) Mn-O4 1.930(7) 

Sr2-O6 2.464(10) Mn-O5 1.924(5) 

Symmetry codes: #1 -X, 1-Y, 1-Z. #2 +X, +Y, -1+Z. #3 +X, 1+Y, 1+z. #4 1+X, +Y, 1+Z. 

#5 +X, 1/2-Y,+Z. #6 1-X, 2-Y, 2-Z. #7 +X,+Y,1+Z. 
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Table 5.13: Angles in the structure of (2) 

Angle Angle/ ° Angle Angle/ ° 

O1#1-Sr1-O1#8 82.1(3) O7#7-Sr2-O7#6 98.4(2) 

O1#1-Sr1-O2#2 77.0(2) O1#11-As1-O1 107.7(5) 

O1#1-Sr1-O3#2 120.6(2) O1-As1-O2 112.2(3) 

O1#1-Sr1-O4#2 101.0(2) O1-As1-O3 110.4(3) 

O1#1-Sr1-O6#3 107.8(2) O2-As1-O3 103.9(5) 

O1#1-Sr1-O7#3 65.6(2) O4-As2-O4#12 109.4(5) 

O2#2-Sr1-O3#2 59.8(3) O4-As2-O6 109.8(4) 

O2#2-Sr1-O4#2 109.3(2) O4-As2-O7 108.6(4) 

O2#2-Sr1-O6#3 173.4(3) O6-As2-O7 110.6(7) 

O2#2-Sr1-O7#3 129.5(3) O3-Mn-O3#1 179.999(1) 

O3#2-Sr1-O4#2 62.9(2) O3-Mn-O4 86.6(3) 

O3#2-Sr1-O6#3 113.6(3) O3#1-Mn- O4 93.4(3) 

O3#2-Sr1-O7#3 170.7(3) O3-Mn-O5#1 82.7(3) 

O4#9-Sr1-O4#2 75.4(3) O3-Mn-O5 97.3(3) 

O4#2-Sr1-O6#3 65.8(2) O4-Mn-O4#1 179.999(1) 

O4#2-Sr1- O7#3 110.1(2) O4-Mn-O5 92.1(3) 

O6#3-Sr1- O7#3 57.1(3) O4#1-Mn- O5 87.9(3) 

O1#10-Sr2-O1#5 85.3(2) O5-Mn-O5#1 179.999(1) 

O1#10-Sr2-O4#6 83.5(2) As1-O1-Sr1#1 116.0(4) 

O1#5-Sr2-O5#10 149.94(14) As1-O1-Sr2#5 96.1(3) 

O1#5-Sr2- O3 75.1(3) Sr1#1-O1-Sr2#5 112.4(3) 

O1#5-Sr2-O7#7 64.9(3) As1-O2-Sr1#7 100.5(5) 

O4#6-Sr2- O5#10 55.30(19) As1-O3-Sr1#7 95.7(4) 

O4#6-Sr2- O6 68.4(3) As1-O3-Mn 131.8(2) 

O4#6-Sr2-O7#6 53.4(3) Mn-O3-Sr1#7 100.5(3) 

O5#10-Sr2- O6 111.5(4) Mn-O3-Mn#8 89.3(3) 

O5#10-Sr2-O7#7 115.1(3) As2-O4-Sr1#7 116.4(3) 

O6-Sr2-O7#7 133.5(4) As2-O4-Mn 125.5(4) 
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Angle Angle/ ° Angle Angle/ ° 

As2-O4-Sr2#6 98.4(3) Sr2-O6-Sr1#3 101.4(4) 

Sr1#7-O4-Sr2#6 98.4(2) As2-O7-Sr1#3 104.5(6) 

Mn-O4-Sr1#7 109.9(3) As2-O7-Sr2#6 95.7(2) 

Mn-O4-Sr2#3 101.6(3) Sr1#3-O7-Sr2#6 100.4(2) 

As2-O6-Sr1#3 87.8(5) Sr2#6-O7-Sr2#3 152.9(4) 

As2-O6-Sr2 170.8(8)   

Symmetry codes: Symmetry codes: #1 -X, 1-Y, 1-Z. #2 +X, +Y, -1+Z. #3 +X, 1+Y, 

1+z. #5 +X, 1/2-Y,+Z. #6 1-X, 2-Y, 2-Z. #7 +X,+Y,1+Z. #8 -X, -1/2+Y, 1-Z. #9 +X, 

1/2-Y, -1+Z. #10 1+X, +Y, 1+Z. #11 -X, 1-Y, 2-Z. #12 1-X, 1-Y, 2-Z. 

 

5.3 Variable temperature electrical characterization 

Taking account of the layered structure of compound (1), we made the hypothesis that the 

electrical conductivity is different along different crystallographic directions [126-129]. Through 

x-ray diffraction, we determined that the manganese vanadate planes are parallel to the surface of 

the crystal (optical image of a crystal in Fig. 5.1, and ball and stick model of manganese vanadate 

planes in Fig. 5.3(a)). We studied the electrical conductivity parallel and perpendicular to the 

layers plane by measuring the resistances parallel and perpendicular to the plate surface of the 

crystal sample. Conductivity measurements, using a 4-point method, were adopted to exclude the 

contact resistance and obtain the conductivity as a function of crystal direction. We fabricated four 

contacts on a single crystal with H20E Epotek silver conductive epoxy [44, 126]. Current-voltage 

(I-V) measurements were performed from 295 K to 428 K in the ColdEdge open cycle CoolTran 

system (see Chapter 2), with a temperature increment of 25 K and a wait time of 30 min between 

increments. Variable current was applied through two of the four contacts and the voltage 
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difference between the other two was monitored by the Keithley 2400 source meter. The measured 

I-V characteristics in all directions were found to be ohmic over the voltage range -21 V~ 21 V. 

The electrical conductivities, , were extracted taking into account the size of the plate-like single 

crystal [44]. At room temperature, the various values of  ranged from 2  10-7 Ω-1 cm-1 to 2  10-6 

Ω-1 cm-1, depended on crystal directions. The conductivity within the manganese vanadate planes 

was greater than the conductivity between the planes, as expected. The measured electrical 

conductivities parallel and perpendicular to the layer are shown as a function of the reciprocal of 

temperature (1000/T) in Fig. 5.4, where 1 and 2 are conductivities within the manganese 

vanadate planes, while c is the conductivity between the planes which is along the c direction of 

the crystal structure. The conductivities are all anisotropic in the temperature range 160 K to 428 K, 

with c smaller than 1 and 2. Although it is easy to distinguish the c direction conductivity which 

is perpendicular to the plate surface of a single crystal, we are not able to tell which one is the a 

direction or b direction conductivity from the shape of the crystal. Here, 1 and 2 only denote the 

conductivities in two different directions both parallel to the plate surface of a single crystal. We 

performed several variable temperature measurements of both 1 and 2 in the temperature range 

285 K-810 K, and no significant difference of the conductivity value among them was observed, 

indicated the conductivity parallel to the plate surface should be identical in different directions. 

As observed from Fig. 5.4, the conductivities in all directions increase as the temperature increases, 

indicating semiconducting behavior. Above 225 K, the activation energy is almost independent of 

temperature. According to Arrhenius type electrical conductivity equation [78], (detailed 

description in chapter 3) the activation energy was obtained to be 0.35 eV from the least-square 

straight-line fits. As discussed in section 5.2, the migration of hydrogen in compound (1) provides 

protonic conduction. And In the protonic conduction model, the activation energy calculated is the 



 

81 

energy required for the proton to move from 3-OH2 to 4-OH. Yet, the plot below 225 K shows a 

non-linear relationship between the logarithm of the conductivity and the reciprocal of temperature. 

It indicates the activation energy changes with temperature. The conductivity in this temperature 

range is influenced by the electronic conduction of the framework which is due to the migration of 

electrons between manganese ions with different valences [130, 131]. Study of a set of 

conductivity data parallel to the plate surface in temperature range 100 K to 265 K from a 2-point 

measurement in the ColdEdge open cycle CoolTran system aids in the explanation. The set of 

conductivity data was measured with temperature increment of 15 K and waiting time of 20 min 

and it is plotted as a function of T-1/4 in Fig. 5.5. According to the Mott variable range hopping 

theory at low temperature [132, 133]: 

                              (5.2) 

where 0 is the maximum electrical conductivity at infinite temperature, T is the temperature and 

T0 is a constant equal to 0.016/kN(EF) with k as the Boltzmann constant and N(EF) as the density 

of states at Fermi level. As observed from the plot in Fig. 5.5, the conductivity is almost linear in 

T-1/4 indicating a good fit to the Mott variable range hopping theory.  
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Figure 5.4: Variable temperature conductivity of (1) perpendicular to the manganese vanadate 

layers plane (triangle), parallel to the manganese vanadate layers plane (circle and square). The 

temperature range is 160-428 K. 
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Figure 5.5: Variable temperature conductivity data of (1) parallel to the manganese vanadate layers 

plane plotted as a function of T-1/4. The temperature range is 100-265 K. 
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The structural change in the temperature range 675 K to 775 K was observed by TGA and deduced 

from single crystal XRD analysis. To investigate the change in the electrical properties as a 

function of structural changes, we performed the following two experiments. In the first route, 

we explored the room temperature electrical properties of compound (1) before and after a heat 

treatment. The conductivity measurement at room temperature and ambient pressure was 

performed on the same contacted sample both before and after a heat treatment to provide a 

direct comparison. This measurement was performed in 2-point geometry to avoid the higher 

probability of cracking which frequently happens in samples with 4 contacts upon heating (all 

samples were contacted with PELCO high temperature paste). The contacted samples were 

measured first to obtain the room temperature conductivity before the heat treatment. Then they 

were heated at 773 K for two hours in a quartz tube furnace under a flow of N2 gas. The cooled 

samples were checked for cracks under an optical microscope, and no obvious changes were 

observed for the crystals and the contacts. Then the conductivity at room temperature and 

ambient pressure was remeasured, and a 10-fold decrease observed. The samples were then left 

under ambient conditions for 10 days, remeasured, but no recovery of the conductivity was 

observed, indicating an irreversible structural change. In the second route, we carried out the 

variable temperature conductivity measurement on both the as-synthesized crystals and loose 

crystals from the same reaction, after subjecting them to the same heat treatment as in the first 

route. Both 2- and 4-point geometries were employed for the measurement, and no obvious 

differences were observed. To avoid the affect of the contact resistance and obtain more precise 

values of conductivity, we only adopted the results from the 4-point measurement. The 

conductivity of the as-synthesized crystal was measured in the ColdEdge open cycle CoolTran 

system. We obtained the conductivity in the temperature range 285 K to 810 K, with temperature 



 

84 

increment of 15 K and waiting time of 20 min. The before is plotted in Fig. 5.6. The conductivity 

increases as the temperature increases from 285 K to 660 K showing semiconducting behavior. We 

extract the activation energy to be 0.35 eV, which is the same value obtained from the data 

presented in Fig. 5.4. The conductivity decreases about 10 times at 675 K, which is attributed to 

the structural change as observed in the TGA and XRD result. The loss of 3-OH2 and 4-OH 

sites during the structural change eliminates protonic conduction. As we continue heating the 

sample we observe the conductivity increasing again from 675 K to 810 K, now due to electronic 

conduction of the crystal structure after the structural change. The mixed valence of manganese 

gives rise to the electron hopping between the nearest neighbors Mn+2 and Mn+3, which provides 

electronic conduction [130, 131].  

 

 

Figure 5.6: Variable temperature conductivity data of (1) before the heat treatment (circle) and 

after the heat treatment (star), in the direction parallel to the manganese vanadate layers plane. The 

temperature range is 285-810 K for the former and 360-440 K for the latter. 
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This electronic conduction was explored a step further with the conductivity measurement of 

compound (1) after a heat treatment. The variable temperature measurement was performed in 

the quartz tube system (see Chapter 2) under a flow of N2 gas from 360 K to about 440 K with the 

same increment of 10 K and a wait time of 15 min between increments. Conductivity increased 

with temperature and is plotted together with the conductivity data before the heat treatment 

( before) in Fig. 5.6 for comparison. The former is much smaller than the latter in magnitude. 

5.4 Conclusions 

In this chapter, we study a hydrothermally synthesized strontium manganese vanadate framework. 

TGA result indicates a structural change in the temperature range 675 to 775 K. The frameworks 

before and after the structural change are investigated with single crystal XRD analysis and they 

are both layered structures. The structural change is attributed to the loss of water from the 3-OH2 

and 4-OH sites. The crystal structure of a hydrothermally synthesized compound (2) is also 

studied for comparison. It is similar to the structure of compound (1) after the structural change but 

has a different composition. We also explore the variable temperature conductivity properties of 

compound (1) before and after the structural change. Before the structural change, compound (1) 

has anisotropic protonic conductivity in various crystal directions which increases as the 

temperature increases. Much smaller conductivity is also detected in compound (1) after the 

structural change which is attributed to the electronic conduction. 
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Chapter 6  Electrochemical properties and crystal structures of the 

cryolite-type compounds (NH4)3VxGa1-xF6 and Na3VF6 

The elpasolite family with a double perovskite crystal structure has a common formula, A2BMX6, 

where A and B are monovalent cations, M is a multivalent cation and X is a halogen. The cryolite 

family with formula A3MX6 is a special class of elpasolites, with A and B being the same element. 

Both the elpasolite family and cryolite family have been intensely investigated because of their 

interesting structural phase transition properties [134-141]. Some of these compounds have a 

tendency to form a higher symmetry structure when temperature is increased or hydrostatic 

pressure is lowered [142-145]. The magnetic [146, 147] and ionic transport [135, 148, 149] 

properties of elpasolites and cryolites have also been extensively studied. 

The transition metal center with a mixed valence in a material offers the opportunity for 

electrochemical energy storage [115, 116, 150]. In this chapter, we report on two cryolite-type 

compounds, (NH4)3VxGa1-xF6 and Na3VF6, both with vanadium as the transition metal center. 

(NH4)3VF6 and (NH4)3GaF6 are typical cryolite-type compounds with ammonium ions as the 

monovalent cations, and (NH4)3VxGa1-xF6 is an intermediate member hydrothermally synthesized 

from the parent (NH4)3VF6 structure with vanadium partially substituted by gallium in the 

synthesis step. In the preparation, the ratio of gallium substitution affects the color of the crystal 

samples. According to the previous reports, the parent (NH4)3VF6 single crystals are green [147, 

151], while (NH4)3GaF6 single crystals are colorless [152, 153]. When less gallium is incorporated 

in the crystals, the color shifts to blue indicating the oxidation state of vanadium is changed by the 

gallium substitution. This chapter investigates the blue crystal samples of (NH4)3VxGa1-xF6, 

compound (1a), the greenish blue (an intermediate color between blue and green) crystal samples 
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of (NH4)3VxGa1-xF6, compound (1b), and the green crystal samples of (NH4)3V0.7Ga0.3F6, 

compound (1c), where the value of x in each of the formulas is not the same. The crystal structure 

does not change with the amount of substituted gallium, and the compounds discussed have a 

similar morphology; as example Fig. 6.1 is an optical micrograph of a single crystal of (1a). To 

study the influence of the ammonium cation in these structures, we have synthesized Na3VF6, 

compound (2), which is green in color. We present a comparative study of (1) and (2) to 

investigate the roles of ammonium and sodium ions in the structural and electrochemical 

properties. All crystal structures are determined by single crystal x-ray diffraction (XRD) analyses 

performed at room temperature. Compounds (1a) and (1c) are cubic and in the space group Fm3m, 

with a slight difference in the lattice constant a, while compound (2) has a monoclinic unit cell of 

space group P21/n. The electrochemical behavior of compounds (1a) and (1c) is investigated by 

both solid state and solution state electrochemical methods. For the solid-state electrochemical 

studies, experimental data is correlated with electrical potential distribution analyses. The AC 

electrical properties of compounds (1a), (1b), (1c) and (2) are also explored by impedance 

spectroscopies. 

 

Figure 6.1: Optical micrograph of a single crystal of (NH4)3VxGa1-xF6 (1a) with ~1 mm edge.  
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6.1 Single crystal x-ray diffraction analysis  

Single crystal x-ray diffraction (XRD) measurements were performed on compounds (1a), (1c) 

and (2), at room temperature. Figure 6.1 shows an optical micrograph of a single crystal of (1a). 

From the single crystal XRD analysis, both compounds (1a) and (1c) crystallize in the cubic space 

group Fm3mwith lattice constant a equal to 9.0406(2)  and 9.0707(1) , respectively. The XRD 

analysis reveals that the substitution of vanadium by gallium in (NH4)3VF6 does not induce drastic 

crystallographic changes. However, the compound (1c) has a larger lattice constant than the 

compound (1b), because the former contains more gallium than the latter and the gallium ion has a 

larger radius than the vanadium ion. The crystal data and structure refinement for compound (1c) 

are shown in Table 6.1 and the atomic positions are shown in Table 6.2. The Wyckoff positions are 

adopted to identify the atom positions. For a given space group the Wyckoff positions are defined 

for a set of points whose site-symmetry groups are the conjugate subgroups of the space group. 

The select Wyckoff positions for the space group Fm3m shown in Table 6.3 are from the 

International Tables for Crystallography [154]. In these types of tables, the multiplicity column 

refers to the number of atomic positions that can be generated by the symmetry at this position, the 

letter is a label assigned alphabetically without physical meaning, the symmetry column lists all 

the symmetry elements associated to the position, and the coordinate column lists coordinates of 

all the atomic positions related by symmetry. V/Ga ions occupy the (0, 0, 0) site (Wyckoff position 

4a) of the cubic cell. N atoms sit on both the (1/2, 0, 0) and (1/4, 1/4, 1/4) sites (Wyckoff position 

4b and 8c) with an occupying ratio 1:2. V/Ga ions and N atoms in the (1/2, 0, 0) site occupy the 

same independent crystallographic position in the asymmetric unit, and V/Ga and N sites are 
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consistent with those in the previously reported crystal structures for (NH4)3VF6 [147, 151] and 

(NH4)3GaF6 [153, 155]. The ideal cubic structural model of cryolite-type compounds with NH4
+ 

cations [136, 139] is shown in Fig. 6.2, where the F atoms are assigned to the Wyckoff position 

24e.  

 

Figure 6.2: Ideal cubic structure of (NH4)3V0.7Ga0.3F6 (1c). Magenta balls are V/Ga. Blue balls are 

N. Black polyhedron is the hypothetical ideal V/GaF6 octahedron with F atoms assigned to the 

Wyckoff position 24e. 

 

However, in our case, the electron density map indicates that F atoms are located at the Wyckoff 

position 96j, not 24e. The occupancy frequency of the F sites is constrained to 1/4 to maintain the 

correct stoichiometry, which suggests that the V/GaF6 octahedra have a random distribution 

among four possible orientations [153, 155, 156]. One such orientation is shown in Fig. 6.3, where 

the V/GaF6 octahedron sits at the (0, 0, 0) site and NH4
+ cations sit at both the (1/2, 0, 0) and (1/4, 



 

90 

1/4, 1/4) sites. Positions of H atoms (H1) associated with NH4
+ ions at the (1/2, 0, 0) site and those 

(H2) associated with NH4
+ ions at the (1/4, 1/4, 1/4) site were generated with the N-H bond length 

set to 0.88 Å. H1 was assigned to the Wyckoff position 32f. Because of the 4-fold rotational 

symmetry, there are two orientations of how NH4
+ ions are distributed, each of which has a 1/2 

occupancy frequency as shown in the Fig. 6.3, where the brown and gray H atoms are from two 

different orientations. F atoms are attracted by H1 and shift from the ideal Wyckoff position 24e as 

shown in Fig. 6.2 to the Wyckoff position 96j as shown in Fig. 6.3. The V/GaF6 octahedra connect 

to the NH4
+ ions through N-H…F bonds [157]. The final structures of compounds (1a) and (1c) 

were refined with R values of 2.86 and 3.26, respectively. Tables 6.4 and 6.5 list the bond lengths 

and angles for compound (1c). 
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Figure 6.3: Crystal structure of (NH4)3V0.7Ga0.3F6 (1c). The V/GaF6 octahedron sits at the (0, 0, 0) 

site. The NH4
+ ions sit at both the (1/2, 0, 0) and (1/4, 1/4, 1/4) sites. Magenta balls are V/Ga. Blue 

balls are N. Gray and brown balls are H. Red and yellowgreen balls are 96j F positions with red 

occupied and yellowgreen unoccupied. Solid lines show one possible V/GaF6 octahedron 

orientation. Dashed lines show the hypothetical V/GaF6 octahedron orientation.  
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Figure 6.4: Crystal structure of Na3VF6 (2). Magenta balls are V. Violet balls are Na. Yellowgreen 

balls are F. Black polyhedron is VF6 octahedron.  

 

 

Figure 6.5: Crystal structure of Na3VF6 (2) showing the three dimensional framework. Magenta 

balls are V. Violet balls are Na. Yellowgreen balls are F. 
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Single crystal XRD analysis was performed on compound (2) at room temperature. The structure 

was refined in the monoclinic space group P21/n, and was found to agree with previous reports 

[146, 158]. The crystal data and structure refinement are shown in Table 6.6. The lattice 

parameters are a = 5.5147(11) Å, b = 5.7021(11) Å, c = 7.9371(15) Å, and  = 90.147(16) . The R 

value is 4.43 for the final structure. Figure 6.4 depicts the crystal structure, and we indicted the 

disorder around the Na site at (0.4873(3), 0.4464(3), 0.7534(3)). Tables 6.7, 6.8 and 6.9 show the 

fractional atomic coordinates, bond lengths and bond angles, respectively. With Na+ ions as the 

monovalent cations, the VF6 octahedra tilt and rotate to form a less symmetric structure than the 

cryolite-type family with NH4
+ cations. The difference between the VF6 octahedra in the Na3VF6 

structure and the hypothetical ideal V/GaF6 octahedra in the (NH4)3V0.7Ga0.3F6 structure, averaged 

over all 4 possible tilted V/GaF6 octahedra, can be deduced by comparing Figs. 6.2 and 6.4. The 

tilted VF6 and NaF6 octahedra share vertices and form a three dimensional framework, as shown in 

Fig. 6.5. The remaining Na+ ions fill the holes between these octahedra. 
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Table 6.1: Crystal data and structure refinement for (1c) 

Chemical formula [NH4]12[Ga0.30V0.70F6]4 

Formula weight 898.71 

Temperature 293(2) K 

Wavelength 0.71073Å 

Crystal system Cubic 

Space group Fm3m 

Unit cell dimensions a = 9.07070(10) Å 

Volume 46.315(14) Å3 

Z 1 

Density (calculated) 2.000 Mg m-3 

Absorption coefficient 2.085 mm-1 

F(000) 450 

Crystal size 0.20 x 0.13 x 0.05 mm3 

Theta range for data collection 3.89 to 32.39  

Index ranges -13<=h<=13, -13<=k<=13, -7<=l<=13 

Reflections collected 1951 

Independent reflections 98 [R(int) = 0.0907] 

Completeness to theta = 30.09° 100.0 % 

Absorption correction Gaussian 

Max. and min. transmission 0.912 and 0.765 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 98 / 2 / 14 

Goodness-of-fit (S) on F2 1.132 

Final R indices [I>2sigma(I)] R = 0.0286, wR2 = 0.0720 

R indices (all data) R = 0.0286, wR2 = 0.0720 

Largest diff. peak and hole 0.350 e Å-3and -0.391 e Å-3 
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Table 6.2: Fractional atomic coordinates for (1c) 

Element 
Equivalent position 

Occupancy 
x y z 

Ga 0.0000 0.0000 0.0000 0.30 

V 0.0000 0.0000 0.0000 0.70 

N1 0.5000 0.5000 0.5000 1.00 

N2 0.2500 0.2500 0.2500 1.00 

F 0.2012(6) 0.0000 0.0508(12) 0.25 

H1 0.5558(13) 0.5558(13) 0.5558(13) 0.50 

H2 0.3039(13) 0.3039(13) 0.1961(13) 0.50 

 

Table 6.3: Selected Wyckoff positions for space group (Fm m) from the International Tables for 

Crystallography [154] 

Multiplicity 
Wyckoff 

letter 

Site 

symmetry 

Coordinates 

(0, 0, 0) +, (0, 1/2, 1/2) +, (1/2, 0, 1/2) +,  

(1/2, 1/2, 0) + 

96 j m . .  (0, y, z), (0, -y, z), (0, y, -z), (0, -y, -z), (z, 0, y), (z, 

0, -y), (-z, 0, y), (-z, 0, -y), (y, z, 0), (-y, z, 0), (y, 

-z, 0), (-y, -z, 0), (y, 0, -z), (-y, 0, -z),  

(y, 0, z), (-y, 0, z), (0, z, -y), (0, z, y), (0, -z, -y), 

(0, -z, y), (z, y, 0), (z, -y, 0), (-z, y, 0), (-z, -y, 0) 

32 f . 3m (x, x, x), (-x, -x, x), (-x, x, -x), (x, -x, -x),  

(x, x, -x), (-x, -x, -x), (x, -x, x), (-x, x, x) 

24 e 4m . m (x, 0, 0), (-x, 0, 0), (0, x, 0), (0, -x, 0), (0, 0, x), (0, 

0, -x) 

8 c -43m (1/4, 1/4, 1/4), (1/4, 1/4, 3/4) 

4 b m-3m (1/2, 1/2, 1/2) 

4 a m-3m (0, 0, 0) 
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Table 6.4: Bond lengths in the structure of (1c) 

Bond Length/ Å Bond Length/ Å 

V/Ga-F 1.882(5) F-F#1 0.651(16) 

  F-F#2 0.92(2) 

Symmetry codes: #1 x, z, -y. #2 x, y, -z 

 

 

Table 6.5: Bond angles in the structure of (1c) 

Angle Angle/ ° Angle Angle/ ° 

F#1-V/Ga-F#3 76.3(3) F-V/Ga-F#7 118.3(7) 

F#3-V/Ga-F#4 86.57(16) F#2-V/Ga-F#3 90.0 

F-V/Ga-F#3 61.7(7) F-V/Ga-F#2 28.3(7) 

F-V/Ga-F#1 19.9(5) F#3-V/Ga-F#8 151.7(7) 

F#3-V/Ga-F#5 103.7(3) F#1-F-F#9 90.000(1) 

F#4-V/Ga-F#5 160.1(5) F#1-F-F#2 45.000(1) 

F-V/Ga-F#5 93.43(16) F#1-F-V/Ga 80.0(2) 

F#5-V/Ga-F#6 180.0(7) F#2-F-V/Ga 75.8(3) 

Symmetry codes: #1 x, z, -y. #2 x, y, -z. #3 z, -y, x. #4 z, x, y. #5 -y, -x, -z. #6 y, x, z. #7 

-z, y, -x. #8 z, y, -x. #9 x, -z, -y. 
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Table 6.6: Crystal data and structure refinement for (2) 

Chemical formula Na3VF6 

Formula weight 233.91 

Temperature 299.1(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a = 5.5147(11) Å 

b = 5.7021(11) Å 

c = 7.9371(15) Å 

 = 90.147(16)° 

Volume 249.58(8) Å3 

Z 2 

Density (calculated) 3.113 Mg m-3 

Absorption coefficient 2.289 mm-1 

F(000) 220 

Crystal size 0.16 x 0.14 x 0.11 mm3 

Theta range for data collection 4.201-32.201° 

Index ranges -8<=h<=8, -8<=k<=8, -11<=l<=11 

Reflections collected 2093 

Independent reflections 2093 

Completeness to theta = 30.09° 99.7 % 

Absorption correction Analytical 

Max. and min. transmission 0.836 and 0.776 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2093 / 0 / 50 

Goodness-of-fit (S) on F2 0.919 

Final R indices [I>2sigma(I)] R = 0.0443, wR2 = 0.1189 

R indices (all data) R = 0.0777, wR2 = 0.1322 

Largest diff. peak and hole 0.541 e Å-3and -0.636 e Å-3 
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Table 6.7: Fractional atomic coordinates for (2)  

Element 
Equivalent position 

Occupancy 
x y z 

V 0.5000 0.0000 0.5000 1.00 

Na1 0.0000 0.5000 0.5000 1.00 

Na2 0.4873(3) 0.4464(3) 0.7534(3) 1.00 

F1 0.6110(4) 0.0525(4) 0.7257(3) 1.00 

F2 0.3352(4) -0.2769(4) 0.5672(3) 1.00 

F3 0.2189(4) 0.1742(4) 0.5488(3) 1.00 

 

Table 6.8: Bond lengths in the structure of (2)  

Bond Length/ Å Bond Length/ Å 

V-F1  1.915(2) Na2-F1#3  2.302(3) 

V-F2  1.899(2) Na2-F2#4  2.895(3) 

V-F3  1.882(2) Na2-F2#5  2.612(3) 

Na1-F1#1  2.283(2) Na2-F2#2  2.318(3) 

Na1-F2#2  2.305(2) Na2-F3#5  2.335(3) 

Na1-F3  2.249(2) Na2-F3  2.688(3) 

Na2-F1  2.358(3) Na2-F3#6  2.754(3) 

Symmetry codes: #1 x-1/2, -y+1/2, z-1/2. #2 x, y+1, z. #3 -x+3/2, y+1/2, -z+3/2. #4 

-x+1, -y, -z+1. #5 -x+1/2, y+1/2, -z+3/2. 
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Table 6.9: Angles in the structure of (2)  

Angle Angle/ ° Angle Angle/ ° 

F1-V-F1#4 180 F2#2-Na2-F3#6 151.52(11) 

F2-V-F1 91.09(10) F2#5-Na2-F3#6 74.30(8) 

F2-V-F1#4 88.91(10) F3#5-Na2-F1 137.25(12) 

F2-V-F2#4 180 F3#5-Na2-F2#4 160.53(11) 

F3-V-F1 89.21(10) F3#5-Na2-F2#5 64.62(9) 

F3#4-V-F1 90.79(10) F3#6-Na2-F2#4 120.52(9) 

F3-V-F2#4 90.82(10) F3-Na2-F2#4 57.52(8) 

F3-V-F2 89.18(10) F3#5-Na2-F3#6 78.01(11) 

F3#4-V-F3 180 F3#5-Na2-F3 117.32(8) 

F1#1-Na1-F1#5 180 F3-Na2-F3#6 128.59(7) 

F1#1-Na1-F2#7 85.62(8) V-F1-Na1#9 141.80(12) 

F1#1-Na1-F2#2 94.38(8) V-F1-Na2 98.31(10) 

F2#7-Na1-F2#2 180.00(15) V-F1-Na2#10 109.36(12) 

F3-Na1-F1#1 84.90(9) Na1#9-F1-Na2#10 99.04(10) 

F3#8-Na1-F2#7 89.21(8) Na2#10-F1-Na2 121.48(12) 

F3-Na1-F2#7 90.79(8) V-F2-Na1#11 141.06(12) 

F3-Na1-F3#8 180 V-F2-Na2#9 94.30(10) 

F1#3-Na2-F1 88.76(8) V-F2-Na2#4 82.37(9) 

F1-Na2-F2#5 77.54(9) V-F2-Na2#11 124.93(12) 

F1#3-Na2-F2#2 102.33(11) Na1#11-F2-Na2#4 83.40(8) 

F1-Na2-F2#4 60.08(8) Na1#11-F2-Na2#11 93.46(9) 

F1-Na2-F3#6 73.04(9) Na2#11-F2-Na2#4 102.16(10) 

F1#3-Na2-F3#6 63.90(9) Na2#9-F2-Na2#4 150.93(12) 

F1#3-Na2-F3#5 106.00(11) V-F3-Na1 147.40(13) 

F1-Na2-F3 63.41(9) V-F3-Na2 88.67(9) 

F1#3-Na2-F3 136.35(11) V-F3-Na2#1 94.21(10) 

F2#2-Na2-F1 133.89(12) V-F3-Na2#9 104.34(11) 

F2#2-Na2-F2#5 115.70(8) Na1-F3-Na2#9 108.26(10) 
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F2#5-Na2-F2#4 123.27(8) Na1-F3-Na2 85.50(9) 

F2#2-Na2-F2#4 77.84(10) Na1-F3-Na2#1 79.15(8) 

F2#5-Na2-F3 70.93(8) Na2#9-F3-Na2 100.57(9) 

F2#2-Na2-F3#5 82.75(11) Na2-F3-Na2#1 155.77(11) 

F2#2-Na2-F3 79.06(10) Na2#9-F3-Na2#1 101.99(11) 

Symmetry codes: #1 x-1/2, -y+1/2, z-1/2. #2 x, y+1, z. #3 -x+3/2, y+1/2, -z+3/2. #4 

-x+1, -y, -z+1. #5 -x+1/2, y+1/2, -z+3/2. #6 x+1/2, -y+1/2, z+1/2. #7 -x, -y, -z+1. #8 -x, 

-y+1, -z+1. #9 -x+1/2, y-1/2, -z+3/2. #10 -x+3/2, y-1/2, -z+3/2. #11 x, y-1, z. 

 

As previously discussed, compounds (1a), (1b) and (1c), with NH4
+ ions, crystallize in a higher 

symmetry group than compound (2), with Na+ ions, at room temperature. The first explanation of 

this phenomenon is based on a consideration of packing of ions [146]. Different symmetries are 

caused by the different radii of the monovalent cations in the elpasolite family and cryolite family 

structures. Larger monovalent cations have the tendency to form structures with higher symmetry. 

Since NH4
+ ions have larger radii than Na+ ion, compounds containing the former will form 

crystals with a higher symmetry group. The second factor that leads to higher symmetry in 

compounds containing NH4
+ ions is due to the tetragonal symmetry of NH4

+ ions. The NH4
+ ion at 

the (1/4, 1/4, 1/4) site is located at the center of a cubic that is 1/8 of the unit cell as shown in Fig. 

6.6. The eight vertices of the cubic are occupied by four NH4
+ ions and four (V/GaF6)3- ions 

respectively to form a tetrahedral environment, which is favored by a NH4
+ tetrahedron with four 

H atoms pointing toward the four negatively charged V/GaF6 octahedra. Consequently, the 

tetrahedral NH4
+ located at the (1/4, 1/4, 1/4) site enhances the stability of the cubic structure with 

an orientational preference not present to the spherical Na+ ion. The NH4
+ at the (1/2, 0, 0) site also 

plays an important role in stabilizing the cubic structure. As discussed before, the F atoms are 

attracted by the H atoms, causing the V/GaF6 octahedra to tilt and deviate from the 4-fold 
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rotational axis. As a result, the V/GaF6 octahedra are disordered over four orientations, which 

stabilizes the cubic structure by increasing the entropy and lowering the free energy of the crystal 

[139]. 

 

Figure 6.6: Crystal structure of (NH4)3V0.7Ga0.3F6 (1c) showing the tetrahedral environment that is 

suitable for an NH4
+ ion. Magenta balls are V/Ga. Yellowgreen balls are ideal position of F. Blue 

balls are N. Gray balls are H. 

 

6.2 Solution state electrochemical characterization  

The electrochemical behavior of compounds (1a) and (1c) in aqueous solutions was studied with 

the experimental techniques as described in Subsection 2.3.5.1. We adopted the same experimental 

setting as shown in Fig. 2.10. The cyclic voltammetry measurement was performed in a 10 ml 
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beaker (diameter 25 mm). The working electrode (WE) and counter electrode (CE) were fabricated 

by covering silver wires (1 mm diameter) with EPO-TEK H20E conductive silver epoxy and 

curing it at 318 K for 12 hours to simulate the silver epoxy contacts we used in the solid state 

electrochemistry study. A commercial Ag/AgCl reference electrode (RE) from Koslow Scientific 

Company was used as a reference. The separations between the three electrodes, which were kept 

constant throughout the measurements, were 2 mm between WE and CE, 15 mm between the CE 

and RE and 17 mm between WE and RE. A Keithley 2400 source meter was used as the voltage 

source and to monitor the current between the WE and CE, while a Keithley 2000 multimeter was 

used to measure the voltage difference between the WE and RE. We performed baseline 

measurements of 5 ml of DI water, of 0.020 M VCl4 aqueous solution and of 0.030 M NH4VO3 

aqueous solution, respectively. Solutions of (1a) and (1c) were prepared by dissolving 0.061 g of 

(1a) in 5 mL of DI water and 0.025 g of (1c) in 4 ml DI water to obtain 0.053 M aqueous solution 

of (1a) and 0.026 M aqueous solution of (1c), respectively. The electrochemical measurements of 

these two solutions as a function of time were performed to study the electrochemical behavior of 

compounds (1a) and (1c) with respect to the oxidation state of the vanadium centers in an aqueous 

solution. We applied different potential sweep ranges between the WE and CE; -1.2 to 1 V 

provided the best potential window to observe and track the current peaks. The scan rate was kept 

constant at 20 mV s-1. In this section, all the cyclic voltammetry measurements were performed at 

room temperature and the voltammograms were recorded and plotted with both the potentials of 

the WE vs. CE (black dot plus lines in Figs. 6.7, 6.8, 6.9 and 6.10), and the WE vs. Ag/AgCl RE 

(green dot plus lines in Figs. 6.7, 6.8, 6.9 and 6.10). The current peaks in the plots of the potential 

between the WE and CE, without a stable and standardized reference potential, do not provide the 

redox potential. However, the plots with constant scan rate allow us to obtain current versus time 
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information and to compare the specific charges absorbed during the redox reactions. The potential 

of the WE vs. Ag/AgCl RE was swept with an effective scan rate and an effective potential sweep 

range which varied based on the redox reaction of vanadium ions in the electrolyte. The current 

peaks in the plots of the potential of the WE vs. Ag/AgCl RE provide the redox potential of 

different redox reactions of vanadium ions. 

 

Figure 6.7: Voltammogram of DI water baseline, 1st cycle: potential of the WE vs. CE, which is the 

potential sweep applied between the WE and CE (black dot plus line), and potential of the WE vs. 

Ag/AgCl RE, which is the potential measured between the WE and Ag/AgCl RE (green dot plus 

line). Current is measured between the WE and CE. 
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Figure 6.8: Voltammogram of 0.030 M NH4VO3 aqueous solution baseline, 1st cycle: potential of 

the WE vs. CE, which is the potential sweep applied between the WE and CE (black dot plus line), 

and potential of the WE vs. Ag/AgCl RE, which is the potential measured between the WE and 

Ag/AgCl RE (green dot plus line). Current is measured between the WE and CE. 

 

Figure 6.9: Voltammogram of 0.020 M VCl4 aqueous solution baseline, 8th cycle: potential of the 

WE vs. CE, which is the potential sweep applied between the WE and CE (black dot plus line), and 

potential of the WE vs. Ag/AgCl RE, which is the potential measured between the WE and 

Ag/AgCl RE (green dot plus line). Current is measured between the WE and CE. 
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Baseline measurements of DI water, VCl4 aqueous solution and NH4VO3 aqueous solution were 

performed for comparison. Figure 6.7 shows that for DI water the magnitude of current is small 

and there is no observable current peak. Figure 6.8 illustrates the electrochemical behavior of the 

NH4VO3 aqueous solution with V5+, which as expected is yellow in color [159]. We applied the 

voltage sweep between the WE and CE by starting with the WE at 1 V vs. the CE. The potential 

was then swept toward the more negative value (cathodic scan) until -1.2 V, and then swept back 

toward the more positive value (anodic scan) to 1 V. The voltammogram with the potential of the 

WE vs. Ag/AgCl (green dot plus line in Fig. 6.8) indicates a current peak couple with a half-wave 

potential, which is the middle position of the two peaks, at 0.35 V. A reduction peak of V+5 to V+4 is 

observed in the cathodic scan and an oxidation peak of V+4 to V+5 is observed in the anodic scan. 

The same voltage sweeps were performed up to 10 times and the cyclic voltammograms obtained 

did not change significantly. The first cycle was shown in Fig. 6.8. We performed similar cyclic 

voltammetry measurement of the VCl4 aqueous solution with V+4, which has a blue color 

associated with the oxidation state of vanadium [159]. The voltage between the WE and CE was 

swept from 0.5 V to -1.2 V, then back to 0.5 V. One current peak couple of V+3/V+4 was observed in 

the first 6 cycles, and by the 7th cycle, another current peak couple V+2/V+3 appears, after the 

increase of the V+3 concentration during the first 6 cycles. The newly observed peak dramatically 

increased in magnitude in the 8th cycle. Figure 6.9 shows the cyclic voltammogram of the 8th cycle 

with 2 current peak couples at 0.06 V and -0.38 V, respectively. The cathodic scan yields two 

reduction peaks of V+4 to V+3 and V+3 to V+2, and the anodic scan yields two oxidation peaks of V+2 

to V+3 and V+3 to V+4. Acquiring these baseline measurements provided the potentials of the 

vanadium-containing current peak couples, which are qualitatively similar to previous reports 

[160-162] but with slight differences because of the different reactants involved and different 
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vanadium ion concentrations in our samples. 

As previously discussed, the substitution of vanadium by gallium affects the oxidation state of 

vanadium in (NH4)3VxGa1-xF6 and yields samples containing vanadium ions with mixed valences. 

The color of vanadium ion in the aqueous solutions varies with its oxidation states, which is violet 

for 2+, green for 3+, blue for 4+ and yellow for 5+ [159]. Based on the color, we inferred the aqueous 

solution of compound (1a) had more V4+ ions, while that of (1c) had more V3+ ions. We performed 

the cyclic voltammetry measurements on these two solutions as a function of time. We started with 

the WE at 1 V vs. the CE. During the cathodic scan to -1.2 V, the vanadium ions were reduced. The 

potential was then swept back to 1 V, and the vanadium ions were oxidized. For each measurement, 

various current peaks attributed to different redox reactions were observed, which increased in 

magnitude during the first several cycles until steady-state conditions were attained. Sweeps were 

made until the magnitude of the current peaks stabilized, indicating steady-state conditions. For 

differently aged solutions, steady-state conditions appear after different number of sweeps, as 

indicated in Figs. 6.10(a), 6.10(c), 6.10(d), 6.10(e), 6.10(f), 6.10(i) and 6.10(j) where cycle 

numbers provided are those of the first cycle after steady-state conditions were attained. Further, 

intermediate steps, i.e. before the steady-state conditions are attained, for compound (1a) on day 5 

and for compound (1c) on day 3 are shown in Figs. 6.10(b), 6.10(g) and 6.10(h), respectively, to 

show the progression of vanadium oxidation states. The current peak couples corresponding to 

different redox reactions are identified by the current peak potentials observed in the baseline 

measurements of the aqueous solutions of NH4VO3 and VCl4. The current peak potentials of the 

different redox reactions between vanadium ions in different oxidation states obtained in the 

voltammograms of the aqueous solutions of compounds (1a) and (1c) are slightly different than 

those obtained for NH4VO3, and VCl4, due to different concentrations of vanadium ions of various 
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oxidation states. The solution state voltammograms of compounds (1a) and (1c) are plotted in Fig. 

6.1.0, where Figs. 6.10(a), 6.10(b), 6.10(c), 6.10(d) and 6.10(e) show results of compound (1a) on 

days 1, 5, 10 and 21, respectively. The initial color of the solution of (1a) is blue, which changed to 

green after 1 day of exposure to atmospheric conditions, indicating oxidation of the vanadium 

centers. The color green indicates a combination of blue from V4+ and yellow from V5+ [159]. The 

solution was monitored and data recorded on days 5 and 10, when the solution was still in green 

color. The solution turned yellow after 21 days. The voltammograms in Figs. 6.10(a), 6.10(b), 

6.10(c), 6.10(d) and 6.10(e) are in agreement with the observation based on the solution color and 

the oxidation states of vanadium. The voltammogram on day 1 after steady-state condition shows a 

small current peak couple of V2+/V3+ and a large current peak couple of V3+/V4+. The current peak 

couples of both V2+/V3+ and V3+/V4+ then decrease while the current peak couple of V4+/V5+ 

increases on days 5 and 10 as shown in Figs 6.10(b), 6.10(c) and 6.10(d). On day 21, only the 

V4+/V5+ current peak couple is observed. The solution state voltammograms of compound (1c) are 

shown in Figs. 6.10(f), 6.10(g), 6.10(h), 6.10(i) and 6.10(j) on days 1, 3 and 7, respectively. The 

initial color of the solution of (1c) is green, indicating a more mixed valance state than the solution 

of compound (1a). On day 1, the voltammogram of solution of (1c) starts with a large V2+/V3+ 

current peak couple and a small V3+/V4+ current peak couple, which is expected for a solution with 

more V3+ ions. On day 3, the measurements were performed for up to 25 cycles. At the 3rd cycle, a 

voltammogram similar to that of compound (1a) on day 1 is observed, indicating that the solution 

of (1c) is aged in 2 days to attain a similar vanadium mixed valance state as that of solution of (1a) 

on day 1. We then noted that the voltammogram change after the 3rd cycle in the same day 

following the same trend as we observed in compound (1a) on day 5. Figs. 6.10(g) and 6.10(h) 

show the solution state voltammograms of the 12th and 20th cycles of compound (1c) on day 3, 
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which are similar to those of the 5th and 18th cycles of compound (1a) recorded on day 5. After 7 

days, the solution of (1c) is yellow in color and only the V4+/V5+ current peak couple is observed, 

and the voltammogram of (1c) is similar to the voltammogram of (1a) on day 21. 
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Figure 6.10: Voltammograms of aqueous solutions of (1a) in the left column, and (1c) in the right 

column, with silver epoxy as WE and CE, as a function of time. The starting color of the solution is 

indicated, and its implications regarding the oxidation states of vanadium centers are discussed in 

the text. For (1a): (a) 1st day, (b and c) 5th day, (d) 10th day, and (e) 21st day. For (1c): (f) 1st day, (g, 

h and i) 3rd day, and (j) 7th day. Shown are potential of the WE vs. CE, which is the potential sweep 

applied between the WE and CE (black dot plus line), and potential of the WE vs. Ag/AgCl RE, 

which is the potential measured between the WE and Ag/AgCl RE (green dot plus line). Current is 

measured between the WE and CE. 
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6.3 Solid state electrochemical characterization 

Solid state electrochemistry is the study of the electrochemical properties of solids, including solid 

electrolytes. We performed the solid state electrochemical measurements using the single crystal 

of compound (1a) as the electrolyte. Four silver electrodes were placed on a single crystal with a 

~1 mm edge by using EPO-TEK H20E silver conductive epoxy. All four electrodes had a diameter 

of ~0.1 mm and were cured at 318 K overnight. The sample was then connected to the dip header 

with gold wires. The room temperature conductivities obtained were 2  10-7 -1cm-1 for (1a) by 

the 4-point conductivity measurement method [44] (detailed discussion in Section 2.3.2), and 3  

10-7 -1cm-1 for (1b), and 5  10-7 -1cm-1 for (1c) by a 3-point measurement. A 3-point 

electrochemical measurement was performed with three of the four silver electrodes as working 

electrode (WE), counter electrode (CE), and pseudo-reference electrode (PRE), using the Keithley 

2000 multimeter and Keithley 2400 source meter, as shown in Fig. 2.11. Because of the small size 

of the silver electrodes, we assume the presence of a significant potential gradient only in the close 

proximity of the WE and CE during measurements. In the bulk, the potential was assumed to be 

uniform, and the potential gradient was small in the region where we placed the PRE; the 

simulation of the potential distribution is presented in Section 6.4. Therefore, the PRE placement 

satisfied the geometry requirement of the reference electrode placement in the solid electrolyte [47, 

48] and provided a constant potential. However, the potential provided by the PRE, which was 

based on the composition of the electrolyte, was not standardized. To address this issue, an 

Ag/AgCl reference electrode system was designed, as discussed in Subsection 2.3.5.2 and shown 

in Fig. 2.12. The cyclic voltammograms with potentials of the WE vs. Ag/AgCl and WE vs. PRE 

were obtained by the measurement system with and without the Ag/AgCl reference, respectively. 

The potential difference of the Ag/AgCl RE and the PRE was extracted from the solid state 
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voltammograms with potentials of the WE vs. Ag/AgCl and WE vs. PRE and was found to be 

small, ~ -0.1 V. This information was used to convert the voltammogram of the WE vs. the pseudo 

RE (PRE) to that of the WE vs. a standard RE, Ag/AgCl. 

The cyclic voltammetry measurements were performed with different voltage sweep ranges at a 

constant scan rate of 100 mV s-1 at room temperature. Voltage sweeps of 0 V to -10 V to 0 V and 0 

V to 10 V to 0 V between the WE and CE were performed for more than 10 cycles for each sample. 

No current peak was observed. During the 10 V to -10 V to 10 V voltage sweep, no obvious current 

peak was observed initially as well. But, after the sweep was repeated, current peaks appeared. The 

magnitude of the current peaks then increased and stabilized after more than 10 cycles. The 

measurements were also performed by choosing three different electrodes as the WE, CE and PRE 

out of the four electrodes. No obvious distinction was observed in the voltammogram with 

different WE, CE and PRE arrangements. Figure 6.11 shows a representative cyclic 

voltammogram with both potentials of the WE vs. CE (black dot plus line) and WE vs. Ag/AgCl 

RE (green dot plus line); the upper left sketch also shows the arrangement of the electrodes. The 

plot of the potential between the WE and CE with a constant scan rate allows us to obtain the 

absorbed specific charge.  
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Figure 6.11: Voltammogram of a single crystal of (1a), 15th cycle: potential of the WE vs. CE, 

which is the potential sweep applied between the WE and CE (black dot plus line), and potential of 

the WE vs. Ag/AgCl RE, which is the potential measured between the WE and Ag/AgCl RE 

(green dot plus line). Current is measured between the WE and CE. The sketch on the upper left 

shows the arrangement of electrodes on the sample. The 15th cycle shown is after the sample was 

subjected to cyclic sweeps of 10 V to -10 V to 10 V. 

 

Two current peaks are observed in the voltammograms with the potentials of the WE vs. CE and 

for the WE vs. Ag/AgCl RE, as shown in Fig. 6.11. The two current peaks correspond to the 

electrochemical reactions that occur between vanadium ions with different oxidation states in the 

vicinity of the WE and CE, respectively. In the voltammogram with potential of the WE vs. CE, 
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the two peaks are nearly symmetric. The peak potentials are between -4 V and -3 V for the cathodic 

peak and between 3 V and 4 V for the anodic peak, with values changing slightly between 

measurements because the concentration of vanadium ions near the WE and CE varies. In the 

voltammogram with the potential of the WE vs. Ag/AgCl RE, a narrowing of the cathode peak is 

observed, which is attributed to the influence of the electrochemical reaction that occurs in the CE. 

This point will be discussed further via the potential distribution analysis in Section 6.4. The space 

charges generated near the CE during the electrochemical reaction change the potential 

distribution between the WE and CE, and then cause the narrowing of the cathodic part of the 

voltammogram. 

As previously mentioned, the magnitude of the current peaks increased and then stabilized after 

sweeping the sample more than 10 times, 10 V to -10 V to 10 V. This builds up the charge. The 

sample was placed in the lab at room temperature and ambient pressure for 25 days after the 

measurement. After 25 days, a single 10 V to -10 V to 10 V voltage sweep was performed, and the 

two current peaks are shown in Fig. 6.12(a). We now explore the space charge build-up process. 

The sample’s WE was biased at -4 V and at +4 V vs. CE for 30 min, respectively, and in sequence. 

Cyclic voltammograms were recorded and plotted, in Figs. 6.12(b) and 6.12(c) after the -4 V and 

the +4 V bias, respectively. While both cathodic and anodic peaks increase after the bias, the 

cathodic peak increase is larger (Fig. 6.12(c) vs. Fig 6.12(b)). Fick’s laws of diffusion are 

considered to aid the explanation of this phenomenon. If a reaction continually occurs near an 

electrode surface, the reaction region increases. Both after the voltage sweep and voltage bias, the 

current peaks increase as the diffusion layer increases [45]. 
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Figure 6.12: Voltammograms of a single crystal of (1a): (a) after 25 days in the lab at room 

temperature and ambient pressure, 1st sweep, (b) after -4 V bias voltage applied to the WE vs. CE 

for 30 min, 1st sweep, and (c) after 4 V bias voltage applied to the WE vs. CE for 30 min, 1st sweep. 

Shown are potential of the WE vs. CE, which is the potential sweep applied between the WE and 

CE (black dot plus line), and the potential of the WE vs. Ag/AgCl RE which is the potential 

measured between the WE and Ag/AgCl RE (green dot plus line). Current is measured between 

the WE and CE. 



 

115 

We also performed room temperature solid state electrochemical measurements on single crystal 

samples of compounds (1b) and (2). A representative cyclic voltammogram of compound (1b) is 

shown in Fig. 6.13, which is similar to that of compound (1a), Fig. 6.11. However, the potential 

difference between the cathodic and anodic peaks for (1b) is smaller than that of compound (1a). 

This is due to the unlike mixed oxidation states of vanadium in (1a) and (1b) which influence the 

electrochemical reactions differently. 

 

Figure 6.13: Voltammogram of a single crystal of (1b), 15th cycle: potential of the WE vs. CE, 

which is the potential sweep applied between the WE and CE (black dot plus line), and potential of 

the WE vs. Ag/AgCl RE, which is the potential measured between the WE and Ag/AgCl RE 

(green dot plus line). Current is measured between the WE and CE.  
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For compound (2), the cyclic voltammograms yielded smaller current values than those of the 

compounds (1a) and (1b), with no noticeable current peaks. We note that the conductivity value of 

(2) was too low to be reliably measured by DC resistivity measurements, although AC resistivity 

value may be extrapolated from the impedance data shown in Fig. 6.23. The different 

electrochemical behavior of compounds (1a), (1b), (1c), and (2) can be understood on the basis of 

distinct mechanisms of solid-state and solution-state electrochemistry. The electrochemical 

reaction occurs at the interface between the electrodes and electrolytes. The electrode reaction rate 

is determined by the mass transfer in the electrolyte, the electron transfer at the electrode surface 

and the electrochemical reaction at the interface. The current magnitude is limited by the slowest 

step(s), the rate-determining step(s) [45]. The current is driven by an overpotential , which is the 

polarization of the applied potential over the equilibrium potential of the electrochemical cell. If 

we consider the electrode reaction process as a series of resistances representing the different steps, 

the overpotential can be represented as the sum of potential drops over these resistances. As shown 

in Fig. 6.14, mt and Rmt represent the overpotential and resistance of the mass transfer term; ct 

and Rct represent the charge transfer term; and er and Rer represent the electrochemical reaction 

term. The magnitude of the resistance for a fast reaction step is smaller than the one for a slow step. 

In solution state electrochemistry, mass transfer is relatively fast via the movement of the reactant 

in the electrolyte by migration, diffusion and convection. On the contrary, mass transfer in a 

solid-state electrolyte is much slower and becomes the rate-determining step in solid state 

electrochemistry. Mass transfer in a solid state electrolyte is harder. Therefore, the mass transfer 

step is the most important rate-determining step in solid state electrochemistry. When the mass 

transfer rate is very slow, then electrochemical behavior is hard to observe, for example in 

compound (2). The mass transfer mechanism of compounds (1a), (1b) and (1c), in which the NH4
+ 
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ions are assumed to play an important role, is still an open question, and with these compounds, 

electrochemical behavior is observed.  

 

 

Figure 6.14: The electrode reaction process represented as a series of resistances [45]. Rmt, Rct and 

Rer are the resistances, and mt, ct and er are the overpotentials dropped on the resistances, for the 

mass transfer term (mt), the charge transfer term (ct), and the electrochemical reaction term (er), 

respectively. 

 

A variable temperature solid state electrochemical study of compound (1a) was performed in the 

home-built quartz tube variable temperature system, and the sample contacted in a 2-point 

geometry. We repeated the 10 V to -10 V to 10 V voltage sweep between the WE and CE more than 

10 times until the magnitude of the current peaks stabilized at room temperature. Cyclic 

voltammograms with potential of the WE vs. CE were obtained, with the temperature increment 

around 5 K and waiting time around 15 min, from room temperature up to 370 K using the 

Keithley 2400 source meter. As shown in Fig. 6.15(a), the potential difference of the cathodic and 

anodic peaks decreases as the temperature increases from 298 K to 313 K. The two current peaks 

decrease in magnitude after 319 K, as shown in Fig. 6.15(b), and nearly disappear after 338 K. 

After the variable temperature measurement, the sample was slowly cooled down to room 
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temperature, with time duration over one hour. A cyclic voltammogram was obtained again. The 

current was too small to be detected indicating an extremely small conductivity. One more 

measurement was performed after leaving the sample in the lab at room temperature and ambient 

pressure for 10 days. No recovery of current peaks was observed, indicating an irreversible 

process had occurred during the high temperature. 

 

Figure 6.15: Variable temperature voltammograms of a single crystal of (1a): (a) from 298 K to 

313 K, and (b) from 319 K to 338 K. Shown is potential of the WE vs. CE, which is the potential 

sweep applied between the WE and CE. At 298 K, the sample was cycled 10 times until a stable 

current peak was observed. All subsequent voltammograms at T > 298 K were always the 1st cycle 

after attaining a specific T. 

 

6.4 Electric potential distribution analysis 

A comprehensive analysis of the macroscopic electric potential distribution inside the crystal 

samples was performed to understand the solid state electrochemical measurements [47, 163]. We 

performed the electric potential distribution simulation using Wolfram Mathematica 8.0. The 

function ContourPlot was adopted to generate the equipotential lines. As detailed in section 6.3, 
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the physical picture has a single crystal contacted with 4 electrodes, 3 of which function as the WE, 

CE and the PRE, and the crystal itself is the electrolyte. Electrochemical reactions occur in the 

solid electrolyte with space charges generated at the microscale, while the net charge, and hence 

net space charge, inside the electrolyte is 0 at the macroscale. So the electric potential inside the 

electrolyte obeys Laplace’s equation:  

2  = 0                                      (6.1) 

where  is the electric potential. The electric field E = -  is of course perpendicular to the 

equipotential lines everywhere. The electrodes are assumed metallic, while compounds (1a), (1b) 

and (1c) behave as semiconductors with comparatively low conductivity values. So, during the 

solid state electrochemical measurement, at the electrode surfaces, the electric current flows into 

and out of the crystal in the direction normal to the crystal/electrode interface. At any other 

surfaces, there is no electric current flow normal to the crystal surface. The current density vector 

is proportional to the electric field vector in our case. This means that the electric field is normal to 

the electrode surfaces, and tangential to all the other crystal surfaces. So, Laplace’s equation is 

furnished with the following boundary conditions relating to the electric field:  

Eǁ = nǁ  = 0 at the electrode surfaces                     (6.2) 

E  = n  = 0 
at any other surfaces                        (6.3) 

We have developed a model to calculate the potential distribution in a single crystal with the WE, 

CE and PRE schematically presented as in Fig. 6.16, where we show a cross section of the crystal 

(white square) with four microscale electrodes. In the measurements, the potential between the 
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WE and the CE is cycled from 10 V to -10 V to 10 V. Laplace’s equation is solved imposing 

boundary conditions expressed in equations 6.2 and 6.3, using the approach schematically 

depicted in Fig. 6.16. We start with a crystal (white square) and then the surfaces of the crystal 

without electrodes are used as mirror symmetry planes and we generate the grey shaded areas (to 

the right and to the left) that mirror the contours in the crystal (Fig. 6.16). After this operation, the 

equipotential contours are perpendicular to the surface of the crystal as shown in Fig. 6.16 and 

satisfy the boundary condition in Equation 6.3. During the potential distribution analyses, only the 

potential distribution inside the single crystal is considered. 

 

Figure 6.16: Schematic of the model used in the generation of the distribution of equipotential 

contours. In the middle of the figure, we have a single crystal of e.g. compound (1a). The 3 

electrodes used for electrochemistry are denoted, as well as the potential at which these 3 

electrodes are held. To the right and left of the crystal, we show mirror images (shaded grey) of the 

equipotential contours in the crystal, to artificially create boundary conditions that are equivalent 

to the boundary conditions discussed in the text. In fact, we have many more of these mirror 

images progressing to the right and left, indicated by dots.  
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The electric potential is calculated by Poisson’s equation: 

2  = - /                                   (6.4) 

where  is charge density and  is permittivity (product of vacuum permittivity and dielectric 

constant). Inside the crystal electrolyte, there is no net charge density and  equals 0. Considering 

the geometry in Fig. 6.16, the function for the electric potential was obtained from the following 

equation:  

                          (6.5) 

where x and y are the horizontal and vertical coordinates, respectively. The permittivity is 

unknown for our condition, and therefore a tentative constant was used to represent . We 

integrated the equation for all areas in our model with Mathematica to obtain a potential 

distribution function with xx and yy as variable coordinates. An example simulation result is 

shown in Fig. 6.17, where a cross section of a crystal and relative arrangement of the WE, CE and 

PRE electrodes are indicated and are the same as in Fig. 6.16, and in Fig. 6.17(b), equipotential 

contours for the following situation generated. The potential of the counter electrode (CE) was set 

to 0 U. By definition, the potential difference between the WE and the CE equals U, which is in our 

simulations, the unit of potential difference. U can represent any voltage value between 10 V to -10 

V, following the actual potential sweeps from 10 V to -10 V back to 10 V. The Mathematica 

function ContourPlot was used to plot the potential distribution (Fig. 6.17(b)). We note that the 

potential gradient is greater near the WE and CE due to the small (micro) size of the electrodes 

compared to the sample dimensions, while the potential gradient is small in the region where the 
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PRE is located. In this simulation, with the CE at 0 U, the CE is effectively functioning as a 

reference electrode, and we obtain the potential at the PRE to be 0.49 U. As mentioned earlier, 

from experimental measurements, we find that our Ag epoxy PRE is at ~ -0.1 V vs. the standard 

Ag/AgCl RE, and because the difference is small, we assume that the value of the potential at the 

WE in all our simulations (and also in our experimental data) to be the value versus the standard, 

Ag/AgCl RE, and we denote as such in all our figures.  

 

Figure 6.17: (a) The cross section of a single crystal with 4 micro size electrodes and the relative 

arrangement of the WE, CE and PRE. (b) Potential distribution in the cross section of the single 

crystal in Fig. 6.17(a) with the potential at CE set to 0 U and that of the WE to U. Shown are the 

equipotential contours. 
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We now vary the parameters of the simulation to represent a typical solid state electrochemical 

data recorded on our sample, for example the voltammogram of Fig. 6.11. As indicated in Fig. 6.11, 

we simultaneously measure the WE vs. the CE and the WE vs. the Ag/AgCl RE. For the simulation, 

now we set the potential of the PRE to 0 V (or as indicated in Fig. 6.18(a) to 6.18(c), PRE at 0 U), 

and force it to function as the reference electrode, and generate equipotential contours of the WE 

vs. the CE. In all the panels of Fig. 6.18, the actual 0 V equipotential contour, which should end at 

the PRE, is not shown. Shown is the ~0 V equipotential contour. The experimental potential cycles 

are swept +10 V to -10 V to +10 V. In Fig. 6.11, when the potential of the WE vs. CE (and also the 

potential of the WE vs. RE) is small and close to 0 V, e.g. -0.5 V < V < +0.5 V, no electrochemical 

process is observed. This situation is simulated and the result shown in Fig. 6.18(a), where the 

potential of the WE and the CE are roughly the same in magnitude, in units of U. When the 

potential of the WE is larger than +/- 0.5 V, electrochemical processes are observed, Figs. 6.18(b) 

and 6.18(c). During the voltage sweep between the WE and CE, for positive values of the voltage, 

the WE is at a higher potential than the CE and the electrochemical reaction occurs at the WE. In 

our simulations, to mimic the relative positive potential of the WE, we add positive charges to the 

electrode region, shown as red crosses in Fig. 6.18(b). The potential of the WE is further increased 

to about +0.75 U, resulting in the potential of the CE to be -0.25 U, and generate the equipotential 

contours shown in Fig. 6.18(b), for U >> 0. To complete the electrochemical cycle, the potential of 

the WE vs. CE decreases, and we simulate this situation by adding positive charges to the CE 

electrode region, shown as red crosses in Fig. 6.18(c). We note that here U << 0, and effectively the 

CE is now functioning as the WE and the electrochemical reaction takes place at the CE. With the 

WE at +0.25 U, the CE is at -0.75 U, the equipotential contours are generated as shown in Fig. 

6.18(c). The value of the potential of the WE, in Fig. 6.18(c), is smaller than that in Fig. 6.18(a), 
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and this difference contributes to the narrowing of the cathodic current peaks in the voltammogram 

of the potential of the WE vs. Ag/AgCl, as shown in Figs. 6.11, 6.12 and 6.13. Our simulations 

capture the solid state electrochemical processes occurring in our samples, correctly indicate 

regions of higher potential gradient at different values of the potential of the WE, support the 

substitution of our Ag paste PRE in place of an Ag/AgCl standard RE, and provide an explanation 

for the observed narrowing of the cathodic current peak.   

 

Figure 6.18: Equipotential contours for the following 3 different situations, with the with PRE 

potential set at 0 U:(a) no electrochemical reaction occurs, (b) electrochemical reaction occurs at 

the WE when U >> 0, and (c) electrochemical reaction occurs at the CE when U << 0. Positive 

charges (red crosses) are added to the WE in Fig. 6.18(b), and to the CE in Fig. 6.18(c) to simulate 

the relative potential difference between the WE and the CE. These simulations mimic the actual 

cyclic voltammogram sweeps.  
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6.5 Variable temperature AC electrical characterization  

We performed AC studies on single crystals of compounds (1a), (1b), (1c) with ammonium 

cation, and (2) with sodium cation, where the chosen crystals were roughly the same size as 

those used in the solid state electrochemistry study. Two electrodes were fabricated on each 

single crystal sample with EPO-TEK H20E conductive silver epoxy. Variable temperature 

impedance spectroscopy measurements [46, 95, 96, 164] were performed in the home-built 

quartz tube variable temperature system with a Perkin–Elmer 7225 DSP lock-in amplifier. Each 

temperature setting was obtained after a time duration of 30 min, and at each T, the duration of the 

measurement was 1 hour.  

For compound (1a), data was obtained in the temperature range 297-357 K with a temperature 

increment of ~10 K. The measurement was performed in the frequency range 0.01-50000 Hz 

sweeping from low frequency to high frequency with a constant voltage of 1 V applied. The 

representative Cole-Cole plots are plotted in Fig. 6.19, which consist of two contributions, 

related to the two semi-circles indicated – one at low frequencies, the other one at high 

frequencies – are observed. The semi-circle at low frequencies is more pronouncedly formed as 

the temperature increases from 297 K to 318 K, and then vanishes as the temperature increases 

from 318 K to 357 K. At 357 K, only a semi-circle at high frequencies is obtained. We also 

observe a deviation, an increase in the complex part of the impedance at low frequencies, which 

is attributed to contact behavior. An equivalent circuit model, depicted in Fig. 6.20, is used to 

simulate the Cole-Cole plots of Fig. 6.19. It consists of two blocks, each formed by a capacitor 

and resistor in parallel, corresponding to the high frequency semi-circle and the low frequency 

semi-circle, respectively. Two different electrochemical reactions between vanadium ions in 

different oxidation states (V2+/V3+ and V3+/V4+) are responsible for these two blocks. The charge 
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separation of the space changes created by the two different electrochemical reactions forms the 

two capacitances (C1 and C2), and electrochemical leakage corresponding to the two 

electrochemical reactions constitutes the two resistances (R1 and R2) [109, 164]. The resistance 

(Rseries) in series with the two blocks is from the contacts. R1 and R2 at each temperature could be 

extracted as the diameter of the two semi-circles depicted. Both R1 and R2 decrease as the 

temperature increases indicates semiconducting behavior.  

 

Figure 6.19: Cole-Cole plots of (1a) at various temperatures. For the trace at 318 K, 2 

semi-circles (dash line) are drawn through the experimental points to guide the eye. As indicated, 

the frequency increases from right to left in the figure. To better represent the data, some of the 

traces are multiplied by an appropriate factor. 
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Figure 6.20: The equivalent circuit for a single crystal of compounds (1a), (1b) and (1c) with 2 

silver electrodes. C1 and C2 are the capacitances formed by electrochemical reaction; R1 and R2 

are the resistances from electrochemical leakage; Rseries is the contact resistance in series. 

 

The Cole-Cole plots of compounds (1b) and (1c) were obtained in the temperature range 298-358 

K and 298-445 K with a temperature increment of ~10 K, and heating procedure as for 

compound (1a). The measurements were performed in the frequency range 0.01-50000 Hz for (1b) 

and 0.1-50000 Hz for (1c). A constant voltage of 1 V is applied for each measurement. We observe 

similar trend in the Cole-Cole plots for compound (1a), (1b) and (1c), Figs. 6.19, 6.21 and 6.22, 

respectively. Thus, the AC electrical behaviors of (1b) and (1c) may also be explained by the 

equivalent circuit in Fig. 6.20. However, as the mixed valence states of vanadium ions are 

different in compounds (1a), (1b) and (1c), the observed two semi-circles in the Cole-Cole plots 

are not identical. For (1b), the most pronounced low frequency semi-circle occurs at 336 K, a 

little bit higher than that observed for (1a) which is at 318 K. For (1c), the Cole-Cole plots are 

more influenced by the contact resistance than for (1a) and (1b), and we observe deviations at the 

low frequencies. 
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Figure 6.21: Cole-Cole plots of (1b) at various temperatures. For the trace at 336 K, 2 

semi-circles (dash line) are drawn through the experimental points to guide the eye. As indicated, 

the frequency increases from right to left in the figure. To better represent the data, some of the 

traces are multiplied by an appropriate factor. 

 

Figure 6.22: Cole-Cole plots of (1c) at various temperatures. For the trace at 406 K, 2 

semi-circles (dash line) are drawn through the experimental points to guide the eye. As indicated, 

the frequency increases from right to left in the figure. To better represent the data, some of the 

traces are multiplied by an appropriate factor. 
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Variable temperature impedance spectroscopy measurements were also performed on compound 

(2) with sodium cations, for comparison. The measurements were performed in the temperature 

range 297-457 K with a temperature increment of ~10 K, and in the frequency range 0.01-50000 

Hz at each temperature. A larger constant voltage, 5 V, than that used in the AC measurements of 

compounds (1a), (1b) and (1c) was applied to compound (2) to obtain a measurable current, given 

the high resistance of (2). Representative Cole-Cole plots are shown in Fig. 6.23. Only one 

semi-circle is observed at all temperatures and as the temperature increases, the semi-circle 

becomes more pronounced. At temperatures higher than 372 K, a small semi-circle with a negative 

imaginary part for the impedance is observed at low frequencies. This is an inductive semi-circle 

caused by the inductance of the contacts [165]. Figure 6.24 shows an equivalent circuit for 

compound (2), where C is the capacitance formed by the two contacts, R is the resistance of crystal 

from the electronic conduction, and L is the inductance from the relaxation process of the contacts. 

No contact resistance is observed, because the magnitude of the resistance of compound (2) is very 

large and thus dominates the measured values. The resistance is measured from the diameter of 

the semi-circle at high frequencies, and it decreases as the temperature increases indicating a 

semiconducting behavior.  
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Figure 6.23: Cole-Cole plots of (2) at various temperatures. As indicated, the frequency increases 

from right to left in the figure. To better represent the data, some of the traces are multiplied by 

an appropriate factor. 

 

Figure 6.24: The equivalent circuit for a single crystal of compound (2) with 2 silver epoxy 

electrodes. C is the capacitance formed by the contacts; R is the resistance of the crystal; L is the 

inductance formed by the contacts. 
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6.6 Conclusion 

We investigate the structural and electrochemical properties of two hydrothermally synthesized 

cryolite-type compounds, (NH4)3VxGa1-xF6, and Na3VF6. The room temperature crystal structures 

are re-determined by single crystal x-ray diffraction. (NH4)3VxGa1-xF6 crystals with different ratio 

x have crystallized in the same cubic space group Fm3m. The structure of Na3VF6 is solved in the 

monoclinic P21/n space group. The higher symmetry structure of (NH4)3VxGa1-xF6 vs. Na3VF6 

could be explained by the size and the tetragonal geometry of the ammonium ions. The 

electrochemical behavior of (NH4)3VxGa1-xF6 is observed in both the solid and the solution states. 

Electrical potential distribution analysis is performed to explain the solid state electrochemical 

data. The narrowing of the current peak is attributed to the electrical potential distribution change 

induced by the space charge deposition during the electrochemical reaction. The AC electrical 

properties of (NH4)3VxGa1-xF6 and Na3VF6 are also compared with impedance spectroscopy. The 

occurrence of electrochemical reactions in (NH4)3VxGa1-xF6 is detected by the observation of two 

semi-circles in the Cole-Cole plots. In contrast, for Na3VF6, we only observe a single circle in the 

Cole-Cole plot. 
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Chapter 7  Conclusion 

Although the materials under investigation in this dissertation are varied, they share two common 

features: they are all transition metal compounds, and they have potential usage in electrical 

energy storage. The demands for the next generation energy storage devices are growing. Finding 

a promising material plays an important role in the development of new energy storage devices and 

is a key issue for future energy storage systems. Transition metal compounds with outstanding 

energy storage capability have received considerable attention due to their electrical and 

electrochemical properties. This dissertation reports our developments in researching some 

transition metal compounds related to their potential application of energy storage.  

The first material system that is presented in this dissertation is a nanostructured vanadium oxide. 

This material is hydrothermally synthesized to be a quasi-spherical three-dimensional object with 

folded nanosheets. Variable temperature DC electrical measurements indicate a semiconducting 

behavior; the conductivity increases as the temperature increases. With the material functioning as 

an electrode, we performed a comparative study of the electrochemical behavior in chloride 

solutions of Li+, Na+, K+ and NH4
+ ions respectively, aimed at finding an alternative choice of 

charge carrier other than the commonly used Li+ ion. Cyclic voltammetry measurements were 

performed at room temperature and the adsorbed specific charge calculated. Morphological 

characteristics were studied both before and after cyclic voltammograms were obtained, using 

scanning electron microscopy. Increased specific charge and minimal morphological degradation 

were observed as a function of cycle number in the case of Na+ and NH4
+ ions, and a favorable 

specific charge of 180 mAh g−1 was obtained for the NH4
+ ion. The results suggest that the 

nanostructured vanadium oxide material is a viable electrode material candidate for energy storage 



 

133 

applications coupled with Na+ and NH4
+ ions are potential charge carriers in the vanadium 

reduction/oxidation processes. 

The second material system presented discusses the ionic and electronic properties of an 

oxo-vanadium arsenate [(As6V15O51)-9]∞ and an oxo-vanadium phosphate [(P6V15O51)-9]∞. These 

two compounds are zeolite-like materials with porous structures delineated by their 

three-dimensional frameworks. The high specific surface areas the porous structures provide may 

offer large electrical storage capabilities. The comparative study of the electrical properties of 

these two zeolite-like frameworks was performed as a function of temperature and various 

extra-framework constituents by both DC and AC methods. Both electronic conduction from the 

framework and ionic conduction from the extra-framework constituents were observed in the 

oxo-vanadium arsenate. In the case of the oxo-vanadium phosphate, only ionic conduction was 

observed. In the former, the electronic conduction influenced the ionic conduction with a slightly 

stronger than exponential increase of the ionic conductivity as a function of temperature. The 

mixed electrical conduction of the oxo-vanadium arsenate framework allows its potential utility 

in energy applications.  

The third material system presented involves a hydrothermally synthesized strontium manganese 

vanadate framework. Manganese vanadate layers connected with strontium sites form a layered 

structure. A structural change in the temperature range 675 to 775 K is observed both in the TGA 

and single crystal XRD analysis, which is due to the loss of water from the 3-OH2 and 4-OH sites. 

The crystal structure after a heat treatment higher than 775 K is similar to that of a strontium 

manganese arsenate framework under investigation. By investigating the conductivity properties 

as a function of temperature, it is evident that the strontium manganese vanadate framework has 
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anisotropic protonic conductivity in various crystal directions that vanished after the structural 

change at high temperature with only a much smaller electronic conductivity detected. 

The last material system of this dissertation reports two hydrothermally synthesized cryolite-type 

compounds, (NH4)3VxGa1-xF6 and Na3VF6. The crystal structures are cubic Fm3m for the former 

and monoclinic P21/n for the latter at room temperature determined by single crystal x-ray 

diffraction. The structural difference of the two is attributed to the difference in size between the 

sodium and ammonium ions, and to the hydrogen bonding capability of the ammonium ion. 

Previous research on transition metal compounds in the energy storage application largely focused 

on their properties as electrode materials. Here, we also study specific transition metal compounds 

as potential solid state electrolyte material. As example, we studied the electrochemical properties 

of (NH4)3VxGa1-xF6, with different values x, by performing cyclic voltammetry measurements on 

single crystals, and compared the results with electrochemical data on solutions of the solids 

dissolved in water. Remarkable electrochemical behaviors were observed on both the solid state 

and solution state. Electrical potential distribution analyses were performed to aid the 

understanding of the solid state cyclic voltammograms. Further, results of impedance spectroscopy 

support electrochemical reaction in the solid state. The results demonstrated suggest the potential 

of using transition metal fluorides as solid electrolytes, offering new directions for all solid state 

energy storage systems. 
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