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ABSTRACT OF THE DISSERTATION 

Characterization Studies of Materials and Devices used 

for Electrochemical Energy Storage 

 

by 

 

Daniel Eduardo Membreno 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2014 

Professor Bruce Dunn, Chair 

  

There is a variety of energy storage systems but they all share a need for characterization. 

The principal motivation of this work is to understand the parameters that affect charge storage 

in three different systems. Studies were performed on carbon nanotube supercapacitors whose 

electrolyte was based on an encapsulated 1-butyl-3-methylimidazolium tetrafluoroborate ionic 

liquid. This electrochemical double layer capacitor is an intrinsically high power device and the 

challenge was preserving that power with a quasi-solid electrolyte. The device was characterized 

by a suite of electrochemistry techniques and demonstrated both high power and high energy 

densities. 

The second system investigated is the electrochemical pseudocapacitor orthorhombic 

Nb2O5, a transition metal oxide system with high rate capability. Pseudocapacitors are based on 

faradaic reactions that allow them high energy densities than traditional electrochemical 

capacitors. Nb2O5 has a high rate capability through its combination of electronic and ionic 
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conductivities. This study quantified those values as a function of lithiation and shed light on a 

phase change when heating lithiated samples. 

Batteries have greater energy densities than electrochemical capacitors but they have a 

lower power density due to slow ion kinetics through the electrodes. An approach to minimize 

the diffusion distance in the electrodes is to design the entire battery into an interpenetrating 

array. This structure needs a thin conformal solid electrolyte to prevent electrical shorts and 

maximize energy density. Due to the 3D nature of this structure, common techniques for imaging 

pinholes do not have the spatial resolution to characterize the film. A technique was adapted 

from the literature to characterize the pinholes using electron transfer from a metallocene 

molecule to the surface of the electrode. This technique offers a spatial sensitivity of a few 

angstroms in which to detect pinholes and can be used to characterize 3D conformal films. 
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 Introduction and Objectives Chapter 1.

 

Energy storage is becoming the design limitation for high power mobile electronics. 

Batteries have been the energy storage of choice for portable electronics because of their large 

energy densities and moderate power performance [1]. As devices become smaller, the power 

demands are increasing and the need for durable, efficient and cheap to manufacture energy 

storage is becoming a necessity [2].  Alternatively, electrochemical capacitors have shown 

promise in enabling high power energy storage using a variety of systems including metal oxides 

[3], carbon nanotubes [4], onion like carbon [5] and graphene [6]. 

This dissertation details the characterization of three different energy storage systems. 

The first system presented involves the synthesis and characterization of the quasi-solid 

electrolyte made by encapsulating the ionic liquid 1-butyl-3-methylimidazolium 

tetrafluoroborate into a silica matrix using the sol gel process. Quasi-solid electrolytes 

compatible with electrochemistry are advantageous for miniaturizing devices. A full 

supercapacitor with carbon nanotube electrodes deposited by electrophoretic deposition and the 

quasi-solid electrolyte were used to study the effect of the encapsulation on the rate capability 

and energy storage. 

 The second system to characterize is the transition metal oxide Nb2O5, a lithium 

pseudocapacitor with a high rate capability. The interest in pseudocapacitors stems from their 

high power but the quantification of their properties is challenging since electronic conductivity 

varies with the state of lithiation. To characterize the conductivity, dense films of crystalline 

orthorhombic Nb2O5 were made by spin coating and then annealing in air. The conductivity as a 
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function of lithiation and temperature were measured by in-situ impedance in combination with 

galvanostatic cycling. 

 The third system involves characterizing conformal solid electrolytes for three-

dimensional (3D) microbatteries. 3D microbatteries have very high power because they 

minimize the diffusion distance of ions by distributing the electrode mass to bring the electrodes 

closer together. These architectures depend on pinhole free conformal coatings to prevent 

electrical shorts. The characterization used here to test for pinholes was an electrochemical 

process based on the oxidation and reduction of metallocenes. The following solid electrolyte 

films deposited from the gas phase were tested: lithium aluminosilicate was prepared by atomic 

layer deposition (ALD) while 1,3,5,7- Tetravinyltetramethylcyclotetrasiloxane and 

poly(trivinyltrimethylcyclotrisiloxane) were prepared by initiated chemical vapor deposition 

(iCVD). The ionic conductivity of the solid electrolytes was characterized by hanging mercury 

drop impedance.  
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 Carbon Nanotube Supercapacitor with Sol-Gel Encapsulated1-Butyl-3-Chapter 2.

Methylimidazolium Tetrafluoroborate electrolyte 

 

Chapter 2.1. Introduction 

 Electrochemical capacitors share the same device configuration as batteries with both 

having two electrodes immersed in an electrolyte. But the devices differ in the mechanism and 

speed of their energy storage. Electrochemical capacitors store charge on the surface of their 

electrodes in what is known as the electrochemical double layer [7]. The electrolyte ions, under 

an applied electric field, move in the electrolyte to form layers of opposite charge with both 

charged electrodes, which results in two series capacitors with atomic level separation [8].  

Batteries store energy by bulk chemical reactions, which are slower than electrochemical 

capacitors, due to ion diffusion through the electrolyte and then through the bulk of the electrode. 

Even though supercapacitors have higher power than thin film batteries, it is 

advantageous to minimize the device structure to micron dimensions in what is known as a micro 

supercapacitor. Micro supercapacitors minimize the inactive electrolyte volume, which improves 

the power of the device and maximizes the energy storage as shown in figure 2.1. As the spacing 

between the electrodes in figure 2.1 decreases, there is more difficulty in preventing electrical 

shorts. Another difficulty with this design is that variations in the thickness of the electrode will 

limit the energy storage.  
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Figure 2.1 Schematic of micro supercapacitor A) top down view B) side profile along. C) 

Equation for the energy storage E from a capacitor with capacitance C and voltage V. D) 

Equation for capacitance of a micro supercapacitor with permittivity of free space εo, 

electrode active length L, electrode thickness T, electrode spacing S and number of 

electrode spacing’s S for the device N (4 for this device) 

Previous studies have demonstrated various methods for fabricating micro supercapacitor 

devices  including micro contact printing [9], laser scribing [6], and electrophoretic deposition 

[5] (EPD).  For these three studies, standard photolithography was used to fabricate the gold 

current collectors shown schematically in figure 2.1. In micro contact printing, a slurry of carbon 

black and polymer binder is physically deposited onto the gold electrodes in a raster process. 

Rastering is a slow process and this approach has an additional disadvantage that when the 

spacing between electrodes is decreased there is more danger of the wet slurry coalescing to 

short the electrodes. An alternative raster process is laser scribing, where graphene oxide is spin 

coated over the device area and then heat from a laser selectively transforms graphene oxide into 

graphene. The advantage of this approach is the spatial control of where the electronically 

insulating graphene oxide transforms into the electronically conductive graphene. The downside 

𝐸 =  
1

2
 𝐶 𝑉2

 𝐶 =  
𝜀𝑜𝐿 𝑇 𝑁

𝑆
 

A) B) 

C) D) 
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of this approach is controlling the electrode thickness. Thick electrodes require more heat than 

thin electrodes so increasing the laser dwell time is needed to fully convert a thick electrode. The 

disadvantage of increased dwell time is that graphene is a good thermal conductor so longer laser 

dwell time will convert the graphene isotropically and limit the spatial resolution of the 

electrodes.   

EPD is of interest because it can be used to selectively deposit carbon nanotubes (CNT) 

onto charged conducting surfaces without requiring a binder or rastering. Binderless depositions 

are ideal for improving both energy and power densities since binders are inactive for energy 

storage and they disrupt electrical contact between the more conductive materials in the 

electrode. EPD apparatus is simple to construct; two electrodes are placed in a stable suspension 

and the active material deposits electrostatically onto the surface of the deposition electrode 

when voltage is applied. EPD fabrication can also be scaled to industrial dimensions and 

throughputs [10].   

The ideal electrode for a high energy and high power device is compatible with EPD, has 

high electrical conductivity and high specific capacitance. Electrochemical capacitors are based 

on double layer formation on the surface of the electrodes so conductive materials with high 

surface area have high specific capacitance and are promising electrode materials. Carbon black 

is often used in commercial supercapacitors because it is abundant, electrically conductive and a 

specific capacitance of 100-160 F/g. The material is compatible with EPD [11, 12]. Carbon 

aerogels 70-150 F/g [13]  have similar specific capacitance to carbon black but they have a much 

lower energy per volume [14], which limits their usefulness for commercial applications.  The 

more conductive allotropes of carbon, carbon nanotubes (68-160 F/g [4]) and graphene (135 F/g 

[15]) are of interest as capacitor electrodes due to having a higher electronic conductivity than 
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carbon black. CNT are of great interest because they can be made into electrodes of tunable 

thickness [16] and there are reports of good performance with functionalized CNT 

supercapacitors deposited by EPD [17]. 

Capacitors store energy proportional to voltage squared as indicated in figure 2.1, thus, a 

combination of wide voltage window electrolytes and high specific capacitance electrodes are 

necessary to raise the energy density of electrochemical capacitors. Defect free single walled 

CNT can have a voltage window of 4 V [4] but the choice of electrolyte has a tradeoff between 

ionic conductivity and voltage window. For electrolytes, the voltage window is determined by 

electrolyte degradation so chemically stable electrolytes offer wider windows. Ionic conductivity 

is necessary to preserve the power of the electrochemical capacitor. Aqueous electrolytes, such 

as sulfuric acid, are commonly used for their high conductivity 730 mS/cm but even with 

platinum electrodes, their voltage is limited by electrolysis of water at 1.2 V [18]. Organic 

electrolytes, such as propylene carbonate (PC) with tetraethylammonium tetrafluoroborate, have 

a wider voltage windows of 4.5 V but a lower conductivity 60 mS/cm [19, 20]. Organic 

electrolytes can yield large energy densities when used with CNT but they are highly flammable 

and often toxic [4, 21]. Room temperature ionic liquids represent an alternative to organic 

electrolytes that offer similar voltage windows and conductivity with fewer chemical hazards.  

Room temperature ionic liquids are solvent free molten salts that exhibit moderate ionic 

conductivities 0.1-10 mS/cm, wide voltage windows 2-5 V and high temperature stability from 

below room temperature to 200 - 400°C depending on their chemistry [20]. This thermal stability 

combined with ionic liquid’s very low vapor pressure make them suitable as electrolytes for 

micro supercapacitors integrated into circuits since most circuits produce excess heat. Ionic 

liquids have been successfully incorporated in supercapacitors to increase the energy density to 
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levels comparable to commercial battery systems [6, 22] . They have the additional advantage of 

being non-flammable, which makes them safer in the event of an electrical short [23].  

Devices made with CNT and ionic liquid electrolytes have high energy density but this 

system is still limited by the large amount of packaging necessary with a liquid electrolyte. For 

capacitors, about 30% of the weight is active material while the rest is a combination of current 

collectors, electrolyte, binder, separator and packaging [24]. To prevent electrolyte seepage and 

reduce the packaging necessary for these devices, gelation or encapsulation methods can be used. 

While both methods can conduct ions, they have different synthesis routes, mechanisms and 

limitations.  

Gel electrolytes are formed by increasing the viscosity of an electrolyte until it no longer 

flows. Two approaches to increase the viscosity are the addition of long chained polymers or the 

addition of nanoparticles to the electrolyte [25]. Compared to the neat electrolyte, the 

conductivity of gel electrolytes is greatly reduced since conductivity is inversely related to 

viscosity [26]. Supercapacitors have been successfully made with CNT electrodes and ionic 

liquids  gelled with polyvinylidene fluoride (PVDF) [26, 27] but these devices will have limited 

thermal stability since viscosity decreases with increasing temperature. For this particular 

system, the ionic conductivity was preserved in the gel at 2 mS/cm compared to the 3.6 mS/cm 

for the neat 1-ethyl-3-methylimidazolium (EMIM) tris(pentafluoroethyl)trifluorophosphate 

(FAP) ionic liquid. However, the voltage window is reduced to ~ 2V from the ~ 4V of the neat 

ionic liquid [28] which suggests the presence of water [29]. The presence of water can increase 

the conductivity of the ionic liquid which could explain the lower voltage window and high 

conductivity [30]. 
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The second method of gelation is the addition of nanometer diameter powders, such as 

fumed silica, to ionic liquids. In two recent papers, fumed silica ~10nm was added to ionic liquid 

to make all solid state flexible supercapacitors out of CNT [31] and graphene [32]. Even though 

the neat ionic liquids were very similar, EMIM bis(trifluoromethylsulfonyl)imide (TFSI) and 1-

butyl-3-methylimidazolium (BMIM) TFSI respectively, both groups reported a reduction in 

voltage of the gel from ~ 4V for the neat liquid to ~3V and 2.5V respectively. While these 

voltages are reduced from the neat ionic liquid, they are still greater than the ~1V for aqueous 

electrolytes based on the gelation of sulfuric acid [33]. 

An alternative approach to gelation is the method of using sol-gel to encapsulate an ionic 

liquid. In the sol-gel encapsulation approach, the ionic liquid is mixed with silica precursors that 

are first hydrolyzed by acid and then condense into an interconnected mesoporous matrix. The 

mesopores of the silica encapsulate the ionic liquid, preventing seepage without reducing the 

viscosity of the ionic liquid. A non-aqueous sol gel route [34] can be used to minimize the water 

content of the encapsulated ionic liquids and the resulting ionogels can be made with a variety of 

ionic liquids [35].  

We recently characterized the ionogel made from BMIM tetrafluoroborate (BF4) and 

demonstrated that the conductivity was preserved in the ionogel [Appendix 1]. The ionic liquid 

BMIM BF4 was selected for experiments because it is widely studied, commercially available, 

offers a 4.2V voltage window and has an ionic conductivity of 1.2 mS/cm [20]. As a 

continuation of our work, CNT electrodes made by EPD have been combined with BMIM BF4 

ionogel to demonstrate a prototype device with both high energy and power densities.  
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Chapter 2.2. Experimental 

 

Chapter 2.2.1. Carbon Nanotube Electrodes 

 EPD is a versatile technique that can be used to deposit a variety of materials onto a 

conducting surface. EPD has been thoroughly reviewed in the literature and one of the most 

important features is that of having a stable suspension, which greatly improves the quality of the 

films [36]. CNT suspensions can be stabilized by charged functional groups, such as carboxyl 

groups, which can be added by exposure to nitric acid. Multiwalled CNT (30 – 70 concentric 

tubes, 0.5 – 200 μm in length) were purchased from Sigma Aldrich and were functionalized by 

heating in 12.6 M nitric acid at 60 °C for 72 hours and subsequently dispersed in common protic 

solvents, including water and ethanol.  

The EPD apparatus consists of two parallel 304 stainless steel (SS) current collectors 

(McMaster Carr). The total electrode area is 2 cm
2
 but only 1 cm

2
 is immersed in a suspension of 

1 mg CNT in 15 mL of deionized water. The deposition distance was set to 1 cm at a voltage of 

14.5 VDC with 3 VAC at 0.3 MHz for 20 minutes. The AC voltage was inspired from work with 

dielectrophoresis of CNT to align the CNT while the DC voltage deposits them [37, 38]. This 

modified AC EPD has also been reviewed and has been shown to suppress bubble formation 

[39]. The deposition electrode assembly was designed such that the electrodes could be pulled 

out of the solution before turning off the deposition voltage to minimize loss of CNT. A post 

deposition heat treatment was performed at 200°C under 5% Hydrogen, 95% Nitrogen 

atmosphere for 2 hours to remove adsorbed oxygen created by electrolysis during the CNT 

deposition [17]. The heat treatment was performed in a tube furnace (Applied Test Systems 

3210) controlled by a controller purchased from Omega (CN8240). 
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The CNT electrodes physical properties were characterized using scanning electron 

microscopy (SEM). Surface roughness and thickness was qualitatively assessed using electron 

micrographs taken with the Nova 230 SEM at the UCLA Laboratory of Molecular and Nano 

Archaeology. The mass of CNTs deposited by EPD was measured by a microbalance. 

Electrochemical studies were performed following procedures from the literature to 

characterize the charge storage on the CNT electrodes [40]. The heat-treated electrodes were 

heated at 100°C under vacuum prior to being transferred into an argon filled glovebox. Cyclic 

voltammetry tests (VMP3 from Biologic) were performed on the CNT electrodes in a 3 neck 

cell. Platinum foil served as the counter and pseudo reference electrode. The electrolyte, BMIM 

BF4 (BASF) was used as-received. 

FTIR pellets were prepared by milling 150 μg of carbon nanotubes in 80 mg of potassium 

bromide. The powders were heated for 8 hours at 100
o
C at 0.1 torr to remove volatile impurities. 

After pressing, the pellets were stored in a vacuum desiccator to minimize air exposure. FTIR 

spectra were obtained in ambient conditions using a Jasco FTIR 6100 using 4 cm
-1 

resolution and 

averaged over 64 scans. The data was processed using Jasco spectrum analysis with the 

automatic baseline function and 11-point adaptive smoothing were applied. 

 

Chapter 2.2.2. Ionogel Electrolyte 

 Ionogel was formed by a non-aqueous sol-gel route using formic acid (FA) and two 

silanes vinyltriethoxysilane (VTEOS), tetramethylorthosilicate (TMOS) purchased from Sigma-

Aldrich [Appendix 1]. The sol for the ionogel is made by mixing 2:2:5 volume ratios of 

VTEOS:TMOS:FA in a borosilicate glass vial heated to 39°C by a silicon oil bath in a fume 

hood. After 19 minutes of magnetic stirring, the sol was pipetted into a polyethylene vial 
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(McMaster-Carr) at room temperature. BMIM BF4 which was stored in an argon box to 

minimize water absorption, is added to the sol so that 72% of the liquid in the vial is ionic liquid. 

The ionogel viscosity rapidly increases after mixing until the ionogel is fully condensed, 

typically within an hour after adding the ionic liquid to the sol.  

 

Chapter 2.2.3. Carbon Nanotube Supercapacitors 

Supercapacitor devices with parallel plate geometry were made by combining the CNT 

electrodes with the ionogel. EPD was used to deposit 190 µg of CNTs onto 1 cm
2
 SS electrodes 

masked by layers of teflon tape. The teflon mask exposed 0.36 cm
2
 base wells that are 120µm 

tall (all energy storage test values are normalized to the full 1 cm
2
 area). Devices were formed by 

drop casting 20 µL of ionogel into the teflon well 1 minute after the addition of the BMIMBF4 to 

the sol. The top electrode was placed CNT side inward to complete the device fabrication. The 

device is then dried in ambient conditions for 30 minutes prior to a second heat treatment and 

testing. 

 Devices were heated at 50°C for 3 hours then at 100°C for 2 days. Nickel wires were 

added with silver epoxy (Epotek H20E) to the two stainless steel current collectors. Devices 

were transferred hot into a polycarbonate measurement apparatus (NEMA 4 enclosure with 

added electrical and gas connections) shown in figure 2.2. The air in the enclosure was 

exchanged by flowing argon during device testing to provide a dry environment. 
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Figure 2.2 Diagram of the supercapacitor device testing apparatus A) Side profile B) Top 

view 

 

The impedance of the supercapacitors was measured by a Solartron 1287 and 1252a 

potentiostat and function generator respectively. Impedance measurements were performed with 

13 mV AC amplitude, 0 V DC bias  at 10 steps per decade of frequency in the range of 10
-2

 to 

10
5
 Hz. Impedance hysteresis testing was performed with a 13 mV AC amplitude at 1 frequency 

step per decade in the range of 10
0
 to 10

5
 Hz, while cycling the DC bias voltage from -2.5 V to 

2.5V at 1000 points per sweep. Electrochemical measurements included cyclic voltammetry and 

galvanostatic cycling. Cyclic voltammetry was performed at 100 mV/s from 2-3.75V in a two 

electrode configuration. Galvanostatic cycling is the accepted measurement technique for device 

B) 

A) 
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performance since it emulates the mode of operation for an energy storage device [41]. 10 

galvanostatic cycles were performed from 0.5 to 20 mA/s. Leakage measurements were 

performed by applying a staircase voltage from 0-3.75 V at 5 minutes per step. The steady state 

current after 5 minutes was used as the leakage current for that voltage. 

 

Chapter 2.3. Results and Discussion 

 

Chapter 2.3.1. CNT Electrode  

The CNT electrodes used in this experiment were deposited into dense interwoven mats 

shown in figure 2.3 A and figure 2.3 B. From the glovebox testing of the CNT electrodes, the 

cyclic voltammetry plot in figure 2.3 C shows that the deposited CNTs have a wide 

electrochemical window of 3.8 V and an ideal box shape response. This voltage window is 

nearly the full value of 4 V for pristine CNTs [4]. There are small oxidation and reduction peaks 

likely belonging to functional groups, which occur after hydrogen treatment and have also been 

observed in literature [40]. The existence of these small peaks prompted further characterization 

by spectroscopy.  
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Figure 2.3 SEM of CNT electrodes from A) Top down view and B) a cross section view 

showing the film thickness to be 3 µm C) Three electrode cyclic voltammetry at 100 mV/s 

(platinum foil counter, platinum wire reference) of CNT electrode deposited by EPD after 

hydrogen treatment (SEM by Leland Smith) 

 

Fourier transform infrared spectroscopy (FTIR) was used to identify the chemical 

functional groups present on the CNT. It is well known that oxidizing agents such as nitric acid 
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can produce a wide variety of oxygen-containing functional groups such as aldehyde, ether, 

ester, carbonyl, phenol, carboxylic acid and carboxylic anhydride, on carbon nanotubes [42]. 

One simple way of classifying these groups is whether they contain single or double-bonded 

oxygen. The region of the FTIR spectrum from around 1250 to 1850 cm
-1 

is particularly useful 

because therein lie three peaks at 1720, 1560 and 1390 cm
-1 

which correspond to C=O stretching, 

C=C stretching and CO-H bending, respectively [43]. As shown in figure 2.4, the as received 

nanotubes have a relatively flat signal with a small peak associated with C=C. After oxidation, 

the C=C peak increases in amplitude and a C=O peak appears as well as a CO-H peak. After 

EPD there is chemical change in the nanotubes supported by the decrease in the C=O peak and 

the increase in the CO-H peak.   

 

Figure 2.4 FTIR spectra for the CNTs at different stages of the electrode preparation 

(FTIR by Leland Smith) 
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Chapter 2.3.2. Supercapacitors 

The electrochemical properties of fully assembled supercapacitors were determined using 

cyclic voltammetry. The results are shown in figure 2.5. The supercapacitor retains its box shape 

and the small peaks from the individual electrode in figure 2.3 are no longer visible in figure 2.5. 

The scans show a steady reversibility of 88% up to 3.75 V, which is a very large window for an 

encapsulated electrolyte. The upward slope at the high voltages reduces after each cycle and is 

likely moisture leftover from exposing the ionogel to air during synthesis. 

 

Figure 2.5 Cyclic voltammetry of the CNT device at 100 mV/s in a two electrode 

configuration showing box like scans up to 3.75 V 

 

Following the cyclic voltammetry scans, galvanostatic cycling was performed to study 

charge storage characteristics under conditions representative of applications. The current levels 

were chosen to give discharge times slower and faster than the typical commercial capacitor, 

which is discharged in a few seconds [41]. In figure 2.6, the galvanostatic cycling becomes 

slightly more triangular at faster scan rates, which is consistent with other reported CNT 
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supercapacitors [27]. From the galvanostatic cycling, the rate capability was determined and is 

shown in figure 2.7. Areal capacitance was used instead of gravimetric performance since the 

energy stored over a given footprint area is more important for a micro supercapacitor than the 

mass of the electrodes. The capacitance as a function of current demonstrates similar trends to 

other CNT devices in the literature with the stored energy falling off at higher current densities 

[44].  

 

 
Figure 2.6 Subset of galvanostatic cycling of CNT devices at A) Current densities of 0.5 mA 

to 2 mA and B) 5 mA to 20 mA showing slightly sharper curves at higher scan rates 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40 50 60 70 80 90

V
o
lt

a
g
e 

(V
) 

Time (s) 

0

0.5

1

1.5

2

2.5

3

3.5

4

97 97.5 98 98.5 99

V
o
lt

a
g
e 

(V
) 

Time (s) 

B) 

A) 



 

18 

 

 

 

Figure 2.7 A) Areal capacitance as a function of galvanostatic charging and discharging 

rate for the CNT ionogel devices B) Power versus energy for the same date. In both plots, 

the current is normalized to the device footprint area of 1cm
2
 

 

Galvanostatic cycling is useful for measuring the stored energy but electrochemical 

impedance spectroscopy gives more details about device properties such as equivalent series 

resistance (ESR) and hysteresis. The nyquist plots in figure 2.8 A and figure 2.8 B show the 
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characteristic semicircle associated with ion transport and a diffusion tail due to the porous 

nature of the CNT electrodes [7]. The impedance was modeled using the standard randles circuit 

[8] shown in figure 2.8 E. From the modeling, the ESR was found to be 8 Ω and by attributing 

the ESR to the ionogel and accounting for device geometry, the conductivity of the ionogel is 1.4 

mS/cm, which matches previous reports [Appendix 1]. Using the ESR and the modeled 

capacitance of 0.5 mF, the characteristic RC time constant is 4 mS. While this device has a good 

response time, it is similar to other reported micro supercapacitors with leakage currents evident 

from the phase angle not reaching -90° [9] shown in figure 2.8 C.  
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Figure 2.8 Impedance of the CNT ionogel capacitors in A) Nyquist plot with B) Zoom in 

near the axis C) Bode plot and D) Capacitance and dispersion measured in the parallel 

configuration E) Equivalent circuit used for modeling containing two resistors and a 

constant phase element (CPE) 

 

Leakage current is of greater concern in smaller devices where even low rates of leakage 

can quickly drain the energy stored in the device. For this device, the leakage current increases 

A) B) 

C) 

E) 

D) 
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non-linearly with voltage as shown in figure 2.9. Leakage current is a common problem for 

supercapacitors and using higher purity materials can reduce the rate of self discharge [45]. This 

leakage current is the source of the dispersion as seen in figure 2.8 D. More aggressive heat 

treatments or a more open device architecture could further remove impurities from the system 

and minimize the leakage current. 

 

 

Figure 2.9 Device leakage current as a function of voltage showing a non-linear dependence 

 

When considering the quality of the device, capacitance hysteresis is a significant 

concern because it changes the current delivered at a given voltage. Hysteresis commonly occurs 

with ionic liquids due to counter ion absorption and over screening as a result of the high ion 

concentration [46]. In the device, hysteresis is evident at frequencies lower than the characteristic 

time constant ~10
3
 Hz shown in figure 2.10 A-C. This behavior is consistent with literature [47]. 

For frequencies greater than the characteristic time, > ~10
3
 Hz, the hysteresis is negligible as 

shown in figure 2.10 D. 
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Figure 2.10 Polarization plots displaying A) Capacitance and B) Dispersion for the device. 

C) Zoom in of the capacitance at high frequency, 10
3
- 10

5
 Hz D) for low frequency 10

0
-10

2
 

Hz 

 

There are many options for fabricating micro-supercapacitors as well as choices for 

electrodes and electrolytes. A subset of the literature on micro supercapacitors, those with carbon 

electrodes, liquid electrolytes and active area electrode thicknesses less than 100 µm, were used 

to make table 2.1. The energy storage properties were scaled by the active electrode footprint 

area and the devices are compared at similar powers. From table 2.1, the CNT ionogel 

supercapacitor offers one of the highest areal energy density per device thickness even when 

compared to devices that use higher ionic conductivity neat electrolytes such as PC with 

dissolved salts like tetrabutylammonium tetrafluoroborate (TBAF).  
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Table 2.1 Comparison of literature of micro supercapacitor devices with their energy 

storage performance scaled to the footprint of the active material.  

 

Device Structure Electrolyte Voltage Capacitance 

(mF/cm
2
) 

Power 

(mW/cm
2
) 

Thickness 

(µm) 

AC [9] Interdigitated (20) TBAF PC 2.5 0.4 10 2 

C Onion [5] Interdigitated (16) TBAF PC 3 3.6 1.7 7 

LSG [6] Planar EMIM BF4 4 3.2 13.3 7.6 

AC [48] Interdigitated (16) NaNO3 Aqueous 1 90.7 51.5 50 

CNT [49] Interdigitated (30) BMIM BF4 1 0.428 0.28 80 

CNT
 Planar BMIM BF4 ionogel 3.75 1.5 15 3 

 

Chapter 2.4. Conclusions 

In the field of micro supercapacitors, there are many different choices for materials and 

techniques, but there is a common goal of achieving high power and high energy devices. 

Electrophoretic deposition has advantages in its selectivity, simplicity and binder free process 

over other electrode deposition techniques. These CNT electrodes show volumetric energy 

density comparable to the highest reported values in literature. Combining these electrodes with 

the platform of the ionogel, we have shown a prototype quasi solid-state supercapacitor that 

preserves the majority of the properties of the neat components. The encapsulation of the ionic 

liquids provides benefits in packaging without negatively affecting the ionic conductivity of the 

ionic liquid. Combining these advances leads to a robust capacitor suitable for miniaturization 

into a micro supercapacitor. 
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 Characterization of Orthorhombic Nb2O5 by In-Situ Impedance Chapter 3.

Spectroscopy 

 

Chapter 3.1. Introduction 

 Electrochemical energy storage is an exciting research topic that is driven by the 

discovery of new materials that store more energy with higher rate capability. Within the 

category of electrochemical capacitors are the traditional non-faradaic electric double layer 

capacitor (EDLC) and the high energy density faradaic pseudocapacitors. EDLCs store energy in 

the electric double layer that forms between the charged electrodes and the ions in the 

electrolyte. A high performance EDLC is a material with high electronic conductivity and high 

surface area but for pseudocapacitors, these metrics are more complex.     

 Pseudocapacitors are materials that display fast faradaic reactions that result in high 

capacitance independent of surface area. Many transition metals display pseudocapacitance with 

numerous studies performed on oxides of ruthenium, manganese, niobium and vanadium. The 

bulk of the research on pseudocapacitors is driven by the search for a replacement for hydrous 

ruthenium oxide, a metallic conductor with a theoretical specific capacitance of 1358 F/g [3] 

shown in table 3.1.  Ruthenium oxide sets the standard  for pseudocapacitors with its 

combination of high conductivity and large capacitance, but its high material cost prohibits it 

from practical applications [50].  
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Table 3.1 Specific capacitance of pseudocapacitors and their electronic conductivities 

 

Material Capacitance (F/g) Electronic Conductivity (S/cm) 

Hydrous RuO2 750 [51] 3 * 10
2
 [51] 

V2O5 350 [51] 10
-6

 [52] 

MnO2 800 [3] 10
-5 

to 10
-6 

[53] 

MoO3 300 [54] 10
-7

 to 10
-9

 [55] 

Nb2O5 450 [56] 8* 10
-11

 [57] 

 

When considering pseudocapacitor materials for high energy storage applications, there 

are a few parameters to consider including: electronic conductivity, specific capacitance, 

material cost and material toxicity. High electrical conductivity allows for thicker electrodes and 

can be either intrinsic to the material, as in the case of RuO2, or achieved with the addition of 

conductive additives as in the case of V2O5 [52]. V2O5 offers high specific capacitance with a 

lower material cost than RuO2 but V2O5 is unfortunately, a highly toxic material [58]. An 

alternative earth abundant material that does not have the toxicity of V2O5 and has good 

performance as a pseudocapacitor is Nb2O5. 

Nb2O5 is of interest because certain crystal phases display large energy storage and high 

rate capability in lithium systems [59]. The orthorhombic T and pseudohexagonal TT phases, 

demonstrate large capacitance of 450 and 350 F/g respectively with a charging time of 250 

seconds [56]. Previous work in the literature identified the charge storage for T Nb2O5 as being 

from the bulk of the material instead of just the surface. Sodium electrolyte was substituted for 

lithium electrolyte and the resulting decrease in measured specific capacitance confirmed that the 

lithium intercalates into the bulk of the Nb2O5 [56].  This intercalation into the bulk is facilitated 

by the layered structure of the T-phase, which allows for easy insertion of lithium.  The current 
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study is on understanding how semiconducting Nb2O5 with a 3.3 eV band gap [60] can have high 

rate capability, which is characteristic of materials with high electrical conductivity. 

Understanding the mechanism for the high rate capability of Nb2O5 is beneficial in 

considering new approaches for electrochemical capacitors with thicker electrodes. One 

explanation for the high rate capability of Nb2O5 is increased electrical conductivity after 

lithiation by up to four orders of magnitude [57]. The proposed mechanism for the increased 

conductivity is that lithium intercalation into the Nb2O5 creates oxygen vacancies which are 

known to be much more conductive than stoichiometric Nb2O5 [61]. These oxygen vacancies 

result in delocalized 4d
1
 electrons, which improves the electrical conductivity from 10

-5
 S/cm to 

greater than 10 S/cm depending on the concentration of Nb
4+

. It has been shown by x-ray 

absorption near edge spectroscopy that the concentration of  Nb
4+ 

increases during lithiation [59]. 

The limitation in the previous work is that the conductivity was only measured at discreet levels. 

This study focuses on determining how the electrical conductivity of the Nb2O5 changes as a 

function of lithiation and temperature to provide insight regarding this material’s high rate 

capability.  

Electrochemical impedance spectroscopy is a common technique for measuring the 

conductivity of a material because it can be combined with modeling to determine what parts of 

the system are contributing to the material’s response. There have been reports of ex-situ 

lithiation of MoO3 in which measurements on individual α -MoO3 nanobelts show an increase in 

conductivity from 10
-4

 S/cm to 10
-2

 S/cm after lithiation [62].  While ex-situ experiments are 

useful, it is ideal to test the material during lithiation to minimize sample handling and better 

monitor the sample’s state of charge. Following work on in-situ measurements of amorphous 

silicon, at least one of the contacts for the impedance needs to be completely isolated from the 
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electrolyte [63]. By isolating one of the impedance electrodes, the material can be tested while 

immersed in electrolyte, which allows for in-situ testing during galvanostatic cycling. Dense 

films of material allow for accurate measurements of the material geometry as well as 

minimizing the current collector’s interaction with the electrolyte. Sol-gel chemistry combined 

with spin coating is a very useful route for fabricating dense films of Nb2O5. 

Sol-gel chemistry is a versatile route to synthesizing metal oxides without the need for 

high temperature reactions such as those found in solvothermal or hydrothermal synthesis. Sol-

gel is a two part reaction where a precursor is hydrolyzed, often by an acid, and terminates with 

hydroxyl groups [64]. The second reaction is between hydroxyls in the presence of a base where 

water is produced and the precursors link in a process known as condensation [65]. There are 

many routes to forming Nb2O5 mainly using NbCl5 precursors with the addition of an alcohol, 

often ethanol, and then adding an acid from the following: HCl [66], H2SO4 [67] or acetic acid 

[68]. NbCl5, ethanol and water is a simple system to use for investigating Nb2O5 [69] with 

reports that the final oxide is not heavily dependent on the chemistry used to form the Nb2O5 

[70]. The precursor solution can be spin coated than heated between depositions to build µm 

thick layers of Nb2O5 [69, 70].  

The ability to make thick layers of amorphous Nb2O5 by spin coating is promising for 

impedance spectroscopy but the focus of this study is on the crystalline material. Reports in the 

literature for Nb2O5 as an electrochromic [71] state that heating to 600 °C in air will crystalize 

amorphous Nb2O5 into the orthorhombic T phase. Using a current collector such as indium 

doped tin oxide (ITO) or fluorine doped tin oxide (FTO) deposited on glass is advantageous 

since these substrates are only conductive on one side, which minimizes the current collector’s 
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interaction with the electrolyte. FTO is a better choice of substrate for this experiment since it 

has a higher thermal stability than ITO and is stable to 600 °C [70].  

 Producing dense films of orthorhombic Nb2O5 films on FTO allows for in-situ testing of 

the electrical conductivity of Nb2O5 during the lithiation of the film. Along with conductivity, 

activation energies are useful in characterizing material performance at elevated temperature and 

can be measured by using a testing fixture that can be slightly heated. Activation energy can be 

measured using the Arrhenius relation [72] shown in equation 3.1. This measurement setup also 

allows for the study of phase changes which can occur at lower temperature for lithiated 

structures [73]. Phase changes can be observed by changes in the x-ray diffraction spectra 

(XRD). 

 =  𝑜  
  
   

Equation 3.1 Arrhenius relation showing the exponential dependence of conductivity σ on 

activation energy E, Boltzmann’s constant κ and temperature T 

 

Chapter 3.2. Experimental 

 Dense crystalline Nb2O5 films for impedance testing were synthesized using a sol-gel 

reaction. The sol was formed by 0.96 g of NbCl5, (Sigma Aldrich) combined with 10 ml ethanol 

and 0.6 ml of deionized water. The mixture was reacted for one day and ultrasonicated prior to 

spin coating. 150 µL of sol was drop cast onto 2 cm
2
 of FTO masked by mylar tape. The samples 

were first spun at 1500 rpm for 60 seconds followed by 6000 rpm spin for 60 seconds with a 

ramp rate of 500 rpm per second. After spincoating, the tape was removed and the samples were 

annealed at 300 °C for 12 hours followed by heat treatment at 600 °C for 2 hours at a heating 

rate of 3 °C per minute in air to crystallize the film.  
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 To measure the impedance of the films an insulated top electrode needed to be added to 

the film. Copper tape was chosen for its high conductivity and ease of addition. The copper tape 

was first affixed to a clean glass slide and then scored to 1 cm in length with a width of 1.5 mm 

and 2 mm for samples A and B, respectively. These copper strips were pressed onto the film then 

covered by 2.5 mm wide kapton tape. The kapton tape is an electrochemically inert material that 

serves as physical insulation between the copper tape and the electrolyte. The electrode 

configuration is shown in figure 3.1  

 

Figure 3.1 Impedance test geometry for conductivity testing A) Front profile B) Side Profile  

 

The impedance measurements were conducted using a VMP3 from Biologic with a 13 

mV AC amplitude at 6 points per decade from 10 to 10
6
 Hz. As a complementary conductivity 

test, DC measurements were performed by sweeping the voltage from the positive and negative 

connections shown in figure 3.1  between -5 and 5 mV at a sweep rate of 1 mV/s. The measured 

current was then related back to resistance using ohm’s law. 

Sample thickness and uniformity was measured by scanning electron microscopy (Nova 230 

SEM at the UCLA Laboratory of Molecular and Nano Archaeology) of a sample cross sectioned 

A) B) 
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by a diamond saw. Gold sputtering was used to coat a few nanometers of gold onto the sample to 

prevent charging by the electron beam and improve the image quality. 

The Nb2O5 films were electrochemically lithiated using a 3 electrode cell with lithium 

foil as the counter and reference electrodes. 1M LiClO4 in propylene carbonate was used as the 

electrolyte. Electrochemical lithiation was performed in an argon filled glovebox (VAC) using 

the VMP3. A control experiment was performed with cyclic voltammetry at scan rates from 0.1 

to 10 mV/s that ended at 2.99 V versus lithium and were followed by 30 seconds of open circuit 

voltage (OCV) periods to measure the polarization of the film at high sweep rates without the top 

electrode. Galvanostatic cycling was performed from C/4.3 to 2C rates to study the charge 

storage of the material. A 30 second OCV period followed each change in current density.  

The testing of the Nb2O5 with copper electrodes used two synchronized channels to 

measure the impedance and the OCV simultaneously. The first channel alternated between 

galvanostatic cycling at a 2C rate and the OCV setting. During the OCV, the second channel 

measured the impedance through the film as well as the DC conductivity sweep within 30 

seconds as shown in table 3.2. 

Table 3.2 Testing parameters for the synchronized channels during the in-situ conductivity 

testing 

Time (s) 200 29 
 

Channel 1 Galvanostatic cycling OCV Loop 

Channel 2 OCV Impedance DC Sweep Loop 

 

Temperature dependence measurements from room temperature to 46 °C were carried out 

using a hot plate in the glove box to minimize electrolyte evaporation. The temperature was 
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monitored by an immersion thermocouple and the temperature was held for 45 minutes prior to 

the start of testing.  

Samples for XRD were prepared by drop casting the sol onto FTO and then annealing 

with the same conditions as the samples for impedance testing. Two samples were prepared, one 

of the heat treated Nb2O5 before cycling and the other after cycling at 37 °C. These thicker films 

were then scraped from the FTO substrate and the powder was loaded into Rigaku Miniflex II 

diffractometer equipped with a Cu Kα radiation source for XRD testing.  

Chapter 3.3. Results and Discussion 

 

Chapter 3.3.1. Physical Characterization 

 The first experiments verified that the desired phases of Nb2O5 were being prepared. The 

XRD spectra of the heat treated Nb2O5 is shown in figure 3.2 along with the reference spectra for 

the orthorhombic phase. The peaks match the orthorhombic phase, which agrees with the 

literature reference for a 600 °C anneal producing the orthorhombic  phase [71].  
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Figure 3.2 Powder XRD of Nb2O5 A) After heat treatment B) JCPDS (30-873) for the 

orthorhombic phase (XRD by Hyungseok (Jimmy) Kim) 

 

 The density and uniformity of the film are important parameters when considering the 

device geometry for conductivity measurements. The cross section shown in figure 3.3 displays 

the spin coated Nb2O5 with minimal roughness and a thickness of about 100 nm. The film 

appears fully dense which verifies the usefulness of spincoating.  

 

A) 

B) 
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Figure 3.3 A) SEM cross section of annealed T phase Nb2O5 on FTO B) Increased 

magnification with scale bars (SEM by Hyungseok (Jimmy) Kim) 

 

Chapter 3.3.2. Room Temperature Electrochemical Testing  

Cyclic voltammetry was used determine the energy storage of the Nb2O5 films as well as 

study the material polarization . Cyclic voltammetry from figure 3.4 A shows that the  different 

sweep rates have the same shape, which is expected for a material with good rate capability, and 

this shape matches the T phase Nb2O5 from literature [56]. There is evidence of the material 

being far from equilibrium since in each OCV period following the cyclic voltammetry, the 

voltage steadily falls from 2.99 V to the values shown in figure 3.4. This voltage drop during 

OCV becomes larger after the faster cyclic voltammetry sweeps and suggests material 

polarization.  

A) B) 



 

34 

 

 

Figure 3.4 A) Cyclic voltammetry of T phase Nb2O5 films in a 3 electrode cell with lithium 

as the counter and reference electrodes. B) Difference in OCV from 2.99 V after cyclic 

voltammetry at different sweep rates 

 

After cyclic voltammetry, galvanostatic cycling was used to quantify the amount of 

charge necessary to change the voltage of the Nb2O5 by the amount observed in figure 3.4 B. The 

galvanostatic cycling is shown in figure 3.5 and it is clear that very little energy is stored from 
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2.4 to 3 V. The linear shape of the galvanostatic cycling is typical of a capacitor and the total 

energy stored during galvanostatic cycling matches well with the cyclic voltammetry 

experiments. 

 

 

Figure 3.5 Galvanostatic cycling of Nb2O5 working electrode in a 3 electrode cell with 

lithium as the counter and reference electrodes 

 

Each galvanostatic current density was followed by an OCV that was then followed by 

charging back up to 2.99 V versus lithium. This galvanostatic charging period was integrated to 

give a quantitative measure of the charge necessary to compensate for the polarization of the 

electrode. Dividing the polarization charge by the total charge stored by the material, results in 

values less than 1% as shown in table 3.3. This minimal loss in charge due to polarization allows 

for testing at a 2C rate. The advantage of testing at this high rate is that when the 5 electrode cell 

is heated at high temperature, the rate of electrolyte evaporation will not greatly change the 

amount of film submerged in electrolyte.  
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Table 3.3 Voltage drops during OCV between galvanostatic cycling experiments 

 

Rate Lithiating (mAs) Polarization (mAs) Percentage Loss Voltage Drop (V) 

C/4.3 68.085 0.08 0.12% 0.308 

C/3 65.567 0.103 0.16% 0.352 

C/2 63.99 0.125 0.20% 0.397 

C/1.3 62.57 0.177 0.28% 0.457 

C 61.51 0.177 0.29% 0.500 

2C 60.147 0.321 0.53% 0.609 

 

 With the initial conditions determined, the testing on the copper electrode samples could 

begin. Sample A was tested in argon using the DC sweeps prior to any contact with lithium or 

electrolyte. The electronic conductivity was measured at 1.8 * 10
-11

 S/cm, which is in line with 

literature values [57]. After this initial test, Sample A was submerged in electrolyte in the cell 

depicted in figure 3.6 and tested by alternating cycles of galvanostatic cycling and OCV periods. 

Evidence of polarization occurs during the voltage drops during the OCV periods as shown by 

the voltage as a function of time in figure 3.6. Both the lithium insertion and removal show 

similar behavior.  

 

Figure 3.6 Galvanostatic cycling at 2C for the in-situ impedance testing using a 5 electrode 

cell 
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During the OCV period, the conductivity was measured by two complementary methods. 

The first method is by impedance shown in figure 3.7, which displays a depressed semicircle that 

decreases in size with increasing lithium intercalation. This semicircle was fitted to the circuit in 

figure 3.7 A that has a constant phase element (CPE) defined by the equation in figure 3.7 C. The 

CPE allows for a better fit to the data and can be related to the capacitance of the film by the 

equation in figure 3.8 D [74]. This circuit corresponds to samples with mixed ionic and 

electronic conduction [75]. 

 

          = 
 

    2    
    𝐶 =  𝑇  

   

    𝐶 =  𝜀 𝜀 
 

 
 

Figure 3.7 In-situ impedance testing at room temperature A) Nyquist plot B) Bode plot C) 

CPE equation with magnitude T, phase P, imaginary i and frequency F. D) capacitance for 

a CPE E) Capacitance equation for a dielectric capacitor with permittivity of free space εo, 

dielectric constant εr, cross sectional area A and thickness D 

 

 

A) B) 

C) D) E) 
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The measured conductivity looks like a mixed type since the lithiated electrodes can be 

removed from the electrolyte and measured in air but they still have a depressed semi-circle 

nyquist plot such as the ones shown in figure 3.7. The equations governing the response for a 

mixed conductor relates the two intercepts of the semicircle to the ionic and electronic resistance 

as depicted in equation 3.2.  

 

Equation 3.2 Equations describing the relation for impedance the intercepts with the real 

axis for a mixed conductor   

 

The values from the modeling including the effective dielectric constant at each voltage 

step are shown in table 3.4. From table 3.4 the ionic resistance slightly changes with lithiation 

which results in a change of ionic conductivity with increasing lithiation from 3.6 * 10
-7

 S/cm to 

3.9 * 10
-7

 S/cm. 

 

Table 3.4 Data from the modeling to the circuit in figure 3.7 A with the magnitude of the 

CPE T, Phase parameter of the CPE P, Capacitance of the CPE and effective dielectric 

constant εr 

Sample Mol Li R Ionic T P 
R 

Electronic 

Capacitanc

e (F) 
εr 

1.95 V 0.025 128.8 3.42E-06 6.37E-01 9.40E+03 4.81E-07 272 

1.83 V 0.287 129.6 3.21E-06 6.43E-01 8.09E+03 4.21E-07 238 

1.74 V 0.548 127.6 3.29E-06 6.39E-01 7.75E+03 4.14E-07 234 

1.65 V 0.810 128.9 3.74E-06 6.27E-01 4.00E+03 3.09E-07 174 

1.56 V 1.071 130.3 4.19E-06 6.17E-01 1.94E+03 2.11E-07 119 

1.47 V 1.333 131.6 4.78E-06 6.03E-01 1.11E+03 1.52E-07 86 

1.38 V 1.594 136.0 4.91E-06 5.98E-01 7.00E+02 1.08E-07 61 

1.27 V 1.856 140.5 4.84E-06 5.93E-01 4.92E+02 7.70E-08 43 

 

𝐿 𝑓𝑡 𝑖𝑛𝑡 𝑟𝑐 𝑝𝑡 =  
 𝐼𝑜𝑛 𝑐    𝑙𝑒𝑐𝑡 𝑜𝑛 𝑐

 𝐼𝑜𝑛 𝑐 +    𝑙𝑒𝑐𝑡 𝑜𝑛 𝑐
 

 𝑖𝑔ℎ𝑡 𝑖𝑛𝑡 𝑟𝑐 𝑝𝑡 =    𝑙𝑒𝑐𝑡 𝑜𝑛 𝑐  
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Using the equation in figure 3.7 E, the effective dielectric constant of the film at 1 Hz 

was measured during lithiation. The measured dielectric constant decreases with increasing 

lithium insertion to a minimum of 43, shown in table 3.4, which is lower than the direction 

averaged dielectric constant of 77 for orthorhombic Nb2O5 [76]. This decrease in dielectric 

constant suggests that the lithium is slightly distorting the Nb2O5 crystal structure.  

The larger intercept of the semicircle with the real axis in figure 3.7 correspond with the 

DC conductivity data shown in figure 3.8. The DC voltage sweeps are ohmic but they are shifted 

from the origin by the electrode polarization. The curves were shifted back to the origin in figure 

3.8 B and the conductivity was calculated by ohm’s law. The DC measurements were used for 

in-situ testing instead of the impedance intercepts because it is easier to compensate for the 

polarization using the DC measurements.  
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Figure 3.8  In-situ impedance testing at room temperature DC voltage sweeps A) As 

measured D) After shifting the origin of the DC sweeps 

 

 Figure 3.9 shows the change in conductivity for Nb2O5 as a function of lithiation at room 

temperature using the DC sweeps. The conductivity smoothly increases 2 orders of magnitude 
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with lithium intercalation and the process is reversible with minimal hysteresis. The as prepared 

sample had a conductivity of 1 * 10
-11

 S/cm so even a small addition of lithium greatly improves 

the sample’s electronic conductivity. The electronic conductivity of the fully lithiated Nb2O5 is 

2.4 * 10
-7

 S/cm and this value is consistent with those reported in literature [57]. When 

considering figure 3.10 and figure 3.5, a capacitor cycled between 1.2 and 1.6 V would have an 

order of magnitude higher conductivity than a capacitor cycled from 1.6 to 2 V with roughly the 

same amount of energy being stored in both cases. 

 

Figure 3.9 Electronic conductivity as a function of lithiation measured by in-situ DC 

conductivity for sample A at room temperature 

  

Chapter 3.3.3. Elevated Temperature Electrochemical Testing 

Measuring the conductivity of sample A at elevated temperatures changed the sample in an 

irreversible way. As sample A was heated, the conductivity only rises about one order of 

magnitude during lithiation as shown in figure 3.10. As the temperature increases, the 

conductivity decreases slightly but this decrease in conductivity remains after allowing the 
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sample to cool to room temperature. Comparing the two measurements at 22.9 °C, the difference 

in conductivity suggests that the Nb2O5 has undergone a phase change. 

 

Figure 3.10 In-situ conductivity for sample A measured by DC sweeps during lithium A) 

Insertion and B) Removal 
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To determine if the observations from sample A are representative of the material, sample 

B was tested under the same conditions. It can be seen in figure 3.11 that the conductivity of 

sample B is also reduced at elevated temperature. There is an order of magnitude increase in 

conductivity during lithiation, which is consistent with sample A. The initial scan with sample B 

at 29.2 °C has a discontinuity that could have been caused by the material undergoing a phase 

change. The scan at 29.2 °C had a slight ramp in temperature from the initial measurement of 

28.2 °C at 0.02 moles lithium, to the final measurement at 30.2 °C. Considering the subsequent 

scans show similar shapes, the phase change likely requires low temperature to occur. After 

allowing the sample to cool, the conductivity remains low. 
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Figure 3.11 In situ conductivity for sample B measured by DC sweeps during lithium A) 

insertion and B) Removal 

 

 After electrochemical cycling, XRD was used to determine if a phase change was 

occurring after heating the sample to elevated temperature. The spin coated samples are too thin 
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for XRD so witness pieces with thicker electrodes were tested instead. The results from the XRD 

are shown in figure 3.12 and the Nb2O5 is no longer orthorhombic. Matching with the JCPDS 

spectra, the sample appears to be a mix of the orthorhombic and tetragonal phases. This phase 

change supports the observations from cyclic voltammetry and explains why the conductivity 

changed after heating.  
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Figure 3.12 A) Powder XRD after cycling and heating B) Orthorhombic phase JCPDS-30-

0873 C) Tetragonal phase JCPDS-18-0911 (XRD by Hyungseok (Jimmy) Kim) 

 

 Now that the electronic portion of the conductivity has been describe, the focus can be 

shifted to the ionic contribution. Table 3.5 shows the values of the ionic conductivity at the 

A) 

B) 

C) 



 

47 

 

extremes of lithiation at different temperatures. From table 3.5, it is apparent that the lithium 

content does not greatly affect the ionic conductivity. Temperature does seem to have an effect 

on ionic conductivity but more points would be needed to determine an activation energy.  

Table 3.5 Results from modeling for Samples A and B at different states of lithiation and 

temperature 

 

Sample A R Ionic T P R Electronic Ionic Conductivity 

Lithiated 
     

22.9 °C After Heating 440.8 4.11E-06 0.5115 27149 1.13E-07 

31.1 °C 109.3 9.70E-06 0.5334 15376 4.57E-07 

37.4 °C 298 6.89E-06 0.4364 26796 1.68E-07 

42.75 °C 240.1 9.59E-06 0.4089 27661 2.08E-07 

46.75 °C 200.4 1.74E-05 0.3714 22462 2.50E-07 

Delithiated 
     

22.9 °C After Heating 441.9 3.49E-06 0.5263 31354 1.13E-07 

31.1 °C 112.6 6.15E-06 0.5772 23530 4.44E-07 

37.4 °C 249.6 8.25E-06 0.4179 36896 2.00E-07 

42.75 °C 229.5 9.90E-06 0.4077 40795 2.18E-07 

46.75 °C 194 1.61E-05 0.3795 26850 2.58E-07 

Sample B R Ionic T P R Electronic Ionic Conductivity 

Lithiated 
     

22.9 °C Post Cycling 125.5 7.78E-06 0.536 1404 5.31E-07 

30.35 °C 76.28 7.97E-06 0.5424 638.6 8.74E-07 

35.45 °C 67.93 1.00E-05 0.5297 4034 9.81E-07 

38.4 °C 68.92 1.10E-05 0.5323 1902 9.67E-07 

40.2 °C 68.42 1.23E-05 0.5288 1881 9.74E-07 

Delithiated 
     

22.9 °C Post Cycling 159.9 5.67E-06 0.567 28273 4.17E-07 

30.35 °C 69.04 4.90E-06 0.5769 31259 9.66E-07 

35.45 °C 64.05 6.34E-06 0.5689 15250 1.04E-06 

38.4 °C 62.8 8.31E-06 0.5638 11282 1.06E-06 

40.2 °C 62.41 1.09E-05 0.5423 9471 1.07E-06 
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Chapter 3.4. Conclusion 

In-situ impedance studies of Nb2O5 have demonstrated that orthorhombic Nb2O5 increases 

two order of magnitude with the slightest addition of lithium and then two additional orders 

when fully lithiated. Heating T-Nb2O5 in the presence of lithium is a new route to a mixed 

orthorhombic and tetragonal phase. These increases in conductivity explain why the 

semiconducting Nb2O5 can display high rate capability and define the regions of maximum 

conductivity for the material. This impedance study demonstrates an approach for characterizing 

transition metal oxide pseudocapacitors and bringing an understanding into their electrochemical 

performance. 
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 Electrochemical Characterization of Sub Nanometer Pinholes in Thin Film Chapter 4.

Solid Electrolytes 

 

Chapter 4.1. Introduction 

Batteries are the cornerstone of modern technology. They are ubiquitous in electrical 

devices and as electronics become smaller, the demands on their power capability continue to 

increase. Batteries store energy by electrochemical reactions occurring within the cathode and 

anode, which are immersed in electrolyte and in most commercial devices separated by a porous 

membrane, often called a separator. Batteries with thick electrodes  are often limited in their 

charge storage by the rate of ion diffusion through the bulk of the electrodes. Minimizing the 

diffusion distance of the ions improves the power of the battery, which is why thin film batteries 

exhibit high power. Historically, the tradeoff to high power has been thin electrodes and 

therefore low energy densities for batteries that operate in small dimensions, such as a 

microbattery.  

An engineering approach to develop microbatteries with both high power and high energy 

is to use electrodes with three dimensional (3D) architecture. A recent review documents a few 

of the approaches [77] which typically involve redistributing the mass of the electrodes into 

networks to increase the surface area of the electrodes while maintaining high mass loadings. 

Figure 4.1 shows an example architecture and the result from 3D architectures is improved rate 

capability [78–80]. A limitation with some of the proposed designs is that the cathode and anode 

are greatly separated by electrolyte, which lowers the volumetric energy density. More volume 

efficient designs reduce the distance between the cathode and anode but as this distance shrinks, 

the need for a conformal solid electrolyte to prevent electrical shorts increases. This solid 
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electrolyte needs to be ionically conducting, electronically insulating and conformal over the 

rough battery electrodes materials. With these conditions, there is need for a method to detect 

and characterize pinholes in conformal solid electrolyte as a prelude to assembling a full 3D 

microbattery.  

 

Figure 4.1 Simple fabrication electrode configuration for 3D microbattery 

 

Solid electrolytes are ideal for preventing electrical shorts because they are often made 

from oxides or polymers with intrinsically low electronic conductivities. While their properties 

make them ideal for reducing leakage current, solid electrolytes also have much low ionic 

conductivities, many in the range of ~ 10
-6

 S/cm [25]. In contrast, the common lithium ion 

battery electrolytes such as 1 M LiPF6 in 1:1 volume ratio of ethylene carbonate to 1,2-

dimethoxyethane is 1.6 * 10
-2

 S/cm [20]. In order to maintain the rate capability of the 

microbattery the thickness of the solid electrolyte needs to be minimized.  

There are many routes to deposit solid electrolytes but only a few methods are conformal 

on high aspect ratio structures. Common methods of depositing solid electrolytes include 

magnetron sputtering [81], and pulse laser deposition [82] but these routes are line of sight 

techniques so they will not evenly coat 3D structures. To deposit conformal coatings, the growth 
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mechanism must be self-limiting. Two promising gas phase methods that can coat high aspect 

ratio structures are initiated chemical vapor deposition (iCVD) [83] and atomic layer deposition 

(ALD) [84].  

 ALD and iCVD allow for control of both the composition and growth conditions of the 

deposited film. ALD is performed in a vacuum chamber equipped with multiple precursor gas 

lines. Each precursor cycle is followed by an oxidant cycle, typically water or ozone, and this 

process is repeated to control the composition and thickness of the depositing film.  

 ALD is often used to deposit oxides such as Al2O3, ZrO2 and HfO2 whose low electronic 

conductivities are suitable for solid electrolytes [85]. However these oxides also have low ionic 

conductivities. It is necessary, therefore, to identify systems which can provide high ionic 

conductivity because of fast ion transport through crystallographic features. One such system is 

the lithium aluminosilicate beta eucryptite phase (LASO) whose open channels enable Li
+
 ion 

transport [86]. LASO has a large ionic conductivity of 10 
-5

 S/cm at room temperature [87] 

which makes it an appropriate choice for a solid electrolyte. The amorphous lithium 

aluminosilicate can be crystalized into LASO by rapid thermal annealing (RTA) to minimize 

atomic diffusion in the film. 

 An alternate approach to the inorganic ALD films are organic polymer films made by 

iCVD. Traditional polymer films offer the advantages of low cost and convenient fabrication but 

they are often made using solution phase chemistry. Solutions are problematic when coating 

small structures because the drying solvent can de-wet the surface leaving gaps in the film.  

ICVD combines chemical vapor phase deposition with the high growth rates of polymer 

techniques. The first step in iCVD is for monomer and initiator vapor to be released into a 

vacuum chamber. The monomer adsorbs onto the surface of the samples and the initiator is 
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thermally cleaved into free radicals that then polymerize with the surface adsorbed monomer 

[83]. This approach allows for conformal coatings on high aspect ratio surfaces [88] and 

impressive growth rates 10-100 nanometers per minute.  The polymers are not intrinsically ion 

conductors but ionically conducting salts, such as lithium, can be absorbed into polymer films by 

soaking the films in electrolyte salt solutions [89]. 

Gas phase techniques still have the possibility of pinholes, nanometer sized pores, where 

electrical shorts can occur. There are methods for detecting and characterizing pinholes in 2D 

films such as using spectroscopic ellipsometry [90, 91] and the decay of positronium [92]. 

Ellipsometry focuses on the change in film thickness as chemical vapors are absorbed by pores 

in the film. Since ellipsometry uses a laser, the film has to be flat for an accurate measurement. 

Positronium decay monitors the decay of the triplet state of positronium. The triplet state’s decay 

rate is slowed by the local dielectric constant, so larger pores decay faster than smaller pores. 

The advantage of the technique is that through and blind pores can be measured. While 

positronium decay might be useful for measuring 3D structures, the technique would not be 

surface sensitive, which is necessary for characterizing the solid electrolyte and not the pores in 

the coated battery electrode. 

Electrochemical techniques are an alternative to spectroscopic techniques for detecting 

and characterizing pinholes. There have been reports of using the electrochemistry of redox 

molecules to probe for pinholes in self-assembled monolayers (SAM) [93]. When redox 

molecules such as ferrocene are in contact with an electrically conducting surface, they can be 

electrochemically oxidized and reduced at specific potentials, which appear as peaks in the 

current during cyclic voltammetry. These peak currents are proportional to the area of the 

electronically conducting surface as indicated by the Randles-Sevcik equation shown in figure 
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4.2 A. As the surface is coated, the peak current will decrease and this reduction in current can 

be used to quantitatively determine the coverage of the solid electrolyte on the electrode.  

 

 

        

Figure 4.2 A) Randles-Sevcik equation used to relate the peak current in the cyclic 

voltammetry to the diffusivity of the redox molecule. B) Stokes-Einstein equation that 

relates the diffusivity to the redox molecule radius 

 

The material parameters in figure 4.2 are the following: the number of electrons in the 

redox process n, Faraday’s constant F, diffusivity D, ideal gas constant R, temperature T, 

submerged electrode area A, redox molecule concentration C0, sweep rate ʋ. Boltzmann’s 

constant Kb, viscosity of the electrolyte η and radius of the redox molecule r. 

Crooks et al developed the methodology for probing SAMs with redox molecules in 

aqueous systems. A library of redox molecules was characterized and their relevant parameters 

such as diameter were measured. Molecules of different sizes were then used to probe the surface 

with the assumption that molecules larger than the pinhole diameter do not interact with the 

exposed surface. By comparing the results from the different sized molecules, a distribution of 

pinholes in the SAM can be inferred. 

 This procedure can be adapted for non-aqueous systems such as propylene carbonate 

(PC) and acetonitrile (ACN), by measuring the size of the redox molecule in liquid electrolytes 

compatible with the solid electrolyte deposited by ALD and iCVD. The diameter of the redox 

molecule can be measured by performing cyclic voltammetry on an electrode of known area then 

A) B) 
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using the Stokes-Einstein equation from figure 4.2 B along with the Randles-Sevcik equation. 

The peak current in the Randles-Sevcik equation refers to the peak oxidation current during 

cyclic voltammetry.  Metallocene redox molecules including ferrocene [94],  ferrocenium [95], 

cobaltocene [96],  cobaltocenium [97] and decamethyl ferrocene [98] are of interest  since they 

are well studied in literature and are soluble in  ACN and PC.  

 Along with the selection of the redox couples, the electrode kinetics should be considered 

for these experiments. The literature approach is to use microelectrodes made of a noble metal or 

glassy carbon to determine the diffusivity of the redox molecule. The stability of noble metals in 

many electrolytes minimizes chemical reactions other than the metallocenes. Microelectrodes are 

made by encasing a noble metal wire into an insulating medium, such as glass, to produce a 

working electrode with dimensions of a few square microns. These electrodes have many 

advantages over macro sized centimeter squared electrodes including responding faster to 

changes in voltage and having less distortion due to double layer capacitance and ohmic drop 

[99].  

While microelectrodes are useful for kinetic studies they are not analogous to the 

electrodes for the microbatteries. Since the current will drop as the electrodes are coated, it is 

advantageous to coat larger electrodes to improve measurement signal. Larger electrodes also 

offer better statistics of the coating coverage as well as meaningful kinetic data due to work by 

Nicholson [100]. . Large electrodes are prone to slower kinetics and larger overpotentials, the 

voltage in excess of the voltage determined by thermodynamics for a reaction to occur. A way to 

quantify the difficulty for the electrons to transfer from the redox molecule to the current 

collector is the heterogeneous rate constant shown in figure 4.3. Pioneering work done by 
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Nicholson relates the rate constant to the voltage separation by using the Psi parameter shown in 

figure 4.3 C [100].  

 

                 

 

Figure 4.3 A) Heterogeneous rate constant Ks related to the diffusivities for the oxidation 

and reduction reactions. The variables have their same meaning from figure 4.2 with the 

addition of Charge transfer coefficient ɑ B) Gamma parameter for the oxidation diffusivity 

Do and reduction diffusivities DR C) Psi parameter correlated to voltage separation [101]  

  

 Along with characterization of the pinholes by the redox molecules, impedance 

spectroscopy can be used to measure the conductivity of the films. For films with sub micron 

thickness, hanging mercury drop electrodes are a useful technique for making contact to the film. 

Mercury provides an electrical contact and is less likely to damage the films than deposited metal 

contacts or pressing on a probe tip [102]. Impedance spectroscopy is a powerful technique that 

probes the electrical properties with small voltage perturbation, which allows for the distinction 

between ionic and electronic transport. 
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Combining the redox molecule analysis with impedance spectroscopy allows for the 

characterization of ALD and iCVD solid electrolytes for 3D microbatteries. The criteria for 

characterization are coverage of the surface, pinhole size distribution, heterogeneous electron 

transfer coefficient and ionic conductivity of the solid electrolyte. 

  

Chapter 4.2. Experimental 

To fabricate a carbon electrode for the 3D battery, an aqueous carbon slurry was made by a 

combination of magnetic stirring and vortex mixing. The slurry composition is the following in 

weight percent: 83% mesocarbon micro beads (MCMB) 8% KS-4 natural graphite 2% Ketjen 

black 7% carboxymethyl cellulose (CMC). Once the slurry was mixed, it was drop cast onto 

stainless steel that had been cleaned by oxygen plasma and allowed to dry overnight. The plasma 

cleaning was performed for   5 minutes  at 1 torr of oxygen. The mass of the deposited slurry was 

measured using a microbalance and the surface area of the slurry is approximately 25 m
2
/g active 

material based on the constituent components data sheets and literature values [103]. 

 

Chapter 4.2.1. Film Fabrication 

The LixAlySizO thin films are grown by thermal ALD in a hot wall reactor at 290
°
C in the 

Jane Chang lab at UCLA. The organometallic precursors used as the source for Li, Al and Si 

respectively are the following: lithium t-butoxide, trimethylaluminum, and tetraethyl orthosilane. 

Deionized water is used as the oxidant. The LASO films are synthesized with a sequence of a(Li-

O)- b(Al-O)-c(Si-O) where a, b, c represent the number of local ALD cycles for each constituent 

oxide. Quantitative elemental analysis was performed at the synchrotron photoelectron 

spectroscopy (PES) at the Stanford Synchrotron Radiation Lightsource (SSRL) with a photon 
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energy of 140 eV to check the crystal phase of the film deposited with a=6, b=10, c=4 after post-

deposition RTA in N2 at 500–900°C for 90 seconds. The LASO is grown to thicknesses from 5 

to 12 nm on the carbon films as well as on indium doped tin oxide (ITO) thermally sputtered on 

quartz. 

The iCVD is deposited in a custom built chamber equipped with gas inlets for the 

initiator, tert-butyl peroxide and the monomers, 1,3,5,7- Tetravinyltetramethylcyclotetrasiloxane 

(V4D4) and (trivinyltrimethylcyclotrisiloxane) (V3D3) in the Karen Gleason lab at MIT. The 

monomer is heated in a partially evacuated chamber and a monolayer adsorbs onto the substrate 

that is maintained at room temperature by a cooler. The films grow when the heated initiator 

breaks into free radicals that then polymerize with the monomer to form PV4D4 and PV3D3 

from the monomers V4D4 and V3D3 respectively. Film growth is measured by in-situ 

interferometer measurements and the substrate ITO is the same as for the LASO films. 

  The PV4D4 and PV3D3 films were deposited at 20, 40 and 100 nm on ITO and carbon 

films. The iCVD films are lithiated by soaking the films for 3 days in 1M solution of lithium 

perchlorate in PC. After the soak, the films were rinsed in neat PC to remove excess salt then 

dried with an air gun. The samples were then heated at 130°C under vacuum for 14 hours before 

being shipped across country for testing. 

 

Chapter 4.2.2. Pinhole Testing 

All of the chemicals for the redox molecules used in pinhole testing(ferrocene, 

ferrocenium, cobaltocene, cobaltocenium and decamethyl ferrocene) were purchased from Sigma 

Aldrich. The redox molecules are heat sensitive so they were vacuum dried before bringing them 

into an argon filled VAC glovebox. Solutions containing 0.9259 mM redox molecule and 100 
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mM tetrabutylammonium tetrafluoroborate (TBATFB) were mixed by magnetic stirring 

overnight in anhydrous ACN and PC. 

Platinum foil from Alfa Aesar was used as the counter and pseudo reference electrodes 

for all electrochemical experiments. The initial tests to determine the diffusivity were conducted 

using teflon tape masked platinum foil electrodes with 2 cm
2
 submerged in electrolyte. ITO 

samples were also masked with teflon tape and used as a working electrode with 1 cm
2
 exposed 

to the solution. 

Cyclic voltammetry was performed using a BioLogic VMP3 potentiostat connected to a 3 

electrode cell at scan rates of 1-1000 mV/s. The platinum foils were cleaned by ultrasonication in 

acetone and isopropanol after each scan. Fresh solution was used to test each redox system with 

each working electrode.  

 

Chapter 4.2.3. Impedance Testing 

The ionic conductivity of the films was measured in the glovebox using electrochemical 

impedance spectroscopy with hanging mercury drop electrodes. Mercury is suspended from 

plastic syringes to dispense small hanging drops of electronic grade mercury purchased from 

Alfa Aesar. The drops are lowered onto the surface using a vernier drive allowing for repeatable 

contact to the film and the substrate shown schematically in figure 4.4. The mercury drop contact 

area to the film is 0.5 cm
2
. The impedance measurements were taken using a Solartron 1287 and 

1252a potentiostat and function generator respectively. Each sample is measured multiple times 

and the average values are used in the calculation of conductivity to improve accuracy. 
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Figure 4.4 Diagram of hanging mercury drop electrode for measuring the impedance of the 

solid electrolytes 

 

Chapter 4.3. Results and Discussion 

 

Chapter 4.3.1. Redox library 

The redox molecules were tested using platinum working electrodes to facilitate 

comparison with literature values. Initially, slower sweep rates for cyclic voltammetry were 

applied when testing ferrocene in ACN, however, a film was found to be depositing on the 

electrodes [Appendix 2]. This presence of the film shifted the voltage at which the peak currents 

occurred by over 300 mVs between the first cycle and the subsequent cycles. The film also 

changed the magnitude of the peak currents by slightly diminishing the oxidation current 

(positive peak) and greatly reducing the reduction current (negative peak). Based on the voltage 

where the peak in current occurred during the cyclic voltammetry and comparing to literature 

sources, the film was determined to be ferrocenium [104]. By scanning a fresh electrode at 

higher rates the shifts in voltage were not observed and no film growth was present as 

determined by a microbalance. Figure 4.5 shows an example of the cyclic voltammetry at 

multiple sweep rates and the details of peak position and peak current from each scan rate can be 

found in appendix 2. Figure 4.5 represents a good measurement since the peak in current only 



 

60 

 

slightly shifts in voltage with increasing sweep rate. Fresh solutions were used for each electrode 

since the redox molecules were observed to settle over the course of a day. 

 

Figure 4.5 Cyclic voltammetry of decamethyl ferrocene on platinum electrode in ACN from 

200-700 mV/s 

 

Each redox system was tested and there are trends for the measured diffusivities, rate 

constants and diameters depending on the solvent and the electrode. The testing with platinum 

electrodes showed higher diffusivity than with ITO electrodes due to the faster electron transfer 

rate constant for platinum than ITO. The testing in ACN had higher diffusivities than in PC due 

to the difference in viscosity. The following paragraphs focus on the differences in size of the 

redox molecules in the tested systems.  

As a verification of the procedure, the first tests were performed on platinum electrodes 

in ACN and the data is shown in table 4.1 along with reference values from literature. Oxidation 

diffusivity (Do) and Reduction diffusivity (DR) refer to the diffusivities calculated from the 

equations in figure 4.2 using the oxidation and reduction currents respectively. Diameters are 
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calculated from the oxidation diffusivity and the Stokes-Einstein equation in figure 4.2 following 

the literature approach [105]. There is good agreement between the measured and reported 

values from literature even though most were measured using microelectrodes. This good 

agreement with literature verifies the procedure. Of the tested molecules, ferrocene is the 

smallest redox couple and decamethyl ferrocene is the largest.  

 

Table 4.1 Redox systems with ACN electrolyte and platinum working electrode 

 

Redox Couple Ks (cm/s) DO (m2/s) Diameter (m) DR  (m2/s) 

Ferrocene 1.59E-2 2.77E-09 4.50E-10 2.53E-09 

 

(2.31E-2) [101] (2.4E-9) [106] 

  

Cobaltocenium 7.91E-3 2.38E-09 5.25E-10 2.26E-09 

  

(1.8E-9) [97] 

  

Cobaltocene 9.74E-3 1.98E-09 6.31E-10 1.68E-09 

  

(2.3 E -9) [97] 

  

Ferrocenium 1.22E-2 1.86E-09 6.70E-10 2.16E-09 

  

(2.36 E-9) [95] 

  

Decamethyl F. 1.07E-2 1.45E-09 8.64E-10 1.60E-09 

  (1.8E-9) [98]   

 

Table 4.2 shows the results from ACN electrolytes with ITO electrodes. Comparing table 

4.2 to table 4.1, the relative sizes of the redox molecule are different when testing on ITO than 

on platinum. This observation is consistent with the literature that the composition of  the 

electrode surface influences the measured currents [107]. Platinum is the accepted method for 

calculating redox molecule size and ITO is an ideal substrate for testing the solid electrolyte 

ability to coat flat films.  
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Table 4.2 Redox system with ACN electrolyte and ITO working electrodes 

 

Redox Couple Ks (cm/s) DO (m2/s) Diameter (m) DR  (m2/s) 

Ferrocene 5.47E-3 2.35E-09 5.31E-10 2.50E-09 

Ferrocenium 1.41E-3 5.71E-10 2.19E-09 1.20E-09 

Decamethyl F. 8.14E-4 5.56E-10 2.25E-09 5.00E-10 

Cobaltocenium 1.46E-3 5.55E-10 2.25E-09 6.41E-10 

Cobaltocene 7.08E-4 4.40E-10 2.84E-09 3.68E-10 

 

Tables 4.3 and 4.4 show the results from the testing in PC with platinum and ITO 

electrodes respectively. Decamethyl ferrocene is again the largest redox molecule and 

ferrocenium is now the smallest on the platinum electrodes in table 4.3. There are fewer 

reference values to compare the results in PC with but the trend in redox molecule size is 

reasonable considering the chemical formulas.  

Table 4.3 Redox system with PC electrolyte and platinum working electrodes 

 

Redox Couple Ks (cm/s) DO (m2/s) Diameter (m) DR  (m2/s) 

Ferrocenium 4.67E-3 2.74E-10 6.24E-10 3.00E-10 

Cobaltocene 2.11E-3 2.38E-10 7.18E-10 2.11E-10 

Ferrocene 1.95E-3 2.36E-10 7.27-10 2.51E-10 

  

(4.4E-10) [106] 

  

Cobaltocenium 2.29E-3 2.21E-10 7.75E-10 2.20E-10 

Decamethyl F. 1.66E-3 1.85E-10 9.27E-10 1.67E-10 
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When considering each electrode material, there is a trend that the diffusivity is one order 

of magnitude higher in ACN than in PC. This trend can be seen when comparing table 4.1 to 

table 4.2 and then again in table 4.3 and table 4.4. The diffusivities are lower in PC because of its 

higher viscosity than ACN. The values are 2.5 cP and 0.343 cP respectively [96]. Another trend 

from tables 4.1 through table 4.4 is that the heterogeneous rate constant is higher for the platinum 

than the ITO electrodes. Rate constants greater than 0.02 cm/s are considered quasi reversible 

[108] and the measured values in tables 4.1 and, to a lesser extent, table 4.3 are close to that 

value. 

 

Table 4.4 Redox system with PC electrolyte and ITO working electrodes 

 

Redox Couple Ks (cm/s) DO (m2/s) Diameter (m) DR  (m2/s) 

Cobaltocene 2.66E-4 6.90E-11 2.48E-09 4.66E-11 

Ferrocene 1.34E-4 5.60E-11 3.06E-09 5.42E-11 

Cobaltocenium 2.66E-4 4.93E-11 3.48E-09 4.98E-11 

Ferrocenium 2.93E-4 5.11E-11 3.35E-09 9.38E-11 

Decamethyl F. 2.21E-4 3.80E-11 4.51E-09 4.05E-11 

 

Chapter 4.3.2. Pinhole Testing on LASO coated ITO and carbon 

Data from cyclic voltammetry of the LASO coated samples were used with the 

diffusivities from table 4.2 and the equations in figure 4.2 to characterize the coated samples. 

The uncoated area was determined by using the peak currents from cyclic voltammetry testing 

and the Randles-Sevcik equation with the measured diffusivity from table 4.2 for each of the 

tested redox molecules. Cobaltocenium and decamethyl ferrocene were used to test the pinhole 

distribution because of their difference in size as seen in table 4.2. Figure 4.6 shows the samples 
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coated with LASO have lower peak currents than the uncoated sample, which implies that most 

of the surface is coated. The coverage is nearly complete for sample without RTA, but the 

crystalline LASO films show a large increase in pinhole concentration. These results suggest that 

the RTA may be creating cracks in the coating or causing island growth during crystallization 

that is increasing the pinhole density.  
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Figure 4.6 Pinhole testing using cyclic voltammetry at 200 mV/s in ACN with A) 

Cobaltocenium and B) Decamethyl Ferrocene, for coated and uncoated ITO with and 

without RTA. The insets show the LASO coated ITO films in more detail  
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The testing on carbon films is of considerable interest because carbon is an electrode for 

lithium ion microbatteries. Carbon films are much rougher than ITO so they are more difficult to 

coat. Figure 4.7 shows the large reduction in current for the coated samples compared to the 

uncoated samples. The currents in figure 4.7 are normalized to the mass of the carbon films, 

which are 0.447 mg and 3.142 mg for the uncoated and coated sample respectively. 

 

 

Figure 4.7 LASO coated and uncoated carbon films measured in ACN at 200 mV/s with A) 

Cobaltocenium and B) Decamethyl Ferrocene redox molecules 
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Table 4.5 presents a summary of the LASO coated samples using the data from figure 4.6 

and figure 4.7 as well as the equations from figure 4.2 and figure 4.3. The parameters for Pinhole 

Ox is calculated in a two part procedure. First the slope of the oxidation peak current from the 

cyclic voltammetry as a function of sweep rate was determined for the coated and uncoated 

samples. Next, the slope from the coated sample was divided by the slope from the control 

sample to give the percentage shown in table 4.5. Pinhole Red is calculated in a similar manner 

but with the reduction currents. One trend for the LASO coated films is the reduction of the 

heterogeneous rate constant, which is beneficial for coated films since fast electron transport 

leads to higher leakage current. The coverage of LASO on ITO and Carbon is very similar for 

both redox molecules, which implies that the pinholes are larger than both redox molecules.  

 

Table 4.5 Summary of ALD coatings of substrates and the associated heterogeneous rate 

constant from testing in ACN 

 

Substrate Redox Coating Pinhole Ox Pinhole Red Ks (cm/s) 

ITO Cobaltocenium 10 nm LASO 0.06% 0.04% 1.50E-4 

ITO Decamethyl F. 10 nm LASO 0.08% 0.07% 1.91E-5 

RTA ITO Cobaltocenium 10 nm LASO 4.42% 8.05% 2.10E-4 

RTA ITO Decamethyl F. 10 nm LASO 2.03% 2.14% 1.20E-4 

Carbon Cobaltocenium 10 nm LASO 0.21% 0.34% 9.86E-6 

Carbon Decamethyl F. 10 nm LASO 0.83% 0.39% 7.31E-6 

ITO Cobaltocenium None   1.46E-3 

ITO Decamethyl F. None   8.14E-4 

Carbon Cobaltocenium None   1.20E-4 

Carbon Decamethyl F. None   8.77E-5 
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Chapter 4.3.3. Pinhole testing on PV3D3 and PV4D4 coated ITO and carbon  

The PV3D3 and PV4D4 coated samples were tested using the same procedure as the 

LASO samples. Initial tests with the PV3D3 films were done with the same ACN electrolytes 

used with the LASO films but every successive tests showed an increase in pinhole density. This 

suggests that the iCVD films are incompatible with ACN, so cobaltocenium and decamethyl 

ferrocene in PC were used instead. The results from the pinhole testing with 20 to 100 nm thick 

films of PV3D3 on ITO are shown in figure 4.8. As the coating thickness increases the pinhole 

density decreases as expected.  
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Figure 4.8 Pinhole testing of PV3D3 films on ITO at 200 mV/s in PC using A) Decamethyl 

Ferrocene and B) Cobaltocenium 

 

The PV3D3 films show minimal pinhole density on ITO but there is a concern that the 

lithiation process will damage the film. Comparing figure 4.9 to figure 4.8, the lithiation of 
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PV3D3 decreases the observed current implying a lower pinhole density. These results are 

consistent with the hypothesis that the lithium sits in the ring of the PV3D3. The addition of the 

lithium fills the ring, which prevents the redox molecule from accessing the surface.  

 

 

Figure 4.9 Pinhole testing of lithiated PV3D3 films on ITO at 200 mV/s in PC using A) 

Decamethyl Ferrocene and B) Cobaltocenium 
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A summary of the results with PV3D3 films with and without lithiation are tabulated in 

table 4.6. From table 4.6, the PV3D3 coating decreases the heterogeneous rate constant 

compared to bare ITO. More data is needed to determine if thicker films have lower rate 

constants  since the 40 nm film has a lower rate constants than the 20 nm film but the trend does 

not hold for the 100 nm film.  The addition of lithium further reduces the heterogeneous rate 

constant, which supports the hypothesis of the lithium impeding the redox molecule.  

 

Table 4.6 Summary of pinhole testing in PC of ITO coated by PV3D3 with and without 

lithiation 

 

Substrate Redox Coating Pinhole Ox Pinhole Red Ks (cm/s) 

ITO Cobaltocenium 20 nm 1.059% 0.877% 2.16E-05 

ITO Decamethyl F. 20 nm 1.349% 0.415% 1.91E-05 

ITO Cobaltocenium 40 nm 0.242% 0.145% 8.85E-06 

ITO Decamethyl F. 40 nm 0.065% 0.144% 6.10E-06 

ITO Cobaltocenium 100 nm 0.014% 0.069% 1.47E-05 

ITO Decamethyl F. 100 nm 0.006% 0.002% 3.93E-06 

ITO Cobaltocenium 20 nm Li 0.083% 0.068% 7.62E-06 

ITO Decamethyl F. 20 nm Li 0.038% 0.373% 5.92E-07 

ITO Cobaltocenium None   2.66E-4 

ITO Decamethyl F. None   2.21E-4 

 

 Continuing with the testing on ITO, PV4D4 coated films were tested to determine the 

influence that the larger ring has on pinhole density. Comparing figure 4.10 to figure 4.9, there is 

an increase in measured current for the PV4D4 coated ITO suggesting that the redox molecules 

can more easily access the surface through the larger ring. The heterogeneous rate constants in 
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table 4.7 for the 20 nm thick PV4D4 are higher than their equivalent PV3D3 films in table 4.6, 

which supports that the larger ring is improving the redox molecule access to the surface. While 

this increase in pinhole density for the PV4D4 is unwanted, the precursors are cheaper for 

PV4D4 than PV3D3.  

 

 

Figure 4.10 Pinhole testing of lithiated PV4D4 films on ITO at 200 mV/s in PC using A) 

Decamethyl Ferrocene and B) Cobaltocenium 
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Table 4.7 Summary of pinhole testing in PC of ITO coated by PV4D4 with and without 

lithiation 

 

Substrate Redox Coating Pinhole Ox Pinhole Red Ks (cm/s) 

ITO Cobaltocenium 20 nm 2.588% 4.151% 4.49E-05 

ITO Decamethyl F. 20 nm 3.509% 1.273% 3.00E-4 

ITO Cobaltocenium 20 nm Li 0.721% 0.714% 8.73E-05 

ITO Decamethyl F. 20 nm Li 1.020% 0.871% 2.14E-05 

ITO Cobaltocenium None   2.66E-4 

ITO Decamethyl F. None   2.21E-4 

 

PV3D3 samples were deposited on carbon and the same trends observed with coated ITO 

were again observed with the coated carbon samples. Figure 4.11 shows the reduction of the 

current from the coated films and the same trend with additional decreases of current due to 

coating thickness and lithiation. The coatings were not as complete as on ITO, which is likely 

due to the rougher surface of the carbon electrodes. The rate constants for the carbon coated 

samples show the same trend of reducing with increasing thickness but the effect of lithiation on 

rate constant is not conclusive. 



 

74 

 

 

 

 

Figure 4.11 Pinhole testing of as deposited and lithiated PV3D3 films on carbon at 200 

mV/s in PC using A) Decamethyl Ferrocene and B) Cobaltocenium 

 

  

-0.7

-0.5

-0.3

-0.1

0.1

0.3

0.5

0.7

-1 -0.5 0 0.5 1 1.5 2

C
u

rr
en

t 
(A

/g
) 

Voltage (V) versus platinum 

Bare Carbon
20 nm Carbon PV3D3
100 nm Carbon PV3D3
20 nm Li Carbon PV3D3
108 nm Li Carbon PV3D3

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

-2 -1.5 -1 -0.5 0 0.5 1

C
u

rr
en

t 
(A

/g
) 

Voltage (V) versus platinum 

Bare Carbon

20 nm Carbon PV3D3

100 nm Carbon PV3D3

20 nm Li Carbon PV3D3

108 nm Li Carbon PV3D3

-0.24

-0.12

0

0.12

0.24

-1 0 1 2

C
u

rr
en

t 
(A

/g
) 

Voltage (V) versus platinum 

-0.4

-0.2

0

0.2

0.4

-2 -1 0 1

C
u

rr
en

t 
(A

/g
) 

Voltage (V) versus platinum 

A) 

B) 



 

75 

 

Table 4.8 Summary of pinhole testing in PC of PV3D3 coated carbon with and without 

lithiation 

 

Substrate Redox Coating Pinhole Ox Pinhole Red Ks (cm/s) 

Carbon Cobaltocenium 20 nm 0.878% 0.842% 1.48E-06 

Carbon Decamethyl F. 20 nm 1.636% 1.450% 1.49E-06 

Carbon Cobaltocenium 108 nm 0.329% 0.340% 1.23E-06 

Carbon Decamethyl F. 108 nm 0.785% 0.812% 1.27E-06 

Carbon Cobaltocenium 20 nm Li 0.566% 0.666% 1.67E-06 

Carbon Decamethyl F. 20 nm Li 1.089% 0.999% 1.64E-06 

Carbon Cobaltocenium 100 nm Li 0.062% 0.098% 1.28E-06 

Carbon Decamethyl F. 100 nm Li 0.166% 0.144% 1.07E-06 

Carbon Cobaltocenium None   2.20E-05 

Carbon Decamethyl F. None   1.55E-05 

 

Chapter 4.3.4. Impedance testing of LASO coated ITO 

Preliminary testing of the LASO films on ITO showed good transport of the lithium 

through the amorphous film. LASO films of varying nanometer film thickness were deposited on 

ITO and their impedance, displayed in figure 4.12, has the shape of a semicircle, indicative of 

charge transport through a film. The impedance data was modeled using the standard randles 

circuit and the resistance was used to calculate the conductivity of 5 * 10
-9

 S/cm from the 

average of the tested films.  
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Figure 4.12 A) Nyquist B) Zoom in C) Bode plot D) Equivalent circuit for LASO films with 

thickness of 12, 10 and 6 nm  

 

 Since the RTA increases the pinhole density, it is of concern that it reduces the ionic 

conductivity. The impedance was measured for 10 nm thick LASO films on ITO with and 

without RTA is shown in figure 4.13. Figure 4.13 shows a large increase in impedance for the 

RTA film and a reduction in conductivity to 1 * 10
-10

 S/cm, which further support that the RTA 

cracks the film. 

A) B) 

C) D) 
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Figure 4.13 A) Nyquist B) Zoom in C) Bode plot D) Equivalent circuit for 10nm thick 

LASO films on quartz with and without RTA 

 

Chapter 4.3.5. Impedance testing of PV3D3 and PV4D4 on ITO 

 The 20 nm PV3D3 samples with and without lithiation were tested by impedance 

spectroscopy. From figure 4.14 the as deposited PV3D3 is an insulator since there are no 

conducting ions. After the addition of lithium, the conductivity rises to 2.3 * 10
-9

 S/cm for the 20 

nm thick film shown in figure 4.14 C and figure 4.14 D. The impedance results support the 

hypothesis that the lithiated films are ionic conductors due to their semicircle nyquist plots. 

A) B) 

C) D) 
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Figure 4.14 Impedance of 20 nm PV3D3 on ITO as prepared A) Nyquist plot B) Bode plot, 

and lithiated C) Nyquist plot and D) Bode plot 

 

 After testing the samples in the redox molecules, the 20 nm lithiated PV3D3 and PV4D4 

films were tested by impedance to determine their conductivity. Comparing figure 4.15 to figure 

4.14, the 20 nm lithiated PV3D3 film has an increased resistance. This increase in resistance 

could be due to redox molecule still in the film despite rinsing with electrolyte. The PV4D4 film 

A) B) 

C) D) 
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has a much lower impedance than the PV3D3 film and a conductivity of 5 * 10
-8

 S/cm. The 

wider ring structure may be improving the lithium transport through the film.  

 

         

Figure 4.15 Impedance of Lithiated PV3D3 and PV4D4 post pinhole testing A) Nyquist plot 

and B) Zoom in C) Additional zoom D) Bode Plot  

 

Chapter 4.3.6. Comparison of LASO, PV3D3 and PV4D4 as Solid Electrolytes 

The summary from the pinhole testing on ITO and carbon is shown in figure 4.16. Since 

the pinhole densities were similar for both cobaltocenium and decamethyl ferrocene across all 

A) B) 

C) D) 
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the samples, it is likely that the pinhole diameters are greater than the diameter of both redox 

couples. The RTA LASO coated ITO has the highest pinhole density and is comparable to the as 

prepared PV4D4 films. For the coated carbon samples, the 10 nm LASO coatings are 

comparable to the 20 nm lithiated PV3D3. 

 

 

Figure 4.16 Pinhole density of coated A) ITO and B) Carbon substrates calculated from the 

oxidation diffusivity 
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Chapter 4.4. Conclusion 

The non-aqueous technique of characterizing pinholes matches well with literature values 

for diffusivity and heterogeneous rate constant for the tested redox molecules. There is good 

agreement between the processing conditions and the results from pinhole testing such as thicker 

films having a more complete coverage and coated samples having lower heterogeneous rate 

constants that uncoated films. Due to the pinhole size in these samples being larger than the 

diameter of all the tested redox couples, it is not clear if this technique can quantify pinhole 

diameter. This technique works well with quantifying the pinhole density of the coated samples. 

The conformal solid electrolytes deposited by ALD and iCVD have been characterized 

by electrochemical testing. Both these deposition techniques successfully coat the rough carbon 

surface as well as the smoother ITO substrates. RTA of the LASO films has been shown to 

greatly damage the film as well as reduce the ionic conductivity instead of improve it. Lithiation 

of the PV3D3 films reduces the pinhole density as well as increases the conductivity to levels 

similar to the LASO films. The PV4D4 has the highest conductivity and is a promising choice 

for a solid electrolyte for 3D microbatteries.  

 

 Conclusions Chapter 5.

The common theme of characterizing materials has been demonstrated for three separate 

systems. In the first system the quasi-solid ionogel made by sol-gel encapsulation demonstrated 

that improved packaging can be achieved without a loss in performance. This sol-gel approach  

can be generalized beyond double layer capacitor to improve any system that uses a gelled 

electrolyte.  
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 In the second system the methodology for testing Nb2O5 yielded information about how 

the conductivity changes with lithiation and how phase changes could occur when the sample is 

heated in the presence of lithium. This work can serve as the beginning of mapping the phase 

changes of the Nb2O5 system and serves as an alternative to high temperature synthesis routes. 

This work could also be applied to other electrode systems to better understand their conductive 

properties. 

 In the third system the method of characterizing the presence of pinholes in solid 

electrolyte films was firmly established. The pinhole testing can be used on complex structures 

and serves as a complementary approach to standard literature techniques for measuring pinhole 

density. This approach could also be used to quantify damage to an electrode during cycling by 

being sensitive to changes in the electrode area. By understanding the fundamentals for these 

three systems, electrodes with better architecture can be fabricated and characterized. 
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Abstract 

There is widespread recognition that the use of energy in the 21
st
 century must be sustainable.  

Because of its extraordinary flexibility, silica sol-gel chemistry offers the opportunity to create 

the novel materials and architectures which can lead to significant advances in renewable energy 

and energy storage technologies. In this paper, we review some of the significant contributions of 

silica sol-gel chemistry to these fields with particular emphasis on electrolytes and separators 

where sol-gel approaches to functionalization and encapsulation have been of central importance.  

Examples are presented in the areas of dye-sensitized solar cells, biofuel cells, proton exchange 

membrane fuel cells, redox flow batteries and electrochemical energy storage. Original work is 

also included for the sol-gel encapsulation of a room temperature ionic liquid to create a solid 

state electrolyte for electrochemical capacitors. In view of the critical importance of energy and 



 

84 

 

the versatility of the sol-gel process, we expect the sol-gel field to play an increasingly important 

role in the development of sustainable energy generation and storage technologies.   

Keywords 

 Sol-gel • Encapsulation • Energy Storage • Ionic Liquids 

 

1. Introduction 

  

 The projected doubling of global demand for electricity by 2050 has stimulated a 

worldwide effort at developing sustainable energy strategies. Environmental concerns regarding 

fossil fuel usage in combination with energy security issues have led to the extensive 

development of renewable energy sources, particularly solar and wind which are readily 

available across much of the globe [109, 110]. From 2011 to 2012 global renewable electricity 

generation grew by 8.2% and now exceeds the electricity consumption of China [111].  It is well 

recognized that the intermittent nature of solar and wind energy requires some form of energy 

storage, which represents a conversion process from one form of energy to another. Thus, while 

electrochemical energy storage is widely considered for a broad range of applications having to 

do with mobile power, the conversion of solar energy into fuels represents an attractive 

alternative [112]. 

 Sol-gel chemistry offers an incredible breadth of opportunities for energy generation and 

storage. The sol-gel process goes well beyond the ability to simply synthesize compounds and 

non-crystalline solids. By controlling the chemistry of the process, a number of research groups 

in the sol-gel community have demonstrated the ability to create novel materials and 

architectures; from fully dense materials to high porosity, high surface area aerogels. The range 

of possible compositions is extraordinary; from insulating materials to electrochemically active 
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transition metal oxides to semiconducting sulfides and various forms of carbon. With each, there 

is the prospect of preparing the desired material in a variety of forms including powders, films, 

fibers and bulk monoliths. In this way, the sol-gel process possesses a technological versatility 

that is rarely matched by other synthesis routes. 

 In this paper, we briefly review some of the more significant contributions to the fields of 

energy generation and storage, which have been enabled by sol-gel chemistry. The synthesis 

approaches that serve as the basis for creating the materials and morphologies have been well 

reviewed in the literature over the years and thus we are able to focus on the scientific and 

technological advances [64, 113, 114]. For the most part, we do not cover the application of sol-

gel methods for the synthesis of compounds, such as those that are commonly used in battery 

electrodes. Rather, we emphasize electrolytes and separators, where sol-gel approaches to 

functionalization and encapsulation offer unique features that lead to improvements in device 

performance. The majority of these works use alkoxysilanes as a starting material, yielding silica 

gels. The energy technologies we cover include dye sensitized solar cells, fuel cells, redox flow 

batteries and electrochemical energy storage. For the latter topic, which is clearly the most 

commercial, we believe that the sol-gel encapsulation of ionic liquids offers a unique direction 

for designing the properties of electrolytes that possess the mechanical integrity of an inorganic 

network but with ion transport properties comparable to those of liquid electrolytes. In the final 

section of this paper, we briefly present new results on the encapsulation of ionic liquids within a 

silica gel for capacitive energy storage.  

 In view of the critical importance of energy and the inherent flexibility of the sol-gel 

process, we expect sol-gel chemistry to play an increasingly important role in the development of 

energy generation and storage technologies.  
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2. Dye Sensitized Solar Cells 

The generation of electricity from solar energy is of great interest due to the large amount 

of incident sunlight on the earth’s surface. The key challenge has been to convert large amounts 

of this sunlight into electrical energy [115]. An impediment to solar cell adoption is the cost of 

producing the solar cell, which for inorganic cells includes high temperature processing and 

vacuum deposition. With recent gains in efficiency, dye sensitized solar cells (DSSC) have 

become a promising alternative to traditional inorganic solar cells, and sol-gel chemistry has 

made considerable contributions to those gains. 

DSSCs use a dye molecule whose photo-electrochemical properties convert incident light 

into electricity. For solar cells to compete with fossil fuels in energy production, they need to 

have both high efficiency and low cost. For efficient energy conversion, the dye must be in direct 

contact with the electrode so a high surface area, porous TiO2 layer, often made by sol-gel 

processes, is used as shown in Figure 1 [116]. TiO2 is usually the material of choice because it is 

compatible with iodine electrolytes and its conduction band is slightly lower than the highest 

occupied molecular orbital (HOMO) for the organic dye molecules, commonly ruthenium based. 

The dye molecule is the active component of the device that converts light into electrons and 

holes. The electrons move into the TiO2 while the holes are shuttled by the iodine to the current 

collector, typically platinum. As well as being an electron acceptor, TiO2 helps to scatter the light 

back into the dye to improve the chances that the light will interact with the dye molecule. The 

iodine electrolytes are often gelled using a sol-gel process in order to provide mechanical 

stability to the device without degrading the ionic conductivity [117]. All of the processes in a 

DSSC can be assessed together by considering the power conversion efficiency (PCE): the 

harvested electrical energy divided by the amount of incident solar energy.  
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Fig. 1 Diagram of a basic dye sensitized solar cell. Light enters the transparent working electrode 

and then interacts with the ruthenium based dye adsorbed onto the mesoporous TiO2. The dye 

produces an exciton, an electron and a hole, which then dissociates towards opposite electrodes. 

The electron moves through the TiO2 into the working electrode and through the external circuit. 

The hole is transported by the iodine electrolyte to the counter electrode where it combines with 

the electron for conservation of charge. Diagram is adapted from [116] 

 

 

An important motivation for DSSC development is the continued increase of PCE. 

Beginning with the seminal work by Grätzel [118], the DSSC field has made numerous advances 

leading to increasingly greater PCEs;  recent reports indicate values above 10% [119]. The 

higher PCE is partly due to greater ionic conductivity from the use of more volatile acetonitrile 

(ACN) electrolytes rather than propylene carbonate (PC) electrolytes. The impetus for using sol-

gel methods to encapsulate the electrolytes is the prospect of finding a chemistry that provides 

encapsulation without decreasing the ionic conductivity by tortuosity. 
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 One challenge in developing sol-gel encapsulation for DSSC is the poor solubility of the 

iodine electrolytes in inorganic sol-gel precursors. Organic components have better solubility for 

iodine and thus one option is mixing poly(ethylene glycol) (PEG) and tetraethoxysilane (TEOS) 

to form a composite. However, when the PEG/TEOS gel was used in a DSSC, the efficiency was 

poor, ~ 1%, due to the electrolyte losing contact with the electrodes and agglomeration effects 

between the organic and inorganic components [120]. An improvement to the simple mixing of 

the precursors was to have an acetic acid catalyzed sol-gel reaction which crosslinked the TEOS 

and the PEG [120]. The resulting sol-gel based device had an increase in PCE to ~ 4%, which 

was influenced by the gelation time. If the sol-gel reaction occurs too quickly, such as with 

hydrochloric acid, the gel will entrap sol-gel reaction byproducts and the PCE will decrease. 

 The PCE can be increased further by optimizing the composition to produce gels with 

higher ionic conductivity. An important consideration here is that the mobility of the iodine ions 

largely controls the performance of the DSSC. Recent studies systematically examined the effect 

of iodine concentration on ionic conductivity [121]. Using a similar organic-inorganic system 

comprised of TEOS, acetic acid and a slightly heavier PEG, the conductivity was optimized by 

tailoring the sol-gel synthesis and an improved PCE of ~5% was achieved. 

Ionic liquids are room temperature molten salts that represent an alternative to PEG and 

PC. Ionic liquids provide moderate ionic conductivity, low electronic conductivity and good 

solubility for the iodine electrolytes. Organic electrolytes have an order of magnitude higher 

ionic conductivity than ionic liquids, but their high vapor pressures limit the lifetime of these 

devices [122]. Ionic liquids are non-flammable solvents with very low vapor pressure and high 

thermal stability in excess of 200°C [20]. These properties will be beneficial in improving the 

lifetime of a DSSC, which is susceptible to being heated by the sun.   
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 Beyond being a replacement for the organic solvent in the sol-gel process, an ionic liquid 

containing iodine anions can be used as the iodine source in the DSSC. Quasi-solid state 

electrolytes were fabricated with tetramethylorthosilicate (TMOS) and acetic acid for the sol-gel 

reaction, PC as the solvent, along with the ionic liquid, 1-Methyl-3-propylimidazoliumiodide 

(MPII), N-methylbenzimidazole and iodine precursors as the conducting salts [123]. By 

optimizing the concentration of the iodide salts in PC, the ionic conductivity was maximized as 

was the percolation of the redox dyes, resulting in a device with a PCE of 5.4%. It is likely that 

replacing the PC with an ionic liquid will lead to improved device lifetime with similar 

performance. Speaking to the issue of cost, ionic liquids are generally $1000/L, compared to 

$70/L for PC and $460/L of 0.5 M MPII. Ionic liquid would double the price of the chemicals 

used in the DSSC, which would increase the overall cost of the DSSC by 15% according to the 

cost breakdown model by Kalowekamo et al [124]. This increase in cost would likely be 

mitigated by the improved performance and lifetime of the DSSC.  

  

3. Fuel Cells and Redox flow batteries 

 

Fuel cells represent a class of energy conversion technologies that directly convert 

chemical fuel and an oxidant, typically oxygen, into electricity. While the overall chemical 

reaction is analogous to combustion, direct electrochemical conversion can exceed the 

thermodynamic limitations of the Carnot cycle while simultaneously avoiding environmental 

pollution [125].  

Fuel cells are generally categorized according to their fuel and the mechanism by which 

direct electrochemical conversion is achieved. Biological fuel cells (BFC) use biological 
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molecules such as sugar or ethanol as a fuel source, and oxidize these fuels via biochemical 

processes [126]. Proton exchange membrane fuel cells (PEMFC) use hydrogen or methanol as 

fuel, platinum and/or ruthenium catalysts, and membranes that are both proton conducting and 

electrically insulating to separate the anode and cathode reactions [127]. Redox flow batteries 

(RFB) are also known as electrochemically regenerative fuel cells. They function similarly to 

PEMFC in that a membrane is used to selectively conduct ions between two electrolyte solutions 

that undergo reversible redox reactions on charge and discharge [128].  

Sol-gel science is broadly applicable to fuel cell technologies. For BFC devices, sol-gel 

synthesis methods are used to immobilize microbes, enzymes, co-factors and mediators into 

biocompatible matrices that maintain enzymatic activity and facilitate electron transfer between 

the active biological materials and conductive supports. Whereas organic polymerization 

involves toxic monomers, reactive catalysts and high temperatures, sol-gel networks are formed 

at moderate temperatures from relatively benign sols and dilute acid/base catalysts. For PEMFC 

and RFB, sol-gel chemistry provides a versatile route to hybrid membranes that couple the 

flexibility and toughness of organic polymers with the chemical and thermal stability of 

inorganic networks [129]. Sol-gel synthesis is easily performed in both aqueous and non-aqueous 

solutions, which allows for creative processing techniques. The combined inorganic/organic 

chemistry enables researchers to tune the hydration, swelling and ion-exchange properties of 

these membranes.  

 

3.1 Biological Fuel Cells 

BFCs are often divided into two subgroups depending on the nature of the biocatalyst. If 

living cells are used, the system is referred to as a microbial fuel cell (MFC) while systems that 



 

91 

 

use isolated enzymes are called enzymatic fuel cells (EFC). A clear advantage of MFCs is that 

the organisms are able to regenerate the required enzymes as part of their normal functioning 

[130]. Moreover, because cells can contain a variety of enzymes, MFCs can generate current 

from different types of fuels simultaneously. In contrast, EFCs involve simpler chemical 

pathways and generally have faster response times [126]. Both systems require an effective 

pathway for electron transfer (ET) from the biocatalyst to the current collector. This can be 

accomplished either via direct electron transfer (DET) from contact with the current collector or 

via redox active mediators that diffuse between the biocatalyst and the current collector, 

mediated electron transfer (MET). Shown below in Figure 2 is a schematic of an EFC with MET 

at both electrodes, using glucose as a fuel [131]. The voltage obtained with BFCs is reduced by 

electron transfer kinetics, ohmic resistance and concentration gradients while current is limited 

by ion transport and low active material loading at the electrodes [132]. Low power is a principal 

shortcoming of BFCs.  

 

Fig. 2 An example of an EFC which uses MET at both electrodes. At the anode glucose oxidase 

(GOx) catalyzes the oxidation of glucose and ferrocene methanol (FM) acts as a redox shuttle. At 
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the cathode bilirubin oxidase (BOD) reduces protons and oxygen to form water with the help of 

the mediator 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt  (ABTS). 

Adapted from [131] and [126] 

 

 

The main benefit of sol-gel technology for BFCs is the ability to immobilize the 

biocatalyst on the current collector. Immobilization is less important for MFC because the 

microbes tend to grow as a biofilm that naturally adheres to the current collector [130].   

However, EFCs benefit from immobilization both to maintain the enzyme’s biological activity 

and to improve electron transfer [131]. As a result, sol-gel chemistry is more frequently applied 

to EFCs rather than MFCs. Because silica gels are inert and readily obtained from a variety of 

precursors and methods, the sol-gels applied to BFCs thus far are predominately silica-based. 

Nearly all biochemical processes are catalyzed by enzymes. Oxidoreductases, which are 

responsible for electron-transfer reactions, are the enzymes most commonly used in EFCs [126]. 

Sol-gel encapsulation has advantages over other encapsulation methods because it allows for 

customization of network chemistry and pore size to improve biocompatibility. Enzymes can be 

immobilized within the porous gel network without covalent bonding that would otherwise 

interfere with enzyme activity [133]. Still, enzymes are affected by their chemical environment. 

Specifically, the negative charge on the silica matrix will repel negatively charged surface groups 

on the enzymes thereby interfering with enzymatic function. The negative charge can be 

neutralized through the incorporation of positively charged polyelectrolytes such as polyethylene 

glycol, polyethylenimine and poly(dimethyldiallylammonium chloride) [131, 133, 134]. 

Furthermore, biopolymers such as chitosan can be included in the sol to improve the 
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biocompatibility of the gel [135]. The porosity of the silica matrix can also be controlled by 

varying the amounts of solvent, the nature of the catalyst and the pH of the sol-gel reaction 

[126]. The pore size of the sol-gel network is important as large pores can cause the enzyme to 

leach out while small pores can limit the mass transport of mediator molecules [126].  

Some recent reports of sol-gel encapsulation of biocatalysts for biological fuel cells are 

shown in Table 1. Strack et al. used vapor phase deposition of TMOS to encapsulate both a 

microbial anode and an enzymatic cathode into a hybrid BFC [136]. The open device design 

allowed for continuous operation for over a week using raw sea water as a fuel source. The 

device was able to achieve a volumetric power density of 340 mW/m
3
 at 0.46 V.

 
No mediators 

were used aside from the flavins that are naturally produced by shewanellan oneidensis at the 

anode. A number of groups have used mediators to improve BFC performance. For mediators to 

successfully transfer electrons, they must operate at a potential that is shifted from the potential 

of the enzyme, resulting in thermodynamic losses [126]. Addition of a mediator is only 

beneficial if current is increased to overcome such losses, which means that large mediator 

concentrations are often required. For this reason, mediator immobilization is used to avoid the 

problem of leaching and to maintain high mediator concentrations [133]. 

As noted by Lim et al. mediator diffusion can be slowed by the silica network if the 

mediators bear a negative charge. This effect can be minimized by the addition of some 

positively charged polyelectrolytes to the gel [131]. Carbon nanotubes were also added to impart 

the gel with electrical conductivity and thereby facilitate DET in addition to MET resulting in a 

device with an areal power density of 120 μW/cm
2 

at 0.24 V using 100 mM glucose as fuel 

[131].  
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Table 1  Biofuel cells which incorporate sol-gel encapsulation of enzymes and other proteins 

 

The addition of electronically conducting particles is frequently used to improve BFC 

performance. In addition to CNTs, carbon nanoparticles and gold nanoparticles have also been 

added into gels [135, 137]. Concentration polarization can be decreased, and operational voltages 

Source Anode  

/Mediator 

Cathode/ 

Mediator 

Precursors Solvent Method 

Lim 2007 

[131] 

GOx/ ferrocene 

methanol 

BOD/ 

ABTS 

TMOS water mold casting 

Szot 2008 

[137] 

 Laccase/ABTS TMOS-MIM TFSI methanol layer-by-layer 

assembly  

Deng 2010 

[135] 

alcohol 

dehydrogenase/ 

Meldola’s blue 

Laccase (3-mercaptopropyl)-

trimethoxysilane 

/chitosan 

water EAD 

Niedziolka-

Jonsson 

2011 [138] 

 BOD TMOS-MIM TFSI/ 

TMOS 

nitrobenzene 

water 

EAD  at the 

aqueous/organic 

interface 

Wang 2011 

[134] 

d-sorbitol 

dehydrogenase  

/ferrocene 

 TEOS water EAD 

Strack 2013 

[136] 

Shewanella 

oneidensis DSP-

10 

BOD TMOS  chemical vapor 

deposition 

Urbanová  

2013 [133] 

glucose 

dehydrogenase 

/menadione 

 TEOS /  

(3-glycidoxypropyl) 

trimethoxysilane 

water drop casting 

and EAD 
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increased by decreasing mediator diffusion lengths [131]. Therefore, it is necessary to keep the 

enzymes, mediators, conductive particles and current collector all in close proximity. 

Electrochemically-assisted deposition (EAD) is an intriguing technique whereby electric fields 

are used to generate protons near a conductive surface. These protons catalyze gelation from 

dilute precursor solutions resulting in gels with controllable thickness [133–135, 138]. Deng et 

al. deposited a composite gel containing chitosan biopolymer and gold nanoparticles via EAD in 

order to fabricate a full EFC device that produced a power density of 1.56 mW/cm
2
 at 0.55 V 

using ethanol as the fuel and ethanol dehydrogenase as the anodic enzyme [135].  

Another interesting trend is the increasing use of 1-methyl-3-(3-

trimethoxysilylpropyl)imidazolium bis(trifluoromethyl-sulfonyl)imide (TMOS-MIM TFSI, 

Figure 3a) an ionic liquid with its cation  functionalized by a trimethoxysilane group. 

Niedziolka-Jonsson et al. incorporated TMOS-MIM TFSI into an interesting electrodeposition 

approach wherein the ionic liquid was dispersed in an organic phase beneath a separate TMOS-

containing aqueous phase (Figure 3b). Electrodeposition occurred at the 

substrate/aqueous/organic interface as the substrate was slowly withdrawn through the interface, 

generating composite films with thickness of 4 to 15 nm. The TFSI anions in the deposited layer 

were exchanged with hexacyanoferrate to give the functional layer redox activity. The density of 

MIM functional groups was estimated to be about 1.2 molecules per nm
2
 [138]. Szot et al. used 

TMOS-MIM TFSI and TEOS sol in a layer-by-layer assembly method (Figure 3c) [137]. The 

imide anion was exchanged for sulfonated carbon particles that were themselves a substrate for 

the immobilization of a mediator, ABTS. 
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Fig. 3 Development of TMOS-MIM TFSI materials; (A) Skeletal formula of TMOS-MIM TFSI 

(B) Nanoscale films of imidazolium-functionalized sol-gel films prepared by electrochemically 

assisted deposition of TMOS-MIM TFSI at the interface between an aqueous and an organic 

phase [138] (C) Layer by layer assembly of TMOS-MIM TFSI with the bis(trifluoromethyl-

sulfonyl)imide anions exchanged for functionalized carbon nanoparticles [137] 

 

3.2 Proton Exchange Membrane Fuel Cells 

Both hydrogen and methanol fuel cell technologies rely on a proton exchange membrane 

(PEM) to separate fuel and oxidant. Currently Nafion®, a family of sulfonated fluoropolymers, 

is the leading material for PEM applications. One of the principal disadvantages for Nafion in 

hydrogen fuel cell applications is that the membrane dehydrates and thereby loses its proton 

conductivity at temperatures above 90°C. In methanol fuel cell applications, Nafion has high 

methanol permeability, which leads to poor efficiency and catalyst poisoning. Sol-gel methods 

are  employed to fabricate organic/inorganic hybrid membranes both from the bottom-up and by 

modifying commercial membranes. In general, sol-gel synthesis can be used to fabricate  
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hydrogen fuel cell (HFC) membranes with improved high temperature hydration properties, and 

direct methanol fuel cell (DMFC) membranes with improved proton selectivity [129]. Proton 

selectivity is defined as the ratio of the proton conductivity divided by methanol permeability 

[139]. 

In 1989, Mauritz et al. demonstrated that Nafion membranes have polar clusters, which 

are micropores that can be modified with silica via reaction with TEOS sol [140]. By filling 

these pores with properly-sized sol-gel structures, the movement of larger methanol molecules 

can be restricted with only minor decreases in proton conductivity. Numerous groups have taken 

this approach for modifying Nafion membranes. The membranes are typically treated with 

hydrogen peroxide and sulfuric acid in preparation for functionalization by sol-gel chemistry. 

Recently, Ladewig et al. tested a variety of mercaptopropyl and methyl modified ethoxysilanes 

for the modification of Nafion membranes for methanol fuel cells. They found that the 

membrane modified by (3-mercaptopropyl) methyldimethoxysilane in particular had methanol 

permeability about an order of magnitude lower than untreated Nafion, with only a modest 

decrease in proton conductivity. The result was a membrane with a proton selectivity that was 

three times higher than as-received Nafion [139]. 

The sol-gel process offers broader applications than simply modifying commercially 

available membranes. There is growing interest in making composite membranes that couple the 

flexibility of organic polymers with the mechanical and thermal stability of inorganics. Di Vona 

et al. prepared membranes of sulfonated poly(ether ether ketone) (s-PEEK) mixed with a 

titanium butoxide non-hydrolytic sol prepared in either pyridine or 2,4-pentanedione [141]. The 

polymer/sol mixture was cast to form membranes with 5 wt% TiO2 and activated by treatment in 

sulfuric acid. Compared to a pure SPEEK membrane, the composite membranes showed 
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improved thermal stability and hydration properties. While pure SPEEK dissolves in water after 

one hour, the two composite membranes were water stable and reached hydration limits of 9 and 

26 water molecules per sulfonic group, respectively. In a similar approach, Tsai et al. prepared 

sulfonated poly(arylene ether sulfone) and combined it with a silica sol to obtain composite 

membranes. At 80
°
C the hybrid membranes yielded single cell power densities between 11 and 

13 mW/cm
2
 in a DMFC, exceeding the power density of Nafion 117 [142]. 

Organic/inorganic composite membranes were also prepared with boron phosphate 

(BPO) as the inorganic component [143, 144]. PEEK and poly(ether sulfone) were used as the 

organic components, sulfonated and combined with a BPO solution prepared from 

tripropylborate and phosphoric acid. Deng et al. observed an improvement in thermal and 

oxidative stability with increasing BPO content in the BPO/s-PEEK membranes, but also 

observed some decrease in tensile strength. In addition, at 140°C the proton conductivity of the 

40% BPO membrane exceeded that of Nafion 112.  

Phosphoric acid is an interesting dopant because it is amphoteric, having both proton-

donating and proton-accepting groups, which allows for dynamic hydrogen bonding. 

Furthermore, this acid has good thermal stability and low vapor pressure [145]. As early as the 

1960s, researchers were able to operate fuel cells with phosphoric acid electrolytes at 

temperatures up to 150°C [146]. More recently, Mader et al. and Xiao et al. were able to 

introduce phosphoric acid (PA) doping into sulfonated polybenzimidazoles (s-PBI) via a 

solution-to-gel transition brought about via phase separation. In this method, PBI is dissolved 

into polyphosphoric acid (PPA), which absorbs ambient water and hydrolyzes to form PA. PBI is 

insoluble in phosphoric acid and thereby phase separates, forming a PBI phase with trapped PA 

[147, 148]. Whereas Nafion is reliant on gas stream humidification and is therefore not effective 
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in HFC applications above 90°C [127] the PBI method was used to fabricate an HFC membrane 

that operated (Figure 4) for over 1000 h at 160°C without any feed-gas humidification, yielding 

an areal power density of 240 mW/cm
2
 [147].  

 

Fig. 4  Experimental data for a fuel cell with a PBI membrane doped by PA at a molar ratio of 32 

mol PA per mole of PBI. Both electrodes used platinum catalysts with a loading of 1.0 mg/cm
2
. 

(A) Current vs. voltage curves for the cell using both H2/air (squares) and H2/O2 (circles) 

operating at 160°C without any feed gas humidification. (B) Long-term performance of cell 

voltage (top curve) and current (lower curve) over >1000 hours. Reprinted with permission from 

[147]. Copyright 2005 American Chemical Society 

 

3.3 Redox Flow Batteries 

In a redox flow battery (RFB), an ion-exchange membrane separates two tanks 

containing redox-active solute in electrolyte, which are referred to as catholyte and anolyte. The 

all-vanadium RFB is widely investigated and has seen some commercial development [128]. The 

chemistry of the all-vanadium RFB is shown in Figure 5. The anolyte is a mixture of soluble 
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vanadium cations, V(II)/V(III) and the catholyte is a mixture of V(IV)/V(V). The vanadium 

cations form a variety of complexes with anions such as SO4
2-

 and HSO4
-
, with the exact 

composition dependent on the concentration of sulfuric acid [149]. 

 

Fig. 5 Schematic of an all-vanadium redox-flow battery undergoing discharge. Two tanks 

containing soluble vanadium species in sulfuric acid electrolyte are separated by an ion-selective 

membrane. As the system discharges, electrons move through the external circuit and protons 

cross the membrane to maintain charge balance. Pumps are used to keep the electrolyte solutions 

well-mixed. Adapted from [109]  
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During RFB operation, oxidation/reduction reactions occur in both electrolytes. A 

membrane is needed to allow proton diffusion between the electrolytes in order to maintain 

charge neutrality.  For the all-vanadium system, cross-over of vanadium ions results in self-

discharge and low columbic efficiency. Other types of RFB, such as the vanadium/bromide 

battery, have different redox species in each electrolyte. In this case cross-over of active species 

is even more deleterious because as the ions mix, the charge storage ability of both electrolytes is 

permanently degraded. Therefore ion selectivity is of primary importance for RFB membranes 

[128]. In addition, the membranes must have chemical resistance to the acidic electrolyte 

solutions employed in RFB.  

Not surprisingly, Nafion is widely used in RFB applications and a number of studies have 

shown that the performance of Nafion membranes in RFB can be improved via sol-gel 

functionalization. Xi et al. showed that sol-gel functionalization of Nafion’s polar clusters 

restricts the movement of vanadium ions through the membrane. The permeability of Nafion 117 

membranes to vandadium ions of several valences was decreased by a factor of four via 

functionalization in a silica sol. This was accompanied by only a 4% decrease in proton 

conductivity [150]. Similarily, Teng et al. achieved an 8-fold decrease in VO
2+ 

permeability with 

only a 9% decrease in proton conductivity for Nafion 117 modified using a sol of 

dimethylsiloxane and tetrabutyl titanate [151]. Schulte used a TEOS/diethoxydimethylsilane sol 

to modify Nafion membranes, and found that addition of ammonia to the sol improved the 

resistance to vanadium permeation [152]. The improvement could be explained by the preference 

for base-catalyzed sol-gels to form particles that are more spherical rather than branched. In 

more recent work by Teng et al., all-vanadium test cells were constructed in which sulfonated 

diphenyldimethoxysilane was used to functionalize Nafion. During galvanostatic charge and 
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discharge at 70 mA/cm
2
, the cells with the functionalized membranes had nearly twice the 

capacity compared to the cells with as-received Nafion. The functionalized membranes also gave 

significantly higher capacities at lower current densities, and lower self-discharge [153]. 
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4. Sol-gel encapsulation for battery and capacitor electrolytes 

The increased demand for mobile energy has stimulated a significant amount of research 

directed at improving energy storage technologies. Electrochemical energy storage is the most 

widely used means of storing energy with applications ranging from portable electronics to 

hybrid vehicles. Batteries are, without question, the most pervasive form of electrochemical 

energy storage, although electrochemical capacitors are finding an increasing number of 

applications because of higher power capabilities and faster kinetics. Electrochemical capacitors 

and batteries have similar device configurations in that two electrodes are immersed in an 

electrolyte, however, they use different energy storage mechanisms. Electrochemical capacitors 

store charge on the surface of their electrodes immersed in electrolyte in what is known as the 

electric double layer [7]. In contrast, batteries use chemical reactions between their cathodes and 

anodes to store energy [154]. It is well recognized that advances in these two technologies are 

strongly dependent on improvements in materials. For this reason, sol-gel chemistry has been 

widely used in the field because of its benefits in materials synthesis, both for bulk materials and 

thin films, as well as for large-scale manufacturing.  

The sol-gel process is widely used for the synthesis of battery electrode materials. The 

application of sol-gel synthesis to the most common electrode materials for lithium-ion batteries 

was reviewed in the literature [155, 156]. The ability to fabricate high voltage oxides is 

particularly important for increased energy densities. Moreover, the ability of the  sol-gel process 

to control phase and particle size is of substantial benefit for electrode fabrication. 

The present paper considers another unique feature of the sol-gel process, the ability to 

encapsulate electrolytes. The advantage with sol-gel encapsulation is that the development of an 

interconnected porous network effectively holds the electrolyte by capillary forces. The resulting 
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‘quasi-solid’ electrolyte offers mechanical stability without compromising the conductivity of the 

electrolyte. Confining the liquid phase within the continuous mesoscale porosity of the sol-gel 

derived matrix enables the material to become solid-like in its appearance and develop 

mechanical integrity. While solid electrolytes provide the same mechanical integrity, an 

encapsulated electrolyte made with interconnected porosity can achieve far higher ionic 

conductivities [33, 157]. The challenge in synthesizing encapsulated electrolytes is to synthesize 

the material without reducing its ionic conductivity or voltage window.   

 The electrochemical voltage window is fundamental to maintaining the energy density of 

energy storage devices. For both batteries and capacitors, energy storage is dependent on voltage. 

Organic electrolytes are used in lithium ion batteries and electrochemical capacitors because of 

their 3 to 4V electrochemical window. High water content in the electrolyte will reduce the 

voltage window because of the electrolysis of water [29]. Minimizing water content is one 

reason why non-hydrolytic sol-gel routes are promising for encapsulating electrolytes. 

Organic electrolytes can be encapsulated by sol-gel methods, however, it is evident that 

the encapsulation of ionic liquids will become far more significant because these liquids possess 

properties that make them more desirable as an encapsulated electrolyte. Ionic liquids are solvent 

free room temperature molten salts with moderate ionic conductivity and very low electronic 

conductivities. Ionic liquids are nonflammable alternatives to organic electrolytes that can 

deliver larger voltage windows and improved thermal properties. Moreover, when ionic liquids 

are encapsulated in an interconnected sol-gel network, these “ionogels” maintain the majority of 

their ionic conductivity [158]. Ionogels have a low vapor pressure and high thermal stability 

which allows them to be used as high temperature electrolytes in applications where an organic 

electrolyte would require additional cooling to prevent solvent evaporation [159]. Ionogels are 
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also appealing for lithium ion battery applications, because they can dissolve lithium salts [160] 

and some types of ionic liquids are stable against metallic lithium which makes them  useful for 

lithium metal battery electrolytes [161]. 

Sol-gel morphology and ionic conductivity are interrelated. Higher ionic liquid content 

will increase the pore volume and ionic conductivity of the ionogels [35]. There are also reports 

that the average pore diameter becomes larger with increasing ionic liquid content [162]. For 

smaller pore sizes, non-silica sol precursors such as tin chloride can be used to make ionogels 

with nanometer pore sizes [163]. It is of interest to have nanometer pores since the ionic liquids 

can have improved conductivity as the pore size approaches the dimension of the ionic liquid 

ions [164].  

  

5. Encapsulation of ionic liquids for solid state electrolytes 

 We have been investigating the use of ionogels as solid electrolytes for electrochemical 

capacitors following the reports of ionogels being used in both electrochemical capacitors [137] 

and lithium ion batteries [165].  The advantage here is that energy storage in the capacitor 

depends on the formation of a double layer. Thus, there must be mobile ions but, in contrast to a 

battery, the specific ions are not significant although their size and mobility are certainly 

important [166]. For this reason we used the ionic liquid 1-butyl-3-methylimidazolium 

tetrafluoroborate (BMIM BF4) which is conductive and reasonable stable in ambient conditions 

[29]. In this way, it is possible to consider the prospect of developing an air-stable electrolyte. In 

carrying out this work, we have been concerned with the fact that ionic liquids can catalyze the 

hydrolysis or condensation of the sol-gel reaction depending on the type of ionic liquid and its 

concentration relative to the amount of the silica precursor [167]. In the paragraphs below, we 
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briefly review our synthesis efforts towards developing a stable, conductive ionogel as a solid-

state electrolyte for capacitive energy storage. In addition to investigating various compositions, 

we also considered the hydrolysis temperature and hydrolysis time when performing test on the 

sol with and without the ionic liquid.   

 

5.1 Experimental  

 All the chemicals were purchased from Sigma-Aldrich and used as received. The 

hygroscopic ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate was stored in an argon-

filled glovebox to minimize exposure to moisture. Sol-gel reactions were magnetically stirred 

and performed in a fume hood using borosilicate glassware heated in a silicon oil bath. In the 

heated glassware, combinations of the silica precursors TMOS, TEOS, vinyltrimethoxysilane 

(VTMOS) and vinyltriethoxysilane (VTEOS) were mixed together prior to the fast addition by 

pipet of 98% formic acid (FA) to form the sol. Hydrolysis continued for 20 to 80 minutes 

decreasing with increasing hydrolysis temperature. Hydrolysis temperature of 22, 39 and 60 °C 

were tested with the gelation temperature of 22 °C. The sol was then pipetted into a glass vial at 

room temperature. The as-pipetted gels were transparent and their physical structure was 

assessed in the vial after a night in the fume hood to finish the condensation step. For later tests, 

ionic liquid was immediately added after pipetting the sol into the glass vial at room temperature. 

Ionic liquid concentration in the ionogel was constant at 42% of the total precursor volume. 

To characterize the morphology of the silica network of the ionogel, we removed the 

ionic liquid component of the ionogel and then analyzed the resulting silicate network. To do 

this, the ionogel was pipetted into polyethylene vials that were left overnight in the fume hood. 

The next day the vial was cut away from the ionogel by blade. The removal of ionic liquid was 
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accomplished by immersing the ionogel in excess acetone to perform a solvent exchange The 

acetone-filled gel was then solvent exchanged with liquid CO2, which in turn, was removed by 

supercritical drying leaving behind the silicate network. The morphology of the resulting silicate 

structure was characterized by gas adsorption (Micromeritics ASAP 2010).  

Ionogel conductivity was determined using an HP 4284A LCR impedance analyzer at 

ambient conditions. The frequency range was 20 Hz to 1 MHz with an rms peak voltage of 13 

mV. The ionogel was formed between 1 cm
2
 electrodes of 304 stainless steel by drop casting 40 

µm of ionogel on one electrode, allowing it to finish condensing overnight, then adding 

additional ionogel and the top electrode. The thickness of these cells was measured by caliper. 

For one ionogel sample, 120 µm of teflon tape was used as a spacer to fix the ionogel thickness 

between the stainless steel electrodes. Nickel wires were added to the stainless steel by pressing 

the wire with tape. Prior to impedance testing, the devices were heated for 30 minutes at 90 °C, 

followed by 60 additional minutes at the same temperature under vacuum. 

 

5.2 Results and discussion  

The sol-gel system we selected uses TMOS and VTEOS as silica precursors and formic 

acid (FA) for hydrolysis. This selection was motivated from work in the literature using non 

hydrolytic sol-gel routes of TMOS:FA [34] and methyltrimethoxysilane, TEOS and FA [35]. The 

initial TMOS gels were prone to cracking so VTEOS was added since the vinyl groups provide 

additional flexibility in organically modified gels [168]. These initial tests focused on the silica 

gels in preparation for making ionogels. Binary combinations of TMOS/TEOS combined with 

VTEOS/VTMOS were tested based on their physical appearance. Gel compositions ranging from 
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2:2:4 to 2:2:8 (by volume) for TMOS:VTEOS:FA were found to form crack free gels depending 

on the hydrolysis time and temperature.  

Our synthesis experiments were directed at finding a suitable sol-gel chemistry for 

making transparent crack free gels with BMIM BF4. Equal volumes of TMOS and VTEOS 

consistently formed transparent gels so they were systematically investigated while varying the 

hydrolysis time and the hydrolysis temperature before the addition of ionic liquid. These two 

parameters were selected because catalytic activity of the ionic liquid using BMIM BF4 promotes 

condensation, so the gel needs to be fully hydrolyzed but not yet condensed when the ionic liquid 

is added. Hydrolysis temperature was varied in an attempt to make interconnected structures with 

larger pore volume and larger average pore size. Such morphology would have less tortuosity 

and higher ionic conductivity. We found that for specific hydrolysis times, crack free gels could 

be prepared at each of the hydrolysis temperatures. These crack free sols were then used as a 

basis for the ionogel study. 

The study of the ionogel formation focused on the gels with low FA volume ratios. The 

BMIM BF4 is very efficient at promoting condensation so slowing down the rate of 

condensation, by using less FA, proved useful. A ratio of 2:2:4 was first tested and transparent 

crack free gels were obtained at hydrolysis time ranges of 75 to 90 minutes, 35 to 50 minutes, 15 

to 25 minutes for 22 °C, 39 °C and 60 °C respectively. There was a consistent observation of 

final ionogel morphology that correlates with the degree of hydrolysis. At the shortest hydrolysis 

times, semi-transparent precipitates were observed in the ionogel. At later hydrolysis times, the 

structure progressed from a dense white opaque ionogel, to a transparent ionogel with cracks, 

then to a transparent ionogel without cracks and finally to fully cleaved transparent ionogel. The 
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transparent ionogels without cracks were then characterized by gas adsorption analysis and 

impedance measurements.  

The data in Table 2 show the effect of processing conditions on morphology for ionogels 

whose silicate network is comprised of TMOS:VTEOS:FA ratio of 2:2:4.When prepared at room 

temperature, the surface area, pore size and pore volume are reduced with longer ionic liquid 

addition times. This behavior is consistent with reports that the TMOS:FA system (without ionic 

liquid) produces dense gels [34]. Increasing the synthesis temperature tends to decrease the 

average pore volume. A fine tuning of the FA was performed which led to the 2:2:5 volume ratio 

ionogel that has the largest average pore diameter and total pore volume of the tested ionogels. 

These large pores and additional volume allow the 2:2:5 gels to be heated to over 100 °C without 

cracking unlike the 2:2:4 gels, that crack under the same conditions.  

 

Table 2 Nitrogen gas adsorption results to characterize the morphology of the super critically 

dried silica aerogels network within ionogels prepared under different processing conditions 

 

Volume Ratios 

TMOS:    VTEOS:        FA 

Hydrolysis 

Temperature  

(°C) 

Hydrolysis  

Time (m) 

BET  

Surface  

Area (m
2
/g) 

Total 

Pore  

Volume 

(cm
3
/g) 

Average 

Pore 

Diameter 

(nm) 

2 2 4 21 85 769 ± 14 2.39 12.4 ± 0.2 

2 2 4 21 95 715 ± 13 1.98 11.1 ± 0.2 

2 2 4 39 25 676 ± 10  2.29 13.6 ± 0.2 

2 2 4 60 20 735 ± 4 1.63 8.9 ± 0.1 

2 2 5 39 20 560 ± 9 2.57 18.4 ± 0.3 
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 Figure 6 shows the impedance results for ionogel materials prepared using some of the 

processing conditions indicated in Table 2. In general, the impedance spectra are exactly as 

expected for an ionically conducting sample with blocking electrodes, as the phase angle 

approaches 90°. Fitting of these results to a Randles circuit yields the bulk resistances used to 

calculate the conductivities. For the most part, the conductivities are comparable with each other. 

For the 2:2:4 volume ratio cells, the conductivities range from about 0.11-0.44 mS/cm. The 2:2:5 

ionogel has a measured conductivity of 0.66 mS/cm that is consistent with the literature value of 

1.4 mS/cm measured for the neat ionic liquid [20]. While there is some decrease in conductivity, 

it is evident that the ionogel approach preserves the majority of the conductivity. Ionogels with 

higher loadings of ionic liquid may have further improved conductivity.  

In the work shown here, we find that increasing the hydrolysis temperature and 

optimizing the FA volume ratio to the silica precursors increases the ionic conductivity of the 

ionogel. The hydrolysis time greatly controls the morphology of the gel and the duration has a 

large effect on the pore volume and ionic conductivity.  
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Fig. 6 Impedance of ionogel monoliths of various compositions; A) Complex plane 

representation; B) Double layer capacitance for an ionogel sandwiched between two stainless 

steel electrodes; C) Phase angle dependence on frequency.  

  

 

Conclusions 

In this paper we have reviewed a number of technological applications related to energy 

generation and storage where sol-gel chemistry has had a significant role. Our focus has been on 

identifying sol-gel approaches for electrolytes and separators where functionalization and 

encapsulation have resulted in creating new materials and architectures. Though silica gels are 

widely applied, each technology has required different routes to achieve improved properties. 

For example, in the case of DSSCs, organic/inorganic systems were developed to improve the 

solubility of the iodine component in order to increase the conductivity of the electrolyte. With 
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PEM fuel cells, the goal of improved proton selectivity was accomplished by functionalizing 

commercial membranes to achieve appropriate surface chemistry. The use of organic/inorganic 

strategies was also utilized with PEM fuel cells, although in this case the objective was to 

achieve higher temperature operation, which was accomplished through careful design of the 

inorganic component. In the case of secondary batteries, we emphasized the development of sol-

gel encapsulated electrolytes. The encapsulation of ionic liquids is clearly emerging as an 

important direction because many of the outstanding properties of ionic liquids, especially in 

terms of electrochemical and thermal stability, are retained in the encapsulated electrolyte. The 

resulting ionogel materials are ‘quasi-solid’ electrolytes in that they offer the mechanical 

integrity of an inorganic solid electrolyte but with the ion transport properties of a liquid 

electrolyte. This unique combination of properties is enabled by tailoring the sol-gel process to 

achieve the appropriate microstructure. These examples underscore the importance of sol-gel 

chemistry in the design of materials and architectures for a wide variety of applications related to 

energy generation and storage. With its inherent flexibility, we expect that the sol-gel field will 

continue to make important contributions to these areas in the foreseeable future. 
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Appendix 2 

 Appendix 2 lists tables with the cyclic voltammetry peak positions and magnitudes for 

the redox molecules in their two solvents on two different substrates described in chapter 4. The 

tables have the scan rate ʋ, The oxidation voltage Vox, the reduction voltage Vred, the difference 

between the oxidation and reduction voltage ΔV, the oxidation current Iox, the reduction current 

Ired and the ratio of the oxidation current to the reduction current Iox / Ired. The voltages are all 

relative to platinum foil electrodes.  
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Cobaltocene in ACN on Platinum 

200 0.15 0.05 101 1.12E-03 9.86E-04 1.14 

250 0.15 0.04 112 1.22E-03 1.12E-03 1.09 

300 0.16 0.04 123 1.33E-03 1.23E-03 1.08 

350 0.15 0.03 121 1.44E-03 1.31E-03 1.10 

400 0.16 0.03 129 1.52E-03 1.41E-03 1.07 

450 0.16 0.02 134 1.62E-03 1.47E-03 1.10 

500 0.16 0.02 135 1.67E-03 1.57E-03 1.07 

550 0.16 0.02 137 1.77E-03 1.62E-03 1.09 

600 0.16 0.02 144 1.84E-03 1.68E-03 1.10 

650 0.16 0.02 144 1.92E-03 1.74E-03 1.10 

700 0.16 0.02 143 1.98E-03 1.80E-03 1.10 

Cobaltocene in ACN on ITO 

200 0.34 -0.08 421 2.79E-04 3.08E-04 0.91 

250 0.35 -0.10 448 2.99E-04 3.45E-04 0.87 

300 0.36 -0.10 460 3.20E-04 3.76E-04 0.85 

350 0.37 -0.11 480 3.50E-04 3.91E-04 0.90 

400 0.38 -0.11 492 3.65E-04 4.17E-04 0.88 

450 0.39 -0.12 514 3.94E-04 4.27E-04 0.92 

500 0.40 -0.13 526 4.02E-04 4.54E-04 0.89 

550 0.41 -0.13 538 4.28E-04 4.60E-04 0.93 

600 0.42 -0.14 557 4.46E-04 4.74E-04 0.94 

650 0.42 -0.14 565 4.63E-04 4.88E-04 0.95 

700 1.04 0.04 991 1.43E-04 1.36E-04 1.05 
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Cobaltocenium in ACN on Platinum 

200 -0.22 -0.35 128 1.19E-03 1.40E-03 0.85 

250 -0.21 -0.35 134 1.37E-03 1.51E-03 0.91 

300 -0.21 -0.35 139 1.52E-03 1.62E-03 0.94 

350 -0.20 -0.35 147 1.56E-03 1.77E-03 0.88 

400 -0.20 -0.35 151 1.72E-03 1.83E-03 0.94 

450 -0.19 -0.34 153 1.76E-03 1.96E-03 0.90 

500 -0.19 -0.35 158 1.92E-03 2.00E-03 0.96 

550 -0.18 -0.34 160 1.93E-03 2.12E-03 0.91 

600 -0.16 -0.33 162 2.01E-03 2.19E-03 0.92 

650 -0.15 -0.31 160 2.10E-03 2.25E-03 0.94 

700 -0.14 -0.30 167 2.18E-03 2.30E-03 0.95 

Cobaltocenium in ACN on ITO 

200 -0.15 -0.34 190 3.59E-04 4.34E-04 0.83 

250 -0.14 -0.34 195 4.00E-04 4.57E-04 0.88 

300 -0.14 -0.35 204 4.34E-04 4.84E-04 0.90 

350 -0.13 -0.35 217 4.41E-04 5.30E-04 0.83 

400 -0.13 -0.35 224 4.83E-04 5.36E-04 0.90 

450 -0.09 -0.33 239 4.93E-04 5.61E-04 0.88 

500 -0.07 -0.32 241 5.35E-04 5.66E-04 0.95 

550 -0.06 -0.32 256 5.35E-04 6.30E-04 0.85 

600 -0.04 -0.30 266 5.57E-04 6.43E-04 0.87 

650 -0.02 -0.29 274 5.76E-04 6.57E-04 0.88 

700 -0.01 -0.29 285 5.94E-04 6.71E-04 0.88 
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Decamethyl Ferrocene in ACN on Platinum 

200 0.29 0.19 101 1.02E-03 9.28E-04 1.10 

250 0.29 0.18 114 1.13E-03 1.04E-03 1.08 

300 0.28 0.16 124 1.21E-03 1.15E-03 1.05 

350 0.25 0.14 112 1.30E-03 1.23E-03 1.06 

400 0.25 0.14 115 1.36E-03 1.32E-03 1.03 

450 0.24 0.12 116 1.40E-03 1.34E-03 1.04 

500 0.23 0.11 120 1.42E-03 1.44E-03 0.99 

550 0.21 0.09 120 1.55E-03 1.54E-03 1.00 

600 0.23 0.10 126 1.65E-03 1.60E-03 1.03 

650 0.21 0.09 125 1.73E-03 1.66E-03 1.04 

700 0.21 0.08 132 1.79E-03 1.72E-03 1.04 

Decamethyl Ferrocene in ACN on ITO 

200 0.32 0.04 283 3.39E-04 2.95E-04 1.15 

250 0.33 0.03 303 3.63E-04 3.34E-04 1.09 

300 0.33 0.02 311 3.88E-04 3.66E-04 1.06 

350 0.34 0.00 331 4.21E-04 3.86E-04 1.09 

400 0.33 -0.01 338 4.39E-04 4.15E-04 1.06 

450 0.30 -0.05 349 4.64E-04 4.35E-04 1.07 

500 0.30 -0.06 357 4.74E-04 4.65E-04 1.02 

550 0.31 -0.06 370 5.03E-04 4.75E-04 1.06 

600 0.32 -0.06 377 5.26E-04 4.89E-04 1.08 

650 0.33 -0.05 384 5.48E-04 5.02E-04 1.09 

700 0.35 -0.05 398 5.70E-04 5.12E-04 1.11 
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Ferrocene in ACN on Platinum 

100 0.68 0.56 128 9.49E-04 8.41E-04 1.13 

150 0.53 0.39 136 1.12E-03 1.04E-03 1.08 

200 0.47 0.43 39 1.25E-03 1.20E-03 1.04 

250 0.75 0.67 74 1.43E-03 1.33E-03 1.07 

300 0.79 0.66 130 1.59E-03 1.44E-03 1.11 

350 0.55 0.42 127 1.64E-03 1.55E-03 1.06 

400 0.57 0.46 108 1.70E-03 1.67E-03 1.02 

450 0.74 0.61 128 1.89E-03 1.75E-03 1.08 

500 0.79 0.66 124 2.00E-03 1.83E-03 1.09 

Ferrocene in ACN on ITO 

1 0.12 0.01 109 2.75E-05 1.38E-05 1.99 

5 0.10 0.02 79 5.49E-05 4.62E-05 1.19 

10 0.10 0.01 91 8.09E-05 7.20E-05 1.12 

20 0.11 0.01 100 1.16E-04 1.07E-04 1.09 

50 0.12 0.00 113 1.79E-04 1.71E-04 1.05 

100 0.12 -0.01 127 2.43E-04 2.36E-04 1.03 

200 0.13 -0.01 143 3.26E-04 3.23E-04 1.01 

500 0.14 -0.01 148 4.68E-04 4.59E-04 1.02 

1000 0.15 -0.03 180 6.11E-04 6.24E-04 0.98 
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Ferrocenium in ACN on Platinum 

200 -0.01 -0.11 103 1.05E-03 1.18E-03 0.89 

250 -0.01 -0.11 106 1.18E-03 1.28E-03 0.92 

300 0.00 -0.11 110 1.29E-03 1.39E-03 0.93 

350 0.00 -0.11 116 1.38E-03 1.51E-03 0.92 

400 0.00 -0.11 112 1.48E-03 1.58E-03 0.94 

450 0.00 -0.12 118 1.54E-03 1.69E-03 0.91 

500 0.01 -0.12 127 1.64E-03 1.75E-03 0.94 

550 0.01 -0.12 127 1.70E-03 1.86E-03 0.91 

600 0.01 -0.12 131 1.77E-03 1.93E-03 0.91 

650 0.01 -0.12 129 1.84E-03 2.01E-03 0.92 

700 0.02 -0.12 133 1.90E-03 2.07E-03 0.92 

Ferrocenium in ACN on ITO 

200 0.07 -0.15 226 2.98E-04 4.26E-04 0.70 

250 0.07 -0.15 229 3.35E-04 4.65E-04 0.72 

300 0.08 -0.16 242 3.66E-04 5.03E-04 0.73 

350 0.08 -0.16 244 3.89E-04 5.48E-04 0.71 

400 0.09 -0.16 254 4.18E-04 5.77E-04 0.73 

450 0.09 -0.17 256 4.37E-04 6.17E-04 0.71 

500 0.10 -0.17 267 4.64E-04 6.40E-04 0.72 

550 0.09 -0.17 264 4.78E-04 6.77E-04 0.71 

600 0.10 -0.17 270 4.98E-04 7.07E-04 0.70 

650 0.10 -0.17 274 5.16E-04 7.34E-04 0.70 

700 0.10 -0.17 275 5.34E-04 7.60E-04 0.70 

 

  



 

120 

 

ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Cobaltocene in PC on Platinum 

200 0.17 0.04 136 4.29E-04 3.81E-04 1.13 

250 0.18 0.04 137 4.65E-04 4.31E-04 1.08 

300 0.18 0.03 151 4.99E-04 4.72E-04 1.06 

350 0.18 0.03 153 5.41E-04 4.95E-04 1.09 

400 0.19 0.03 156 5.68E-04 5.31E-04 1.07 

450 0.19 0.02 165 6.01E-04 5.53E-04 1.09 

500 0.19 0.02 167 6.22E-04 5.87E-04 1.06 

550 0.19 0.02 172 6.54E-04 6.05E-04 1.08 

600 0.19 0.02 178 6.80E-04 6.27E-04 1.08 

650 0.19 0.01 179 7.05E-04 6.50E-04 1.08 

700 0.20 0.01 186 7.27E-04 6.71E-04 1.08 

Cobaltocene  in PC on ITO 

200 0.32 -0.11 426 1.12E-04 1.06E-04 1.06 

250 0.33 -0.12 447 1.21E-04 1.16E-04 1.04 

300 0.34 -0.13 471 1.30E-04 1.26E-04 1.03 

350 0.35 -0.14 491 1.41E-04 1.31E-04 1.08 

400 0.36 -0.15 511 1.47E-04 1.41E-04 1.04 

450 0.37 -0.16 528 1.58E-04 1.45E-04 1.09 

500 0.38 -0.16 539 1.62E-04 1.55E-04 1.05 

550 0.38 -0.17 553 1.72E-04 1.58E-04 1.09 

600 0.39 -0.18 565 1.79E-04 1.63E-04 1.10 

650 0.39 -0.18 577 1.86E-04 1.68E-04 1.11 

700 0.40 -0.18 580 1.92E-04 1.73E-04 1.11 
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Cobaltocenium  in PC on Platinum 

200 -0.23 -0.36 132 3.65E-04 4.06E-04 0.90 

250 -0.23 -0.36 135 4.14E-04 4.42E-04 0.94 

300 -0.22 -0.36 143 4.56E-04 4.77E-04 0.95 

350 -0.21 -0.36 148 4.82E-04 5.13E-04 0.94 

400 -0.20 -0.36 152 5.21E-04 5.38E-04 0.97 

450 -0.20 -0.35 154 5.43E-04 5.70E-04 0.95 

500 -0.19 -0.35 160 5.79E-04 5.92E-04 0.98 

550 -0.19 -0.36 163 5.94E-04 6.23E-04 0.95 

600 -0.19 -0.36 171 6.16E-04 6.48E-04 0.95 

650 -0.18 -0.36 171 6.39E-04 6.72E-04 0.95 

700 -0.18 -0.35 175 6.61E-04 6.92E-04 0.95 

Cobaltocenium in PC on ITO 

200 -0.18 -0.43 245 9.87E-05 1.18E-04 0.84 

250 -0.18 -0.44 264 1.11E-04 1.25E-04 0.89 

300 -0.17 -0.45 273 1.20E-04 1.32E-04 0.91 

350 -0.16 -0.45 288 1.25E-04 1.43E-04 0.88 

400 -0.16 -0.45 292 1.35E-04 1.47E-04 0.92 

450 -0.16 -0.46 303 1.39E-04 1.57E-04 0.88 

500 -0.15 -0.46 311 1.47E-04 1.60E-04 0.92 

550 -0.15 -0.47 319 1.50E-04 1.70E-04 0.88 

600 -0.13 -0.46 325 1.56E-04 1.76E-04 0.89 

650 -0.11 -0.44 331 1.64E-04 1.80E-04 0.91 

700 -0.07 -0.41 338 1.71E-04 1.83E-04 0.94 
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Decamethyl Ferrocene in PC on Platinum 

200 0.70 0.56 140 3.85E-04 3.57E-04 1.08 

250 0.70 0.55 151 4.19E-04 3.99E-04 1.05 

300 0.70 0.55 158 4.52E-04 4.36E-04 1.04 

350 0.71 0.55 164 4.86E-04 4.60E-04 1.06 

400 0.71 0.55 165 5.10E-04 4.92E-04 1.04 

450 0.72 0.55 175 5.41E-04 5.12E-04 1.06 

500 0.73 0.55 180 5.60E-04 5.40E-04 1.04 

550 0.73 0.55 181 5.87E-04 5.57E-04 1.05 

600 0.73 0.55 185 6.09E-04 5.75E-04 1.06 

650 0.73 0.54 187 6.29E-04 5.95E-04 1.06 

700 0.73 0.54 195 6.48E-04 6.13E-04 1.06 

Decamethyl Ferrocene in PC on ITO 

200 0.98 0.18 799 8.31E-05 7.33E-05 1.13 

250 0.99 0.17 818 9.12E-05 8.37E-05 1.09 

300 0.99 0.16 832 9.88E-05 9.25E-05 1.07 

350 1.01 0.15 865 1.07E-04 9.83E-05 1.08 

400 1.02 0.14 885 1.12E-04 1.05E-04 1.06 

450 1.03 0.12 908 1.19E-04 1.11E-04 1.07 

500 1.03 0.11 918 1.23E-04 1.18E-04 1.04 

550 1.04 0.09 947 1.29E-04 1.22E-04 1.06 

600 1.03 0.07 961 1.34E-04 1.27E-04 1.06 

650 1.03 0.05 979 1.39E-04 1.32E-04 1.05 

700 1.04 0.04 991 1.43E-04 1.36E-04 1.05 
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Ferrocene in PC on Platinum 

1 0.13 0.04 88 4.09E-05 2.61E-05 1.57 

5 0.11 0.03 84 8.56E-05 7.22E-05 1.19 

10 0.12 0.04 85 1.14E-04 1.02E-04 1.12 

20 0.12 0.03 92 1.54E-04 1.43E-04 1.07 

50 0.13 0.03 103 2.27E-04 2.19E-04 1.04 

100 0.13 0.02 114 3.05E-04 3.00E-04 1.02 

200 0.14 0.01 127 4.09E-04 4.07E-04 1.00 

500 0.15 0.00 152 5.97E-04 6.01E-04 0.99 

1000 0.17 0.00 164 7.89E-04 7.92E-04 1.00 

Ferrocene in PC on ITO 

1 0.19 0.04 145 1.33E-05 8.51E-06 1.57 

5 0.22 0.00 227 2.50E-05 2.02E-05 1.24 

10 0.25 -0.03 280 3.22E-05 2.75E-05 1.17 

20 0.27 -0.06 332 4.18E-05 3.72E-05 1.12 

50 0.31 -0.10 416 5.91E-05 5.61E-05 1.05 

100 0.35 -0.14 482 7.77E-05 7.64E-05 1.02 

200 0.38 -0.18 559 1.02E-04 1.04E-04 0.99 

500 0.44 -0.23 668 1.49E-04 1.56E-04 0.96 

1000 0.49 -0.18 663 1.97E-04 1.80E-04 1.09 
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ʋ(mV/s) Vox (V) Vred (V) ΔV (mV) Iox (A) Ired (A) Iox / Ired 

Ferrocenium in PC on Platinum 

200 0.00 -0.10 101 4.06E-04 4.35E-04 0.93 

250 0.00 -0.10 99 4.55E-04 4.76E-04 0.95 

300 0.00 -0.11 111 4.98E-04 5.18E-04 0.96 

350 0.01 -0.11 113 5.33E-04 5.59E-04 0.95 

400 0.01 -0.11 115 5.71E-04 5.90E-04 0.97 

450 0.01 -0.11 120 5.99E-04 6.27E-04 0.96 

500 0.01 -0.11 120 6.32E-04 6.53E-04 0.97 

550 0.01 -0.12 128 6.56E-04 6.87E-04 0.95 

600 0.01 -0.12 133 6.82E-04 7.17E-04 0.95 

650 0.01 -0.12 133 7.08E-04 7.45E-04 0.95 

700 0.02 -0.12 135 7.32E-04 7.71E-04 0.95 

Ferrocenium in PC on ITO 

200 0.16 -0.22 382 8.37E-05 1.28E-04 200 

250 0.18 -0.23 408 9.64E-05 1.38E-04 250 

300 0.19 -0.23 418 1.06E-04 1.48E-04 300 

350 0.19 -0.23 426 1.12E-04 1.61E-04 350 

400 0.19 -0.24 432 1.22E-04 1.69E-04 400 

450 0.20 -0.24 443 1.27E-04 1.80E-04 450 

500 0.21 -0.24 451 1.35E-04 1.86E-04 500 

550 0.21 -0.24 451 1.39E-04 1.97E-04 550 

600 0.21 -0.25 459 1.45E-04 2.05E-04 600 

650 0.21 -0.25 467 1.50E-04 2.14E-04 650 

700 0.22 -0.25 475 1.55E-04 2.21E-04 700 
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