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The development of nanostructured nickel electrodes using the Tobacco 

mosaic virus (TMV) for microbattery applications is presented in this Thesis. The 

TMV is a high aspect ratio cylindrical plant virus that can be used as a template to 

increase reactive surface area in MEMS-fabricated batteries. Genetically modifying 

the virus to display multiple binding sites allows for nickel metallization and self-

assembly onto various substrates. In this work, the TMV biofabrication technique has 

been integrated into standard MEMS fabrication processes and novel nickel-zinc 

microbatteries have been developed using this technology. The nanostructured 

batteries exhibited appropriate charge-discharge response for up to thirty cycles of 

operation and demonstrated a six-fold increase in capacity compared to devices with 

planar electrode geometries. These results, combined with the simplicity and 

compatibility of the TMV assembly with various MEMS processes, make this 

approach promising for the development of compact, high-performance small-scale 

energy conversion devices.  
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Chapter 1: Introduction  
 

MicroElectroMechanical Systems (MEMS) is a relatively new engineering 

field that is aiming towards the miniaturization of sensors, actuators and systems, 

following a trend similar to the one that sparked the electronic industry revolution 

after the 1950s. The term MEMS is used to describe the integration of sensing and 

actuating mechanisms with electronic components on the same chip for the 

realization of small, compact and intelligent systems. While the acronym in the early 

days was used to refer to devices with electrical and movable components, continuous 

research has led to the development of various new applications that span from life 

sciences and bioengineering (BioMEMS and micro-total analysis systems) to small-

scale power generation and energy conversion (PowerMEMS). The advantage of 

MEMS technology lies in the scaling properties of the different transduction 

mechanisms (e.g. electrical, magnetic, thermal etc) and structural materials [1] that 

allow MEMS devices to be faster, more energy-efficient and more sensitive than their 

macroscopic counterparts. 

MEMS fabrication was initially based on techniques used in or compatible 

with the IC industry such as photolithography, thin-film deposition and patterning and 

surface micromachining, the successive deposition and patterning of structural and 

sacrificial layers. Over the years however, the breadth of emerging applications and 

enabling technologies have resulted in the development of several new processes, 

ranging from basic bulk micromachining (the fabrication of device structures by 

selective removal of areas in the silicon substrate using wet or dry chemical 

processes) to three-dimensional photolithography and patterning (gray-scale, 
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electroplating), as well as the use of alternative metals and dielectrics and novel 

polymer materials (PDMS, SU-8).  Using MEMS technology, several devices 

including pressure and inertial sensors and micro-mirrors for projection displays have 

been commercialized, demonstrating the advantages offered by miniaturization and 

batch fabrication at low cost. Ongoing research both at the academic and industrial 

level is expected to increase the number of commercial applications and therefore 

significantly impact every-day life.  

 

 

1.1 Motivation and Objective  

 

A major challenge towards the realization of autonomous integrated 

microsystems is power generation and energy storage. While MEMS sensors and 

actuators can be designed and fabricated with improved performance compared to 

macroscopic devices, bulky external equipment is required for their proper operation 

and remains the key limiting factor for their use in applications outside the laboratory 

environment, such as homeland security, building and equipment monitoring and 

space navigation. These applications envision systems with various sensing 

mechanisms (temperature, pressure, shear stress, humidity, poisonous gases and 

liquids) and the appropriate low-power electronic components for operation and 

wireless data communication. In many cases, it is desirable that a scavenging 

mechanism will be integrated with the system to harvest energy from available 

sources adjacent to the device and therefore recharge the power generating 

components after several communication cycles have been completed.  
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An example of such wireless distributed sensor nodes, often coined with the term 

“smart-dust motes” in the open literature, is shown in Figure 1.1 [2]. This particular 

mote consists of sensors, wireless transmitters and receivers, a solar cell array that 

harvests energy from ambient light and stores it in a super capacitor to ensure 

continuous operation during periods of darkness, and a thick-film battery to power the 

various electrical components. Through the use of MEMS microfabrication 

technologies and packaging, these nodes are designed to be in the order of a few to 

ten cubic millimeters, which will allow mass-production and deployment in multiple 

sites. As these systems are scaled down however, available surface area limits the 

performance of the required microbatteries, since electrochemical conversion is a 

surface area-dependent phenomenon.  

Figure 1.1: Conceptual schematic showing a smart dust mote and its basic components [2].  
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The need for power generation and energy storage devices that will fulfill the 

energy requirements of such wireless systems is of particular importance. Several 

studies have been conducted to investigate and quantify the power requirements of 

these applications [3, 4]. While the power needed for operation of the sensors is in the 

order of a few tens of microwatts, this requirement is increased by up to three orders 

of magnitude for the short periods of transmission and communication and a 

traditional thin-film battery would have to occupy a large surface area to ensure 

proper operation under these conditions. Therefore, development of microbatteries 

with high surface area electrodes that will not compromise overall device footprint is 

a fundamental aspect of the research towards smart integrated microsystems.  

The objective of this research is the design, fabrication and characterization of 

a high surface area microbattery fabricated with MEMS technologies. The device 

consists of nanostructured cathodes using the Tobacco mosaic virus (TMV) as a 

template for the fabrication of a high surface area nickel electrode within a nickel-

zinc battery. Self-assembly and metallization of the biological nanostructure will be 

integrated with traditional MEMS fabrication processes and a novel nickel-zinc 

microbattery will be developed using this technology. The effect of the increase in 

reactive area by the addition of the virus will be investigated through electrochemical 

characterization of the microfabricated devices and comparison of their performance 

with configurations that use planar nickel electrodes.  
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1.2 Device Overview  

 

The microbattery developed in this work is a proof-of-concept device 

fabricated in a “parallel-plate” configuration as shown in Figure 1.2. The bottom layer 

is the cathode that consists of nickel coated TMV nanostructures and the top layer is a 

machined zinc plate which serves as the anode. The cathode layers are assembled on 

a gold film on a silicon wafer, where a thick SU-8 layer is fabricated using 

photolithography to define the device active area, electrolyte cavity and electrical 

connections, in addition to electrically isolating the two electrodes. The final device is 

assembled through adhesive bonding of the two layers with a thin SU-8 film. 

 

 

Unlike most of the MEMS-fabricated batteries reported, introduction of the 

aqueous electrolyte in this device (1 molar potassium hydroxide) is performed after 

full device assembly through holes machined in the zinc and a novel plastic 

microfluidic package that was developed for this study. Electrochemical 

characterization of the full cell is performed using a potentiostat, which charges and 

Figure 1.2: Three-dimensional view of the microbattery device. 
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discharges the battery for repeated cycles of operation, while data is recorded using a 

commercial analysis software. Using this equipment, the charge-discharge behavior 

showing the progress of voltage versus time can be extracted and the capacity (the 

product of the current and the discharge time) can be successively calculated.  

 

1.3 Review of Related Work  

 

This section provides insight to fabrication processes and techniques related 

with the development of the microbattery presented in this work, as well as a review 

of previous and continued research in the field of MEMS fabricated energy storage 

devices and novel approaches for the development of high surface area electrodes.  

 

1.3.1 MEMS Fabricated Batteries  

 

Initial work in the field of MEMS fabricated batteries was focused on the 

development of planar (thin film) electrode designs using traditional micromachining 

processes. Lee et al demonstrated a disposable microbattery in a parallel-plate 

configuration with a zinc anode and a gold cathode [5]. The microbattery was 

fabricated with surface micromachining techniques and adhesive bonding and was 

activated with a droplet of electrolyte (sulfuric acid or potassium hydroxide) inserted 

between the two plates. Another non-rechargeable battery that uses an aluminum 

anode has also been demonstrated [6].  Humble et al fabricated and characterized 

nickel zinc microbatteries with electroplated active materials in a side-by-side 

configuration [7]. The device walls were made of SU-8 and the whole assembly was 
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sealed with paraffin or plastic after electrolyte insertion. Testing of this battery was 

performed both for low and high current density conditions to investigate its potential 

in powering wireless sensor communications. Singh et al combined this developed 

microbattery with a microfabricated solar cell array and electronics for charge control 

on a PCB board to demonstrate the feasibility of a hybrid power supply [8]. Batteries 

that do not use the typical acidic or alkaline but more environmentally friendly 

electrolytes have been reported. Sammoura et al developed water-activated batteries 

using MEMS technologies [9] and Lee presented cells operating with bio-fluids and 

fabricated using a plastic lamination process [10]. While the aforementioned cells use 

aqueous electrolytes, researchers have also developed lithium based thin-film 

batteries using a lithium phosphorous oxynitride (LiPON) electrolyte [11, 12]. 

Representative examples of these technologies are depicted in Figure 1.3 and their 

performance characteristics are summarized in Table 1.  

 

 
Figure 1.3: SEM images of (a) the disposable battery presented in [5], (b) the nickel-zinc battery 

of [6],with the nickel electrode on the left and the zinc electrode on the right, (c) the water-

activated battery of[8] and (d) the solid-electrolyte battery layer arrangement of [11].  
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In addition to thin-film approaches, microfabrication techniques have also 

been used to create three-dimensional microbatteries. In these architectures, the 

electrodes have high aspect ratio out-of-plane microstructures, resulting in increased 

surface area while maintaining device footprint. Long et al [4] presented a review of 

this technology and emphasized on the benefit it provides to cover the energy 

requirements for wireless sensor network applications. Wang et al demonstrated the 

use of carbon electrodes made of pyrolized SU-8 microposts [13] (fig. 1.4(a)), while 

Nathan et al fabricated high surface area three-dimensional electrodes with a solid 

electrolyte on perforated silicon and glass substrates [44] (fig. 1.4(b)), both for 

lithium-based batteries. A novel fabrication process of high aspect ratio posts that 

uses molding in silicon and electroplating or colloidal processing was employed by 

Figure 1.4: Schematic representation of the lithium-based batteries presented in [13] and [25] 

respectively (a-b) and SEM images of the microposts of [14] for nickel-zinc and lithium-ion 

batteries (c-d).  
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Chamran et al [14] for the development of nickel-zinc (fig. 1.4(c)) and lithium-ion 

batteries (fig. 1.4(d)). A novel three-dimensional battery  

configuration has been suggested by Notten et al [18]. This approach makes 

use of the excellent intercalation chemistry of silicon for the development of CMOS 

compatible batteries in bulk silicon, however quantitative results have not been 

reported yet. A summary of these electrochemical cells is also given in Table 1.  

TABLE 1 – SUMMARY OF MEMS FABRICATED BATTERIES 

 

Author/Institute 

Electrode 

Structure 

Electrolyte Battery type Voltage Capacity Fabrication 

Lee et al [5], UC 

Berkeley 

Zn (anode)-

Au 

(cathode) 

Sulfuric 

acid/hydrogen 

peroxide or 

potassium 

hydroxide 

Non-

rechargeable 

1.5 V 4.88 mAh/cm
2
 Surface 

micromachining, 

adhesive 

bonding 

Cardenas-Valencia 

et al [6], University 

of South Florida 

Al (anode) – 

Pt (cathode) 

Sodium 

hydroxide/pot

assium 

chloride/hydro

gen peroxide 

Non-

rechargeable 

0.6 V 70 mAh/cm
2
 Aluminum lines 

patterned over 

dielectric on 

platinum 

Humble et al [7], 

BYU  

Ni 

(cathode)-

Zn (anode) 

Potassium 

hydroxide 

Rechargeable 1.7 V 0.322 mAh/cm
2
  Electroplated 

materials, 

polymer walls 

Sammoura et al [9], 

UC Berkeley 

Mg (anode) 

– CuCl or 

AgCl 

(cathode) 

Water Non-

rechargeable 

1.65 V 0.78 mAh/cm
2
 Adhesive 

bonding, 

through-etch 

holes, sputtered 

films 

West et al [11], JPL-

Caltech 

LiCoO2 

(cathode) – 

Ni (anode)  

Lithium 

phosphorous 

oxynitride 

(LipON) 

Rechargeable  3.9 V 10 µΑh/cm
2
 Sputtering and 

evaporation of 

solid films 

Wang et al [13], UC 

Irvine 

Carbon 

(anode) – Li 

(cathode) 

 Rechargeable 3 V 0.125 mAh/cm
2
 Pyrolisis of SU-8 

posts, 

commercial 

cathodes 

Nathan et al [44], 

University of Tel 

Aviv  

MoOySz 

(cathode) – 

lithiated 

graphite 

(anode)  

Hybrid 

Polymer 

Electrolyte 

(HPE)  

Rechargeable 2.2 V 2 mAh/cm
2
 Deposition of 

thin films on the 

walls of 

perforated 

substrates 

Chamran et al [14], 

UCLA 

Ni 

(cathode)- 

Zn (anode)  

Potassium 

Hydroxide 

Rechargeable 1.7 V 2.5 µΑh/cm
2
 Interdigitated 

Ni-Zn posts by 

electroplating 
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1.3.2 Nanostructured Batteries and Electrodes  

 

To further increase reactive surface area, the integration of nanomaterials and 

biological nanostructures in battery electrodes has also been investigated. The bulk of 

this research has been focused on developing novel materials using various deposition 

techniques for lithium-ion batteries [16-18], however, more chemistries are being 

explored [19]. In the field of nickel-zinc batteries, the use of zinc oxide (ZnO) 

nanorods has been shown to increase reactive surface area compared to conventional 

zinc oxide and improve cycling performance [20] and novel nickel hydroxide 

(Ni(OH)2) hexagonal nanostructures have been found to significantly boost the 

energy density of alkaline-based batteries (fig. 11(a)) [21]. While most of these 

activities have been limited to the characterization of the individual electrodes, 

Pushparaj et al fabricated flexible light-weight batteries using nanoporous cellulose 

paper and embedded carbon nanotubes (fig. 1.5(b)) [22].  

 

 

 

The use of biological nanomaterials is an attractive approach for the 

fabrication of battery electrodes without complex deposition techniques, as they exist 

Figure 1.5: (a) SEM image of as-prepared ZnO nanorods [20] and (b) schematic representation of a 

flexible energy storage device [22].  
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in nature as high aspect ratio nanostructures and they can be modified to attach to 

substrates of interest and bind to a variety of active battery materials. Cobalt oxide 

and hybrid gold-cobalt oxide nanowires based on engineered modifications of the M-

13 bacteria virus have been synthesized based on amino-acid interactions and used as 

positive electrodes in a macroscopically assembled lithium-ion battery [23]. The 

performance of these electrodes was superior to that of electrodes without the virus, 

demonstrating the advantage of this technology. Previous work by Royston et al 

reported the use of genetically modified Tobacco mosaic virus (TMV) as a template 

for electroless deposition of cobalt and nickel [24]. An order of magnitude increase in 

surface area was estimated for the nanostructured nickel materials and their potential 

as battery electrodes has been demonstrated through electrochemical experiments. 

Figure 1.6 shows images of these nanostructured viral electrodes.  

 

 

 

1.3.3 Microgenerators and Fuel Cells  

 

Besides electrochemical cells (batteries and fuel cells), several other 

approaches have been examined for micro-scale energy conversion, most of which 

Figure 1.6: (a) SEM image of a nickel coated TMV electrode [24] and (b) TEM images of a cobalt 

oxide M-13 viral nanowires [23].  
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are based on four transduction mechanisms: electrostatic, electromagnetic, 

piezoelectric and thermoelectric. Electret-based generators have been fabricated using 

micromachining techniques [25], resulting in power generation in the mW range. 

Electromagnetic rotary microgenerators have been successfully developed by Arnold 

et al [26]. The maximum reported power by these machines was notably higher (in 

the order of W), nonetheless with a complex fabrication process. Piezoelectric 

generators based on harvesting of ambient vibrations using diaphragms and 

suspended microstructures have been demonstrated and produced power densities 

comparable to those of lithium ion batteries [27, 28]. A thermoelectric generator with 

Cu-Ni electroplated thermolegs in an SU-8 mold has been presented by Glatz et al 

[29] and was recently optimized to produce power in the order of several hundreds of 

µW/cm
2
 [30]. Figure 1.7 shows schematic representations and images of such 

micromachines.  

 

 
Figure 1.7: (a) Schematic of the electromagnetic generator described in [26], (b) image of the 

thermoelectric generator structure of [29] and (c) cross-sectional view of a cantilever for 

piezoelectric energy harvesting [30].  
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A fuel cell is an electrochemical conversion device that constantly uses fuel 

(hydrogen) and oxidants to produce electricity. It has become a technology of 

particular interest because of the “clean” nature of the chemical reactants and 

byproducts. Miniaturization of fuel cells is a very important issue for the realization 

of commercially available devices and this challenge has been addressed by MEMS 

researchers. Polymer exchange membrane (PEM) fuel cells have been reported [31, 

32] ,  while other types of cells such as micro-direct methanol fuel cells [33], solid 

oxide fuel cells [34] and bio-photosynthetic fuel cells [35] have also been studied, 

often employing high surface area designs for the catalytic surfaces (fig. 1.8(a-b)). In 

addition to the electrode, catalyst and membrane structure development, research is 

also being conducted to miniaturize components such as fuel reformers and reactors 

for decomposition of fuel to hydrogen [36, 37], which are very important building –

blocks for the system-on-a-chip level integration of fuel cells for portable power 

applications (fig 1.8(c-d)).  

 

Figure 1.8: (a) SEM image of a high surface area carbon electrode for a bio-synthetic fuel cell 

[35], (b) high surface area microfabricated structures for a solid-oxide fuel cell [34], (c) 

schematic representation of fuel reformer [36] and optical image of a fuel cell microreactor 

[37].  
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1.3.4 Electroless Plating  

 

 Electroless plating is a chemical deposition technique in which the metal 

coating is achieved without the use of an external power supply and the electrons 

required for the reduction on the target substrate are provided by a chemical reaction 

in the solution. Unlike electrodeposition where the thickness and grain size are 

primarily a function of the current density, in this method the plating rate depends on 

more parameters, such as the concentration of the solution, the pH and the plating 

temperature. Electroless plating can be classified under three categories [38]:  

1) Deposition by ion or charge exchange (displacement reaction, immersion 

plating)  

2) Deposition by immersing the plating metal in a metal salt solution and 

bringing it in contact with another piece of metal, and,  

3) Deposition of the metal from solution containing reducing agents (typically on 

catalyzed surfaces).  

The latter method is the most commonly used and it is also the focus of this work. 

In this process, the electrons required to reduce the metal ions on the target surface 

are provided by a reducing agent R
n+

. The reactions that take place on the catalytic 

surface are shown below:  

R
n+

 → R
(n+z)

 + ze 

Me
z+

 + ze → Me 

where M represents the metal, z the number of electrons released and R
(n+z)

 are the 

oxidized products.  
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In the field of MEMS, electrochemical deposition in the form of electroplating 

remains the most commonly encountered method for creating thick metallic 

structures. Electroless plating however offers some significant advantages such as 

lower cost, uniform deposition, versatility in the use of materials as it does not require 

conductive substrates and simplified fabrication as it is performed by immersion in a 

chemical solution [39].  Nickel electroless plating has been used extensively for the 

remetallization of aluminum bond pads in IC circuits [40, 41]. Gold and nickel layers 

for sensor surface functionalization and battery current collectors respectively have 

also been demonstrated [42, 43].  In addition to these applications, this deposition 

process has been used for the fabrication of multilayer structures through laser-

assisted plating for 3D MEMS applications [44] and the development of magnetic 

structures using rare earth plating materials [45], something that cannot be achieved 

with conventional electroplating (fig. 6).  

 

 
Figure 1.9: Magnetic structures fabricated using electroless plating of rare-earth metals [45]. 
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1.3.5 Fabrication and Bonding with SU-8 

 

SU-8 is a negative-tone epoxy-resin photoresist that was originally developed 

and patented by IBM in 1989 and introduced into MEMS fabrication in the mid-90s. 

Due to its low optical absorption in the UV range and the different viscosities in 

which it can be synthesized, SU-8 is a very common material of choice for high 

resolution photolithography, with aspect ratios higher than 10:1 [46] and structural 

thicknesses varying from a few microns up to 2 millimeters. Wang et al [47] 

fabricated SU-8 microposts with a thickness of 200 µm and aspect ratio > 10:1 in a 

single spin-coating step, while Mata et al [48] demonstrated polymer microstructures 

with thicknesses up to 540 µm and feature size of 10 µm using a multilayer process 

based on alternating layers of thin and thick SU-8 (Fig. 1.10).  

 

 

 

Figure 1.10: SEM image of a six-layer SU-8 microstructure fabricated using the 

process described in [48]. Each layer is numbered in the order it was patterned.  
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An attractive application for the SU-8 photoresist is related with metallization 

of thick structures in a low-cost “LIGA-like” process. Briefly, a seed metal layer is 

patterned on a substrate followed by the polymer lithography which creates a thick 

mold. This mold is then filled with the target material using electrochemical 

deposition and it is finally removed by means of various techniques. Arnold et al 

fabricated rotors for magnetic induction machines using an SU-8 mold which was 

then mechanically removed from the silicon substrate [49]. Ghantasala et al [50] 

demonstrated the use of laser ablation for mold removal while Song et al [51] 

reported free-standing metallic structures with SU-8 molds and sacrificial photoresist 

layers (Fig. 1.11). Recently, the SU-8 manufacturer has commercialized a new 

product (Omnicoat) which can be spun on the wafer before SU-8 lithography, 

patterned before development and then lifted off in TMAH after electroplating [46].  

 

 

 

In addition to this versatility and simplicity in fabrication, several other unique 

properties of this polymer, such as biocompatibility, index of refraction, transparency 

and Young’s modulus make SU-8 lithography a widely used process in various 

MEMS applications. Micro channels with waveguides and laser structures for 

complex microfluidic systems have been fabricated, showing the advantages of the 

process for the realization of BioMEMS devices [52, 53]. An example of such a 

Figure 1.11: Use of SU-8 for electroplating with a photoresist sacrificial layer: (a) the sacrificial layer is 

patterned, (b) seed layers are deposited, (c) the SU-8 mold is created and (d) the free-standing structure 

is released [51].  
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system for lab-on-a-chip applications is shown in Figure 1.12, where a fluidic 

network is integrated with a dye laser and waveguides all made in SU-8 for optical 

sensing. Compared to silicon, SU-8 has lower stiffness with similar mechanical 

stability and this has inspired its use in the fabrication of suspended structures such as 

cantilevers and micro mirrors (Fig. 4a) that can be actuated at lower voltages [54, 55].   

 

 

 

The processing parameters of SU-8 allow its application in low-temperature 

polymer bonding, also referred to as adhesive bonding. This type of bond lacks in 

mechanical stability and does not result in hermetically sealed structures like fusion 

or anodic bonding, but the tolerances are acceptable for several microfluidic and 

packaging applications. The most commonly encountered method for bonding with 

SU-8 makes use of a thin layer spun on a pyrex wafer, which is then aligned and 

pressed against another structural SU-8 layer on a separate wafer [56, 57, 58]. This 

procedure has the advantage that a flood exposure is possible through the pyrex wafer 

after the two layers have been bonded, which cross-links the polymer and strengthens 

the bond.  Bonding has also been achieved without the use of such a blanket exposure 

through transparent substrates. Blanco et al [59] achieved the fabrication of three 

Figure 1.12: (a) Polymer micromirrors fabricated in SU-8 [55] and (b) a microfluidic system made in 

SU-8 containing waveguides, a laser resonator and microfluidic channels [52].  
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dimensional microfluidic structures through bonding of SU-8 layers on silicon wafers 

in a wafer bonder. Figure 1.13 shows a schematic representation of this process. After 

full lithographic patterning of the structures in both substrates, the two wafers are 

brought in proximity under a wafer bonder, heated to a moderate temperature and 

then pressed and held together with the substrates heated to a temperature higher than 

the glass transition temperature of the polymer.  

 

 

 

1.4 Thesis Contributions and Outline  

 

 As mentioned in the previous section, the use of nanostructured electrodes and 

biologically inspired materials for battery applications was mostly explored through 

electrochemical characterization of the half-cell devices. This thesis presents the first 

Figure 1.13: Schematic representation of the fabrication process described in [59] for the fabrication 

of multi-layer fluidic networks in SU-8.  
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successful demonstration of a MEMS-fabricated battery utilizing viral nanostructures 

with the following specific contributions:  

a) The TMV self-assembly and nickel coating process were incorporated as a 

fabrication step for the development of a nickel-zinc microbattery.  

b) The first prototype device was extensively characterized to investigate cycling 

and device design parameters and its performance was compared to a similar 

device with a planar nickel electrode.  

c) The performance of the TMV modified device was found to be greater by a 

factor of six during the initial discharge.  

d) Demonstration of photolithographic patterning of the TMV shows its great 

potential for batch fabrication of MEMS high-surface-area devices using this 

technology.  

Chapter 2 of this thesis provides some fundamental background on battery 

operation and electrochemistry concepts and discusses aspects of the nickel-zinc 

battery system. Chapter 3 focuses on the Tobacco mosaic virus, showing its use in 

various applications with an emphasis on the development of nanostructured 

materials. Chapter 4 presents the design and fabrication process of the device 

developed in this work, while chapter 5 shows the testing apparatus and the results of 

the electrochemical characterization.  
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Chapter 2: Fundamental Concepts of Electrochemistry  
 

This chapter discusses fundamental concepts of electrochemical conversion. 

The building block components of batteries are presented, Figure s of merit and 

battery models are analyzed and design considerations as well as important 

parameters of operation are discussed.  

 

2.1 Electrochemical Cell  

 

 The electrochemical cell is the building block component of batteries which 

are in practice comprised of arrays of such cells in series or in parallel. An 

electrochemical cell is a device that converts the chemical energy stored in its active 

materials to electricity by means of oxidation and reduction reactions (redox 

reactions). An oxidation reaction involves the release of electrons by an atom, 

molecule or ion while a reduction reaction described the gain of electrons. This type 

of cell consists of three components:  

1) The anode or negative electrode. This is the electrode that is oxidized during 

operation and releases electrons to an external circuit.  

2) The cathode or positive electrode, which accepts these electrons allowing 

reduction to occur.  

3) The electrolyte, which is the medium for transfer of electrons in the form of 

ions within the cell from the anode to the cathode. It can be a liquid such as a 

metal salt or acid; however, batteries with solid polymer electrolytes have also 

been presented.  
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The anode and cathode materials are selected based on several criteria. They 

have to be good reducing and oxidizing agents respectively, offer high stability, 

good electrical conductivity, operating voltage and capacity as well as enable 

simple fabrication and assembly at low cost. The electrolyte on the other hand 

must satisfy the basic requirement of good ionic conductivity and poor electrical 

conductivity so that the battery electrodes will not be short-circuited. 

Additionally, ease of handling, safety of operation and environmental concerns 

have to be taken into account. In commercial batteries, an ion-permeable 

separator is often used to mechanically separate the anode and cathode.  

 

 

 A battery can operate in two conditions, the discharge mode and the charge 

mode. These are schematically illustrated in Figure 2.1. When the cell is connected to 

an external load, electrons flow from the anode, which is oxidized, to the cathode, 

which accepts the electrons and is reduced. The circuit is completed in the electrolyte 

by the flow of negative ions to the anode and positive ions to the cathode. During the 

charging operation, DC current is provided by a power supply and the flow of the 

Figure 2.1: (a) Discharge mode of operation (b) charge mode of operation 
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species is reversed. Since by definition the anode and cathode are the electrodes that 

are oxidized and reduced respectively, in this mode, the positive and negative 

electrodes are now interchanged.  

 

2.2 Performance Parameters  

 

 This sub-section provides an overview of the most critical battery 

performance parameters the operating voltage and battery capacity, which define 

what electrochemical system should be used in applications with specific 

requirements.   

 

2.2.1 Battery Voltage  

 

 The theoretical voltage of a battery is controlled by the standard electrode 

potentials of the active materials. The standard electrode potential is a measure of the 

reactivity of the material and it corresponds to the electrical potential measured at 

standard conditions, where all solutions are at concentrations of 1mol/kg and gases 

are at a pressure of 1 bar. While the electrical potential between two electrodes can be 

measured effectively, accurate measurement of one electrode potential is not an easy 

task. On that note, the electrode potentials are measured with regards to a reference 

electrode. This is the Standard Hydrogen Electrode (SHE) whose potential has been 

set upon convention to be 0.0 V. Since for a redox reaction the oxidation potential is 

the negative of the reduction potential, it is sufficient to measure one of these two 



 24 

 

voltages. In the case of the standard electrode potential, the reduction potential is the 

one commonly used.  

 Based on these definitions, the theoretical voltage of an electrochemical cell is 

taken as the sum of the anode and cathode potentials, where the oxidation potential is 

the negative of the reduction value:  

000

cathodeanodecell EEE +=   (1) 

For example, for the commercial nickel-zinc battery the reactants are zinc (anode) 

and NiOOH (cathode). The potentials for these two materials are -1.24 V and 0.49 V 

respectively, using standard electrode potential tables [60]. The operating voltage for 

this chemistry will then be 1.73 V. This is also the expected value of the open circuit 

voltage, which appears if both electrodes are fabricated in the charged state and no 

load is connected between the battery terminals.  

 

2.2.2 Battery Capacity  

 

  The capacity of a battery, as defined by Linden [60], is the total quantity of 

electricity involved in the electrochemical reaction. It corresponds to the amount of 

charge released from the active materials during the discharge operation and it is 

expressed in Coulombs, or more commonly in Ampere-hours. Theoretically, 1 gram-

equivalent weight of material will deliver 96,587 C or 26.8 Ah. This quantity is 

represented by F and is called “one Faraday” [5]. The 1 gram-equivalent weight is the 

molecular weight divided by the number of electrons involved in the reactions. The 

capacity can be therefore calculated using the equation:  
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∑=
componentsreactiveofweight

nF
Capacity

___
  (2) 

where n is the number of electrons released in the reaction and F is Faraday’s number. 

As an example, consider the reaction occurring in a nickel-zinc battery:  

2NiOOH +Zn + 2H2O ↔ 2Ni(OH)2 + Zn(OH)2 

The number of electrons released in the discharge reaction is 2 and the molecular 

weight of the reactants is 183.356 g and 65.37 g respectively. Using the above 

equation, the theoretical calculated capacity for this system would be 0.215 Ah/g.  

Another way to consider capacity is in an energy basis, by multiplying the 

calculated quantity of electricity with the battery operating voltage. This results in the 

gravimetric energy density Eg, expressed as:  

0

cellg ECapacityE ×=   (3) 

For the system examined previously, using the results of equations (1) and (2), the 

gravimetric energy density is calculated to be 0.372 Wh/g.  

 The small size of MEMS fabricated batteries as well as the amounts of 

materials used makes the process described above in determining the battery capacity 

less attractive. In these cases, the Figure of merit that is normally used is the 

normalized quantity of electricity over the area or volume of the device. This is 

expressed in Ah/cm
2
 or Ah/L and is a more representative way to characterize the 

performance of a microscopic electrochemical cell.  
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2.3 Classification of Batteries  

 

 Electrochemical cells and batteries are divided into two major categories, 

primary (non-rechargeable) and secondary (rechargeable), depending on their ability 

to be electrically recharged by reversing the direction of current.  Primary batteries 

are a relatively inexpensive and lightweight source of portable energy. The general 

advantages that they offer are good shelf life, high energy density at low to moderate 

discharge rates and little maintenance requirements. Zinc has been so far the most 

popular material of choice for non-rechargeable batteries due to its low cost, 

compatibility with aqueous electrolytes and reasonably good shelf life. Commonly 

used zinc-based systems include zinc-air, silver-zinc and zinc-carbon (Leclanche) 

batteries. In addition to zinc, magnesium has similar properties that have enabled its 

use in primary batteries, while aluminum has also been considered due to its high 

electrochemical potential.  

 Secondary batteries are used both as power sources when cost saving is 

required (e.g. electric vehicles) as well as energy-storage devices. In this case they are 

charged by a source of energy such as light and then they can deliver this energy on 

demand to any load that is attached to their terminals. They exhibit high power 

densities and high discharge rates, flat discharge curves, and good low-temperature 

performance. Compared to primary batteries, they have lower energy densities and 

poorer charge retention; however, any lost capacity can be restored by recharging the 

device. Rechargeable batteries of particular interest are lithium-ion, lead-acid and 

nickel-based (nickel-metal hydride, nickel-cadmium and nickel-zinc) batteries.  
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2.4 Analysis and Design  

 

2.4.1 Battery Model  

 

 Ideally, the battery would operate constantly at its theoretical voltage and 

would release all the stored chemical energy into electricity until the active materials 

were depleted. In practice however, there are losses due to polarization when a load 

current passed through the electrodes. These losses are caused by three effects: 

1) activation polarization, which drives the electrochemical reaction at the 

electrode surface,  

2) concentration polarization, which occurs due to concentration differences of 

the reactants and products at the electrode surface and in the bulk, as a result 

of mass transfer, and,  

3) Ohmic polarization, due to the internal resistance of the cell, which is 

proportional to the current drawn from the device.  

These losses consume part of the energy, which is given off as waste heat. 

While activation and concentration polarization can be calculated from theoretical 

equations if the parameters are available, it is difficult to determine these quantities in 

practice because of the complicated physical structure of the electrodes and the 

overall cell composition. The ohmic losses are the sum of the ionic resistance of the 

electrolyte, the electrical resistances of the active mass, electrodes and current 

collectors, and follow a linear relationship according to Ohm’s law. When the battery 

is connected to an external load R, its working voltage will be given by:  

IRIREEEEEV icccctacactcell =−+−+−= )()( ,,,,

0   (4) 
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where the first term is the open-circuit voltage of a cell, Ect,c and Ect,a are the 

activation polarizations at the anode and cathode respectively, Ec,a and Ec,c are the 

concentration polarizations at the anode and cathode, I is the operating current and Ri 

is the internal resistance of the cell. The relationship between the cell voltage and the 

polarization for increasing current values is shown in the graph of Figure 2.2. It can 

be observed in this graph that the effects of polarization are small for small current 

values, while at higher rates the IR loss becomes the dominant factor and affects the 

performance of the device.  

 

 

Several steps can be taken to reduce the effect of polarization losses. The 

electrolyte salt and solvents should have chemical stability to avoid reaction with the 

active materials and their conductivity has to be high enough to exceed the IR 

polarization. The use of high surface area electrodes reduces the charge transfer 

polarization by reducing the local current density for a given total operating current 

and increasing the mass transport through the ionic conductor, thus preventing 

excessive mass build-up. Additionally, the current collector materials should be 

Figure 2.2: Cell polarization as a function of operating current [61].  
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selected in a way that possible contact with the electrolyte will not cause corrosion 

problems.  

2.4.2 Voltage Levels  

 

 The voltage of an electrochemical cell has several reference points. As defined 

previously, the open circuit voltage is the theoretical value predicted by the chemistry 

of the system in use. The nominal voltage is the voltage that is generally accepted as 

typical during the operating process, while the working voltage represents the value 

when the battery is connected to an external load. The midpoint voltage is the average 

value of the discharge curve and the end voltage is considered to be the lower limit 

where the battery has delivered most of its capacity. The discharge curves also vary 

from system to system for a practical battery. Typical examples are shown in Figure 

2.3 Curve 1 represents a discharge that is close to the ideal “step-like” operation, 

where the effect of the losses is minimal until the active materials are depleted. Curve 

2 is typical of two-step discharge indicating a change in the reaction mechanism and 

potential of the active materials and it is expected in cases where two chemical 

reactions appear. Finally, curve 3 illustrates a reaction where the composition of the 

active components as well as the effects of polarization change during one cycle of 

operation.  
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During the charge part of the cycle, allowances have to be made for any lost 

capacity and the charge voltage should be slightly higher.  A typical example is 

shown in Figure 2.4.  

 

 

2.4.3 Effect of temperature   

 

The temperature of operation is also an important factor as it affects the 

capacity and voltage characteristics. This is due to the reduction in chemical activity 

Figure 2.3: Cell polarization as a function of operating current [61].  

Figure 2.4: Typical voltage profile on charge and discharge [61].  
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and the increase in internal resistance at lower temperatures. This is illustrated in 

Figure 2.5, where discharge curves for increasing values of temperature are presented 

(the curve at T4 represents a discharge at room temperature). While the internal 

resistance of a battery decreases with temperature, the chemical activity may become 

too rapid at elevated temperatures and cause a net loss in capacity. The optimum 

operating conditions for batteries have therefore been observed in the range of 20°C 

to 40°C.  

 

 

 

  

 

 

 

 

 

 

 

Figure 2.5: Effect of temperature in battery capacity [61].  
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Chapter 3: The Tobacco mosaic virus as a Nanoscale 
Template   
 

Nanotechnology and the development of highly-ordered nanostructured 

materials in particular are widely increasing fields of research that promise to address 

the limitations of conventional semiconductor technologies in scaling beyond certain 

limits. Nanomaterials are key components for next-generation electronic devices as 

well as for biomedical, energy storage and catalysis applications. The most 

commonly used templates include porous membranes, fabricated nanoparticles and 

nanotubes [62]. These structures however are fabricated using expensive and energy-

intensive equipment and the “top-down” approach employed in their processing often 

lacks in creating repeatable templates at the nanometer scale.  

Biological nanotemplates, utilizing the “bottom-up” approach in which 

structures are constructed from atomic and molecular components through self-

assembly, have emerged as a natural alternative to these processes. These systems 

offer unique advantages such as very high aspect ratios, batch production at low cost 

and the ability to genetically modify their structure and enhance their functionality as 

templates for a variety of applications. Among these templates, silk fibroin fibers, 

microtubules and DNA molecules have been functionalized with metals including 

iron, gold, platinum and palladium [62]. Viruses constitute another attractive 

approach for nanoscale fabrication as they are easy to manufacture, they show 

stability in environmental conditions, and their inherent aspect ratios (~132 for the M-

13 bacteriophage and ~17 for the Tobacco mosaic virus [63]) allow structuring of 

high surface area materials.  
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This chapter presents an overview of the Tobacco mosaic virus (TMV) as a 

nanostructured template. The discussion emphasizes on the structure of the virus, the 

properties that make it useful in nanotemplate synthesis as well as the various genetic 

modifications and applications that have been previously demonstrated. This 

presentation shows the feasibility of using biological nanomaterials in the field of 

electronics and energy storage.  

 

3.1 Structure  

 

The TMV is a plant virus with worldwide distribution that has been studied 

since the end of the 19
th

 century and has been found to infect approximately 200 plant 

species, including tobacco, tomato, and other crop plants [64]. It is one of the simplest 

and readily available viruses, and this attributes have been used in the understanding 

of several other virus systems. The TMV is a high aspect ratio cylindrical 

nanostructure, measuring 300 nm in length with an outer diameter of 18 nm and an 

inner diameter of 4 nm. Each TMV structure consists of approximately 2,130 coat 

protein subunits wrapped around a single-stranded positive-sense RNA in a helical 

structure. A positive-sense RNA can act as a viral messenger RNA that can be 

directly translated by the host cell. Figure 3.1(a) shows a TEM image of wild-type 

viruses while Figure 3.1(b) is a simplified model of the TMV structure.  

The viral structure has been described clearly in [65]. The self-assembly of the 

virus results from finely balanced, orthogonal weak interactions between the protein 

molecules and the RNA. These interactions occur along the lateral as well as the 

longitudinal directions of the helix. The self-assembly proceeds in two stages: 
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nucleation and elongation. During the nucleation stage, the protein molecules 

assemble by hydrogen bonds and electrostatic and hydrophobic interactions into small 

disks (nuclei). During the elongation stage, these disks bind electrostatically, one at a 

time, to a hairpin loop in the RNA stand and they finally anneal into a single helical 

aggregate.  

 

 

Wild-type TMV virions contain numerous electrostatic interactions 

demonstrated through repeatably exposed amino acids around their surface, which 

include arginine, lysine, aspartic and glutamic acids [66]. Amino acids can be 

hydrophobic or hydrophilic, polar or unpolar, or charged. Figure 3.2 shows a model 

of the amino acids around the TMV disk [67]. Hydrophilic amino acids are colored 

white, water molecules are colored blue, polar hydrophilic amino acids have a green 

color and the charged hydrophilic ones are red. These properties can influence the 

chemical behavior of the molecule. In the case of TMV, the accessible outer 

molecular surface of the virus is dominated by hydrophilic amino acids, of which a 

large part is charged. Hydrophobic amino acids can also be accessed; however, they 

are predominantly buried in a hydrophilic environment. These interactions have been 

previously used to coat wild–type viruses with various materials, such as oxides, 

Figure 3.1: (a) TEM image of wild-type viruses, (b) simplified model of the TMV structure [63]. 
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sulfides and metal particles [67-69].  In addition to these well-defined assembly 

features, the TMV can be genetically programmable and renewable in large 

quantities. The virus is also a robust biological platform, showing stability for pH 

values from 2-10 for several hours and temperatures up to 60°C without destruction 

of its integral shape.  

 

 

3.2 Engineered Mutations  

 

While the electrostatic interactions discussed in the previous section are 

important in associating metal precursor ions onto the wild-type virus template, the 

strength of this bond is rather weak and therefore limits the use of the wild-type TMV 

in the realization of nanostructured materials. To address this issue, engineered 

modifications of the virus coat proteins have been the focus of research ever since the 

first complementary DNA cloning of the TMV was demonstrated by Dawson et al in 

1986 [64]. Two of the first mutations were produced to investigate the amino acid 

interactions. These were point mutations of the glutamic acid to glutamine and of the 

Figure 3.2: Model of the TMV disk showing the various amino acids [67]. 
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aspartic acid to asparagine, resulting in the mutants E50Q and D77N respectively 

[62]. These modifications were found to contain only 25% of RNA to protein ratio as 

compared to the wild-type particle and they demonstrated an elongation in the virion 

from 300 nm to 940 nm.  

Engineered modifications have also been created to improve the functionality 

of the TMV as a nanoscale template by the addition of reactive functional groups to 

the inner and outer surface protein structure. The introduction of one or two cysteine 

residues in the coat protein open reading frame have been previously reported [24, 

66] and were found to significantly enhance metal deposition as compared to the 

wild-type virus. Cysteines are amino acids that contain thiol groups, and the sulfur 

molecules of these thiols are hypothesized to take part in strong, covalent-like bonds 

with various metal ions and atoms. The strength of these bonds as well as the mild 

conditions needed for the interactions make the thiol group coupling an effective 

method for coating the TMV with biological and inorganic materials.  

In this work, we use the TMV1cys, an engineered mutant of the wild-type 

virus containing one cysteine residue in each of its coat proteins. This modification is 

achieved through a process known as PCR-based site-directed mutagenesis, which 

has been extensively described elsewhere [64]. A complementary DNA clone is 

produced from the wild-type RNA and then used for the introduction of the cysteine. 

The specific codon (TGT in the case of cysteines) is introduced in the third position 

of the coat protein open reading frame. Following this process, RNA transcripts of 

this modified clone are used to infect the host plant, Nicotiana tabacum cv Xanthi, 

which acts as the factory for mass production of the virus. The infected leaves are 
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harvested 20 days post inoculation and the virus is purified using a typical 

purification process [70, 71]. Briefly, the plant leaves are frozen and then mixed in a 

blender with sodium phosphate buffer at the appropriate pH and chloroform, which is 

used to remove all unwanted cellular debris. Finally, the virus solution is extracted 

after the virus pellets undergo several centrifugation steps.  

A schematic representation of the virus coat protein arrangement with the 

introduced cysteine residue is shown in Figure 3.3. Figure 3.3(a) shows a top view of 

the virion with the cysteines around the outer surface, while Figure 3.3(b) is an edge 

view showing the exposed functional groups on the 3’ end.  

 

 

 

3.3 Metallization and Applications 

 

 The Tobacco mosaic virus has been used as a structural nanomaterial both in 

its wild-type and mutated form. Knez et al reported the fabrication of nickel and 

cobalt TMV nanowires using electroless metal deposition [68]. The authors used the 

Figure 3.3: Structural location of the TMV1cys mutation: (a) Top view showing half of a coat protein 

layer within the TMV rod and (b) 2X magnification of an edge view for the same coat protein layer 

(location of the 1cys mutations are highlighted in yellow). 
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functionality of the protein chemical groups to act as linkers for metal ions as 

previously discussed in this chapter. The TMV virions were first activated with 

palladium and platinum catalysts in the presence of the appropriate reducing agents 

and a second electroless plating step was used to coat the virus surface with the nickel 

and cobalt particles, resulting in wires 3 nm wide. In addition to this electroless 

plating approach, Knez et al have also presented coating of the TMV with metal 

oxide nanoparticles (titanium oxide and aluminum oxide) using a gas-phase atomic 

layer deposition process [67].  

 

 

A very interesting application of metal-coated wild-type viruses was presented 

by Tseng et al in [72], where an electronic device was fabricated from these 

biomolecules coated with platinum nanoparticles (NP). The device demonstrated a 

digital memory behavior based on conductance switching between the ON and OFF 

states. Figure 3.4 shows the concept of this device, which consists of dispersed TMV-

Pt nanowires in an insulating polyvinyl alcohol (PVA) matrix, sandwiched between 

Figure 3.4: Concept and operation of the TMV-based digital memory device of [74]. 
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two aluminum electrodes. The graph in Figure 3.4 shows an abrupt increase by three 

orders of magnitude in the measured current as the voltage is scanned above 3.1 V. 

The authors attribute this conductance switching effect to charge transfer from the 

RNA to the platinum nanoparticles under the high electric field, which in turns 

changes the conductivity of the material system.  

Modified versions of the virus have also been used in the development of 

nanoscale templated materials. Lee et al deposited gold, silver and palladium clusters 

on the surface of the TMV2cys mutation using electroless deposition, and these 

reactions resulted in more dense coatings compared to the unmodified viral template 

[66]. Yi et al demonstrated the assembly of the TMV1cys mutation onto 

microfabricated electrodes through the use of a DNA hybridization process [73]. The 

viral particles were tagged with a DNA molecule and a fluorescent marker and 

assembled onto a chitosan-mediated gold substrate to bind with the complementary 

chain, as shown in Figure 3.5.  

 

 

 

Figure 3.5: Demonstration of the patterned TMV assembly on a chitosan-mediated electrode using 

DNA hybridization [73]. 
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As discussed in Chapter 1, Royston et al [24] has used the TMV1cys as a 

template for the fabrication of high-surface area nickel and cobalt electrodes, 

demonstrating the positive effect of the introduced cysteine residue in achieving 

dense and conformal metallic coatings. In addition to demonstrating their application 

as battery electrodes, the authors estimated the increase in surface area introduced by 

the virus-structured materials. Briefly, SEM images with a 1 µm
2
 area were taken for 

virus concentrations of 0.01, 0.1 and 1 mg/mL. A particle count was performed in 

these images and the surface area was calculated by assuming an average coating 

thickness of 30 nm and particle length of 700 nm. These two assumptions were based 

on TEM cross-sections of TMV coated gold substrates, as shown in Figure 3.6. The 

increase in surface area was estimated to be 6±2 for the 0.01 mg/mL concentration 

and 13±3 for the 0.1 and 1 mg/mL concentrations.  

 

 

 

 

 

Figure 3.6: TEM image showing a 70 nm thick cross-section of nickel-coated TMV1cys attached 

perpendicular to a gold surface. Scale bar is equal to 300 nm [24].  
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Chapter 4: Design and Fabrication  
 

The device design and fabrication development are presented in this chapter. 

After a short introduction of the selected battery system, the design concept is 

discussed. Following this, process flow is presented and the three key fabrication 

processes used in this work are described in detail. These include the TMV self-

assembly and metallization, the structural SU-8 fabrication, and the bonding 

procedure with the intermediate SU-8 layer.  

 

4.1 Design  

 

4.1.1 Chemistry  

 

The microbattery developed in this study uses a nickel-zinc chemistry with a 

potassium hydroxide (KOH) aqueous electrolyte. This is a secondary alkaline battery 

that does not require any special separators for proper operation and it can be 

constructed using standard MEMS fabrication processes. Its rechargeable nature 

allows it to be used in applications where many charge-discharge cycles are 

necessary, such as part of a larger hybrid power supply or a wireless sensor network.  

Royston et al performed XPS elemental analysis of the nickel coated TMV 

surface to investigate the composition of the nanostructured electrode [59]. Metallic 

nickel, nickel oxide (NiO) and nickel hydroxide (Ni (OH)2) were detected, suggesting  

the following two reactions are occurring during battery operation:  

 



 42 

 

2NiOOH + Zn ↔ 2Ni(OH)2 + Zn(OH)2  (1) 

NiO + Zn ↔ Ni + ZnO   (2) 

 The right direction of the arrow corresponds to the discharge portion of the 

cycle while the left direction represents the charge reaction. During charging, nickel 

hydroxide and metallic nickel are converted into nickel oxyhydroxide and nickel 

oxide, respectively. When the direction of the current is reversed and the battery is 

discharged, the zinc electrode is oxidized and the electrons are transferred from the 

external circuit to reduce the cathode active materials back to their previous state. The 

expected theoretical voltages for these two chemistries are 1.73 V and 1.5 V 

respectively, based on the standard electrode potentials of the active components, as 

discussed in Chapter 2.  

 

4.1.2 Device  

 

 The microbattery device is comprised of two electrodes separated by an 

electrolyte cavity defined in SU-8. A three-dimensional view of the battery showing 

the different layers is illustrated in Figure 4.1. The bottom electrode (cathode) 

consists of nickel coated TMV nanostructures assembled on a gold current collector 

and the top electrode (anode) is a zinc plate machined with macroscale techniques. 

The two layers are bonded through an intermediate thin SU-8 layer. Electrolyte is 

introduced via through-holes machined in the zinc (500 µm in diameter, see Appendix 

B). The electrochemical cell active areas are 0.36 cm
2
, 0.64 cm

2
 and 1 cm

2
 as defined 

by lithography and the overall device footprint is 2 cm x 2 cm to ensure a strong bond 

with the anode and facilitate testing of the various geometries. The separation 
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between the electrodes is determined by the two SU-8 layers. The structural SU-8 

layer was fabricated with thicknesses of 55 µm and 100 µm while the bonding layer 

was found to add to this spacing by approximately 10 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Three-dimensional view of the microbattery layers. 
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4.2 Fabrication  

 

4.2.1 Process Flow  

 

 
  

 

The fabrication process flow for the microbattery is shown in Figure 4.2. The 

process begins with the deposition of a 0.5 µm silicon dioxide (SiO2) film on a 4 inch 

silicon wafer (fig. 4.2(a)) using a low-pressure chemical vapor deposition (LPCVD) 

technique (this step was performed by the clean-room stuff at the Maryland 

Nanocenter facilities). This dielectric layer is used to isolate the substrate from the 

Figure 4.2: Fabrication process flow: (a) LPCVD of a SiO2 film, (b) E-beam evaporation of Cr/Au, 

(c)structural SU-8 lithography, (d) TMV self-assembly and coating process, (e) patterning of the 

bonding SU-8 layer, and (f) bonding with the zinc anode.   
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cathode as well as to protect the substrate from etching in the potassium hydroxide 

electrolyte. Chrome and gold layers are then e-beam evaporated on the dielectric to 

thicknesses of 20 nm and 250 nm respectively (fig. 4.2(b)), using a CHA evaporator 

at the Laboratory for Physical Sciences clean-room and a standard metal deposition 

recipe. Chrome is used as an adhesion layer, while gold serves as the cathode current 

collector and the base for the TMV assembly. Following this, the structural SU-8 

layer is patterned on the wafer (fig. 4.2(c)). After SU-8 lithography, the wafers are 

covered with a thin photoresist layer (Shipley 1813, spun at 3000 rpm for 30 seconds) 

and diced using a wafer dicing saw to individual cathode layers. At this point, the 

fabrication continues at the die level with the TMV self-assembly and nickel coating 

(fig. 4.3(d)). Since TMV was found to adhere to SU-8 as well, a stamp-and-stick 

process with an intermediate thin SU-8 film was developed to facilitate bonding with 

the zinc anode (fig. 4.2(e) 4.2(f)).  

The following sections present the three developed processes in this work, 

which include the structural SU-8 fabrication, the TMV self-assembly and coating 

process, and the adhesive bonding using the intermediate SU-8 film.  

 

4.2.2 Structural SU-8  

 

 As shown in the design section, the device walls, electrolyte cavity, 

and cathode electrical connections are defined using one photolithography step with 

SU-8. A transparency mask was designed in L-Edit and it is shown in Figure 4.3. This 

mask contains a total of 12 devices per wafer (4 inch) with 3 different footprint areas, 

and alignment marks to facilitate dicing without the use of an additional mask for the 
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metal layer. Since SU-8 is a negative-tone photoresist, the polarity of this mask is 

inverted so that transparent and opaque areas are interchanged during printing.  

 

 

Due to the large area of the structures and the existence of sharp, concave 

corners, stress control and adhesion had to be precisely controlled. This is important 

to avoid crack formation and peeling respectively during development. In addition to 

these inherent concerns with SU-8 lithography, little information was available in the 

open literature for fabrication of large structures on a gold substrate; therefore an 

application-specific process had to be developed. As a starting point for the 

fabrication process development, the suggested recipe for SU-8 50 processing from 

the manufacturer was used on a test silicon wafer. Briefly, the photoresist was 

dispersed using a pipette with a large orifice to avoid bubble formation and then spun 

using two ramping steps at the desired thickness. After spinning, the edge bead was 

removed manually using a cue tip. The wafer was soft-baked first at 65°C and then at 

95°C for the suggested times, exposed and then post-exposure baked similarly before 

it was finally developed.  

Figure 4.3: Image of the transparency mask used for the structural SU-8 fabrication 
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A limitation in using this recipe was imposed by the available equipment. 

More specifically, the mask aligner (Quintel Q4000 contact aligner) did not have an 

optical filter at 365 nm to block irradiation at lower wavelengths, for which SU-8 

shows significant absorption. The use of a broadband lamp required an overexposure 

compared to the doses suggested in the manufacturer data sheet to avoid crack 

formation that was initially observed. Figure s 4.4(a) and (b) show two optical images 

of the SU-8 structures after development without and with overexposure respectively.  

 

 

 

Direct application of the developed recipe on a gold substrate required better 

temperature control, due to poor adhesion of the SU-8 on this surface, as suggested by 

studies reported elsewhere [74, 75].  To reduce thermal stresses, the soft-bake step 

was performed using a 5°C/min ramp from 65°C to 95°C. Crack formation and 

peeling off the structures were observed when an identical process was used on a 

gold-covered wafer. Several solutions were examined to address this issue; the 

exposure dose was increased by approximately 75% to compensate for back-

reflections from the gold surface and all the baking steps were ramped from room 

Figure 4.4: (a) Crack formation for underexposed structures and (b) resolved problem after 

exposure. 
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temperature to 95°C, where the wafers remained for prolonged periods. These slight 

modifications did not repeatably improve the adhesion problems in all the areas of the 

wafer.  

Two more drastic solutions were then investigated in parallel. The first 

approach involved the use of a thin SU-8 layer as an adhesion promoter, while the 

second approach was based on decreasing the baking temperatures and increasing the 

baking and cool-down times as suggested in [76], to induce lower thermal stress on 

the SU-8 structures and assist proper polymerization of the film. 

Processing using the thin SU-8 layer relied on creating a film of similar 

structure on which adhesion of the battery walls is expected to be superior as 

compared to the gold surface. SU-8 2002 was spun to a thickness of 3 µm and 

patterned using the transparency mask of Figure 4.5. After development, structural 

SU-8 lithography was done on the patterned wafer with the same mask, using slow 

ramps for both baking steps from room temperature to 65°C and from 65°C to 95°C. 

While adhesion of the structures was found to be significantly improved, 

misalignment of the two steps using one mask only could not be avoided (Figure 

4.5(a)), posing a limitation in the use of this process for the final device.  

The effect of reducing the baking temperatures was investigated by applying 

the previously developed process with minor modifications. Before lithography, the 

wafers were thoroughly cleaned in acetone, methanol and isopropyl alcohol, rinsed in 

water, and then dehydrated for 15 minutes at 200°C to make sure the surface of the 

gold is clean, a parameter necessary to ensure better adhesion. The temperature was 

ramped from 25°C to 75°C, and the wafers remained at this temperature for almost 
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twice the time as before for both the soft-bake and post-exposure bake steps. 

Similarly, the wafers were cooled down to room temperature for more than two hours 

before processing steps. This time may be excessively long, it ensures however 

reproducible cooling for all experiments. As shown in Figure 4.5(b), no cracks or 

peeling off of the structures were observed. The adhesion was examined briefly by an 

attempt to delaminate the film using a piece of scotch tape. Mechanical stability of 

the SU-8 layer under this quick test, which imposes forces far greater than those 

expected during operation of the device, suggests that adhesion is indeed approved 

with this modification due to the lower residual stress. Table 4.1 summarizes the 

processing parameters for the two structural SU-8 layers developed in this work.  

 

 

 

 

 

 

 

 

Figure 4.5: SU-8 structures using (a) SU-8 2002 as adhesion promoter and (b) reduced baking 

temperatures 
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TABLE 4.1 – PROCESS PARAMETERS FOR STRUCTURAL SU-8 LAYER.  

Step 55 µm thickness 100 µm thickness 

Spread cycle 600 rpm, 100 rpm/s, 10 s 600 rpm, 100 rpm/s, 10 s 

Spin cycle 2500 rpm, 270 rpm/s, 30 s 1100 rpm, 200 rpm/s, 27 s 

Soft-bake 75°C at 5°C/min, total of 40 

mins 

75°C at 5°C/min, total of 2hrs 

and 15 mins 

Exposure 360 mJ/cm
2
 800 mJ/cm

2
 

Post-exposure 

bake 

75°C at 5°C/min, total of 35 

mins 

75°C at 5°C/min, total of 1 hr 

and 15 mins 

Development 5 mins with agitation 8 mins with agitation  
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4.2.3 TMV Self-assembly and Metallization  

 

The TMV1cys self-assembly and nickel metallization are solution based 

reactions that take place at room temperature.  The process, which has been 

developed by Royston using the technique of catalyst activation and electroless 

deposition presented by Knez et al [68,69], is completed in three steps. These include 

binding of the virus onto a gold surface through the surface exposed thiols of the 

cysteines (step 1), activation of the TMV surface with palladium to catalyze the 

electroless plating reaction (step 2), and finally coating of the virus with nickel (step 

3) [68-69].  The electroless formation of palladium clusters and nickel active material 

use ionic metal baths mixed with the appropriate reducing agent. Detailed information 

regarding all solution preparation is given in Appendix A. A schematic of the process 

is shown in Figure 4.6.  

 

 

 

The gold surface is cleaned in a 1:1 mixture of acetone and ethanol in an 

ultrasonic bath for 15 minutes and then rinsed thoroughly with de-ionized water. This 

step is important to make sure that the substrate is free of any organic contaminants 

Figure 4.6: Schematic representation of the TMV assembly and nickel coating process: the TMV 

binds on the gold surface (step 1), activated with a palladium catalyst (step 2) and finally coated 

with nickel (step 3).  
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that can severely deteriorate the virus attachment. After drying with nitrogen, the chip 

is immersed in a solution containing TMV1cys at a concentration of 0.3 mg/mL in a 

0.1 M sodium phosphate buffer at pH 7 and allowed to incubate overnight in a 

magnifier box (2’’ x 2’’). The overnight reaction is done to maximize attachment of 

the nanostructures onto the substrate. During this stage, the viruses self-assemble onto 

the gold through the exposed cysteines at the 3’ end. It is hypothesized that the 

favorable attachment of the TMV is perpendicular to the substrate, because the 

cysteines of the outer surface are recessed within the pits and grooves of the virus 

structure, as was schematically illustrated in Figure 3.3. Therefore, these functional 

groups are not directly exposed to gold. In practice, mechanisms such as head to tail 

alignment of virions, existence of broken TMV rods and random distribution within 

the solution result in divergence from an absolute vertical alignment. 

Following the TMV assembly on the substrate, the surface exposed cysteine 

residues are activated with a palladium catalyst through reduction of Pd
2+

 to Pd
0
 in 

the presence of a hypophosphite reducing agent. Palladium is used as a catalyst for 

the nickel plating process as suggested in previous work [68,69]. More specifically, a 

10 mM sodium tetrachloropalladate (Na2PdCl4) solution is mixed with a 0.1 M 

phosphate buffer in 1:15 ratio and the reaction on the virus surface proceeds during a 

second overnight step in the dark, as the solution is light-sensitive. The 1:15 mixing 

ratio of buffer to palladium salt has been experimentally found to be an optimum 

threshold for completion of the successive coating reaction. Proper activation was 

verified for higher ratios at the expense of excessive use of materials.  
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The final step of the coating process uses a standard electroless nickel plating 

solution at pH 7 containing 0.1 M nickel chloride (NiCl2), 0.15 M sodium tetraborate 

(Na2B4O7), and 0.25 M glycine in the presence of 0.5 M dimethylamine borane 

((CH3)2NHBH3)) as the reductant [68,69]. The plating bath is mixed with DI water in 

a 1:1 ratio and the gold surface is immersed in the mixture for two to four minutes. 

This duration is directly affected by the ratio of buffer to catalyst used in the 

activation step, with faster depositions observed for higher ratios. The overall 

deposition reaction is shown below:  

3Ni
2+

 + (CH3)2NHBH3 + 3H2O → 3Ni + B(OH)3 + (CH3)2NH2
+
 + 5H

+
   

At this point, nickel metal is directly reduced onto the palladium catalyzed sites. 

Since hydrogen gas is a by-product of the reaction, this step is performed in an 

unsealed container. Due to the autocatalytic nature of the nickel reaction, this 

electroless plating process results in a continuous nickel coating around the virus 

surface on the order of 20-40 nm [24], suggesting a notable improvement in the 

coating density compared to similar attempts with the wild-type TMV.  

Using this process, cathode layers with and without viral nanostructures were 

fabricated. The procedure for the planar nickel electrodes was identical, with the 

exception of the first step that was not performed to correspond to a zero 

concentration of virus. Figure 4.7 shows SEM images of nickel electrodes with and 

without TMV coatings. As anticipated, the alignment of the virus for this 

concentration is not completely vertical; however the increase in surface area is 

evident. The verticality and packing density of the viral structures were found to be 
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dependent on the TMV concentration as shown in Figure 4.8. Thorough investigation 

of this effect will be the focus of future research work.  

 

 

 

 

 

Figure 4.7: SEM images at two magnifications of nickel electrodes with (a,b) and without (c,d) 

TMV coatings. 

Figure 4.8: SEM image of nickel electrodes at TMV concentrations of 0.05 mg/mL (left) and 0.01 

mg/mL(right). 
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4.2.4 Adhesive Bonding with SU-8  

 

The need for the development of a special process for the bonding of the 

anode and cathode layers emerged from experiments that showed very good 

attachment of the TMV structures onto SU-8. This is believed to occur due to 

interactions of the hydrophobic amino acids of the virus with the hydrophobic 

polymer. This experimental observation suggests that a short-circuit between the two 

layer would occur unless all of the structural SU-8 area that is in contact with the zinc 

is electrically isolated.  

This limitation was addressed by the development of a die-by-die “stamp-and-

stick” process using an intermediate thin SU-8 layer. The thin SU-8 film acts as an 

adhesive for the low-temperature bond required between the metal and the polymer 

while at the same time it electrically isolates the two electrodes. A thin SU-8 5 layer 

is spun at a final speed of 1600 rpm on a dummy silicon wafer. A spread cycle at 600 

rpm with a ramp of 100 rpm/sec is used and the final spin speed is also ramped at 200 

rpm/sec. Directly after spinning, the die are pressed against the wafer transferring a 

thin viscous SU-8 layer to the structural SU-8 film. The zinc anode, which is 

thoroughly cleaned with solvents and DI water prior to assembly, is then manually 

aligned with the cathode and the bonded layers are baked on a hotplate at 100°C with 

a ramp of 5°C/min for 5-10 minutes with a small weight applied on top to strengthen 

the bond. The dummy silicon wafer which served as the carrier for the adhesive layer 

is rinsed in acetone, methanol and IPA and it can be re-used multiple times without 

imposing any limitations in the bonding procedure.  
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Figure 4.9(a) shows an SEM image of the bonded device, while Figure 4.9(b) 

is an image of the TMV structures on the lithographically patterned SU-8 covered by 

the intermediate layer (without the zinc plate). After cooling down, the bond is 

inspected manually, showing robustness under moderate forces applied to detach the 

two surfaces. Detaching of the zinc anode from the silicon die was observed only 

after excessive force was applied with a pair of tweezers inserted between the layers. 

Electrical isolation was verified by resistivity measurements performed with a digital 

multi-meter, showing values that in most cases exceeded the resolution of the 

instrument and in worst cases were in the range of 2-8 MΩ.  

 

 

 

Figure 4.9: SEM images of (a) a zinc piece bonded with the patterned SU-8 layer, (b) TMV 

structures on the structural SU-8 layer covered in SU-8 and (c) a bonded test structure of two 

silicon chips used in estimating the bond thickness.  
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To investigate the additional thickness introduced by the bonding layer, 

several cathode layers were fabricated at a thickness of ~50 µm, bonded with silicon 

chips of identical dimensions using the developed process, and the bond thickness 

was evaluated by measuring the distance between the two layers with SEM and 

subtracting the structural layer thickness. An example of such an assembly is shown 

in Figure 4.8(c). The bonding layer for 12 test structures was found to fluctuate 

between 5 µm and 16 µm with an average value of approximately 10 µm. This 

average is assumed to be the additional-to-lithography spacing in all successive 

microbattery characterization experiments. The unpolished side of a silicon wafer was 

used as a means of evaluating the bond interface because the assembled stack could 

be easily cleaved for inspection. On the other hand, dicing of the final device through 

the thick zinc plate could not be achieved without a catastrophic impact on the bond. 

Figure 4.10 shows an image of an assembled device diced in half and its cross-

sectional schematic.  
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Figure 4.10: Image of a microbattery diced in half and its cross-sectional schematic.  
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Chapter 5: Testing and Results  
 

This chapter presents the testing apparatus prepared and used for the 

electrochemical characterization of the fabricated microbatteries and discusses in 

detail the results of the experiments. The development of a novel microfluidic 

package for battery testing is reported and the operation of a potentiostat, an 

instrument commonly used in electrochemical analysis and employed in this study, is 

explained. The results section focuses on demonstrating proper charge-discharge 

behavior of the TMV microbatteries under different operating conditions as well as 

quantitatively exhibiting the benefits of using high surface area nanostructured 

materials for battery electrodes. Finally, the effects of design parameters are analyzed 

through capacity measurements for two different electrode spacings.  

 

5.1 Testing Apparatus  

 

 This section describes the two individual components that facilitated testing of 

the electrochemical cells, the microfluidic package and interface as well as the 

potentiostat operation.  

 

5.1.1. Microfluidic Package  

 

 A novel packaging scheme that allows testing of various device geometries 

was developed and is shown in Figure 5.1. The package is made of LEXAN, a 

Plexiglass-like rigid plastic material, and consists of two plastic manifolds that are 
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held together with bolts. The bottom component serves as a base for the 

microbatteries while the top piece contains multiple fluidic ports drilled through the 

plastic in an elbow structure. Fluidic interface is made through stainless steel tubing 

and Teflon tubulation (TFLN-063, TUBN-063, Scanivalve Corp. WA, USA) which 

has been glued with epoxy on the sides to facilitate electrolyte circulation. The 

microbattery is placed on a rubber film at the base of the package for mechanical 

stability and electrical isolation.  

 

 

 Mounting of the microbattery device on the package is performed in two 

steps: first, two rubber o-rings are aligned with the holes machined in the zinc and 

four additional o-rings are placed in each corner for mechanical support. The top 

package component is then placed on top of the device through alignment of the 

fluidic ports with the o-rings and holes. Finally, the assembly is flipped upside down, 

the bottom package component is aligned on top using the outer holes machined in 

the plastic and bolts are inserted and tightened to keep the two pieces in place. The 

Figure 5.1: Image of a packaged microbattery showing the fluidic and electrical connections 
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electrolyte is introduced manually using a syringe and electrical connections with the 

battery terminals are made with alligator clips as shown in Figure 5.1. The AutoCAD 

design files are illustrated in Appendix B along with the corresponding dimensions.  

 

5.1.2 Potentiostat Operation  

 

 The devices are tested using a potentiostat (Solartron, model 1287 A, 

Hamphsire, UK) and commercial software for electrochemical analysis (Corrware, 

Solartron, Hampshire, UK). A potentiostat charges and discharges the battery at a 

constant current density within pre-determined voltage or time limits. During the 

charge cycle, current is provided to the device through the electrical connections for a 

pre-set time or until the upper voltage limit is reached. When either of these two 

conditions is met, the discharge begins. During this process, current is drawn from the 

battery terminals until a lower voltage limit is reached or until the discharge exceeds 

the time set by the operator. The capacity is calculated by the product of the discharge 

time and the current and it represents the total charge generated in the reaction, as 

discussed in Chapter 2. An image of the potentiostat software interface where all 

these specifications are set is illustrated in Figure 5.2.  

 The parameters used for the electrochemical characterization of the 

microfabricated devices are summarized in Table 5.1, where the second column 

corresponds to the first round of experiments and the second column shows the 

modified parameters based on the findings and reports of the initial testing [77, 78]. It 

should be noted that, during this initial round, the devices were charged and 

discharged at constant current rates, which corresponded to constant current densities 
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different for each footprint geometry. This specification was changed in the second 

round of experiments and these devices were cycled under constant current density 

conditions, by adjusting the current for each geometry. In both cases, the charging 

current is set higher than the discharge value as suggested in [60], to make up for any 

lost capacity in the nickel electrode during discharge.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Image of the potentiostat software interface 
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TABLE 5.1 – POTENTIOSTAT PARAMETERS 

Specification 1
st
 round of testing 2

nd
 round of testing  

Programmed operation 15 cycles 15 cycles 

Upper voltage limit 3 V 2.5 V 

Lower voltage limit 0.5 V  1.3 V 

Charge cycle 1 mA 100 µΑ/cm
2
 

Discharge cycle 50 µΑ  50 µΑ/cm
2
 

Charge time limit 90 s 250 s 

Discharge time limit  300 s 500 s 

 

 The electrolyte used in this study was a one molar (1 M) KOH solution. The 

concentration of this solution is notably lower compared to the values suggested in 

the open literature [42, 49, 60, 61]. It was observed that the zinc plate corrodes 

rapidly at higher concentrations, severely limiting testing capabilities. The selected 

concentration has lower ionic conductivity resulting in higher internal resistance and 

lower capacity. However, it allows device testing and comparison between the 

different configurations for more extended periods of time.  

 

5.2 Initial Results  

 

 According to the processes described in Chapter 4, the battery electrodes are 

fabricated in the discharge state. In this first round of experiments, the nickel 

cathodes were pre-charged before full device assembly. This was achieved by 

immersion of the die in a beaker containing 1M KOH solution and a dummy zinc 
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anode. This macroscopic assembly was cycled briefly using the potentiostat and the 

cathode layers were then bonded with the zinc anode as described previously.  

 Figure 5.3 shows the charge-discharge curve of a TMV microbattery with an 

active area of 0.64 cm
2
 and a cavity height of 100 µm for the first nine cycles of 

operation. The device was cycled according to the parameters of Table 5.1, where the 

upper and lower voltage limits were selected according to observations made during 

the characterization of the half-cells by Royston et al [59]. A high charging current 

for a short time period was selected to achieve faster cycling of the devices and limit 

the impact of zinc corrosion in KOH. The battery exhibits the appropriate cycling 

behavior, since during repeated cycling, more nickel is converted to nickel oxide and 

nickel oxyhydroxide, increasing the amount of surface area that participates in the 

reaction. This results in an increase in the time of discharge and consequently in 

microbattery capacity.  

 

 

  

Figure 5.3: Charge-discharge curve of a TMV microbattery under the initial testing conditions. 
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5.3 Characterization  

 

 Based on the results of these initial characterizations, four changes have been 

made for the successive experiments:  

1) The charge current was decreased significantly in the same order of 

magnitude as the discharge value. This was done because during charging, the 

IR voltage drop seemed to affect the charge voltage and caused the upper limit 

to be reached fast.  

2) The upper and lower voltage limits were adjusted to 2.5 V and 1.3 V 

respectively. The first value was adjusted in accordance with the decrease in 

the charge current, while the second limit was reduced to the voltage for 

which it was experimentally observed that the battery delivers most of its 

useful capacity.  

3) The devices were not pre-charged before full assembly. This was done to 

prevent effects of non-repeatability that could be observed during the pre-

assembly charging for different electrodes. This would additionally allow a 

more accurate comparison between devices with and without viral 

nanostructures.  

4) The devices were cycled under constant current densities, to allow testing 

under identical conditions for different footprint geometries.  

The characterization of the microfabricated batteries in the following sub-

sections will focus on verifying proper device operation for the new parameters, 

investigating the effect of TMV coating on battery capacity by comparing with 
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unmodified devices, studying the repeatability of the batteries and finally 

investigating the effect of electrode gap on battery capacity.  

 

5.3.1 Charge – Discharge Response  

 

 The charge discharge curve of a TMV microbattery with an active area of 

0.64cm
2
 and a spacing of 65 µm is shown in Figure 5.4. This device has been cycled 

according to the modified parameters and its capacity is calculated within the range of 

2 V to 1.3 V. The graph shows the first eight cycles of operation where the capacity 

increases gradually from 1.22 µAh/cm
2
 to 3.38 µΑh/cm

2
, similarly to Figure 5.3. In 

addition to showing the appropriate behavior as explained before, the device charge-

discharge profile is smoother and quite similar to theoretically expected curves which 

were shown in Figure 2.4. It is also observed that the voltage during the charge part of 

the cycle is much lower compared to the values of Figure 5.3, demonstrating the 

effect of decreased charging current density.  

  

 

 

 

Figure 5.4: Charge-discharge curve of a TMV microbattery under modified operating conditions 

for the first 8 cycles of operation.  
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 This particular device operated successfully for 30 cycles reaching a 

maximum capacity of 4.45 µΑh/cm
2
, which is the maximum capacity value reported 

for the nanostructured microbatteries when characterized under these conditions. The 

capacity versus cycle number for this device is plotted in Figure 5.5. Capacity values 

up to approximately 8 µAh/cm
2
 were calculated when the cathode layers were pre-

charged, which indicates the potential of the nanostructured nickel electrode to reach 

much higher values in future designs.  

 

 

5.3.2 Effect of TMV Coating  

 

 Devices with and without viral nanostructures were compared to investigate 

the effect of increased surface area. Figure 5.6 shows the first discharge for three 

TMV modified and three unmodified devices with electrode gaps of 65 µm. The 

average value of the discharge capacity for the nanostructured microbatteries is 

increased by a factor of six compared to the average capacity of those with planar 

nickel electrodes. In Figure 5.6 it is also observed that the operating voltage of the 

Figure 5.5: Capacity versus cycle number for a TMV modified device with 0.64 cm
2
 footprint area 

and electrode spacing of 65 µm.   
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microbatteries remains mostly in the range of 1.7 V. According to the discussion in 

section 2.2, this implies that more of the nickel hydroxide material is present on the 

surface of the cathode. This is caused by the temperature induced effects during 

baking of the assembled devices.  

 

 

 Testing of several identical nanostructured devices demonstrated that, while 

battery capacity is similar during the first cycle, discrepancies can be observed 

thereafter.  

5.3.3 Device Repeatability 

 

In some of the devices tested the upper voltage limit of the potentiostat was 

reached, the cycling behavior became increasingly erratic and the capacity degraded 

abruptly. This behavior is primarily attributed to variability in the as-fabricated 

devices, such as the surface quality of the zinc plate, the thickness of the nickel 

Figure 5.6: Initial discharges of cells with and without TMV coatings.   
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coating, improper sealing introduced during bonding and short-circuiting between the 

zinc anode and the nickel coated sidewalls of the SU-8 cavity due to dendrite 

formation. Figure 5.7 is a representative example of the capacity versus cycle number 

for three such devices with identical footprint areas and electrode spacings.  

 

 

This lack of repeatability explains why only the first discharges are compared 

as a more accurate indication of the effect of increased surface area. It should also be 

noted that, while the unmodified devices exhibited smooth cycling operations, the 

maximum capacity was observed during the first cycle in most of the examined cases 

and it was found to slowly degrade for the successive cycles. The cycling was 

stopped manually before lifetime exhaustion of the devices, since comparison was 

intended only for the first cycle. If maximum capacities were to be compared, the 

effect of TMV coating would correspond to an increase in capacity by a factor of up 

to 20.  

Figure 5.7: Capacity versus cycle number for three TMV modified devices with 0.64 cm
2
 footprint 

area and electrode spacing of 65 µm.   
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5.3.4 Effect of Electrode Gap  

 

 Devices with different cavity heights were tested to investigate the effect of 

electrode spacing. Intuitively, it is anticipated that the decreased gap between the 

anode and cathode will cause a decrease in the internal resistance within the 

electrolyte and this will affect the operating voltage of the cell, which will now be 

higher. This is illustrated in the graph of Figure 5.8, which shows one discharge cycle 

for devices with spacings of 65 µm and 110 µm respectively.  

 

 

 Figure 5.9 shows the capacity versus cycle number for electrode spacings of 

65 µm and 110 µm. The capacity is calculated in the operating range of voltages for 

the microbattery, as defined from all previous experiments. It is observed that a 

decrease in electrode spacing by roughly a factor of two results in an approximately 

equivalent increase in capacity in the range of 2 V to 1.3 V (the lower limit of 

operation). This suggests that the resistance within the electrolyte is the dominant 

Figure 5.8: Voltage versus time graph for one discharge cycle of devices with different electrode 

gaps.   
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factor that defines the battery capacity and future work should focus on decreasing 

the ion diffusion distances between the electrodes.  

 

 

 

5.4 Summary  

 

 The experimental characterization results presented in this section 

demonstrate the feasibility and usefulness of high surface area nanostructured 

electrodes in the development of MEMS fabricated batteries. The virus-structured 

devices exhibited the expected appropriate cycling behavior, with the capacity 

increasing after each cycle as a result of more cathode material activation. The 

capacity increased until the point where the upper voltage limit of the potentiostat 

was reached, indicating the onset of erratic behavior and performance degradation. 

This onset appeared at different cycle numbers for various devices, ranging from four 

up to thirty cycles of operation. The maximum capacity observed for devices with 

Figure 5.9: Capacity versus cycle number for devices with different electrode spacings.  
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viral electrodes was 4.45 µΑh/cm
2
 when these cells were tested from the discharged 

state, while values up to 8 µAh/cm
2
 were calculated for microbatteries that were pre-

charged before device assembly. The effect of TMV coating in battery performance 

was demonstrated through a six-fold increase in capacity during the initial discharge 

compared to device with planar electroless nickel cathodes. This comparison is 

considered to be most value for the first cycle of operation, because similar behavior 

was repeatably observed for this time-frame. If the maximum capacities are taken into 

consideration, this factor raises up to twenty. Finally, the effect of electrode spacing 

was quantified through testing of devices with different separation between the 

electrodes. It was found experimentally that a decrease in the gap by roughly a factor 

of two causes an approximately equivalent increase in microbattery capacity in the 

working voltage range of interest.  
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Chapter 6: Future Work and Conclusions  
 

This chapter presents the limitations of the current work and discusses 

solutions to address these issues. Some preliminary results towards this direction are 

reported and an outlook to future designs is presented. Finally, the Thesis is 

concluded with a brief summary of the research activities, experimental results and 

impact of this work.  

 

6.1 Continued Work  

 

6.1.1 Limitations  

 

While the scope of this research work was not to develop a high-performance 

MEMS battery but to demonstrate the feasibility of using the Tobacco mosaic virus 

for nanostructured MEMS battery electrodes, several factors limited the quantitative 

performance of the first prototype devices. Common problems encountered in nickel-

zinc batteries involve zinc corrosion in the alkaline electrolyte and uneven 

redistribution of chemical byproducts on the anode, leading to dendrite formation [60, 

79]. Rapid zinc degradation was observed in many of the devices tested for this work, 

preventing cells from reaching maximum capacity. Examination of the electrode 

surfaces after testing showed formation of a substantial passivation layer on the zinc 

anode, which causes an increase in cell resistance during charge. In these cases, the 

upper voltage limit of the potentiostat was reached before the devices were fully 

charged and the capacity of the battery dropped rapidly. This is attributed to the lower 
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available surface area of the zinc electrode, as compared to the nanostructured nickel 

cathode.  

 Variability in the fabrication process is believed to be another significant 

factor contributing to inconsistencies in device operation. As discussed in Chapter 5, 

some key issues related with the fabrication process involve the surface quality of the 

zinc anodes, which are machined from a plate of the metal and could vary 

significantly from device to device, and imperfections during bonding. For example, 

it was observed in some cases that during alignment of the two layers the viscous SU-

8 would pour inside the electrolyte cavity, reducing the active area. Another factor 

that is believed to affect the operation lifetime of the fabricated batteries is the close 

proximity of the SU-8 sidewalls to the zinc anode. As was discussed in Chapter 4, 

TMV adheres well to SU-8 and possible formation of dendrites around the edges 

(which can be up to several microns as reported previously [79]) is a likely cause of 

short-circuiting (Figure 6.1) and performance degradation that was often observed 

after some cycles of operation.  

 

 

 To address these limitations, future work will focus on improving the anode 

and the fabrication process. The benefit of the TMV coatings can be fully realized by 

Figure 6.1: Schematic representation of a likely mechanism for device failure – dendrite 

formation from the zinc anode to the conductive SU-8 sidewalls. 
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incorporating high aspect ratio nanostructures on the zinc electrode as well. The 

development of such a high surface area and high conductivity anode will result in 

increased capacity while reducing the effects of passivation. Moreover, TMV 

processing at the wafer level and alternative packaging methods are expected to 

increase the yield of the devices. The following sections show some preliminary 

results towards this direction and discuss some possible future designs and 

applications that could benefit from the TMV biofabrication approach.  

 

6.1.2 Nano- and micro-fabrication development using the TMV   

 

 A key process towards the development of a batch fabrication approach is the 

ability to pattern the TMV selectively on specific areas of the wafer. To investigate 

the feasibility of such processes, photolithographic patterning of the nanostructures 

was explored through the lift-off technique and post-processing was examined 

through compatibility with over steps that have been used in the developed 

fabrication process.  

In this experiment, a gold-covered silicon chip was used as the substrate. The 

die was masked in half of its area using adhesive tape and then a positive Shipley 

1813 photoresist was spun at 3000 rpm for 30 seconds to define a 1.6 µm thick layer. 

After spinning, the masking tape was removed from the substrate and the chip, now 

partially covered in photoresist, was baked on a hotplate at 100°C for 1 minute. 

Following soft-bake, viral self-assembly and nickel metallization were performed 

using the three-day process described in Chapter 4. After the electroless nickel plating 

step, which resulted in complete coverage over the whole silicon area, the chip was 
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rinsed in acetone. This step caused the photoresist to dissolve and lift off the viral 

nanostructures that have attached on the surface. The lithographically patterned chip 

was cleaned in methanol and isopropyl alcohol successively, and then examined 

under microscope using SEM. An image of the boundary surface between the masked 

and unmasked areas is shown in Figure 6.2. It is evident from this picture that the 

process resulted in successful removal of the TMV from the selected areas.  

 

 

 

 The robustness of this process was further investigated through repeated 

imaging of the surface after pro-longed exposure of the chip in solvents as well as 

chemical developers. The photolithographically patterned chip was also used as the 

substrate for SU-8 lithography. A thick SU-8 layer was spun to a thickness of 100 µm 

using the process shown in Table 4.1, and then soft-baked accordingly. After this 

step, it was immersed in SU-8 developer to completely remove the polymer film. 

Examination of the nanostructured surface after this process showed no alteration in 

Figure 6.2: SEM image of gold-covered silicon chip with nickel-coated TMV nanostructures that 

have been patterned using lift-off.  
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the viruses, revealing the compatibility of this novel biofabrication technique with 

traditional MEMS fabrication steps.  

 

6.1.3 Future Designs  

 

Metallization of the TMV with different materials is another critical step that 

is expected to result in a significant improvement in the extracted power from the 

microbatteries. Since zinc electroless plating solutions are not available, approaches 

that are under examination include zinc electroplating or atomic layer deposition onto 

the nickel coated TMVs, two processes that can ensure conformal coverage of the 

whole viral surface. Successful development of such techniques will allow the 

realization of second generation designs that take advantage of the assembly 

properties of the TMV onto various materials. A conceptual three dimensional 

schematic of such a design is shown in Figure 6.3.  

 

 
Figure 6.3: Schematic representation of a future microbattery design (the yellow and green 

structures correspond to two different battery electrode materials).  
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 In this design, the unique property of TMV attachment onto SU-8 structures is 

utilized. The concept of operation is based on significantly increasing reactive surface 

area by a combination of the microfabrication and nano-scale synthesis approaches 

that were reviewed in Chapter 1. The interdigitated SU-8 structures provide the out-

of-plane high aspect ratio structures to increase the available reactive area while 

maintaining device footprint, similar to the method implemented by Chamran et al 

[49]. The addition of the high aspect ratio nanostructured viruses, coated selectively 

through previously described processes with different battery materials, will result in 

a further increase in active area, altogether keeping short diffusion distances and low 

internal resistances. The successful development of such a design will mark a 

significant improvement over current approaches, as it based on fewer lithography 

and process steps and utilizes cost-effective techniques and less energy-intensive 

equipment.  

 In addition to their application as battery electrodes, these biological 

nanostructured materials can be used in other micro-power sources that require high 

surface area components. One such application is a micro fuel cell, which requires 

increased area of catalytic surface for more efficient consumption of the fuels and 

improved performance. The need for platinum nanocoatings has been identified by 

St-Pierre et al [80] as an important factor towards increasing the power density 

extracted from polymer electrolyte membrane fuel cells. The Tobacco mosaic virus 

offers a robust platform for the synthesis of this material, thereby creating new 

opportunities for its use in microfabricated small-scale energy conversion devices.  
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6.2 Thesis Conclusions  

 

 The first successful demonstration of a MEMS battery utilizing viral 

nanostructures was presented in this Thesis. Self-assembly and nickel coating of the 

Tobacco mosaic virus have been integrated into traditional MEMS fabrication 

processes and nickel-zinc microbatteries with nanostructured cathodes have been 

developed and characterized. The proof-of-concept device comprises of nickel-coated 

TMV particles assembled on a gold surface on a silicon wafer and a zinc anode 

machined with holes for electrolyte circulation. Two polymer processes in SU-8 were 

developed to define the separation between the electrodes, the electrical connections, 

as well as the bonding layer between the two different materials. The assembled TMV 

modified devices exhibited appropriate charge-discharge behavior for several cycles 

of operation, which vary from device to device. The initial capacity of these batteries 

was improved by a factor of six compared to cells without viral nanostructures. TMV 

microbatteries with smaller electrode spacings show an increase in capacity, which 

demonstrates the importance of electrode gap as a design parameter. These results, 

combined with the simplicity of the viral self-assembly and metallization process and 

the feasibility of full wafer-level patterning, show the potential of this technology in 

the development of more compact, high-performance small scale energy conversion 

devices.  
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Appendix A - Solution Preparation  
 

Sodium tetrachloropalladate 10mM  

Solution is prepared to a volume of 10 ml and aliquot in micro centrifugal tubes in 

volumes of 120 µl.  

Use 29.419 mg of sodium tetrachloropalladate, 98%, Sigma Aldrich and mix with DI 

water. Store chemical away from light (not temperature sensitive).  

 

Nickel electroless plating solution  

Nickel plating solution was prepared to a volume of 25 ml and then aliquot to 

volumes of 0.4 ml.  

Use a glass beaker and mix:  

1) 0.6 g NiCl2 hexahydrate (Nickel (II) chloride hexahydrate 99.9%, Sigma 

Aldrich)  

2) 0.45 g Glycine (Glycine, tissue culture grade, Fischer Scientific)  

3) 1.5 g Na2B4O7 (sodium tetraborate, 99%, Sigma Aldrich)  

4) 0.77 g DMAB (Dimethylamine borane, 97%, Sigma Aldrich). This should be added 

under a fume hood.  

Add 25 ml DI water, this should be added last.  

Place solution mixture on stir plate, covered in parafilm with a stir bar. Stir until color 

changes from green to blue. Periodically check pH and stop mixing when pH paper indicates 

the solution has reached pH 7. Store solution in the freezer.  
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Appendix B – AutoCAD files  
 

Machined Zinc (Dimensions in cm) 

 

 

Package Designs (Dimensions in inches) 
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