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Chapter I 

1 Introduction 

1.1 Motivation 

Energy generation and utilization has been the primary driving force the led to the present-

day modern civilization. Using millions of years old energy from dead plants and animals, aptly 

named ‘fossil fuels’, we have not only shaped our modern society but have also gained the 

ability to change the environment of our planet completely. Never has been a time in human 

history where we have experienced the high standard of living we enjoy today. However, the 

latter half of the 20th century came as a reality check to this model through the stark realization 

that fossil fuels are not infinite and by using them unsustainably, large amounts of greenhouse 

gases and byproducts have started to alter the climate of our planet in an adverse manner. As a 

result, not only further development but also sustaining today’s modern society will soon become 

an existential challenge. Thus, the quest for harnessing alternate sources of energy such as 

renewables and ambient energy from the environment have garnered great interest in recent 

years.  

1.2 Need for electrochemical energy storage 

1.2.1 Renewables and the ‘duck curve’ 

Addition of renewable technologies to our existing electrical grids designed to handle 

fossil/nuclear/hydroelectric based energy generation technologies results in a unique challenge. 

This challenge can be visualized by the ‘duck curve’ (figure 1.1). For example, solar cell 

technologies for energy generation have been widely implemented in California in recent years 

to meet the ever-growing energy demands. The issue however has been that integrating the solar 
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cell systems directly to the existing grid creates load leveling issues. The peak energy 

consumption in a 24-hour day cycle occurs during the evenings when the solar cell systems 

become inoperable as a result of receding daylight. To compensate, existing fossil fuel-based 

power plants have to be run beyond capacity (ramping) to meet the demand. Additionally, 

passing cloud cover over the solar cell installation site creates fluctuations in energy generations 

even during daytime. These issues significantly highlight the need for energy storage 

technologies to offset the load imbalances by load leveling and prevent load fluctuations.  

 

Figure 1.1. The duck chart highlighting the load-leveling requirement. (Figure reproduced from 

source: First published in CASIO 2013)1, 2 

1.2.2 Advent of electric vehicles and wearable technologies 

With the advent of electric vehicles, need for on-board, light-weight, cost-effective energy 

storage systems have emerged. Coupled with this, the mass influx of new wearable technologies 

into the consumer markets has accelerated this requirement even further. This requirement has 
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rejuvenated research efforts into on-demand and on-board energy storage architectures. Most 

research efforts are focused on developing next generation batteries and supercapacitors that fit 

this need. As shown in figure 1.2, the differences in performance for batteries and 

supercapacitors can be highlighted using the Ragone plot. The energy density is provided on the 

‘y-axis’ and power density is provided on the ‘x-axis’. Capacitors including supercapacitors have 

high power densities but low energy densities but batteries such as Li-ion, Na-ion, sulfur as well 

as air batteries have high energy densities but comparatively low power densities.  

 

Figure 1.2. Ragone plot showing the performance metrics of energy storage systems and their 

relevance to electric vehicle technologies. (Courtesy: Venkat Srinivasan3) 

1.2.3 Ambient mechanical energy – an on-demand energy source 

Ambient mechanical energy is present abundantly in our everyday working environment. 

In general, this ambient mechanical energy is typically wasted. If there were some means to 

harness this otherwise wasted energy, it would be ideal for decentralized energy production 
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operation to power portable electronic devices. This on-demand energy source coupled with on-

board energy storage has the potential to meet the wearable technology energy demand of the 

future. Though there are numerous energy harvesters based on piezoelectric, electro kinetic and 

piezoelectric effects, they are severely limited in harvesting extremely low frequency mechanical 

energy (<5 Hz) in the regime of every day human activity such as running and walking or once a 

day activity such as sleeping. As conventional piezoelectric systems operate effectively at their 

resonant frequencies (>10Hz), they cannot effectively harvest such low frequency mechanical 

inputs. In order to harness such low-frequency ambient mechanical energy, a harvesting process 

with matched frequencies owing to a slower operational phenomenon when comparted to the 

operational mechanism of piezoelectric and triboelectric systems is necessary.  

1.2.4 The rise of multifunctional devices 

Keeping up with the drive towards efficient energy storage technologies for electric 

vehicles and wearables, an intriguing and promising approach has risen to the forefront over the 

recent years. This approach constitutes the field of multifunctional energy storage systems. 

Multifunctionality is the property of adding additional capabilities to an existing technology to 

perform functions more than just the primary function of the system. Especially in recent years 

two topics of research have garnered great interest: (i) transient energy storage devices and (ii) 

load-bearing energy storage devices. Transient energy storage systems can perform their energy 

storage function until they are triggered to undergo complete dissolution or disappearance. Such 

systems can be integrated with other transient electronic devices for application where security 

and data sensitivity are of primary concern. Load-bearing energy storage systems are those that 

can simultaneously handle massive amounts of mechanical load at the same time perform their 

energy storage function effectively. Such systems can be potentially made into polymer or 
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ceramic composites which can be used as structural materials in construction of future homes or 

as structural materials that are used in chassis, doors and panels of future electric vehicles and 

drone technologies.  

These factors have contributed to a variety of research efforts focused on achieving these 

objectives to meet the burgeoning demands to make renewable technology as well as electric 

vehicles and wearable technologies of the future a sustainable and accessible reality. Maintaining 

a balance between energy requirement of our society and energy generation cannot be achieved 

without efficient energy storage systems. 

1.3 The path forward – towards better energy storage and harvesting systems 

Today’s energy storage research is motivated along these lines where an emphasis on the 

balance between energy demand and consumption is given categorical importance from 

decentralized to centralized energy distribution and storage systems. This approach has proven 

fruitful with the advent of new generation electrochemical energy storage devices which include 

supercapacitors and batteries. From the view point of innovation in the sectors of present day 

electrochemical energy storage devices, formulation of new advanced material compositions 

constitutes the bulk of the academic research. With the rapid increase in hand held electronic 

devices fueled by the concept of miniaturization in the semi-conductor industry is presently 

exerting an enormous drain on current state of the art battery technologies. Energy storage 

devices boasting high storage capacity and faster power delivery have become an urgent 

necessity. Even though, lithium-sulfur and lithium-air battery technologies prove to be 

promising, migration from existing battery manufacturing technologies to these systems requires 

a complete overhaul of existing manufacturing infrastructures. If we examine the reason for the 
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rate of growth of the semi-conductor industry which has so far been able to keep up with 

Moore’s Law, we find answers in the unique field of strain engineering.4, 5 

1.3.1 Strain engineering and mechano-electrochemical coupling 

Strain engineering refers to the systematic tuning of mechanical strains in materials to 

achieve unprecedented properties. The six dimensions of the strain tensor offers a wide range of 

tunable parameters which can be individually or collectively adjusted to achieve material 

properties otherwise inaccessible.6 The foundations of this field of strain engineering can be 

explained using the universal binding energy relationship. The bond strength between two atoms 

similar or dissimilar in any material can be adjusted by tuning the distance between the two, 

bring them closer and. they tend to repel each other and vice versa.7 This alters the properties of 

the material under consideration fundamentally. Strain engineering can be applied both to 

modify both bulk material properties as well as properties in the length scales of individual 

crystals (Fig. 1.3).  
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Figure 1.3. Schematic representation of the operational length scales where mechanical strains 

can be engineered into materials 

Mechanical strains imposed on materials produce elastic deformations (recoverable) initially 

followed by plastic deformations (not-recoverable). To observe unprecedented property 

modifications using strain engineering, it is essential to operate in the elastic regime. Elastic 

strains do not produce permanent deformations but create various metastable conditions. 

However, owing to the recoverable nature of these elastic deformations these metastable states of 

materials are difficult to explore. If elastic strains could be controllably ‘locked-in’ materials 

without letting them regain initial state, we could exploit these metastable conditions to observe 

properties which are otherwise inaccessible thus creating the fundamental principle of the field 

of elastic strain engineering.4 Traditional methods of elastic strain engineering involve epitaxial 

strains8, strains through doping9, thermal strains10 and substrate assisted strain.11 These 

techniques have been widely implemented to modify a variety of properties in the field of semi-

conductor electronics12, catalysis and improving ion diffusion in fuel cells.13  
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Traditional viewpoint in the field of electrochemical energy storage considers these 

systems (batteries and supercapacitors) as purely electrochemical systems. On the contrary, they 

are dynamic mechano-electrochemical systems where the mechanical component cannot be 

ignored. Most researchers emphasize discovery of new material formulations and battery systems 

while considering the associated mechanical processes as an unavoidable byproduct. In some 

cases, mechanical strains are considered an adverse effect attributed to the failure mechanisms of 

both cathode (phase transformations)14 and anode (volume expansion).15 This has led to various 

research efforts on mitigating strain in both anodes and cathodes in battery systems.16-18 The 

coupling between mechanics and electrochemistry is called ‘mechano-electrochemical coupling’. 

This coupling remains a relatively unexplored area of research in the field of electrochemical 

energy storage. Though there have been a limited number of reports using theoretical simulations 

illustrating the benefits of input mechanical strains, there exists a very low number of 

experimental works in this area.19, 20 A beneficial product of the mechano-electrochemical 

coupling in battery systems is that this phenomenon can be used to design low-frequency energy 

harvesters that can effectively harness ambient mechanical energy. Moreover, with the recent 

rapid emergence multifunctional devices, understanding this fundamental relationship and 

utilizing this to the fullest beneficial extent remains an unexplored domain of research. This 

dissertation is therefore aimed at creating a paradigm shift towards understanding, isolating and 

thereby controlling mechanical process occurring in energy storage systems.  

In this work, I begin by exploring the fundamental relationship between 

micro/nanostructures and electrochemical behavior using surface oxides on NiTi shapememory 

alloy. Leveraging this unique property of this versatile alloy and using principles of elastic strain 

engineering, I explore the modulation of electrochemical parameters governing energy storage 
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systems by imposing ‘locked-in’ elastic strains on them. Building off these principles, I explore 

the development of electrochemical-mechanical energy harvesters for harnessing ambient 

mechanical energy at very low frequencies. Energy harvesting capabilities of sodiated black 

phosphorus and sodium co-intercalated multilayered graphene at a broad range of low 

frequencies provide insights and understanding into the mechano-electrochemical coupling in 

these systems. Additionally, to further illustrate the relationship between mechanical and 

electrochemical properties, we developed multifunctional energy storage and harvesting devices 

including transient energy storage/harvesting devices and structural supercapacitor and ultra-

battery composites for use in load-bearing applications. Overall, these approaches provide 

paradigm shifting fundamental insights as well as create a framework for developing such 

multifunctional energy storage/harvesting architectures for a multitude of applications. 

1.4 Dissertation organization 

This dissertation is organized as follows: 

Chapter II presents the development of energy storage micro/nano architectures on a 

multifunctional superelastic and shapememory NiTi alloy (Nitinol). This chapter deals with the 

effect of micro/nano structuring on electrochemical energy storage behavior of this versatile 

alloy.  

Chapter III utilizes the unique shapememory property of the NiTi alloy to strain engineer 

surface oxides grown on it. The effect of applied and ‘locked-in’ mechanical strain on the 

electrochemical energy storage behavior of the surface oxide is discussed in this chapter. 

Chapter IV builds upon the findings of in chapter III to develop a detailed understanding of 

mechano-electrochemical coupling in lithium battery electrodes such as vanadium pentoxide. 
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The effect of ‘locked-in’ mechanical strain using NiTi alloy substrate on the electrochemical 

parameters of lithium intercalation reaction in vanadium pentoxide is discussed in this chapter.  

Chapter V utilizes the understanding of mechano-electrochemical coupling battery materials 

discussed in chapter III and IV to develop electrochemical-mechanical strain energy harvesters to 

harvest the otherwise wasted ambient mechanical energy in everyday human interactions. Owing 

to the diffusion-controlled processes of sodium ion alloying reaction with high capacity 2D black 

phosphorus electrodes, effective harvesting of low-frequency ambient mechanical energy can be 

achieved. 

Chapter VI builds upon the findings of the earlier chapters and utilizes a fast sodium co-

intercalation reaction with multilayered graphene electrodes to achieve ambient energy 

harvesting during human walking scenarios.  

Chapter VII presents a multifunctional energy storage system utilizing atomic layer deposited 

vanadium oxide coatings in porous silicon architectures for transient energy storage applications. 

Chapter VIII presents an electrochemical-mechanical transient energy harvester which utilizes a 

lithium-aluminum system to effectively harvest ambient low-frequency mechanical energy as a 

potential on-demand energy source for a transient energy storage system. 

Chapter IX presents a multifunctional energy storage system utilizing carbon nanotubes grown 

on stainless steel decorated with electrochemically deposited nickel and iron oxides/hydroxides. 

The developed Ni-Fe ‘ultra-battery’ composite can be potentially integrated into load-bearing 

architectures. 

Chapter X summarizes this work and discusses future opportunities 
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Chapter II 

2 Systematic Hierarchical Micro/Nanostructuring to Improve 

Faradaic Energy Storage 

2.1 Introduction 

With the advent of the fourth industrial revolution, smart technological systems with 

extensive and fast computing capabilities in decentralized stand-alone architectures are an 

inevitable future. A key ingredient for the successful implementation of such technologies, 

efficient on-board energy storage systems have emerged as a primary requirement. However, 

present typical energy storage systems such as most batteries have long charging/discharging 

times. Though, supercapacitors were once envisioned to fulfil this need, their low energy density 

has often been a drawback. To keep pace with the envisioned scenario, high energy as well as 

high speed charge/discharge is of categorical importance. Therefore, faradaic energy storage 

systems capable of storing more energy than traditional supercapacitors, must be developed with 

these capabilities operating at significantly higher rates (100 to 1000 times faster) than 

conventional battery electrodes.21-27 Despite a significant body of literature on these systems, 

some key fundamental challenges remain and warrants more investigation. For example; in the 

well explored area of pseudocapacitors (surface faradaic energy storage) as well as the recently 

developed MXene28-30 based systems, the challenge of improving the inherently low 

ionic/electronic conductivities of the constituent materials is still present. Oxides/hydroxides of 

nickel and titanium, in particular hydroxides of  nickel (high theoretical capacitance of about 

2000 F/g)22, 31 are considered promising in the field of high rate faradaic energy storage. In any 

case, the challenge still remains owing to the fact that nickel hydroxide (Ni(OH)2 is inherently 
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resistive. Most strategies to overcome these challenges involve addition of carbon based 

additives and conductive binders during electrode fabrication.22, 24, 32-37 In the contrary, direct 

binder free simple fabrication techniques are considered as a viable alternative to not only 

mitigate the performance challenges associated with these inherently resistive materials but also 

to improve the feasibility in direct manufacturing of these high rate energy storage devices. In 

this regard, nitinol (Niti Alloy) is widely considered a potential candidate for multifunctional 

energy storage38-42 applications offering a versatile platform owing to its shape memory and 

superelastic properties along with its bio-compatibility.43-46 The elements (Nickel and Titanium) 

that make up the composition of this alloy can be converted to their respective oxides/hydroxides 

by surface treatments.  

In the case of NiTi alloys, the direct fabrication techniques to generate the nickel 

oxides/hydroxides involve dealloying,47-49 anodizing,50-55 oxidizing25, 56 and annealing 

processes.25, 55 However, the performance attributes of Ni(OH)2 pseudocapacitor developed 

through these techniques which include rate capability, high charge storage and good cycling are 

still limited. A strategy to address the challenges posed by Ni(OH)2 is by systematically tailoring 

the NiTi alloy surface using simple surface treatment techniques to develop hierarchical 

micro/nanostructures. Hierarchical nanostructures with well-organized distribution of redox 

active metal hydroxides enable faster electron conduction and ion transport minimizing the 

internal resistance of traditional Ni(OH)2 pseudocapacitors.25, 57, 58 Fabrication of hierarchical 

micro/nanosturctures on superelastic NiTi alloy has so far been limited due to the processing 

challenges involved.46, 47, 52 Techniques such as dealloying, anodization and oxidation of NiTi 

surface pose unique challenges as both nickel and titanium are non-valve metals. A systematic 
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approach to selectively combine one or more of these surface treatment techniques to improve 

energy storage capability at high rates of charge and discharge is required. 

In this work, we propose a systematic approach to implement structural hierarchy to 

Ni(OH)2 pseudocapacitor developed to the surface of NiTi alloy by selective combination of 

dealloying, anodizing and oxidation techniques. We developed hierarchical micro/nanostructures 

comprising of electrochemically active Ni(OH)2 on the surface of superelastic NiTi alloys. The 

ability to control and engineer the pseudocapacitive response of Ni(OH)2 by altering the surface 

of NiTi alloy is demonstrated in this study. Hierarchical micro/nanostructures with nanopores on 

two different length scales provide electron and ion conduction pathways significantly increasing 

the charge storage and rate capabilities. This work provides a binder free method for controlled 

fabrication of hierarchical micro/nanostructures and selectively modulating the pseudocapacitive 

response of nickel hydroxide developed on the surface of NiTi alloy. 

2.2 Experimental section 

2.2.1 Preparation of Nanoporous NiTi surface 

As drawn, mechanically polished NiTi superelastic alloy (oxide free, thickness ~1.34 mm) 

obtained from Nitinol Devices and Components, Inc was cut into squares of dimensions ~ 1 cm 

X 1 cm. The cut sheets were ultrasonically cleaned in acetone (Fischer), ethanol (Fischer) and 

nanopure water for 10 min respectively. To create Nanoporous surface structures on the alloy, 

sheets were subjected to ultrasonic treatment in H2O2 (Aldrich 30%) for 90 min at room 

temperature.  

2.2.2 Imparting first level of hierarchy to the NiTi surface 

To impart the first level of hierarchy to the NiTi surface, the ultrasonically cleaned cut sheets 

were subjected to dealloying proess by soaking in 20 mL concentrated HCl (Fischer 37%) for 
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varying time periods (1hr to 24 hr). Following the dealloying treatment, the NiTi sheets were 

ultrasonically treated in peroxide to create the nanoporous surface structure on the surface 

structures imparted by the dealloying process (Hierarchical 1).  

2.2.3 Imparting two levels of hierarchy to the NiTi surface 

The super hierarchical micro/nanostructure (Hierarchical 2) was obtained by introducing an 

anodization step in-between the dealloying and peroxide ultra-sonic treatment steps. The 

dealloyed NiTi sheets were potentiostatically anodized at 30 V for 300 seconds using a 

LabView-operated Keithley 2602A Sourcemeter. Anodization was performed using a dealloyed 

NiTi sheet as the anode and a platinum foil (Alfa Aesar) 10mm X 10mm as the cathode in a 

solution of ethylene glycol (Aldrich) containing 0.25 wt% NH4F (Aldrich) and 1.5 wt% 

nanopure water. The dealloyed and anodized sheets were then subjected to sonication in peroxide 

for 90 min to obtain the Hierarchical 2 micro/nanostructure.  

2.2.4 Material Characterization 

Micro/nanostructural characterization was performed using scanning electron microscopy (SEM) 

(Raith eLine). Surface oxide analysis was performed using Raman spectroscopy (Reinshaw) with 

a 532 nm laser with exposure times upto 1800 seconds, X-Ray photoelectron spectroscopy (XPS 

PHI 5000 Versaprobe) using Al Kα 1486.6 eV 100 µm spot size and X-Ray diffraction (Scintag 

XGEN 4000) using Cu Kα 1.542 Ao.  

2.2.5 Electrochemical Characterization 

The NiTi sheets with different levels of hierarchy, a platinum foil (1cm X 1cm, Alfa Aesar) and 

a saturated calomel electrode (SCE) (Koslow) were the working, the counter and the reference 

electrodes respectively. The electrodes were immersed in a 2M solution of NaOH (Aldrich) in a 

3-electrode configuration. Electrochemical tests including cyclic voltammetry (CV), 
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galvanostatic charge-discharge (CD) and electrochemical impedance spectroscopy (EIS) were 

performed using a Metrohm Autolab multichannel testing unit. CV scans at various scan rates 

from 5 mV/s to 500 mV/s, CD scans with various constant currents of 0.1 mA/cm2 to 5 mA/cm2 

and potentiostatic EIS scans of perturbation amplitude of 0.25 V in the frequency range of 0.01 

Hz to 100 kHz were performed on the working electrodes. 

2.3  Results and discussion 

2.3.1 Schematic representation of the process 

 

Figure 2.1. Schematic representation of the advantages of the micro/nanostructures developed in 

the order of increasing hierarchy 

The schematic representation for the development of hierarchical structures on NiTi is shown in 

Figure 2.1. A nanoporous surface on NiTi alloy can be generated using simple ultrasonic 

treatments. Using the oxidizing nature of peroxide combined with the ultrasonic effect, we 
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produced a nanoporous surface architecture on the alloy (Nanoporous).56, 59 As the superelastic 

NiTi alloy, was cold rolled (~20% thickness reduction) and was not subjected to subsequent 

aging and thermal treatments, residual stresses in the alloy are expected. Dealloying this state 

using strong mineral acids results in the formation of stress relief martensitic planes on the 

surface.60-62 Soaking the alloy in a fixed volume of concentrated HCl (Appendix, Figure 2.6) 

dealloys the NiTi surface through free corrosion process. Creation of the nanoporous surface 

feature to the dealloyed NiTi surface is achieved through peroxide sonication. This combination 

generates the first level of hierarchy (Hierarchical 1) comprising of the obtained nanoporous 

structure superimposed on a dealloyed macrostructure. Using the principles of two-step 

anodization technique, a second level of hierarchy (Hierarchical 2) can be achieved by 

introducing an additional anodization step after the dealloying process and prior to peroxide 

sonication. Anodization of dealloyed NiTi results in the formation of Ni-Ti-O nanotubes on the 

surface of the stress-relief martensitic planes. A subsequent peroxide sonication process removes 

these tubes leaving behind nano patterns which through the action of peroxide can be developed 

into a hierarchical nanoporous surface structure with hierarchical nanopores on two different 

length scales.  
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2.3.2 Microstructural characterization 

 

Figure 2.2. SEM micrographs of (A) Nanoporous alloy surface. (B) Nanoporous structure 

Nanoporous NiTi alloy. (C)  Martensitic planes on Hierarchical 1. (D) Nanostructure of 

Hierarchical 1. (E) Hierarchical 2. (F) Hierarchical nanostructures of Hierarchical 2 
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To verify the presence of these micro/nanostructures on the NiTi surface, Scanning Electron 

Microscopy (SEM) was performed. Using image analysis techniques, the average pore diameter 

of the surface pores on nanoporus NiTi (Figure 2.2A and 2.2B) surface was estimated to be ~10 

nm. Electron micrographs of Hierarchical 1 (Figure 2.2C and 2.2D) indicates the 

superimposition of nanopores (averaging ~10 nm diameter) on a dealloyed NiTi surface showing 

stress-relief planes. Hierarchical 2 (Figure 2.2E and 2.2F) is the result of introducing an 

anodization step in-between dealloying and peroxide sonication processes. We used a standard 

anodization process to obtain Ni-Ti-O nanotubes of average diameters of about 100 nm 

(Appendix, Figure 2.7. A-D).52, 55, 56, 63, 64 To introduce smaller nanopores on the surface of the 

bigger nanopores, ultrasonication process using peroxide was performed on the dealloyed and 

anodized NiTi surface. The resulting micro/nanostructure (Hierarchical 2) comprises of a 

dealloyed macro structure with hierarchical nanopores. 
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2.3.3 Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) analysis 

 

Figure 2.3. (A) Raman spectra of bare NiTi alloy, Nanoporous, Hierarchical 1 and Hierarchical 

2. (B) XPS spectra of Ni 2p for bare NiTi, Nanoporous, Hierarchical 1 and Hierarchical 2 

micro/nanostructures. 

To qualitatively assess the composition, we performed Raman spectroscopy (Figure 2.3A) on the 

different hierarchical and nanoporous surfaces. Two broad peaks corresponding to the Ni-OH22, 

65, 66 and Ni-O22, 65, 66 stretching modes can be observed in the spectra of all treated surfaces at 

around 400 cm-1 and 500 cm-1 respectively. Additional broad peaks around 700 cm-1 correspond 

to the 2 phonon 2TO stretch modes (Ni-O)67 structure resulting from the presence of defects. As 

the process of dealloying results in etching of the superelastic NiTi surface leading to the 

formation of martensitic stress relief planes, it is essential to understand the crystallographic 



20 
 

features imparted in this process. X-Ray diffractograms (Appendix, Figure 2.8) indicates the 

presence of these stress relief martensites generated through the dealloying process.  

To further examine the surface composition, we performed XPS analysis (Figure 2.3B) of 

these different surfaces (Appendix, Figure 2.9 for survey spectra). Analysis of the Ni 2p3/2 and Ni 

2p1/2 peaks present around ~856 eV and ~873 eV confirms the presence of Ni(OH)2 on the 

surface of the nanoporous alloy, Hierarchical 1 and Hierarchical 2. These peak positions and the 

separation (17.6 eV) between them correspond to the Ni(OH)2 structure based on previous 

reports.68-70 In the case of the Hierarchical 1 micro/nanostructure, apart from peaks 

corresponding to Ni(OH)2, we observe the presence of Ni peak (Ni 2p3/2 and Ni 2p1/2 at 853.4 eV 

and 870.6 eV respectively) with a peak separation of 17.1 eV. This can be attributed to the 

induced martensitic relief planes on Hierarchical 1 as observed in SEM micrographs (Figure 

2.2C and 2.2D). Presence of metallic Ni peaks in Hierarchical 1 when compared to nanoporous 

and Hierarchical 2 micro/nanostructures can be due the fact that multiple surface features on the 

Hierarchical 1 alloy are averaged to obtain the XPS spectra where the size of the X-Ray spot 

around 100 µm could include some of the exposed planes. Overall, Raman and XPS spectra 

indicate the presence of nickel hydroxide on the surface of these processed alloys which is in 

accordance with previous reports.52, 57  

2.3.4 Electrochemical characterization 

To assess the benefits of hierarchy on energy storage capability of the redox active 

Ni(OH)2, electrochemical characterization of the three micro/nanostructures was performed. 

Cyclic voltammograms (Figure 2.4A) indicates the differences in electrochemical response of the 

three micro/nanostructures.  
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Figure 2.4. (A) Cyclic voltammetry at scan rate of 100 mV/s for Bare, Nanoporous, Hierarchical 

1 and Hierarchical 2 micro/nanostructures, (B) ∆EPeak (anodic and cathodic peak potential 

difference) variation with the square root of scan rate for the nanoporous and the hierarchical 2 

micro/nanostructures (C) EIS-Nyquist plots for Bare, Nanoporous, Hierarchical 1 and 

Hierarchical 2 micro/nanostructures and inset showing the ESR variation 
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The electrochemically active Ni(OH)2 undergoes the following quasi-reversible redox reaction.22, 

71, 72     

𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻− ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒−   1 

Structural effects and their contribution to electrochemical redox energy storage reactions of 

Ni(OH)2 are apparent through the voltammograms. The peak split (Figure 2.4B) between the 

anodic (reduction) and cathodic (oxidation) reactions (Epeak = Ecathodic – Eanodic) at various scan 

rates (Appendix, Figure 2.10 A-B) gives a good indication of the internal resistance of these 

different electrodes. Redox peaks of the nanoporous alloy has anodic and cathodic peak 

potentials at 0.2 V and 0.45 V respectively with a peak split of 250 mV at a scan rate of 100 

mV/s. Compared to the nanoporous alloy, we observed a significantly lower peak split (Epeak ~ 

130 mV) for the Hierarchical 1 and Hierarchical 2 micro/nanostructures. This reduction in peak 

split corresponds to a lower overpotential for these redox reactions to occur resulting from 

lowering of the internal resistance of Ni(OH)2. A lower overpotential signifies enhanced 

reversibility of the quasi reversible redox electrochemical reaction of Ni(OH)2. The CV curve of 

Hierarchical 2 indicates an increased charge storage when compared to the nanoporous and 

Hierarchical 1. Superfast electron and ion conduction pathways offered by the hierarchical 

micro/nano structures to the surface Ni(OH)2 results in an increased accessibility of redox active 

sites thus improving charge storage.  

 Determination of specific capacitance would give an assessment of the charge storage 

capability of these different micro/nanostructures owing to the faradaic Ni(OH)2 reactions. 

Specific capacitance (mF/cm2), normalized to the total immersed area of the electrode in the 
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electrolyte, was calculated from the area under the cathodic branch of the CV curve using the 

following equation,  

𝐶 =
1

𝐴𝑣(𝑉2−𝑉1)
∫ 𝐼(𝑉)𝑑𝑉

𝑉2

𝑉1
    2  

where A is the total immersed area of the electrode (cm2), V2 and V1 represent the voltage 

window (V), ν is the scan rate (mV/s) and I is the anodic current (mA). At a scan rate of 5 mV/s, 

the specific capacitance of nanoporous, Hierarchical 1 and Hierarchical 2 micro/nanostructures 

were about 35 mF/cm2, 11 mF/cm2 and 45 mF/cm2 respectively. Although the nanoporous state 

had good specific capacitance, a greater internal electrode resistance (Epeak ~ 250 mV) when 

compared to Hierarchical 1 and 2 limits the performance of the nanoporous electrode at higher 

rates which is an essential feature of a pseudocapacitor. The low specific capacitance of 

Hierarchical 1 when compared to Hierarchical 2 could result from less active Ni(OH)2 on the 

electrode surface.  

 To further examine the differences in internal resistances of the electrodes offered by the 

three micro/nanostructures, potentiostatic EIS measurements were performed. A simple Randle’s 

circuit (Appendix, 2.10 C) can be used to determine the equivalent series resistance (ESR). As 

these measurements were performed in a 3-electrode setup, the ESR corresponds well to the 

internal resistance of the working electrode. EIS-Nyquist plot (Figure 2.4C and inset) indicate a 

relatively greater equivalent series resistance (ESR) of about 3.5 Ohms/cm2 for the nanoporous 

state when compared to Hierarchical 2 (ESR of 2.1 Ohms/cm2). The hierarchal 2 micro/nano 

structure has lower resistance than the nanoporous structure as well as increased charge storage 

due to the presence of superfast electron conduction pathways offered by the surface hierarchy. 

The increase in ESR of Hierarchical 2 when compared to Hierarchical 1 can be attributed to the 
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result of increased active material on the surface of the alloy. As the resistive nature of 

electrochemically active Ni(OH)2 is a limiting factor in the development of high rate 

pseudocapacitors, minimizing internal resistance is essential. However, a tradeoff between active 

material loading and organization of active material on the surface of a current collector is 

essential to simultaneously increase energy storage capability as well as rate capability. 

2.3.5 Performance assessment of NiTi alloy with developed hierarchical micro/nanostructure 

Based on the CV curves and EIS analysis, Hierarchical 2 micro/nanostructure Hierarchical 

2 showed increased reversibility (low internal resistance) and increased charge storage capability 

due to the enhanced utilization of the active Ni(OH)2 on the surface. To further examine the 

performance of Hierarchical 2 micro/nanostructure, we performed CV scans at various scan rates 

from 5 mV/s to 500 mV/s (Figure 2.5A). The shape and symmetric nature of the CV curves show 

no appreciable change even at higher scan rates indicating improved mass transport and good 

electron conduction provided by the hierarchical structure. The peak split of about 0.25 V at a 

scan rate of 500 mV/s is still indicative of low internal resistance of the Hierarchical 2 structure 

and extremely fast kinetics of the Ni(OH)2 redox reaction. Hierarchical 2 surface with nanopores 

of two different length scales enhances active material-electrolyte contact and shortening the OH- 

ion diffusion paths.32, 48, 57, 73-75 
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Figure 2.5. (A) Cyclic voltammograms of Hierarchical 2 micro/nanostructure at various scan 

rates. (B) Capacitance variation with scan rate and percentage capacitance at each scan rate 

tested for Hierarchical 2 micro/nanostructure. (C) Galvanostatic charge discharge curves at 

various current densities for Hierarchical 2 micro/nanostructure. (D) Cycling performance and 

capacitance retention for 1000 cycles of galvanostatic charge discharge at 1 mA/cm2 for 

Hierarchical 2 micro/nanostructure, inset- galvanostatic charge discharge of a few cycles during 

cycling performance test. 

 We assessed the rate capability of the Hierarchical 2 electrode was by determining the 

specific capacitance at the different scan rates from the voltammograms (Figure 2.5A). Figure 
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2.5B shows the variation of specific capacitance with scan rates from 5 mV/s to 500 mV/s. The 

Hierarchical 2 structure has high rate capability maintaining about 50% (23 mF/cm2) capacitance 

at 500 mV/s compared to 45 mF/cm2 at 5 mV/s. The greater number of accessible active sites and 

the hierarchical micro/nanostructure enables the electrode to have good ionic as well as 

electronic transport properties thus improving rate capability.55 At a scan rate of 500 mV/s, 

specific capacitance of Hierarchical 2 was about 10 times higher than anodized NiO/TiO2 

nanotube arrays52, 55 and significantly higher than the capacitance from other similar reports on 

NiTi alloy based pseudocapacitors.47  For comparison an anodized NiTi alloy developed similar 

to previous reports52, 55, 76-80 was compared to that of Hierarchical 2 (Appendix, Figure 2.11) 

which showed that the Hierarchical 2 micro/nanostructure has significantly better charge storage 

capability. Further examination of the rate capability was performed through galvanostatic 

charge discharge (CD) tests on Hierarchical 2. Discharge curves of the Hierarchical 2 

micro/nanostructure (Figure 2.5C) at various current densities ranging from 0.1 mA/cm2 to 5 

mA/cm2 indicate a nonlinear discharge curve representative of pseudocapacitive behavior. 

Specific capacitance (mF/cm2) was also determined from the discharge curves using the 

equation,  

𝐶 =
𝐼𝑑𝑡

𝐴(𝑉2−𝑉1)
     3 

where, V2 and V1 represent the voltage window (V), I is the constant discharge current (mA), dt 

is the discharge time (seconds) and A is the total immersed area of the electrode in the 

electrolyte. Hierarchical 2 maintains about 60% capacitance (22 mF/cm2) at a current density of 

5 mA/cm2 similar to that observed in CV analysis (Appendix, Figure 2.12). To determine cycling 

stability, the Hierarchical 2 electrode was subjected to a 1000 charge/discharge cycles at 0.5 
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mA/cm2. Figure 2.5D shows a capacitance increase from the initial value to about 108% and 

gradually declines to about 90%. A minimal capacitance reduction of about 10% is observed 

after 1000 CD cycles. A major issue in hindering cycling performance of Ni(OH)2 is expansion 

and contraction of the active surface during the redox process which may cause dislodging of the 

active material from surface.22 Structural hierarchy in micro/nanoscale mitigates the dislodging 

of active material from the surface during charging and discharging resulting in good capacitance 

retention for Hierarchical 2 micro/nanostructures. Overall, the hierarchical architecture 

developed on NiTi alloy offers enhanced faradaic energy storage capability with a high specific 

capacitance of 45 mF/cm2 (scan rate of 5 mV/s) and enhanced rate capability. The ability to 

improve and modulate electrochemical redox energy storage parameters through the systematic 

tailoring of micro/nanostructures of high rate energy storage materials using combinations of 

simple solution techniques offers significant value for developing next generation energy storage 

devices.     

2.4  Conclusion 

We report here, the ability to modulate redox electrochemistry of Ni(OH)2 through systematic 

tailoring of structural hierarchy. Higher rate capability, lower internal resistance and high 

specific capacitance of Ni(OH)2 observed as a function of different levels of hierarchy imparted 

on the NiTi surface gives insight to the relationship between micro/nanostructures and 

electrochemistry. Electrodes with hierarchically tailored surface delivered high specific 

capacitance of 45 mF/cm2 maintaining about 50% of this capacitance at 100 times higher scan 

rates. Reduction in internal resistance of the electrodes with hierarchical micro/nanostructures 

was observed leading to high rate capability with low overpotential of 130 mV at fast scan rates 

of 100 mV/s. We also observed a good cycling behavior retaining ~90% of the capacitance after 
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1000 charge discharge cycles. Our work broadly illustrates the feasibility and advantages of 

developing hierarchical micro/nano structures for optimizing electrochemical parameters of high 

rate faradaic energy storage systems.  
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2.5  Appendix 

 

Figure 2.6. Mass loss and reduction in thickness of the NiTi alloy after different soaking periods 

in concentrated HCl (37%) 

As both Nickel and Titanium are non-valve metals, we used a concentrated mineral acid to 

dealloy NiTi alloy. Both Nickel and Titanium are converted to their respective chlorides through 

the corrosive attack of the acid. All samples were pre-cleaned as per mentioned procedures and 

were soaked in HCl at room temperature. Error bars represent variations between 10 samples 

subjected to the dealloying process. Samples soaked for 24 hours were chosen for further 
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processing as the curves representing mass loss and thickness reduction show that the 

concentration gradient required for dealloying process has gradually reduced and almost absent 

for 24-hour soaking. After dealloying the samples were once again cleaned by sonicating in DI 

water and dried in a stream of compressed air.  

 

Figure 2.7. (A-D) SEM micrographs of nickel titanium oxide nanotubes after anodization 

process at various magnifications. 

Anodization of a dealloyed NiTi surface results in the formation of Ni-Ti-O nanotubes on the 

surface of the stress released martensitic planes. These SEM micrographs show the presence of 

nickel titanium nanotubes similar to previous reports but on martensitic planes of the dealloyed 

NiTi samples. These nanotubes unlike the nanoporous structure which is obtained as a result of 

sonicating the alloy in peroxide, appear to be uniformly distributed on the surface of the 
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martensitic planes. Subsequent peroxide sonication of these nickel titanium nanotubes should 

generate nanopores on these structures.  

 

Figure 2.8. X-Ray diffractograms of the bare, nanoporous, Hierarchical 1 and Hierarchical 2 

states of the surface treated alloy. 

Crystallographic examination of the martensitic relief planes generated during dealloying was 

performed using X-Ray diffractograms is given in the supporting information. The 

diffractograms confirm the presence of B19’ martensitic phase in dealloyed cold rolled NiTi 

alloy. The strongest peaks around 43ο in all the diffractograms correspond to the (110) plane of 

the austenitic B2 NiTi phase. The two additional peaks at 62ο and 78ο are from the (200) and 

(211) planes of the B2 phase (JCPDS no. 18-0899). Diffractogram of dealloyed NiTi alloy 

confirms the existence of B19’ martensitic phase observed in the SEM micrographs. Peaks at 

around 39ο and 42ο are from the B19’ phase. According to previous reports which employ similar 

processing techniques on nickel and its alloys, report the presence of oxides and hydroxides on 

the surface of the alloys. XRD however, does not give sufficient information regarding surface 
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oxides if the oxide layer is very thin or if the intensity of the major peaks of NiTi alloy is very 

high when compared to the strongest peaks from NiO/Ni(OH)2. 

 

Figure 2.9. X-Ray photoelectron survey spectra of the bare, nanoporous, Hierarchical 1 and 

Hierarchical 2 states of the surface treated alloy. 

The survey spectra were normalized to the peak positions of carbon as a reference. The spectra 

indicate the presence of nickel and titanium along with their respective oxides. 
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Figure 2.10. (A) Cyclic voltammograms of the nanoporous alloy at scan rates of (10-100 mV/s). 

(B) Cyclic voltammorgams of the Hierarchical 2 micro/nanostructure at scan rates of (10-100 

mV/s). (D) Randle’s circuit model for the EIS Nyquist plots. 

As the measurements were performed in a three-electrode system, the potential measurements 

were accurately measured with the use of a reference electrode. To illustrate the difference 

between Nanoporous (Figure 2.10 A) and Hierarchical surfaces (Figure 2.10 B), cyclic 

voltammograms at different scan rates from 10-100 mV/s were obtained for both the Nanoporous 

and Hierarchical 2 micro/nano structures. The internal resistance of the electrode is a parameter 

coupled into the equivalent series resistance of measured during EIS measurements. A simple 

Randle’s circuit (Figure 2.10 C) can be considered to explain the EIS Nyquist spectra observed. 

The ESR values of the Hierarchical 1 and Hierarchical 2 are 0.9 and 2.1 Ohms/cm2 respectively. 
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This difference can be accounted for the fact that an additional treatment in the form of 

anodization was performed to develop the Hierarchical 2 micro/nanostructure. This results in 

increased active material on the surface of the electrode resulting in increased charge storage at 

the same time low over potential corresponding to decreased internal electrode resistance. The 

ESR values for the Bare and Nanoporous alloy were 2 and 3.5 Ohms/cm2 respectively. 

 

Figure 2.11. (A) CV curves comparing the electrochemical response of bare, anodized and 

Hierarchical 2 structures, inset- Comparison between anodized and bare NiTi alloy. (B) Nickel 

titanium oxide nanotubes on the surface of NiTi alloy. 

From the voltammograms, even though the anodized alloy has good charge storage as indicated 

the area under the CV curve, the Hierarchical 2 micro/nanostructure has a better performance.   
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Figure 2.12. Specific capacitance and percentage capacitance determined from galvanostatic 

charge/discharge tests at various current densities.   

The current densities are normalized to total immersed area of the electrode. Hierarchical 2 

micro/nanostructure has about 60% capacitance maintenance at 5 mA/cm2 when compared to the 

capacitance at 0.1 mA/cm2.  
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Chapter III 

3 Strain Engineering to Modify the Electrochemistry of 

Energy Storage Electrodes 

3.1  Introduction 

Traditional routes to design materials for electrochemical applications require modification of 

material chemical composition to control reduction-oxidation energetics when coupled with an 

electrolyte.81, 82  This causes the search for improved nanomaterials in electrochemical 

applications to be driven by discovery-focused nanomaterial synthesis and fabrication.  Due to 

the complex cooperative nature of energy storage device performance based on the pairing of 

electrodes and electrolytes, such routes rarely lead to new materials with characteristics, such as 

operating voltage, that outperform existing materials.  Further, whereas computational guidance 

has brought about a new paradigm to predict targeted material compounds that can improve 

advanced energy storage systems,83, 84 experimentalists often remain challenged by the synthesis 

process of such compounds, many of which are not naturally occurring.  This presents a 

fundamental bottleneck in the conventional approach in which electrochemistry-oriented 

material research and development occurs that limits the rate of industry innovation in energy 

storage (and conversion) systems.   

Strain engineering, a concept widely implemented in semiconductor electronics,85, 86 

opens new opportunities to engineer materials for electrochemical systems.  The six-dimensional 

parameter space of the strain tensor87 enables a nanostructure with a fixed chemical composition 

to have electronic and physical properties finely modulated in a manner that is virtually 
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impossible to replicate by varying chemical composition.  Unlike bulk materials, many 

nanostructures exhibit sizes where strain can homogenously propagate throughout the whole 

material, instead of only on a surface or an interface.86, 88-94  In this spirit, recent efforts have 

demonstrated the capability of strain in nanostructures to modify the energy landscape of 

catalytic and electro-catalytic surface-bound reactions95-99 and modify oxygen diffusion in fuel 

cell technology.100-102  The direct controlled correlation between mechanical strain as an input 

parameter and electrochemical processes in nanostructures for energy harvesting applications has 

only very recently been reported.103 

In the specific case of energy storage electrodes such as pseudocapacitors and batteries,81, 

104 Faradaic reactions especially in metal oxides induce a change to the oxidation state of the 

active material often regulated by the physical characteristics of the lattice structure to enable 

insertion or alloying of an ion species.  Focus of current research so far has been on the adverse 

effects of strain arising from the changes to the host lattice structures during electrochemical 

cycling of energy storage electrodes.105-107  In this regard, mechanical strain imposed onto a 

nanostructure leading to both physical and electronic changes that can  synergistically influence 

energy storage redox reactions has not yet been reported despite significant advances in the 

ability to produce, image, and understand strain effects in materials,95, 108 especially those related 

to semiconductor electronics. Moreover, at present pre-straining the lattice of metal oxides using 

elastic strain engineering is being considered as a possible method to improve their energy 

storage capability using theoretical simulations.109 However, so far experimental methods to 

develop pre-strained metal oxide architecture has remained a challenge. 

Here we demonstrate a study where nanostructured metal oxide materials are synthesized 

directly on the surface of a superelastic/shapememory NiTi wire.  Under the application of strain 
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applied to the NiTi and transferred to the surface-bound oxides, we observe consistent shifts in 

the anodic and cathodic potentials.  By recovering this imposed strain, we observe consistent 

recovery of the electrochemical potentials, clearly demonstrating that strain is modulating the 

shifts in electrochemical potentials and can be a viable tool for the design of energy storage 

materials.   

3.2 Experimental Methods 

3.2.1 Aging of NiTi superelastic wire 

NiTi superelastic wires (0.5 mm diameter, 55% Ni from Nitinol Devices & Components, Inc.) 

were repeatedly sonicated for 10 min in Acetone (Aldrich) followed by Ethanol (Aldrich) and 

then nanopure water (Millipore water purifier). The wires were dried in air and were subjected to 

aging process by heating them to about 600 oC for 1 hour under vacuum with a small controlled 

flow of air. This led to the formation of a ~200nm mixed oxide layer on the surface of the wires. 

The aging process was used to perform two functions; the activation of the 

superelastic/shapememory capability of the NiTi wire and to grow a thin oxide layer on the 

surface of the wire. 

3.2.2 Strain setting the surface oxide 

 The NiTi superelastic wires were subjected to tensile deformation up to 10% and 15% strains at 

a rate of 2 mm/min using an Instron 5944 mechanical testing system. The unstrained (0%) and 

the tensile deformed (10% and 15%) wires were subjected to sonication treatment for 30 min in 

30% peroxide solution to impart nanotexturing on the oxide surface and to electrochemically 

activate the surface oxide layer. The treated wires were rinsed in nanopure water followed by 

drying in air.  
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3.2.3 Differential Scanning Calorimetry 

 Differential Scanning Calorimetry (DSC, TA Instruments) was performed on the unstrained and 

strained wires to understand the strain recovery property of the alloy. The unstrained and strained 

wires were heated from room temperature to 100 oC in the first heating cycle followed by 

cooling to -100 oC in the cooling cycle and equilibrating at these respective temperatures for 5 

min in aluminum pans. The subsequent heating cycle was from -100 oC to 100 oC followed by 

cooling. After two heating and cooling cycles the wires were equilibrated at room temperature. 

3.2.4 SEM characterization and EDS analysis 

 Characterization of the microstructure and Energy Dispersive Spectroscopy analysis was 

performed using a Zeiss Merlin SEM at various magnifications using 5 KV beam voltage for 

imaging and 20 KV beam voltage for EDS elemental analysis.   

3.2.5 TEM characterization and STEM EDS analysis 

 Characterization of the nanostructure of the surface oxide was performed using FEI Tecnai 

Osiris TEM using a 200 kV S/TEM system. STEM EDS maps were obtained on an oxide flake 

scrapped off from the surface of the NiTi wire to further characterize the composition of the 

surface oxide. 

3.2.6 Raman and XRD characterization 

 Raman spectroscopy measurements were carried out using a Reinshaw Raman microscope using 

532 nm Laser excitations. Maps comprising of 800-1000 spots across the surface of the wire was 

obtained with 60s exposure time at 10% laser power to yield a statistical strain distribution of the 

strained surface oxide layer. Mean peak shift corresponding to various Raman active modes of 

the surface oxide was obtained by using Lorrentzian fits on the obtained spectra. XRD 
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measurements were carried out using a Scintag XGEN 4000 using Cu Kα 1.542 Ao. To yield 

good X-Ray counts, 40 sec exposure times per 0.2 degree increments were maintained 

throughout the measurement. 

3.2.7 Electrochemical Measurements 

Electrochemical measurements were performed using a 3 electrode configuration in a beaker 

type cell with the NiTi alloy with surface oxide as the working electrode, a platinum foil (Alfa 

Aesar 1cm X 1cm) as the counter electrode and a Saturated Calomel Electrode (SCE) as the 

reference electrode. The electrolyte used was a 2M NaOH solution. Cyclic voltammograms were 

obtained for all the unstrained and strained states of the surface oxides at a scan rate of 100 mV/s 

in the voltage range of 0V to 0.5V. All the samples were cycled for a 100 cycles at 100 mV/s to 

get reproducible voltammograms. All electrochemical data was normalized to the immersed area 

of the wire electrodes. 

3.2.8 Strain Recovery and Analysis 

The strain recovery was performed by heating the strained wires with strained surface oxides to 

60 oC in a Quartz CVD tube furnace under vacuum for 1min. Due to the recovery process the 

strain imposed on the wire and the oxide was recovered. The change in the wire length after the 

recovery process was used to estimate the strain recovery by the NiTi alloy. Raman and XRD 

measurements were performed on the strain recovered to study the recovered strain state of the 

surface oxide followed by electrochemical testing using the same conditions as the unstrained 

and strained wires. 
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3.3 Results and discussion 

3.3.1 Metal-oxide nanostructures on superelastic NiTi  

A Ni-Ti-O based oxide was grown on NiTi superelastic wires at 600 oC comprising of a mixed 

NiO-TiO2 layer formed on top of a titanate layer on the surface of the NiTi material.110, 111  EDS 

maps (Appendix) obtained from the surface of the wire indicated a mixed Ni-Ti-O based surface 

oxide.  Scanning electron microscopy (SEM) (Figure 3.1A) was performed on the nanostructured 

surface oxides formed on the wire.  To study strain-related modifications to energy storage 

processes, NiTi wires were tensile deformed to 10% and 15% strain at room temperature using 

an Instron mechanical testing system, with a corresponding small percentage of this input strain 

(less than 1%) transferred to the surface-bound oxide nanomaterial. The strained and unstrained 

wires with the mixed oxide layers were sonicated in peroxide at room temperature to impart 

nanotexturing to the oxide.  This leads to a material architecture where nanostructured petals of 

NiO-TiO2-based metal oxides are conformally coated on the surface of a NiTi wire in a seamless 

manner (Figure 3.1B).  The Ni-Ti-O surface metal oxide was further examined through 

Transmission electron microscopy (TEM) (Appendix, Figure 3.8) indicating the crystalline 

nanostructure of the surface oxide. The presence of the constituent elements of the 

nanostructured oxide (Nickel, Titanium and Oxygen) was further verified using STEM EDS 

maps. This architecture is ideally suited to correlate strain as an input parameter to the NiTi to 

assess its effect on the surface-bound redox active Ni-Ti-O material for energy storage 

applications.    
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Figure 3.1. (A) SEM image of the active NiO-TiO2 based metal oxide formed on the surface of 

the NiTi alloy.  (B) Schematic illustration of experimental system, including the application of 

strain and strain recovery on a NiTi wire with surface-bound active material. (C) Stress-strain 

behavior of the NiTi superelastic alloy deformed up to 10% and 15% tensile strain. The dashed 

lines and εRE indicates the heat assisted transformation process and the recovered strain 

respectively. (D) DSC thermograms of the unstrained (0%) and the tensile strained (15%) states. 

Red (line and dots) represents the heating cycle and blue line represents the cooling cycles.  

 The stress-strain response of the alloy is shown in Figure 3.1C.  The deformation behavior of the 

wire is described by elastic deformation of the austenite followed by the stress induced 

martensitic transformation below and up to 5% strain.  Beyond 5% strain, oriented martensites 
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begin to deform leading to plastic deformation of oriented martensites above 15% strain.  These 

stress induced martensites can be transformed back to austenite by heating strained wires beyond 

their austenitic finish (Af) temperatures.  The final mechanical strain input onto the NiTi alloy is 

~ 8% and 11% for tensile deformations of 10% and 15% respectively, due to the intrinsic 

mechanical recovery of the alloy.112  Strain recovery (10% R, 15% R) in the alloy was also 

measured to be ~ 3.5% and 4.5% respectively.  

Differential scanning calorimetry (DSC) thermograms on 15% deformed and 0% 

deformed wires (Figure 3.1D) demonstrates the transformation from stress induced martensite to 

parent austenite during the first heating cycle is present for the 15% tensile deformed wire in the 

temperature range of 50 oC to 60 oC whereas the unstrained (0%) wire showed no such 

transformations in this temperature range.  This transformation during the first heating cycle is 

complete at a temperature of 60 oC which is the austenitic finish temperature (Af).  Based on the 

DSC results, the 15% and 10% tensile deformed alloy was heated to 60 oC in vacuum to 

complete the reverse transformation from stress induced martensitic state to parent austenite 

state.  The transformation temperature around 60 oC is ideal in the case of metal oxides to avoid 

annealing effects which are prevalent at higher temperatures. 

3.3.2 Spectroscopic strain analysis 

To characterize the transfer of strain applied to the superelastic/shapememory NiTi to the 

metal oxide nanostructured active material on the surface, Raman spectroscopy was carried out 

with 532 nm excitations. (Figure 3.2)   
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Figure 3.2. (A) Raman spectra of the strained (10% and 15%), unstrained (0%) and recovered 

(10% R and 15% R) states.  (B-C) Raman maps based on 800-1000 individual scans showing 

average strain effect on titanate-NiTiO3 (B) and TiO2 (C) active materials.  (D-E) Selected 

spectra and the fitted curves of (D) Eg mode of NiTiO3 and (E) Eg mode of TiO2 at various 

strained and recovered states.  (F) Selected X-Ray diffraction spectra and Gaussian fits of the 

peak corresponding to (012) plane of TiO2 (brookite) at various strained and recovered states.  
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(G) Percent strain corresponding to (F) based on both strained and recovered states.  Note 

classifications of 10% and 15% strain correspond to strain applied to NiTi only. 

The coupling of strain into a material will modify local stretch modes, hence enabling Raman 

spectroscopy as a sensitive tool for identifying strain in materials with distinct Raman modes.   

Similar to previous reports on heat treated NiTi alloys113 we find the Raman spectra of the 

nanostructured surface oxide to exhibit a strong peak near 269 cm-1 attributed to the titanate 

mode which are the Raman active modes of NiTiO3,
114-117 peaks centered on 300 cm-1 and 342 

cm-1 attributed to the Eg modes of NiTiO3,
118-121 and a peak near 454 cm-1 attributed to the Eg 

mode of rutile phase TiO2.
122, 123  Whereas shifts and mode-splitting can be observed in these 

peaks as a function of applied strain, statistical Raman maps over large areas of the surface (800-

1000 total Raman scans in each map) were performed to quantify strain-related shifts observed in 

the active materials, specifically for the modes identified in Fig. 3.2A.   Lorentzian fits were 

applied to these Raman modes (Figures 3.2B, 3.2C) and statistically validated strain effects can 

be isolated.  Importantly, upon strain recovery, these Raman modes revert back near or toward 

the unstrained peak positions, indicating the correlation between the measured Raman response 

and strain applied on the petaled nanostructured oxide surface.  Furthermore, the Eg mode of 

NiTiO3 (Figure 3.2D) and TiO2 (Figure 3.2E) are observed to exhibit similar recoverable shifts in 

the Raman modes that can be correlated with strain and straightforwardly identified.  The low 

intensities of the observed Ni-O stretch modes67, 124, 125 near 508 cm-1 and 571 cm-1 prohibited 

quantitative analysis on these modes.     

Despite the clear signature of strain deduced through Raman spectroscopy, X-ray 

diffraction (XRD) provides further quantitative insight.  XRD measurements indicate the same 

trend as Raman spectroscopy, where shifts toward lower angles are observed upon strain 
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application, with recovery leading to the opposite shift.  This is specifically shown for the (012) 

plane of TiO2 (Brookite) in Figures 3.2F and 3.2G.  Using a standard analytical procedure to 

correlate strain to the d-spacing of the strained and unstrained states (Appendix), the application 

of 10% and 15% strain to the NiTi alloy is observed to transfer ~ 0.04% and ~ 0.08% strain to 

the surface oxide, which can also be recovered as described in Figure 2.1C.  Full XRD analysis 

of the material is discussed in the supporting information.  Strain transfer using NiTi 

superelastic/shapememory alloys have so far been limited to metals97 and alloys deposited on the 

surface with a maximum strain transfer of 2.18% achieved for an Fe-Pt metal alloy.126, 127 The 

surface oxide on the NiTi alloy, being a brittle ceramic is not as ductile as metals and metal 

alloys, therefore experiences cracking in less than 1% strain applied to it.128  Overall, strain 

measured at < 0.1% is expected due to the stress relief through cracking of the surface oxide and 

strain transfer across a nanostructured-bulk interface.  Though cracking is a method of releasing 

the stress applied to the surface oxide, the cracked oxide forms islands on the surface of the NiTi 

alloy and increasing the applied strain results in saturation of the crack density on the surface. 

This in turn results in locked up elastic strains on the surface oxide.129 However, XRD and 

Raman spectroscopy provide a combined toolset that can together identify the signature of elastic 

strains locked in a metal or metal oxide crystal structure to impact electrochemical behavior.97  

Combined with the versatility of superelastic/shape memory NiTi materials, this provides the 

ideal platform for assessing and understanding the mechano-electrochemical response of the 

surface oxide. 

3.3.3 Strain engineered electrochemistry 

To characterize the effect of quantifiable strain on electrochemical performance, we build 

on the principle that Ni-Ti-O based oxide is active for the redox reaction with OH- ions in 
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alkaline electrolyte solutions.113, 130, 131  Due to the ability to strain set conductive NiTi alloys, 

this provides an excellent platform for characterizing the role of strain transferred to the active 

Ni-Ti-O containing surface oxide layer on the observed redox couple in alkaline electrolytes.  

Cyclic Voltammetry (CV) was carried out using 2M NaOH electrolyte in a 3-electrode 

configuration with a Saturated Calomel Electrode (SCE) reference and a platinum counter 

electrode at scan rates of 100 mV/s.  As SCE electrode is a commonly used reference electrode 

for studying the electrochemical response of NiO, Ni(OH)2 and Ni-Ti-O based metal oxides in 

alkaline solutions, it was chosen as the reference electrode for the electrochemical tests.22, 36, 130, 

132 (Figure 3.3)  

 

Figure 3.3. (A) Cyclic voltammograms with normalized current densities of the unstrained and 

the tensile strained (0.04 %) and (0.08 %) states based on surface oxides at a voltage window of 

0.2 to 0.45 V.  (B) Cyclic voltammograms with normalized current densities of the unstrained 

and recovered (0.02 %) and (0.05 %) states based on surface oxides at a voltage window of 0.2 

to 0.45 V at scan rate of 100 mV/s. 
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For purposes of comparison, the current densities were normalized to analyze the potential shifts 

in the anodic and cathodic branches.  To accurately measure the redox peak potentials and to 

exclude other possible sources of errors, 100 CV sweeps at a scan rate of 100 mV/s within the 

operating voltage window were performed to obtain reproducible voltammograms.  To ensure 

accuracy, Gaussian fits were applied to the anodic and cathodic peaks to measure the peak 

potentials. CV curves comparing redox performance for both (1) different amounts of total strain 

applied to the surface-bound NiO-TiO2 materials (Figure 3.3A) and (2) the same materials except 

with the strain recovered in a manner consistent with Figure 2.1C (Figure 3.3B) elucidate the 

principle that strain has an evident and reversible effect on the voltage of the redox couple.  In 

the first case, the shift of both the anodic and cathodic peaks toward lower potentials indicates 

that the observed effect is not explained by resistance or activation polarization in the electrode.  

The strain-induced modification to the redox energetics is further highlighted by experiments 

where the strain on the NiO-TiO2 based active material can be partially recovered, leading to a 

shift of both the anodic and cathodic peaks toward the native potential of the redox couple 

measured in the unstrained material.  These results suggest for the first time that mechanical 

strain as an input parameter can modify or control electrochemical reduction potentials relevant 

to metal oxide-based energy storage materials.  Whereas previous recent reports have indicated 

the effect of strain on catalysis,96, 97, 133-135 our results are both consistent with these reports, but 

with key differences.  Similar to a catalytic system where charge-transfer reactions are confined 

to a surface, reduction and oxidation reactions contributing to the pseudocapacitance of NiO-

TiO2 involves surface reaction with OH- ion from the electrolyte.  Previous studies have 

indicated that doping effects can modify the oxidation state changes of Ni-based metal oxides136-

138 where redox potential shifts can be attributed to structural distortions from doping.136  In 



48 
 

particular, the shift in equilibrium redox potential Eeq or Eo can be observed through doping 

redox active metal oxides. This can be attributed to the change in the crystal field energies of 

such redox active metal oxides. In our study, we demonstrate mechanical strain as an input 

parameter, verified by XRD and Raman spectroscopy, where the local distortions of the surface 

oxide facilitate insertion of the OH- ion into the surface oxide layer.  This is further corroborated 

by taking advantage of the shapememory response of NiTi alloy to recover the structural 

distortions imposed by the applied tensile strain on the surface oxides, which in turn recovers the 

electrochemical response.   
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Figure 3.4. (A) Anodic and cathodic peak potentials plotted versus SCE at various unstrained, 

strained, and recovered states of the NiTi alloy.   (B) General plot of the total cohesive energy as 

a function of lattice spacing with energy difference E’ in tensile strained state that facilitates 

anion insertion.  (C) Scheme representing the unstrained, strained, and recovered states of the 

NiTi alloy and the transferred strains on the surface oxide resulting in redox potential shifts.  (D) 

Potential well representation of the transition between these states for electrochemical processes 

with E’ for the strained state schematically illustrated in panel B. 
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In all cases, we observe that tensile strain lowers the equilibrium redox potential associated with 

the physical insertion of anions to store energy in the NiO-TiO2-based material in a manner that 

correlates with the total amount of applied strain.  (Figure 3.4A and Appendix Figure 3.11) This 

change in reduction potential can be reversed by recovering the strain imposed in the material.  

As only elastic strains have the ability to simultaneously affect Raman modes, lattice spacing, 

and electrochemical behavior, the NiTi platform provides a versatile substrate for locking such 

strains in metal oxides deposited on the surface.  

Based on these observations, we propose a simple concept to describe this effect that is 

illustrated in Figure 3.4B.  By applying tensile strain to the nanostructured material, the total free 

energy of the crystal is above its equilibrium value as described through relationships between 

the total cohesive energy of the crystal and the lattice parameter, such as the universal binding 

energy relationship (UBER). As only <0.1% strain is transferred to the surface oxide even 

though the alloy undergoes 15% tensile strain, the reversible effects observed in electrochemical 

measurements (Figure 3.4C) are most likely from the changes in the energy landscape of the 

surface oxide.  Since the process requires the insertion of an anionic species into the host lattice, 

accompanied by an oxidation state change in the metal oxide, this increase in free energy 

facilitates a smaller energy barrier between the strained metal oxide (A’) and the inserted state 

(B) in comparison to the unstrained metal oxide (A) and the inserted state (B).  This is visually 

represented through a potential well diagram shown in Figure 3.4D.  This process is 

distinguished from that described in electrocatalytic reactions, since effects in such systems are 

likely to be minimal until the imposed strain is of a significant magnitude to modify the 

electronic band structure of the catalytic material.  Even in the case of applied strain at <0.1%, 

our results indicate a marked effect of strain on electrochemical redox reactions relevant to 
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redox-based energy storage systems that could be a critical tool in the future vision of engineered 

materials for advanced energy storage systems. Moreover, the strain can be applied to the surface 

oxide and be reversed to varying degrees based on the extent of preloading, thickness of the 

surface oxide and anchoring to the NiTi surface which leads to isolation of mechano-

electrochemical effects of energy storage redox active materials owing to the fact that the only 

parameter capable of reversing redox potential shifts based on this system are the mechanical 

strains present in the surface oxides. Also, transformational structural distortions that accompany 

ion insertion into metal oxide lattices during electrochemical reactions in pseudocapacitors and 

batteries can be studied using the NiTi platform. This would offer a control knob that can 

directly tailor energy landscape of existing energy storage materials.          

3.4 Conclusion  

In summary, we demonstrate the ability to leverage strain engineering to modify the 

electrochemical potential of Ni-based metal oxide nanostructures fabricated on the surface of 

superelastic/shape memory NiTi materials during OH- insertion and extraction.  With less than 

0.1% strain, we observe shifts in the electrochemical potential up to ~ 30 mV.  Notably, this 

effect is uniquely correlated with strain as the reversal of strain in the material (a feature enabled 

by the superelastic NiTi) leads to a subsequent recovery of the electrochemical potential shifts.  

This elucidates the strain tensor as a six-dimensional framework to modify the electrochemical 

response of materials, opens a new area where foundational principles of electrochemistry (such 

as the Nernst potential) can intersect mechanical properties of materials, and provides a practical 

framework for improving the function of energy storage materials.  As pairing of anodic and 

cathodic potentials dictate the total energy density of a battery, strain could potentially open a 

route to improve energy storage performance of batteries building from already existing 



52 
 

materials, instead of engaging new synthesis driven routes toward new materials.  Unlike 

semiconductor manufacturing routes that leverage strain engineering to modulate electronic 

properties of materials, we propose electrochemistry to be more amenable to strain engineering 

since both the electronic properties of a material and the physical insertion and storage of ions in 

a material are attributes that can be controlled with strain, as we discuss in this work.   
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3.5 Appendix 

 

Figure 3.5. SEM micrographs of the nanotextured surface oxides at a) 10% tensile strained, b) 

10% strain recovered, c) 15% tensile strained and d) 15% strain recovered 

Figure 3.5 (a-d) show the scanning electron micrographs of the strained and strain recovered 

wires representing the strained 10%, 15% and recovered 10% R and 15% R. The nanotextured 

oxide undergoes cracking during the straining process which represents areas of strain release 

which lowers the overall strain transfer from the alloy to the surface oxide even if the intimate 

contact of the as grown oxide on the wire is strong. The NiTi alloy is superelastic whereas the 

ceramic based NiO-TiO2 oxide is brittle; cracking of the surface oxide is possible at very low 

strains of about 1% according to previous reports.139-141 Upon recovery, the cracked oxide 

appears to almost revert back to the unstrained state in the case of 10% R whereas cracking is 

still observed in 15% R which indicates a better strain recovery in the case of 10% R which is 

consistent with the observations from mechanical tests.  
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Figure 3.6. EDS maps of cross-section of the wire with the strained surface oxide; a) Full EDS 

map showing Ni, Ti and O distribution, b) EDS map showing Titanium distribution, c) EDS map 

showing Oxygen distribution and d) EDS map showing Nickel distribution 

Figure 3.6 (a-d) shows the EDS maps of the cross-section of the NiTi wire representing 

Titanium, Oxygen and Nickel elemental distributions. The cracks on the surface oxide are partly 

due to the strain imposed on the wire and partly due to the mechanical cutting process of the 

wire. EDS maps suggest the surface oxide is composed of a mixed Ni-Ti-O based surface oxide. 

Cross-sectional image analysis show the thickness of the surface oxide is about 200nm. Figure 

S2 C shows the EDS map of Oxygen distribution indicating low oxygen concentration in the 

bulk alloy and in-between the cracks of the surface oxide.  
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Figure 3.7. EDS Spectra of cross-section of the wire with surface oxide 

EDS spectra shown in Figrue S3 indicates the presence of a Ni-Ti-O based surface oxide which 

comprises of a mixed oxide phase consisting NiO, TiO2 and NiTiO3 layers based on Raman and 

XRD analysis.  

 

Table 3.1. Compositional analysis based on EDS spectra of the cross section of the NiTi wire 

with surface oxide. 
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Figure 3.8. a) HAADF image of a Ni-Ti-O surface oxide flake, (b-d) STEM EDS maps of the 

surface oxide showing elemental composition of Nickel, Titanium and Oxygen, c) HRTEM 

image of the nanostructured surface oxide showing a polycrystalline surface oxide and d) 

HRTEM image of the surface oxide showing well defined crystal lattice, inset: diffraction pattern 

of the crystal lattice after performing FFT analysis. 

TEM analysis was performed on the surface oxide by scrapping off the oxide from the wire 

surface on to a copper grid. As the oxide is adhered to the surface of the wire, scrapping the 

surface results in further fragmentation of the oxide. The elemental composition of the surface 

oxide was observed using HAADF and STEM EDS maps (Figure S5. a-d). The presence of a 

polycrystalline surface oxide feature was observed through HRTEM micrograph (Figure S5. e). 

At higher magnifications, clear distinguished crystal lattice of the surface metal oxide was 
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observed (Figure S5. f). FFT analysis was performed on the crystal lattice to determine a spacing 

of 0.32 nm between the observed atomic planes.    

 

Figure 3.9. XRD full spectra of the surface oxides on NiTi alloy 

X-Ray Diffractograms of the unstrained (0%), strained (10% and 15%) and recovered (10% R 

and 15% R) states of the wires and surface oxides were obtained using -Ray diffraction (Scintag 

XGEN 4000) using Cu Kα 1.542 Ao. As the thickness of the wire was 0.5 mm, signal acquisition 

was performed between 2θ values of 20o and 80o with 40 sec per 0.2o exposure time. Due to the 

geometry of the wire, tensile strain along the axis of the wire is accompanied by a reduction in 

thickness along the radial directions of the wire and on recovery this is reversed causing a 

possibility for biaxial effects of strain on the surface oxide. The peak positions were indexed 

using JCPDF cards 29-1360, 21-1272, 21-1276, 33-0960 and 18-0899. As only elastic strains on 

the oxide could result in such peak shifts, the % of elastic strain on the oxide on the different 

planes of the surface oxides were determined using the equation below: 
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% elastic strain = (
𝑑𝑇 𝑜𝑟 𝑅−𝑑0%

𝑑0%
) × 100 %  4 

where dT, dR and d0% represent the d-spacing of the tensile strained states, the recovered states 

and the unstrained (0%) strained states respectively. In all cases, only a small percentage of 

strain is transferred to the surface oxides even though the strain applied and recovered on the 

NiTi alloy is large. As the ceramic oxide layer on the surface is brittle, this is an expected result.  

 

Figure 3.10. a) Cyclic voltammograms of the tensile strained states compared to the unstrained 

state and b) Cyclic voltammograms of the strain recovered states compared to the unstrained 

state. 

Figure 3.10 (a and b) show the cyclic voltammograms of the unstrained, strained, and strain 

recovered surface oxides. Based on the EDS spectra, it is evident that the surface oxide is 

composed of Nickel and Titanium oxides. Based on the XRD strain analysis and Raman spectra, 

there is evidence of strain on the surface oxides which show patterns with the behavior of the 

NiTi alloy. The cumulative effect of these imposed and recovered surface oxide strains on the 

electrochemical performance of the NiO-TiO2 based surface oxide was examined using Cyclic 

Voltammetry using 2M NaOH electrolyte in a 3-electrode configuration with a Platinum foil 
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(1cm X 1cm, Alfa Aesar) and a Saturated Calomel Electrode (SCE) as the counter and the 

reference electrodes. The potential is measured against an SCE electrode in a 3-electrode 

configuration which enables accurate characterization of the redox potentials. The NiTi wires 

with different strain states with nanotextured surface oxide were CV cycled 100 times at a scan 

rate of 100 mV/s to obtain reproducible voltammograms. Based on the redox potentials vs SCE, 

and redox peak potentials based on previous reports,142, 143 the surface redox process is attributed 

to a near surface reaction corresponding to the insertion and extraction of OH- ions from the 

alkaline electrolyte, leading to a modification of the oxidation state of the active Ni-Ti-O 

material. Prior to all measurements, peroxide sonication step was employed to impart 

nanotexturing to the surface oxide and to electrochemically activate the surface for both strained 

and unstrained states of the alloy.  

 

Figure 3.11. Variation of equilibrium redox potential with applied and recovered strain 

conditions. 



60 
 

The equilibrium redox potential Eeq or Eo is given by the equation, 

Eeq =
Eanodic+Ecathodic

2
   5 

where, Eanodic and Ecathodic are the anodic and cathodic peak potentials shift corresponding to the 

unstrained, strained and recovered states. The shift in the Eeq or Eo with applied strain and 

recovered strain conditions is a consequence of the changes occurring to the crystal lattice of the 

redox active metal oxide. This effect is otherwise observed in doped metal oxides where slight 

distortions (strains ~ <1%) through doping alters the energy landscape of the redox active 

species. As the process of electrochemical insertion and extraction of ions during the redox 

reaction is accompanied by oxidation state changes to the redox active species, structural 

distortions are often a negative consequence. However, through the effect of metal ion doping in 

to metal oxide lattices, these distortions can be minimized resulting in easier insertion and 

extraction of electrolyte ions which leads to changing equilibrium redox potentials. In our study, 

we use small lattice strains (< 1%) to effect the same type of shifts in the equilibrium redox 

potentials and reversing the shifts through the strain recovery process.  
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Chapter IV 

4 Tunable MechanoChemistry of Lithium Battery Electrodes 

4.1 Introduction 

During an intercalation reaction, the local displacement of atoms in the host battery material 

accommodates the volume of a stored metal ion.  In other words, at an atomic scale this means 

that mechanical work is intrinsically tied to the mechanistic principles of battery operation, even 

though energy storage processes remain centrally described by the associated charge transfer 

electrochemistry.  In this spirit, recent efforts have been made to better understand the 

fundamental mechano-electrochemical coupling between alkali metal ion electrode 

(alloying/intercalation) parameters and mechanics as a result of energy storing reactions through 

theoretical and experimental approaches.144-147 Predominantly these mechanical changes (stresses 

and strains) are regarded to have an adverse effect on the performance of both anodes (large 

volume expansion148) and cathodes (irreversible structural distortions149) in these devices.150-154 

Advanced research strategies have been focused on developing electrode materials that can 

mitigate these issues through the addition of dopants,149, 155-158 application of nanostructuring 

techniques159-164 or development of nanoscale architectures.165-170 However, in most cases, 

stresses and strains arising from intercalation processes are viewed as an adverse by-product of 

the electrochemical reaction, with no expectation that mechanics could in turn control the 

electrochemistry.    

In this regard, there has been a considerable interest in recent years outside of battery 

materials focused on utilizing mechanical stress and strain effects to engineer and  improve 

energetics and kinetics of some electrochemical171, 172 and electrocatalytic systems.173, 174 This 
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approach, which is drawn from the principles of elastic strain engineering readily applied in the 

semiconductor industry, is aimed at achieving otherwise unexpected material property 

enhancements by placing materials under pre-applied elastic strains. In a pre-strained state, novel 

material properties can be observed as a result of modification to the energy landscape when 

compared to the unstrained natural state.8, 173, 174 Applying these principles to a dynamic system, 

such as an alkali metal ion battery electrode, opens up possibilities for understanding and 

enhancing parameters that govern their functionality, such as voltage, cycling rate, and 

durability. However, understanding of how strain can be used to tune energy storage properties 

remains devoid of experimental support.171, 175-177 Whereas atomistic simulations provide a 

framework for understanding the positives involved in using input mechanical stresses and 

strains to modulate electrochemical performance, the experimental challenges are quite 

significant to realize this. Conventional processing requirements of most anode and cathode 

materials limit the feasibility of fabricating pre-strained electrodes. Commonly employed strain 

engineering techniques to develop pre-strained architectures include epitaxial lattice 

mismatch,178, 179 thermal strain development through thermal expansion coefficient (CTE, CTE) 

mismatch175, 180 and strain transfer through coupling with a substrate such as Nitinol.126, 171, 172, 174  

In this report, we provide the results of the first study aimed to probe how programmed 

mechanical strain transferred to V2O5 insertion cathodes can modulate the electrochemical 

potential and insertion kinetics of battery reactions.  In this case, V2O5 is a well-studied battery 

cathode material168, 178, 181 and can be controllably deposited onto superelastic shape memory 

NiTi using ALD.  This enables us to use the NiTi material dually as a conductive current 

collector and as a means to transfer strain to the active V2O5.  Our findings, which are supported 

by atomistic simulations using density functional theory (DFT), demonstrates the capability to 
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modulate the electrochemical potential by 40 mV, and increase metal ion diffusion coefficients 

by up to 2.5 times with less than 2% applied strain to the V2O5.  This highlights the versatile 

mechanochemistry of batteries, emphasizing that mechanics can be a tool to modulate the 

chemistry in the same way that chemistry is more often used to control the mechanical response 

of electrodes.   

4.2 Experimental Methods 

4.2.1 Activation of NiTi shapememory superelastic alloy and pretreatments 

NiTi superelastic wires (0.5 mm diameter, 55% Ni from Nitinol Devices & Components, Inc.) 

were subjected to aging process at 600 oC for 1 hour under vacuum in a Lindberg Blue 1” Quartz 

CVD tube furnace. The aged wires were mechanically polished using 600 grit silicon carbide 

papers to remove the native surface oxide. The mechanically polished wires were repeatedly 

sonicated for 10 min in Acetone (Aldrich) followed by Ethanol (Aldrich) and nanopure water 

(Millipore water purifier). The wires were then air dried prior to further processing. This aging 

process was used to activate the superelastic/shapememory property of the NiTi alloy.  

4.2.2 Atomic layer deposition of vanadium oxide films and annealing treatments 

Vanadium oxide coatings were deposited on the aged, mechanically polished NiTi wires using a 

GemStar 6” ALD system. The precursor, (98+%) Vanadium(V)tri-i-propoxy oxide (VTIP) with 

a chemical formula, VO(OC3H7)3 (Strem Chemicals) was preheated to 55 oC. The oxidizer used 

in this process was nanopure water (Millipore water purifier). Heating the precursor and oxidizer 

manifolds to 115 oC ensured that no condensation of the reagents occurred inside the manifolds. 

The carrier gas used was ultra-high pure Argon and a reaction temperature of 200 oC was 

maintained throughout the process to ensure uniform deposition on the surface of the NiTi wire. 

VTIP and water pulses of 2 seconds each and long residence times of 20 seconds for both 
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reactants in the reaction chamber was employed to achieve complete saturation of the precursors 

in the reaction chamber, similar to previous reports.39, 182 The wires were subjected to repeated 

ALD cycles to achieve a thin conformal coating of vanadium oxide on the surface. The deposited 

oxide films were annealed at 450 oC for 30 min in a Lindberg Blue 1” Quartz CVD tube furnace 

open to air to achieve crystalline coatings of vanadium pentoxide (V2O5) on the surface of the 

alloy. 

4.2.3 Surface ellipsometry analysis and mass estimations 

To determine the thickness and mass of the oxide deposited per cycle, a silicon wafer (Diameter: 

100 mm) was used along with the NiTi wires during the ALD process. Surface ellipsometry 

analysis was performed on these silicon wafers after annealing treatments using a JA Woollam 

M2000VI Spectroscopic Ellipsometer. The mass of the wafer before and after the ALD process 

post annealing treatments gives an estimation of the mass of oxide deposited per cycle. This 

provides a comparable estimate of thickness and mass of the thin vanadium pentoxide films 

deposited on NiTi wires.  

4.2.4 Straining the surface coating 

The NiTi wires with the surface V2O5 coatings were subjected to axial tensile deformation up to 

5% and 10% strains at a rate of 2 mm/min using an Instron 5944 mechanical testing system. 

Tensile deformations beyond 10% were not performed to avoid delamination of the coating from 

the wire surface. 
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4.2.5 Electron Imaging 

Microstructural characterization and Energy Dispersive Spectroscopy (EDS) analysis was carried 

out using a Zeiss Merlin SEM using a 5 kV acceleration voltage for imaging and 20 kV beam 

voltage for EDS elemental analysis and mapping.  

4.2.6 Raman spectroscopy and X-Ray diffraction 

Analysis of the ‘locked-in’ elastic strains on the surface V2O5 coatings was performed using X-

Ray Diffraction (XRD) and Raman spectroscopy. Raman spectroscopy was carried out using a 

Renishaw Raman microscope using 532 nm laser excitations. Statistical analysis of the strained 

surface coating was obtained through maps comprising of >500 spots across the surface of the 

wire. The laser exposure time was 60s at power of 10% to avoid thermal effects. Lorentzian fits 

were applied to the individual stretch modes to obtain peak positions. Crystallographic analysis 

to quantify the strain on the surface V2O5 coating was performed by obtaining X-Ray 

diffractograms using a Scintag XGEN 4000 using Cu Kα 1.542 A°. To maximize the X-Ray 

counts, a 40 sec exposure time per 0.02 degree increment was maintained throughout the 

measurement. 

4.2.7 Electrochemical measurements 

Electrochemical measurements and analysis were performed in a 3-electrode configuration using 

a beaker type cell. The V2O5 coating on NiTi wire was used as the working electrode with a 

platinum foil (Alfa Aesar 1cm x 1cm) as the counter electrode and a Saturated Calomel 

Electrode (SCE) as the reference electrode. The electrolyte used in this study was freshly 

prepared 1 molar lithium perchlorate (LiClO4) (Aldrich) dissolved in propylene carbonate (PC) 

solvent (Aldrich). The electrochemical data were normalized to the immersed wire electrode area 

in the electrolyte. Cyclic voltammograms and galvanostatic charge discharge curves were 
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obtained for the unstrained and strained states of the surface V2O5 coating at various scan rates 

(10 mV/s to 100 mV/s) in the potential range of 0 V to 0.6 V using a Metrohm Autolab 

Multichannel Analyzer.    

4.2.8 Density functional theory simulations 

We used density functional theory (DFT) calculations to computationally model the effect of 

strain on intercalation energies in V2O5. The intercalation energy comes from comparing changes 

in total energy between lithiated and non-lithiated structures, and changes in this energy can be 

modeled by straining the structure computationally. This model corresponds to the experimental 

process of pre-straining the lattice before intercalation of lithium. We apply in-plane strain by 

manually increasing or decreasing the ‘a’ and ‘b’ lattice parameters while allowing the ‘c’ lattice 

parameter and all ionic positions to relax to the minimum energy state. The energy of 

intercalation per lithium atom is estimated as  

EI = 2E [Li0.5V2O5] - (E[Li] + 2E [V2O5])  6  

where E[V2O5] and E[Li0.5V2O5] are the total energy given by DFT, and E[Li] is the constant 

total energy of BCC Li also given by DFT calculations. The DFT parameters and further details 

on the calculations are provided in the supplemental information. The lattice constants ‘a’ and 

‘b’ are passed as parameters to the DFT calculations so that the energy E=E(a, b). ‘a0’ and ‘b0’ 

are the lattice parameters where E[V2O5] is minimum. Note that the values of ‘a’ and ‘b’ where 

E[Li0.5V2O5] is minimized are smaller than a0 and b0 respectively because the layer spacing 

expansion during lithiation tends to compress the in-plane directions. In this work, we always 

vary ‘b’ by the same percentage as we vary ‘a’, meaning ‘a’ alone can specify the applied strain, 

therefore E=E(a). Note that we are assuming here and throughout this work that ‘a’ and ‘b’ are 
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fixed during the intercalation process, allowing us to get the intercalation energy by calculating 

E[V] and E[Li] at the same ‘a’ and ‘b’ (see supporting information), thus EI=EI(a). Additionally, 

we calculated EI at several values of ‘a’ and plotted vs applied in-plane strain on ‘a’, defined as 

aStrain=(a-a0)/a0. These data are fit with a third order polynomial. Note that EI is negative because 

the total energy of the system decreases when a lithium ion moves from BCC Li to the V2O5 

lattice. This decrease in energy makes lithiation energetically favorable, with larger decreases in 

energy being more energetically favorable than smaller decreases in energy. 

4.3 Results and discussion 

4.3.1 Interface strained V2O5 

Ultrathin coatings of vanadium oxide were deposited using ALD onto NiTi wires (see 

experimental methods). The as deposited coatings were initially composed of poorly crystalline 

VOx where highly crystalline V2O5 was achieved with post-deposition annealing (see 

experimental methods and Appendix, Figure 4.6).39, 183, 184 By varying the number of deposition 

cycles, ALD offers the possibility to control the thickness of these films, which was estimated 

using a surface ellipsometry technique (see experimental methods and Appendix, Figure 4.7). In 

the case of thin films deposited on substrates with dissimilar coefficients of thermal expansions 

(CTE) significant interface strains can be generated using thermal treatments. 
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Figure 4.1.  (a) Schematic representation of the process of placing the surface V2O5 film under 

‘locked-in’ mechanical strains by straining the NiTi substrate axially (b) X-Ray diffraction peak 

corresponding to the (001) plane of the surface V2O5 film with different substrate strain states of 

NiTi along with the bulk V2O5 X-Ray diffraction (001) peak position from JCPDF 41-1426 file 

(c) Strain % on the surface V2O5 film based on the X-Ray peak shifts observed for the (001) 

plane and the corresponding in-plane expansion caused owing to the Poisson ratio (ѵ = 0.3).” 
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The CTE of the V2O5 film is considerably lower than the CTE of the metallic substrate (Nitinol) 

(αsubstrate >> αfilm) and upon cooling after the annealing treatment an intrinsic thermal strain is 

imposed on the film (see Appendix). This interface strain can be varied by controlling the 

thickness of the deposited coatings as a result of strain relaxations which are dominant at greater 

thicknesses (Figure 4.1a). Here, thicker coatings will lead to greater average strain relaxation in 

the deposited V2O5 layer since the strain originates from the V2O5/NiTi.185-187 Through 

crystallographic analysis of the deposited films using XRD (see experimental methods), we 

observe the presence of a crystalline α-phase of V2O5 with preferential (001) orientation similar 

to such films reported elsewhere (see Appendix, Figure 4.8).168, 182 The obtained diffractograms 

were compared to the diffractogram of unstrained bulk V2O5 obtained from JCPDF: 41-1426. As 

XRD is a global probe which samples the entire coating, this yields an average value of strain 

and therefore a higher strain percentage measured for thin coatings. Analyzing the ‘c’ directional 

(001) diffraction peak in Figure 4.1b, compared to bulk V2O5, a higher 2 theta value for the (001) 

peak is observed and attributed to the thickness dependence of strain in V2O5 coatings, as shown 

in Figure 4.1c.  

4.3.2 Strain engineering V2O5 

To mechanically lock-in elastic strains onto the deposited V2O5 coating, the NiTi wire 

was subjected to axial tensile strains of 0% to 10% (see experimental methods and Appendix, 

Figure 4.9). Owing to the unique shapememory property of the NiTi alloy, the applied strains 

(5% and 10%) were maintained after unloading, placing the surface V2O5 film under varying 

mechanical strains. Axial tensile strains on the substrate cause the deposited V2O5 film to 

experience an average compressive strain along the ‘c’ direction (001) as shown in the schematic 

Figure 4.2a.  
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Figure 4.2. (a) Schematic representation of the process of placing the surface V2O5 film under 

‘locked-in’ mechanical strains by straining the NiTi substrate axially (b) X-Ray diffraction peak 

corresponding to the (001) plane of the surface V2O5 film with different substrate strain states of 

NiTi (c) Strain % on the surface V2O5 film based on the X-Ray peak shifts observed for the (001) 

plane and the corresponding in-plane expansion caused owing to the Poisson ratio (ѵ = 0.3). 
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Through XRD analysis, we observe that the (001) peak shifts to higher angles indicating that an 

out of plane (‘c’ directional) compressive strain (<1%) is imposed on the metal oxide films 

(Figure 4.2b). As a result of elastic of strains imposed to the alloy, the applied strain % on NiTi 

in each case was higher than the critical strains required for cracking these films for a given 

thickness (see Appendix, Figure 4.10 for electron micrographs).129, 171 We chose substrate strains 

of 5% and 10%, which would sufficiently exceed the saturation crack density as reported for 

similar films deposited using ALD.129 As most oxides have a Poisson coefficient,‘ν’ between 0 

and 0.5, a net positive volume change should occur due to compression in ‘c’ direction.176, 188, 189 

We assumed a Poisson coefficient ѵ = 0.3 (typical for metal oxides) to estimate the in-plane 

strain imposed on the film as shown in Figure 2c. We estimated an in-plane tensile strain of 1.6% 

for an out of plane ‘c’ directional compressive strain of 0.5%. XRD analysis corresponding to the 

~40 nm V2O5 film is given in the supporting information (see Appendix, Figure 4.11). 

4.3.3 Raman spectroscopic analysis of strain on V2O5 coatings 

As XRD provides an estimate of the average ‘locked-in’ elastic strain on the V2O5 

coating, a local probe such as Raman spectroscopy (see experimental methods) can provide 

information regarding the elastic strain effect on the local bonding environment in the coating.  
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Figure 4.3. (a) Raman spectra of ~80 nm α-V2O5 coating (1000 ALD cycles) on NiTi showing 

the various Raman modes (b) Mean peak positional Raman shifts caused by strain, ∆ω (ωStrained – 

ωUnstrained) cm-1 of the individual Raman modes analyzed. (c-f) Histograms of the most strain 

sensitive modes from Raman maps (>500 individual Raman spectra) of the strained and 

unstrained states of V2O5 (based on (001) plane). 
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Raman spectra in Figure 4.3a show the vibrational modes corresponding to V-O1 (~997 cm-1 and 

~282 cm-1), V-O2-V (~708 cm-1), V-O2 (~528 cm-1 and ~ 303 cm-1) and V-O3-V (~483 cm-1 and 

~407 cm-1).190, 191 The Raman spectra of the strained films (see Appendix, Figure 4.12) do not 

indicate additional modes occurring due to imposed strains on the film. To address potential 

concerns of strain homogeneity we acquired over 500 individual Raman spectra obtained across 

a large area on the surface was performed to yield a statistical assessment of the imposed strain 

effect. The obtained Raman stretch modes from these surface maps were fitted to Lorentzian 

curves to obtain a statistical distribution of peak positions. Mean shifts in peak positions, ∆ω 

(ωStrained – ωUnstrained) cm-1 of strain sensitive Raman modes are given in Figure 4.3b. We observed 

a mean redshift of ~2 cm-1 for V-O1 (~997 cm-1), ~3.5 cm-1 for V-O3-V (~483 cm-1) and ~5 cm-1 

for V-O2 (~708 cm-1) and a mean blue shift of 1 cm-1 for V-O2 (~ 303 cm-1) when the V2O5 film 

is pre-strained. We speculate that owing to a ‘c’ direction compression and a resulting in-plane 

expansion when straining these films, certain Raman modes experience a mean redshift when 

certain modes undergo a mean blue shift. The corresponding histograms of these vibrational 

modes showing mean redshifts and blue shifts are given in Figure 4.3 (c-f). Using XRD and 

Raman analysis, we show for the first time that the α-V2O5 film is controllably strained to 

varying degrees using the shape memory property of the NiTi alloy. 

4.3.4 Electrochemical measurements of strained V2O5 coatings 

Electrochemical measurements were performed on the strained and unstrained V2O5 films 

to assess the effect of imposed mechanical strains. The V2O5 (α phase) can intercalate lithium 

ions in the interlayer spacing along the ‘c’ direction according to the equation;  

𝑉2𝑂5  +  𝑥𝐿𝑖+ + 𝑥𝑒−   ↔     𝐿𝑖𝑥𝑉2𝑂5    7 
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V2O5 undergoes a series of electrochemically and structurally reversible transformations from 

the α phase to the ε phase and the δ phase during intercalation and deintercalation of Li+ ions 

(x=1).155 Intercalation beyond the δ-V2O5 phase (when x>1), results in structurally irreversible 

phase transformations (γ and ω phases) which were avoided in our work.155, 181 These phase 

transformations occurring during the Li+ ion intercalation process are accompanied by structural 

changes (strains) to the layered V2O5 crystal structure. Therefore, we expect that, pre-straining 

V2O5 can contribute to changes in the energetics of the intercalation reaction. Figure 4.4a shows 

the cyclic voltammograms of the unstrained (0%) and strained (0.35%, 0.5% based on ‘c’ 

direction) at a scan rate of 30 mV/s normalized to the maximum peak current. The anodic and 

cathodic peaks corresponding to the reversible transformations α ↔ ε and ε ↔ δ were observed 

to shift to lower voltages (also see Appendix, Figure 4.13). We attribute the shift in intercalation 

potentials to the property changes caused by the elastic strains on the film (also see Appendix, 

Figure 4.14 and 4.15). The effect of these stored elastic strains on the redox potentials during 

galvanostatic charge discharge testing and repeated cyclic voltammetry cycling are provided in 

the appendix (Figures 4.16 and 4.17). The average equilibrium potential (∆Eeq(avg)) can be 

determined from the mid-point of the anodic and cathodic peak potentials from the 

voltammograms at various scan rates (see Appendix, Figure 4.18). Figure 4.4b shows the 

variation of the ∆Eeq(avg) with imposed strains with potential shifts of ~40 mV. For both ~80nm 

and ~40nm (see Appendix, Figure 4.19) V2O5 films, similar shifts in values of ∆Eeq(avg) were 

observed (see Appendix, Figure 4.20) owing to the similar % ‘locked in’ elastic strains.  
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Figure 4.4. (a) Normalized cyclic voltammograms of the unstrained and strained states of the 

surface V2O5 film at a scan rate of 30 mV/s (b) Average equilibrium potential variation with 

imposed strain on the surface film. (c) Schematic representation of the energetics governing the 

electrochemistry of strained and unstrained states of V2O5 (d) Intercalation energy of the Li+ ion 

intercalation process arising from in-plane pre-straining the V2O5 lattice to 2% determined 

using DFT simulations 
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∆Eeq(avg) shift with strain (see Appendix) can be related to the change in free energy 

(∆GStrained) and in turn related to the change internal energy (∆UStrained) of the metal oxide film 

based on the following equation,192, 193 

∆𝐸𝑒𝑞(𝑆𝑡𝑟𝑎𝑖𝑛𝑒𝑑) =  −
∆𝐺𝑆𝑡𝑟𝑎𝑖𝑛𝑒𝑑

𝑛𝐹
=  −

∆𝑈𝑆𝑡𝑟𝑎𝑖𝑛𝑒𝑑

𝑛𝐹
   8  

where n is the number of electrons transferred and F is the Faraday constant (Figure 4.4c). 

Simultaneous modulation of XRD peaks, Raman shifts, and electrochemical potentials are a 

result of changes to the total internal energy of the metal oxide films. In particular, only stored 

elastic strain in our system can alter the internal energy landscape of the V2O5 film.8, 174 Ab initio 

simulations using density functional theory (DFT) were performed to determine the change in 

intercalation energy, EI, between a pre-strained state of V2O5 undergoing lithiation compared to 

an unstrained state (see Appendix, Figure 4.21). This intercalation energy is a measure of the 

change in total energy of the system when a single lithium atom is removed from BCC lithium 

metal and placed inside the V2O5 lattice. We can model applied strain by changing lattice 

parameters and assessing how this affects EI. A change in intercalation energy of ~75 meV (~75 

mV) was calculated with an applied in-plane strain of +1.5% on the V2O5 lattice (Figure 4.4d), 

comparable to the measured change in potential of ~40 mV at about ~1.66% in-plane pre-strain 

in Figure 4.4b. These data corroborate the fact that elastic strains can be an input control 

parameter to alter the energetics of Li+ ion intercalation electrodes. Additionally, this model can 

be used to predict changes in intercalation potentials over a wide range of applied in-plane 

strains.  
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4.3.5 Effect of imposed strain on the diffusion coefficient 

An important parameter in the study of intercalation electrodes such as V2O5 is diffusion 

of the ions through the crystal lattice. By determining potential dependent ‘b’ values (see 

Appendix, Table 4.1) from the relationship, i=aνb, where ‘i’ is the peak current, ‘ν’ is the scan 

rate, ‘a’ and ‘b’ are adjustable parameters, we observe a combination of diffusion controlled and 

intercalation pseudocapacitive processes at these peak voltages163, 169, 194 Based on Randle Sevcik 

analysis (see Appendix, Figure 4.22) the diffusion coefficient of Li+ ions (see Appendix, Table 

4.2) during the different phase transformations was determined.17, 155 Owing to the sub-100 

nanometer thickness of these strained V2O5 films on NiTi alloy, diffusion coefficients in the 

order of 10-9 to 10-10 cm2s-1 were observed for all the phase transformations studied in this 

work.195-198 The diffusion coefficient ratio between the strained and unstrained states of the V2O5 

films is given in Figure 4.5a. Due to Poisson’s ratio (assuming ~0.3 in our case), a net positive 

volume change is expected in the film. An out of plane compressive strain results in in-plane 

tensile strains, which effectively increase the total volume of the crystal (Figure 4.5b). In 

accordance with this, the diffusion coefficient in the strained state is observed to increase to 

about 2.5 times when compared to the unstrained state. It can also be noted that as Li+ ion 

intercalation in V2O5 is accompanied by phase transformations, elastic pre-strains can have an 

effect on the transformational strain149 produced due to diffusion of Li+ ions resulting in 

significant variation between the diffusion coefficient ratios.  Based on previous reports using 

simulated studies of intercalation cathodes, it can be implied that in our system, the increase in 

diffusion coefficient could be due to the reduction of ion migration barriers which can be 

achieved through imposed mechanical strains.176, 177  
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Figure 4.5. (a) Diffusion coefficient ratio DStrained/DUnstrained variation with both ‘c’ strain and 

corresponding in-plane strain owing to Poisson ratio, ѵ = 0.3 (b) Schematic representation of the 

enhancement in diffusion coefficient arising due to a pre-strained V2O5 electrode.  

The results presented here highlight the principle that tunable mechanochemistry can be a 

tool to modulate the energetics and kinetics during ion intercalation reactions in energy storage 

electrode materials. Going forward with this approach where V2O5 is only one of many host 

electrode options, strain engineering can be further applied to emerging research areas focused 

on storage using alternative ions (Na+ and K+)158, 166, 199 and multivalent ions (Mg2+ and Ca2+)200, 

201. The ion size of these alternative materials remains a challenge, but mechanical strains could 

offset the insertion barriers for these systems and be an important tool for moving beyond 

lithium.  In addition, because strain engineering is a widely-applied principle in solid-state 

semiconductor electronics, it could be integrated with solid-state battery architectures developed 

on thin film substrates as well as next generation microbatteries.  In any case where cutting-edge 

battery research efforts have focused efforts on analyzing mechanical strains as a byproduct of 

intercalation chemistry, our work provides a new picture highlighting the tunable interplay 
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between mechanics and chemistry of battery electrodes toward development of efficient energy 

storage devices. 

4.4 Conclusion 

In summary, we provide insight into the mechanochemistry of battery electrodes, or more 

generally the ability to modulate battery electrochemistry using tunable mechanical strains.  We 

leverage ALD to deposit nanoscale coatings of V2O5 cathodes onto superelastic shape memory 

NiTi current collectors that are “locked in” at various strain states for electrochemical testing.  

Our findings indicate modulation of the intercalation potentials by ~40 mV and improving the 

diffusion coefficient of lithium ions in V2O5 by around 2.5 times for applied strains <2%.  

Further, DFT simulations provide corroboration to experimental results that indicate mechanical 

strain can be used as a tool to engineer the electrochemistry of batteries.  Overall, our work 

provides insights into the interplay between tunable mechanics and chemistry of battery 

materials utilizing the principles of strain engineering as a precise engineering tool to improve 

electrochemical properties of battery materials.   
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4.5 Appendix 

 

 

Figure 4.6. Raman spectra of the ALD deposited coating before and after annealing process 

The as deposited amorphous VOx on the NiTi alloy was converted to crystalline V2O5 by 

annealing the coatings in air at 450 oC for 30 min. Figure 4.6 shows the Raman spectra of the 

deposited coatings before and after annealing treatments. The amorphous VOx coating shows a 

broad peak in the range of 800 cm-1 to 1000 cm-1 indicative of lack of long-range order in the 

coatings. The Raman spectrum of the annealed coating however shows distinct Raman modes 

corresponding to the various V-O stretch modes of vanadium pentoxide, which indicates the 

presence of long range order in the V2O5 coatings.  

4.5.1 Development of thermal interface strain on the V2O5 coatings 

The deposited vanadium oxide coating using atomic layer deposition technique is amorphous in 

nature as evidenced by the Raman spectroscopy measurements. Crystallization of the amorphous 

coating into vanadium pentoxide is achieved through the annealing treatment at 450 oC. This 
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process of high temperature crystallization results in thermal strain development in the coatings 

during cooling. The thermal strain is developed because of differences in thermal expansion 

coefficients (CTE or α) between the substrate (NiTi alloy) and the metal oxide coating (V2O5) 

formed during the annealing process. This process is dependent on the temperature and the strain 

that can be developed in the coatings in such scenarios is called the temperature dependent strain 

(Sm) given by the following equation,10, 202 

𝑆𝑚 = 𝑆𝑚(𝑇𝑔) + 𝑆𝑡ℎ𝑒𝑟𝑚(𝑇)    9 

Where Sm (Tg) is the temperature dependent lattice strain at the growth temperature Tg. 

Assuming this value to be negligible for simplification, an estimate of the temperature dependent 

strain can be obtained by determining the thermal strain Stherm.   

𝑆𝑡ℎ𝑒𝑟𝑚(𝑇) = (𝛼𝑠 − 𝛼𝑓)(∆𝑇)    10     

αs and αf are the coefficients of thermal expansions of the substrate (NiTi alloy) and the metal 

oxide film (V2O5) respectively. The thermal expansion coefficient of the NiTi alloy from 

reported literature values203, 204 is αNiTi = 10.4 x 10-6 / oC and typical values for CTE of metal 

oxide films is around 10-7 / oC. As (αs >> αf) and using the temperature gradient (∆T) of around 

425 oC, we estimate an interface strain of about 0.5% developed between the V2O5 film and the 

NiTi substrate during cooling. Measured strain values from XRD measurements on the film 

indicated a ‘c’ directional strain of ~0.8% for thin ALD coatings after 500 ALD cycles when 

compared to bulk V2O5 powders (JCPDF 41-1426). As XRD technique measures an average 

strain on the surface film, increasing the ALD cycles showed a decrease in the ‘c’ directional 

strain owing to strain relaxation effects in thicker coatings.  
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Figure 4.7. Thickness of the crystalline V2O5 coatings based on silicon control 

Assessment of the thickness of the deposited V2O5 surface coatings was performed using surface 

ellipsometry measurements on a silicon wafer control similar to previous works.205 

Measurements using a silicon control give an estimate of the thickness of the surface coating on 

NiTi alloy. The actual thickness of the coating on NiTi surface may vary owing to the difference 

between the nature of seeding layers on NiTi and silicon for vanadium oxide during the ALD 

process.  
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Figure 4.8. X-Ray Diffractogram of the crystalline V2O5 coating on NiTi substrate 

X-Ray diffraction technique was employed to determine the percent strain on the surface V2O5 

coatings. Similar to previous reports, we observe a comparatively strong (001) peak indicating 

the α phase of V2O5 (JCPDF 41-1426) with preferred ‘c’ directional orientation perpendicular to 

the surface of the NiTi alloy.  Owing to the thickness of the V2O5 coatings in the nanometer 

scale, the intensity of the peaks corresponding to the substrate (NiTi austenitic and martensitic 

phases, JCPDF 18-0899 and JCPDF 27-0344) dominates the diffractogram. Utilizing the 

observed (001) peak for the V2O5 coating and comparing different strain conditions on the NiTi 

alloy, we determined the percent elastic strain that was ‘locked-in’ the V2O5 coating due to the 

shape memory effect of the NiTi alloy using the following equation. 

% 𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑆𝑡𝑟𝑎𝑖𝑛 = (
𝑑𝑆𝑡𝑟𝑎𝑖𝑛𝑒𝑑−𝑑𝑈𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑

𝑑𝑈𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑
) × 100 %   11  
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where dStrained and dUnstrained corresponds to the ‘d’ spacing in the ‘c’ direction obtained using 

Bragg’s law from the (001) peak positional shifts. To accurately determine the shifts in the (001) 

peak position based on various strain conditions, Gaussian fits were applied to the peaks.  

 

Figure 4.9. Raman spectra of crystalline V2O5 coatings at varying thicknesses 

Raman spectra of V2O5 films of different thicknesses deposited by varying the ALD cycle 

numbers is given in figure S4. Raman spectra of the crystalline films obtained with fewer than 

500 cycles show the lack of a homogenous phase corresponding to α-V2O5. The Raman spectra 

corresponding to 1500 ALD cycles show additional peaks indicative of the presence of V4+ 

oxides along with α-V2O5. This gives a usable range of 500 to 1000 ALD cycles and in this 

study, we chose the ALD cycles of 500 and 1000 as a comparison.  
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Figure 4.10. Stress-strain response of the NiTi alloy with the V2O5 surface coating 

 

The stress-strain response of the alloy indicates an elastic deformation of the austenitic phase of 

NiTi alloy followed by transformation of austenite to martensite with increasing strains up to 

5%. Beyond 5% strain, the transformed martensitic phases in the alloy undergo plastic 

deformation beyond 10% up to 15% strain. The deformed alloy can be unloaded under different 

strain conditions after a small elastic unloading retaining most of the applied deformation. Owing 

to the shape memory property of the NiTi alloy, the applied strains of 5% and 10% can be fixed, 

which enables the surface V2O5 coating to be placed under ‘locked-in’ elastic strains. The 

metallic NiTi alloy in our case performs the dual function of strain setting as well as the function 

of a current collector during electrochemical measurements.   
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Figure 4.11. (a) Scanning electron micrograph of the surface coating at 0% NiTi strain state. (b) 

Scanning electron micrograph of the surface coating at 5% NiTi strain state. (c) Scanning 

electron micrograph of the surface coating at 10% NiTi strain state 

Scanning electron micrographs of the V2O5 coatings under different strain states of NiTi 

indicates the formation of cracks on the surface. As the surface oxide is a brittle ceramic when 

compared to the ductile NiTi alloy, most of the deformation experienced by the alloy is not 

transferred to the surface oxide, which limits the strain transfer (<1%).  
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Figure 4.12. (a) percent strain on the ~40 nm V2O5 coating at various strain states of NiTi. (b) 

Comparison of locked-in strains between the ~40 nm and ~80 nm V2O5 coating at various 

strained states of NiTI alloy  

To understand the feasibility of shape memory alloy assisted strain setting technique in metal 

oxide coatings such as V2O5, we compared two different thicknesses for the oxide film. 500 and 

1000 ALD cycles resulted in V2O5 films of 40 and 80 nm respectively. ‘c’ strain values obtained 

from X-Ray diffractograms for the two thicknesses at the various NiTi strain states indicate a 

similar strain transfer profile. Comparing both thicknesses, we observe that at 10% strain states 

for NiTi, a ‘c’ directional compressive strain of 0.5% and 0.53% for the 80 nm and 40 nm 

coatings respectively.  
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Figure 4.13. Raman spectra of the strained ~80 nm V2O5 surface coating 

Raman spectra of the ~80 nm V2O5 coatings under different applied strains show the presence of 

all the distinct Raman modes corresponding to the α phase of vanadium pentoxide. This indicates 

that the strained films maintain their crystallinity. To assess the effect of the applied elastic 

strains on Raman modes, peak positional analysis was performed by obtaining Raman maps 

across the surface of these coatings. Each Raman map contained over 500 individual Raman 

spectra. Lorentzian fits were applied to the individual Raman modes to obtain a statistical 

analysis of the mean positional redshifts/blueshifts indicating a strained surface film. Histograms 

of the peak positions indicate a mean shift in the Raman modes of V2O5, which varies with the 

applied strain.  
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Figure 4.14. (a) Cyclic voltammograms at various scan rates for the unstrained, ~80 nm V2O5 

coating (b) Cyclic voltammograms at various scan rates for the strained (-0.5% ‘c’ strain), ~80 

nm V2O5 coating 

Cyclic voltammograms of the unstrained and strained ~80 nm V2O5 coatings at different scan 

rates (10 mV/s to 100 mV/s) show stable redox behavior during the intercalation and 

deintercalation of Li+ ions. The electrodes were cycled between 0V to 0.6V ensuring both 

electrochemical and structural reversibility when V2O5 undergoes phase transformations (α → 

ε → δ). The structurally irreversible phases of γ and ω were avoided in this study.  
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Figure 4.15. (a) Cyclic voltammograms at 10 mV/s for the ~80 nm V2O5 coating at different ‘c’ 

strain conditions (b) Cyclic voltammograms at 80 mV/s for the ~80 nm V2O5 coating at different 

‘c’ strain conditions 

Cyclic voltammograms of the ~80nm coating at different ‘c’ directional strain conditions (0-

0.5%) indicate a comparative shift in both anodic and cathodic reaction potentials for the two 

phase transformations of V2O5. The shift in peak potentials can be observed in the case of the 

various scan rates used in measurement as shown in the figure. As these strained metal oxide 

films undergo surface fissuring, the increase in current density from the unstrained to the strained 

states can be attributed to an increase in the redox active sites for the intercalation processes.172 
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Figure 4.16. Cyclic voltammograms at 1 mV/s for the ~80 nm V2O5 coating at different ‘c’ 

strain conditions  

The coatings were tested at a low scan rate of 1 mV/s to observe shifts to the redox peak 

potentials. However, owing to the ultrathin coating of V2O5 on the surface of a ~0.5mm thin 

NiTi wire resulted in considerable noise in the current response as a result of the low current 

detected. 
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Figure 4.17. (a) Galvanostatic charge discharge curves of the unstrained and strained V2O5 

coatings at a current density of 0.06 mA/cm2. (b) The corresponding dQ/dV curves for the 

unstrained and strained V2O5 coatings showing voltage shifts.  

The galvanostatic charge discharge data for the unstrained and the strained states of the V2O5 

coatings and the corresponding dQ/dV curves show similar voltage shifts observed in cyclic 

voltammetric responses. The applied current was normalized to the total immersed area of the 

electrode.  
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Figure 4.18. Cyclic voltammograms showing cycling of the 80 nm V2O5 films at different strain 

conditions at a scan rate of 100 mV/s.  

Cyclic voltammograms of the unstrained and strained V2O5 films during cycling is given in 

figure 4.18. We compared the unstrained 0% to the ‘c’ strained -0.5% in the cycling tests after an 

initial 20 conditioning cycles to obtain reproducible voltammograms. During the cycling tests, 

repeated reversible structural transformations accompany the intercalation process of Li+ ions 

into V2O5 resulting in a small potential change overtime which is considerably lower than the 

shifts observed as a result of elastic pre-strains ‘locked-in’ using the substrate (NiTi alloy). 
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Figure 4.19. (a) Eo
eq at various scan rates for the ~80 nm V2O5 coating at different ‘c’ strain 

conditions for the α → ε redox reaction. (b) Eo
eq at various scan rates for the ~80 nm V2O5 

coating at different ‘c’ strain conditions for the ε → δ redox reaction. (c) Eo
eq at various scan 

rates for the ~40 nm V2O5 coating at different ‘c’ strain conditions for the α → ε redox 

reaction. (d) Eo
eq at various scan rates for the ~40 nm V2O5 coating at different ‘c’ strain 

conditions for the ε → δ redox reaction. 
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Figure 4.20. (a) Comparison of Eo
eq(Avg) at various scan rates for the ~40 nm and ~80 nm V2O5 

coatings at different ‘c’ strain conditions for the α → ε redox reaction.  (b) Comparison of 

Eo
eq(Avg) at various scan rates for the ~40 nm and ~80 nm V2O5 coatings at different ‘c’ strain 

conditions for the ε → δ redox reaction.   

The Eo
eq values obtained from the cyclic voltammograms at the different scan rates can be 

averaged to obtain the value of Eo
eq(Avg) for two thickness of V2O5 coatings at various ‘locked-in’ 

strains. As only elastic strains can simultaneously alter XRD peaks, Raman modes and 

electrochemistry of the surface coating, the ‘locked-in’ strain can be considered as ‘locked-in’ 

elastic strain energy. Shifts in Eo
eq(Avg) can occur due to various reasons that can be strain induced 

which include modifications of the energetics of the Li+ intercalation reactions, changes to the 

oxidation state of vanadium in the oxide coating and strain induced variations to the SEI owing 

to changes to surface reactivity of the electrode all of which require detailed future 

investigations. However, the shifts observed in our case can be attributed to a strain induced 

effect as the only input parameter that was varied is the applied strain to the coating.  
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4.5.2 Energetics of the strained V2O5 electrode 

Li+ ion intercalates into vanadium pentoxide undergoing a series of phase transformations. The 

overall reaction is given by 

𝑉2𝑂5 + 𝑥𝐿𝑖+ +  𝑒− ↔ 𝐿𝑖𝑥𝑉2𝑂5   12  

According to the Nernst equation, the average intercalation voltage can be considered as206 

𝑉𝐴𝑣𝑔 ≈  
−∆𝐺

𝐹
      13  

where ∆G is the Gibbs free energy and F is the Faraday constant. Neglecting entropic 

contributions, the Gibbs free energy can be replaced with the change in internal energy ∆U. 

𝑉𝐴𝑣𝑔 ≈  
−∆𝑈

𝐹
      14 

The total internal energy of the reaction can be expressed as, 

∆𝑈 = 𝑈𝑇𝑜𝑡𝑎𝑙[𝐿𝑖𝑉2𝑂5] − 𝑈𝑇𝑜𝑡𝑎𝑙[𝑉2𝑂5] − 𝑈𝑇𝑜𝑡𝑎𝑙[𝐿𝑖]  15 

where UTotal[LiV2O5] and UTotal[V2O5] represents the total energies per formula unit of LiV2O5 

and V2O5 respectively and UTotal[Li] corresponds to the total energy of lithium metal.  

To deduce the effect of strain in modifying Li+ ion intercalation energetics, the change in internal 

energy can be rewritten as ∆UStrain. 

∆𝑈𝑆𝑡𝑟𝑎𝑖𝑛 = 𝑈𝑇𝑜𝑡𝑎𝑙[𝐿𝑖𝑉2𝑂5]𝑆𝑡𝑟𝑎𝑖𝑛 − 𝑈𝑇𝑜𝑡𝑎𝑙[𝑉2𝑂5]𝑆𝑡𝑟𝑎𝑖𝑛 − 𝑈𝑇𝑜𝑡𝑎𝑙[𝐿𝑖] 16 

where UTotal[LiV2O5]Strain and UTotal[V2O5]Strain represents the total energies per formula unit of 

the intercalated LiV2O5 (including pre-strain) and pre-strained V2O5 respectively. The changes 

brought about by the applied pre-strains on the Li+ intercalation energetics can be obtained using 
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the energy differences between ∆UStrain and ∆U. To deduce the changes to internal energies 

occurring in the strained and unstrained cases of V2O5, we performed DFT analysis. 

 

Figure 4.21. Energy curves of the lithiated (blue) and non-lithiated (black) V2O5 under applied 

in-plane strains  

The plane-wave DFT calculations were performed in the Abinit code207, 208 using the LDA XC 

functional209 and projector augmented wave datasets210 generated by Jollet et al.211 using the 

AtomPAW code.212 Total energy differences were converged within 1 meV using a plane wave 

cutoff of 800 eV and a 2x4x4 Monkhorst Pack k-point grid. Full structure relaxations of the 

lattice parameters and ionic positions were performed using the Broyden-Fletcher-Goldfarb-

Shanno minimization with a force tolerance of 5x10-6 Ha/Bohr. We relaxed the structure of V2O5 

starting with an initial structure for V2O5 from Laubach et al.213 The relaxation gave lattice 

parameters of a=11.53 Angstrom, b=3.56 Angstrom, and c=4.03 Angstrom. The layer spacing (c) 

was under-predicted compared to experiment, likely because LDA does not correctly capture the 
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interlayer Van der Waals interaction. We can predict the structure of lithiated V2O5, Li0.5V2O5, 

by starting with our relaxed nonlithiated V2O5 structure and adding one lithium atom to the unit 

cell which contains two formula units of V2O5. We probed 3 sites for potential favorable lithium 

sites. These initial sites were taken from Braithwaite et al.214 We fully relaxed the structure for 

each initial site and chose the one with the lowest final energy. Our final favorable site for the 

lithium ion in reduced coordinates was (0.5003, -.0008, 0.7495). We used the lithiated structure 

as a starting point for subsequent total energy calculations for Li0.5V2O5. For intercalation energy 

calculations, we also needed the total energy of BCC lithium, which we calculated after relaxing 

the lattice constant. We can estimate EI using total energy calculations: 2E[Li0.5V2O5]-

(E[Li]+2E[V2O5]), where EI is the approximate voltage of intercalation, E[Li0.5V2O5] is the total 

energy of Li0.5V2O5 per unit cell, E[V2O5] is the total energy of V2O5 per unit cell, and E[Li] is 

the total energy of BCC lithium per atom.206, 215, 216  (E[Li]+E[V2O5]) and E[Li0.5V2O5] plotted 

with respect to a lattice parameter are shown in Figure S13. The change in intercalation energy 

(the difference between the two curves) with applied strain can be obtained by stretching or 

compressing the unit cell resulting in energy changes. Starting with the relaxed ionic positions 

above, we calculate E[Li0.5V2O5] and E[V2O5] at a=(21.6, 21.8, 22.0, 22.2, 22.4). The c lattice 

parameter and ionic positions are relaxed at each value of applied strain. As noted in the 

Methods section, we are assuming throughout this work that a and b are fixed during the 

intercalation process, allowing us to obtain the intercalation energy by calculating E[V2O5] and 

E[LiV2O5] at the same a and b. We justify this assumption because physically the a and b 

directions are held approximately fixed by the substrate, while the layer spacing direction, c, is 

free to expand or contract. We then fit this data with a 3rd order polynomial for an analytical 

model of total energy with applied strain.  
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‘c’ 

strain 

In-plane 

strain 

α → ε 

Cathodic 

ε → δ 

Cathodic 

ε → δ 

Anodic 

α → ε 

Anodic 

0% 0% 0.67 0.76 0.73 0.74 

-0.35% 1.16% 0.64 0.76 0.75 0.72 

-0.5% 1.66% 0.71 0.79 0.83 0.80 

Table 4.1. Potential dependent ‘b’ values from the plot of log(i) against log(ν) for the α → ε 

and the ε → δ redox reactions for the ~80 nm V2O5 coating at different c strain and the 

corresponding in-plane strain conditions.  

Using the relationship, i=aνb where ‘i’ is the current, ‘ν’ is the scan rate, ‘a’ and ‘b’ are 

adjustable parameters, we obtain the potential dependent ‘b’ value for the different phase 

transformations observed in our system from the plot of log(i) vs log(ν). If these ‘b’ values are 

close to 0.5 then the current obtained is due to diffusion controlled processes however if it is 

close to 1 then the current is predominantly due to capacitive processes such as intercalation 

pseudocapacitance. We see that the ‘b’ values at these potential dependent phase transformations 

for the scan rates used in our study was around ~0.6-0.8. Owing to the <100 nanometer thickness 

of the films used in our study the ‘b’ values indicate a combination of both diffusion controlled 

and intercalation pseudocapacitive processes similar to other works in literature.163, 169, 194 
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Figure 4.22. (a) Current response with square root of scan rates for the ~80 nm V2O5 coating at 

different ‘c’ strain conditions for the δ → ε anodic reaction. (b) Current response with square 

root of scan rates for the ~80 nm V2O5 coating at different c strain conditions for the ε → α 

anodic reaction. (c) Current response with square root of scan rates for the ~80 nm V2O5 coating 

at different c strain conditions for the ε → δ cathodic reaction. (d) Current response with square 

root of scan rates for the ~80 nm V2O5 coating at different ‘c’ strain conditions for the ε → α 

cathodic reaction. 
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Diffusion coefficients for the Li+ intercalation and de-intercalation into the V2O5 lattice through 

the different phase transformations were determined using the Randle-Sevcik equation.153 

𝑖𝑝𝑒𝑎𝑘 = 268600 𝑛
3

2⁄  𝐴 𝐷
1

2⁄  𝐶 𝜗
1

2⁄     17 

where ipeak represents the peak current in A.cm-2 during the various redox events, ‘n’ is the 

charge transfer number, D is the diffusion coefficient in cm2.s-1, A is the area of the electrode 

surface in cm2, ‘C’ is the concentration of Li+ ions in mol.cm-3 and ‘ν’ represents the scan rate in 

V.s-1. From the plot of peak current and √ν, we observe a linear relationship with typical R2 

values of 0.99. From the slope of the current response, the following diffusion coefficient values 

were obtained for the ~80 nm V2O5 coating at the different strain conditions. 

 

Table 4.2. Diffusion coefficients determined using Randle-Secvik analysis for the α → ε and 

the ε → δ redox reactions for the ~80 nm V2O5 coating at different c strain and the 

corresponding in-plane strain conditions.   

As per the Poisson’s ratio, a c directional compressive strain should result in an in-plane 

expansion in the crystalline V2O5 film. The net volume in such cases increases which could 

result in reduction in Li+ migration barriers into the V2O5 lattice.  It should be noted that the 

nature of strain applied to the metal oxide film can also be modulated by the geometry of the 

substrate. 
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Chapter V 

5 Ultralow Frequency Electrochemical – Mechanical Strain 

Energy Harvester using 2D Black Phosphorus Nanosheets 

5.1 Introduction 

An ambient mechanical energy harvester converts input mechanical energy into electrical 

energy, which can be transferred and utilized in other systems.217, 218 Conventional methods of 

ambient mechanical energy harvesting commonly utilize a variety of piezoelectric and 

triboelectric materials.219-221 Although these materials are capable of effective energy harvesting 

at high frequencies (>10 Hz), their performance drastically drops when these devices are 

operated under low frequency (<1-5 Hz) and static loading conditions corresponding to ambient 

human mechanical interactions.217, 221, 222 Consequently, human gait is distributed at frequencies 

below 5 Hz, leaving high frequency harvesters that inherently operate at low conversion 

efficiencies to harvest energy in only a small window of a normal human motion.223, 224  To 

overcome this, new device platforms need to be developed with the simultaneous capability to 

operate at high mechanical conversion efficiencies and harvest energy through full duration of 

low-frequency human motions.   This requires the development of harvesting methodologies 

beyond existing materials and systems.   

In this regard, researchers have recently started to investigate the mechanical – electrochemical 

coupling in conventional Faradaic energy storage materials and batteries.41, 175, 217, 225-228  

Observations by Kim et al. demonstrated a small potential difference that emerges in a silicon – 

lithium system that is instigated by mechanical stresses, which can be leveraged for strain energy 

harvesting.229  Similarly, other recent efforts have demonstrated stress-induced shifts to 



103 
 

equilibrium potentials in electrochemical energy storage materials by using strain as a controlled 

input parameter, which reveals the origin of this electrochemical-mechanical coupling.41  These 

early studies leverage mechanical stresses, which are otherwise considered an adverse side-

product of an ion-storing electrochemical system,144, 230 to modulate the energetics of ion 

insertion that can be leveraged for strain energy harvesting. This allows the high energy density 

storage through Faradaic reactions occurring in battery materials to be tapped in systems 

designed to use mechanical energy inputs to drive or control these reactions.  Since battery 

materials natively undergo charge-discharge processes at low frequencies, this means that 

harvesters built on the working principles of battery materials will natively exhibit a frequency 

range of operation that is better matched to low-frequency human motions < 5 Hz.217, 225 

Whereas early studies discussing and leveraging the mechano-chemical response of batteries 

have so far focused on thick bulk-like materials, two-dimensional (2-D) materials present an 

exciting alternative for strain harvesting.  Strain coupling into 2-D materials can be highly 

efficient unlike the case for bulk materials, and many 2D materials exhibit strain responses 

deviating from their bulk material counterparts that can be exploited in such devices.41, 231  An 

excellent example of this is 2-D black phosphorus, or phosphorene, which exhibits a negative 

Poisson’s ratio in a single-layer configuration and remains an exciting material to study due to its 

anisotropic optical/electronic response.232-234 Additionally, phosphorene has also been 

demonstrated to exhibit the highest known capacity for sodium ion storage (2596 mAhg-1) and 

unlike bulk silicon,230 boasts a 2D material structure that enables robust stability over cycling 

durations at slow rates.165, 235, 236 Until now, the concept of electrochemical-mechanical coupling 

in 2-D materials remains unexplored, and materials such as phosphorene remain at the forefront 

as ideal candidates for such systems.237 
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This motivates our current study, which is to exfoliate, assemble, and sodiate 2-D black 

phosphorus nanosheets to produce a low-frequency energy harvester device.  By combining 

equipotential NaxP electrodes in a sandwich configuration, we demonstrate stress-induced 

migration of sodium ions resulting from ambient mechanical inputs such as bending and pressing 

at frequencies otherwise inaccessible by conventional piezoelectric materials (0.1 – 0.01 Hz). 

This prototype device configuration generates peak power of 42 nW/cm2 and energy of 0.203 

µJ/cm2 in bending mode (0.1 Hz) and peak power of 9.1 nW/cm2 and energy of 0.792 µJ/cm2 in 

pressing mode (0.01 Hz). These results emphasize the promise of 2-D material platforms for high 

performance human motion harvesters.   

5.2 Experimental methods 

5.2.1 BP exfoliation, deposition and electrode assembly 

Bulk BP (Smart Elements) was added to NMP (99.5%, Aldirch) solution with an initial 

concentration of 0.625 mg/mL. BP exfoliation was assisted by a tapered-tip on a probe sonicator 

(Sonics, VCX750, 40% amplitude) with a 3s on and a 3s off pulse in ice bath for 5 hrs. 

Exfoliated solution was left overnight for further use. Few layered graphene was grown on Cu 

foil (Strem Chemicals) using chemical vapor deposition technique (CVD) using C2H2 (0.3 sccm) 

as the precursor gas in an Ar (500 sccm) and H2 (2 sccm) atmosphere at 1000 oC. Cu foil with 

the CVD grown graphene was selected as the substrate for the deposition of black phosphorus. 

Electrophoretic deposition (EPD) was performed using a Keithley 2400 Sourcemeter integrated 

with LabView data acquisition software at a constant voltage. Graphene on Cu foil with 

dimension of ~1.5 cm x 3 cm was used as positive electrode, 316 stainless steel with same 

dimensions was used as counter electrode. The separation between the two electrodes was ~1 
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cm. A constant voltage of 10 V was applied for 2 hrs and the resulting electrode was placed in a 

vacuum oven to dry overnight before further characterization and device assembly. 

5.2.2 Electrode characterization 

The morphology of exfoliated BP was characterized using a FEI Osiris TEM transmission 

electron microscope (TEM). Zeta potential and particle size measurements were determined 

using a Malvern Zetasizer Nano ZS instrument. The morphology of the BP deposited 

graphene/Cu electrodes were characterized using a Zeiss Merlin scanning electron microscope 

(SEM). Raman spectroscopy was carried out using a Renishaw inVia MicroRaman system with a 

532 nm laser. For electrochemical characterization, the electrode was cut into ~0.7 cm x 0.6 cm 

pieces, and then directly assembled into a CR2032 type coin cell inside an Argon-filled 

glovebox. Sodium metal (Aldrich) was used as counter electrode. 1 M NaClO4 (≥98.0%, 

Aldrich) in ethylene carbonate (EC)/diethyl carbonate (DEC) (99%/>99%, Aldrich) with 1:1 

volume ratio was used as the electrolyte with an additional 10 vol% 4-Fluoro-1,3-dioxolan-2-one 

(FEC, 98%, Alfa Aesar) as an additive. A Whatman grade GF/F glass fiber microfiber filter 

(Aldrich) was used as separator. Galvanostatic discharge was performed at a current density of 

0.01 mA/cm2 from open circuit voltage (VOC) to 0.02 V. 

5.2.3 Fabrication of the energy harvester and testing 

The BP deposited graphene/Cu electrodes were connected in short circuit mode against pure 

sodium metal (Aldrich) using the same electrolyte as mentioned to sodiate the black phosphorus 

for 4 hours. The sodiated electrode was then cut into two identical halves which form the two 

electrodes of the energy harvester. The two electrodes were then assembled in a sandwich 

configuration with an electrolyte soaked polypropylene separator (Celgard 2500) was used as the 

separation between the two electrodes. Kapton tapes (Ted Pella) were used to encase the device 
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thereby sealing the system from external environments as well as creating an air tight 

configuration. The device was then connected in short circuit mode using an external wire for 2 

hours to homogenize the composition of both electrodes of the harvester. Small compositional 

inhomogeneity between the two electrodes of the harvester would result in unsteady background 

currents during the initial bending and unbending cycles. Reproducible current responses can be 

obtained after a few initial bending, holding and unbending conditioning cycles. Bending and 

pressing tests were conducted manually using hand bending around pipes of various diameters 

and pressing load determined using a weighing balance during testing. Short circuit currents and 

open circuit voltages were determined during repeated bending and pressing tests using a 

portable Autolab PGSTAT 101 testing system. 

5.3 Results and discussion 

5.3.1 Materials development and characterization 

To form electrodes to test as mechano-chemical strain energy harvesters, nanosheets were 

exfoliated from black phosphorus (BP) in 1-methyl-2-pyrrolidone (NMP) solutions by using 

probe sonication (Figure 5.1a).  Transmission electron microscope (TEM) images of the 

exfoliated 2D BP (Figure 5.1b and 5.1c) show thin BP nanosheets generally between 3-20 atomic 

layers with a measured interlayer spacing of 3.80 Å. Dynamic light scattering (DLS) was also 

used to characterize the exfoliated materials (Figure 5.6, Appendix) and demonstrates effective 

exfoliation of nanosheets into NMP.   
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Figure 5.1. (a) Schematic illustration of BP exfoliation in NMP solution through tip sonication. 

(b) Low and (c) High-magnification TEM images of exfoliated BP nanosheets. (d) Scheme of 

EPD set-up. (e) Zoom-in view of the electrode configuration. (f) SEM image of top-down view 

of deposited BP on graphene on Cu (with insets indicating SEM EDS elemental mappings of 

phosphorus and carbon). (g) Raman spectroscopy of the deposited BP.  
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To produce strain harvester electrodes from these 2D building blocks, electrophoretic deposition 

(EPD)238, 239 was used (see experimental methods). To produce a bendable and electrically 

conducting interface for BP nanosheet coatings, graphene was grown on thin copper foils using 

chemical vapor deposition, which was found to be the best interface for the harvester active 

material.  The zeta potential for the exfoliated BP solution was measured as -56.7 mV, which 

dictates a negative surface charge of the exfoliated BP nanosheets. EPD was performed by 

applying a constant voltage on the positive electrode (graphene/Cu) and counter electrode 

(stainless steel) that was immersed in exfoliated BP suspended in NMP (schematically 

represented in Figure 5.1d). Due to the negative surface charge of the BP nanosheets, the 

dispersed exfoliated BP preferably deposit onto the positive electrode (graphene/Cu) under an 

applied electric field. The corresponding deposition I-t curve is provided in the Figure 5.7 

(Appendix). Figure 5.1e gives a schematic representation of the assembled BP nanosheets on the 

graphene/Cu substrate. Scanning electron microscopy (SEM) and corresponding elemental maps 

obtained from energy dispersive X-ray spectroscopy (Figure 5.1f) show effective assembly of 

exfoliated BP nanosheets on the graphene/Cu substrate. The mass of exfoliated BP deposited 

onto the positive electrode was measured as 0.95 mg/cm2 for a 2 hour deposition at a bias voltage 

of 10 V. Raman spectroscopy of the deposited BP on graphene/Cu (Figure 5.1g) shows the 𝐴𝑔
1 , 

𝐵2𝑔, and 𝐴𝑔
2  modes of BP (~ 367 cm-1, 445 cm-1, and 473 cm-1, respectively).165 The complete 

Raman spectrum of the BP-graphene electrode is provided in Figure 5.8 (Appendix).   
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5.3.2 Fabrication of the strain energy harvester 

 

Figure 5.2. (a) Schematic representation of the configuration of the black phosphorus 

mechanical energy harvester. (b) Schematic representation of the working principle of the energy 

harvester. 
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  To produce an electrochemical-mechanical strain harvester, a BP nanosheet coated 

electrode was shorted against sodium metal for 4 hours, cut into two identical pieces, and then 

combined into the configuration illustrated in Figure 5.2a with a polypropylene separator.  The 

entire assembly was left connected in short circuit using an external wire for 2 hours to reach an 

isopotential state between the two electrodes (see methods and schematic illustration of the 

sodiation process in Figure 5.9, Appendix). As illustrated in Figure 5.2b, the device operates on 

the principle that bending or pressing induces a stress gradient between the two electrodes. 

Considering the scenario when the device is bent, the NaxP electrode becomes compressed on 

one side whereas the other electrode becomes tensed.  These stresses are hence directly 

transmitted to the 2D building blocks making up the harvester. This generates a potential 

difference that originates from the different mechano-chemical response of electrochemical 

systems under compressive or tensile stress.41, 175, 228  This mechanism generally holds true for 

pressing as well since the indentation in the material generated by pressing will lead to a strain 

gradient, albeit with smaller magnitude than bending motions.  To reach an equilibrium potential 

on the electrodes, Na+ ions travel from the compressed region to the tensed region across the 

separator which is accompanied by the flow of electrons in the external circuit resulting in 

measured current flow. Here, the compressed electrode becomes the cathode and the tensed 

electrode becomes the anode.  

5.3.3 Electrochemical response of the energy harvester 

The current output of the device can be monitored using short circuit current 

measurements from the device during the application of bending and pressing stresses (Figure 

5.3 a-b). A sharp increase in current signal is observed in both cases followed by gradual decay 

of current when the device is held under bending/pressing condition (Figure 5.3a). The decay 
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occurs due to the relaxation of the stress gradient through alloying induced stress of the 

migrating Na+ ion resulting in gradual neutralization of the chemical potential gradient. The 

duration of ion migration matches the duration of the stress gradient imposed, and upon 

unbending or releasing the load on the device, the stress gradient vanishes leading to a cessation 

of ion flow, and hence current generation. Full width at half maximum values for the current 

response was ~ 10 seconds for both bending and pressing tests which was considerably higher 

than traditional piezoelectric materials (~ 100 milliseconds).229, 240-243 Thus, our device can be 

utilized in harvesting ambient mechanical energy in the ultra-low frequency regime (0.1 Hz to 

0.01 Hz).  Notably, whereas this device exhibits performance that builds upon battery operation, 

the device is not inhibited by the same safety concerns as traditional battery systems.  Since the 

harvester operates from an isopotential state, shorting the device will simply deactivate the 

harvesting capability of the device and not generate thermal runaway that leads to electrolyte 

ignition and battery fires.  Safety considerations of this electrochemical harvester are discussed at 

length in the appendix.  
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Figure 5.3. (a) Short circuit current response of the energy harvester during bending and 

pressing mode. (b) Representative images of bending and pressing tests performed on the 

developed energy harvester. 

5.3.4 Open circuit and short circuit responses of the harvester   

Repeated bending-unbending and pressing-releasing tests were performed on the device 

to assess repeatability of the electrical responses (Figure 5.4). Open circuit voltage measurements 

(VOC) provide the maximum possible voltage outputs for a given stress condition in the absence 

of any current flow. Figure 5.4a shows the VOC response of the device bent at a radius of 

curvature of 3 mm at a frequency of 0.1 Hz. When the bending stress is applied, the VOC 

increases to reach a maximum value that is maintained as long as the stress is applied. Upon 

unbending the device, the VOC recovers to its initial isopotential state. Notably, the nature of 
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measuring VOC that does not explicitly involve Na+ ion migration to neutralize the mechanically 

induced stress gradient causes a gradual decrease of background potential as one electrode of the 

harvester is repeatedly placed under tension and the other is repeatedly under compression. The 

device was tested at different bending radii (Figure 4.10, see Appendix) which shows an inverse 

dependence of the VOC on the bending radii as expected (Figure 4.11, see Appendix). Figure 5.4b 

shows the short circuit current measurements during repeated bending-unbending tests at a 

frequency of 0.1 Hz. Large bending radii result in lower applied stress/strain leading to lower 

chemical potential gradient and lower current flow. Figure 5.4c and 5.4d show the VOC and short 

circuit current responses during repeated pressing and releasing tests at frequencies of 0.1 Hz. 

Similar to the bending response, pressing the electrodes sets up chemical potential gradients 

correlated to the open circuit and short circuit current response from the device. Pressing tests 

were performed by the application of static loads (~ 0.2 MPa) held for various time periods (10 

and 100 seconds). Repeated pressing tests were performed at very-low frequencies of 0.01 Hz 

corresponding to a 100 second hold time (see Figure 5.12, Appendix). During pressing tests, the 

response time of these devices can be varied from 10 seconds to 100 seconds depending upon the 

hold time providing a framework for harvesting electrical energy from static load conditions. To 

demonstrate the stability of the device response over long cycling duration, we carried out 

repetitive bending experiments with 50 cycles shown in Figure 5.4e at 0.1 Hz frequency and 

bending radius of 3 mm.  Over the course of long-term cycling experiments, we observed no 

significant degradation in the mechano-chemical response associated with the strain harvester 

operation.   
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Figure 5.4. (a) Open circuit voltage response of the energy harvester during bending tests when 

bent at a radius of 3 mm at a frequency of 0.1 Hz. (b) Short circuit current response of the energy 

harvester during bending tests when bent at a radius of 3 mm at a frequency of 0.1 Hz.  (c) Open 

circuit voltage response of the energy harvester during pressing tests with applied load of ~0.2 

MPa at a frequency of 0.1 Hz.  (d) Short circuit current response of the energy harvester during 

pressing tests with applied load of ~0.2 MPa at a frequency of 0.1 Hz. (e) Cycling response of 

the energy harvester during repeated bending tests when bent at a radius of 3 mm at a frequency 

of 0.1 Hz. 

5.3.5 Performance assessment of the developed strain energy harvester 

Unlike piezoelectric energy harvesters that generate maximum power and energy when 

operating at resonant frequencies of the active materials, our device operates at low frequencies 

where the performance metrics are dictated by the diffusion characteristics of the sodium ions in 

the active material, electrolyte, and the separator. The peak power and energy during bending 

tests (Table 5.1) at 0.1 Hz for a bending radius of 3 mm was determined to be 42 nW/cm2 and 

0.203 µJ/cm2 respectively. For pressing tests (Table 5.1) at 0.01 Hz under a small loading of ~0.2 

MPa, the peak power and energy were determined to be ~9 nW/cm2 and 0.792 µJ/cm2 

respectively. The peak power and energy obtained significantly exceed the values obtained from 

state-of-the-art piezoelectric materials that exhibit drastically reduced harvesting performance at 

low operating frequencies. Compared to other energy harvesting schemes240-244 (Figure 5.5), the 

BP nanosheet energy harvester exhibits higher peak power performance than piezoelectrics with 

operation in frequency ranges directly overlapped with human motion.  Whereas piezoelectrics 

natively exhibit low conversion efficiency in frequency ranges of optimized energy conversion, 

harvesting energy from human motions at < 5 Hz leads to significantly lower conversion 
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efficiency.  For example, a 1% piezoelectric harvester with operation frequency of 100 Hz can 

lead to as little as 0.01% efficient operation at 1 Hz, since this device will only be active in 

harvesting energy from 1% of the total motion duration.  In this way, the shading of the panel in 

Figure 5 indicates the drop-off of efficiency of traditional mechanical energy harvesters due to 

the mismatch of the operation frequency and the frequency of human motions.  Similarly the 

electrochemical-mechanical harvesters exhibit a drop-off of performance at high frequencies due 

to the mechanical-chemical response that is correlated with ion diffusion processes in the 

electrodes.  This implies that (1) broadband energy harvesting can be achieved by combinations 

of traditional harvesters with low-frequency electrochemical harvesters and (2) electrochemical 

harvesters are well-suited for the conversion of energy associated with human gait into usable 

electric energy unlike traditional energy harvesting routes. Nonetheless, one challenge in this 

electrochemical-mechanical system is the low voltage distribution of harvested charge.  Whereas 

research into this class of energy harvesters is presently at its infancy, strategies to improve 

voltage output could involve (i) the use of larger size ions (K+, Rb+ and Cs+) as these ions have 

large partial molar volume leading to greater potential differences and (ii) using ion hosts which 

have high yield strength as greater the yield strength, the greater the voltage output. Other 

approaches could employ these electrochemical harvesters in series configurations or the use of 

power electronics, such as buck converters, to shape the voltage output for a desired application. 
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Figure 5.5. Frequency dependent performance plot comparing our 2D black phosphorus energy 

harvester using nanoscale BP building blocks to other types of devices described in literature.  

Shaded regions indicate the fall-off of energy harvesting capability at low frequencies outside the 

range of traditional harvesting routes (left) and at high frequencies outside the range of 

electrochemical harvesters (right).  Note that human gait is described fully by motions with 

frequency under 10 Hz, where traditional efficiency of traditional harvesting schemes falls off, as 

represented by the grey shaded region.    

Further, our results introduce the use of 2D nanostructures for electrochemical strain 

energy harvesting, which provides exciting pathways for future research directions.  Whereas the 

theoretical mechanical-to-electrical conversion efficiency can be high in this system (> 30%, 

Figure 5.13, see Appendix), lack of understanding of the mechanical properties in both 2D 

materials and ion-intercalated 2D materials remains a bottleneck toward robust quantitative 

assessment.  At the systems level, one can infer that control of assembly of the nanostructured 
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building blocks will be a critical factor to enable efficient coupling of mechanical energy to 

electrical energy.  At the nanoscale, one can envision a new class of strain harvesters that can be 

assembled at the single-nanosheet scale.  A simple example is a stacked 2D material with locally 

intercalated ions165, 166, 175 that can function as a nanoscale strain harvesting device for low-

frequency motions at the molecular scale in fabrics, liquids, or other media.  Our work 

emphasizes how 2D building blocks are platforms for the design of future strain energy 

harvesting schemes tuned to harvest energy from low frequency motions.    

Testing 

Method 

Operational 

Frequency 

(Hz) 

Bending 

Radius 

(mm) 

Applied 

Pressure 

(MPa) 

Peak 

Power 

(nW/cm2) 

Energy 

Harvested 

(μJ/cm2) 

Response 

Time 

(s) 

Bending 0.1 3  42 0.203 5 

 Pressing 0.1  ~0.2 9.68 0.076 10 

0.01  ~0.2 9.12 0.792 100 

Table 5.1. Performance of the phosphorene 2D energy harvester described in this work. 

5.4 Conclusion 

In summary, our work demonstrates a 2D material (phosphorene) strain energy harvester 

configuration relying on mechano-electrochemical stress-voltage coupling at low frequencies 

relevant to human motions. The assembled harvester was tested in both bending and pressing 

modes, with experiments demonstrating a peak power delivery of ~42 nW/cm2 (0.1 Hz, RoC = 3 

mm) and ~9 nW/cm2 (0.1/0.01 Hz, Load ~0.2 MPa) respectively. The energy output from these 

devices during bending and pressing were 0.203 µJ/cm2 (0.1 Hz, RoC = 3mm) and 0.792 µJ/cm2 

(0.01 Hz, Load ~0.2 MPa) respectively with response times (FWHM of current output – 10 s and 

100 s) several orders of magnitude greater than conventional piezoelectric systems which 
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provide highly inefficient harvesting capability at such low frequencies. This provides a 

framework to exploit (i) the controlled mechanical properties of 2D materials, (ii) the 

homogenous strain propagation that occurs in 2D material geometries, and (iii) the capability of 

accessing 2D material energy harvesting tuned to frequencies relevant to human motions.  Our 

results support future work spanning from harvesting mechanical stresses at the nanometer 

length scales in designer 2D material stacks to designing system-level architectures, such as 

integrated MEMS-electrochemical harvesting units that can be functional for a broad range of 

low-frequency energy harvesting applications complimentary to the state-of-the-art piezoelectric 

or triboeletric system operation.   
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5.5 Appendix 

 

Figure 5.6. Hydrodynamic size distribution of exfoliated BP nanosheets measured by utilizing 

dynamic light scattering (DLS) technique on a Zetasizer. 

Hydrodynamic size distribution data was collected using a Malvern Zetasizer using a dynamic 

light scattering (DLS) technique by measuring the rate of Brownian motion of the exfoliated BP 

suspended in NMP solution. The sub-micron size features in Figure 5.6 confirmed with well 

exfoliation of BP in NMP solution. 



121 
 

 

Figure 5.7. I-t curve of electrophoretic deposition of exfoliated BP onto graphene on Cu under 

constant applied voltage (10 V for 2hrs).  

The deposition of black phosphorus on the graphene/Cu substrate using EPD process was 

monitored using a Keithley 2400 sourcemeter.  

 

Figure 5.8. Raman spectroscopy of the BP-G electrode. 
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Figure 5.9. Schematic illustration of sodiation process and resulted sodiated black phosphorus 

electrode. 

To obtain sodiated black phosphorus, the deposited black phosphorus on graphene/Cu was 

connected in short circuit mode against a pure sodium metal for over 4 hours. The sodiated 

electrode was then cut into two identical halves which form the two electrodes of the energy 

harvester. The two electrodes were then assembled in a sandwich configuration. The device was 

then connected in short circuit mode using an external wire for 2 hours to homogenize the 

composition of both electrodes of the harvester. 

5.5.1 Potential safety concerns and strategies to mitigate them 

Electrochemical-mechanical energy harvesters generate current through migration of charged 

ions. In our case, sodium ion from the compressed electrode moves to the tensed electrode 

resulting in electric current generation. Even though our device operates on the principles of 

battery electrochemistry, the potential safety issues which affect batteries are less likely to affect 

this system because of the following reasons: 
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(i) There is no high energy sodium metal in our harvester as the sodium is in its ionic state in the 

electrolyte. These ions from the electrolyte alloy with the black phosphorus to form sodiated 

black phosphorus. Sodium ions are comparatively safer than pure sodium metal.  

(ii) The electrochemical – mechanical energy harvesters have electrodes which are identical in 

composition thereby they are at isopotential. In the isopotential state the energy difference 

between the two electrodes is zero. Failure mechanisms in batteries are mostly due to short 

circuiting of the electrodes causing thermal runaway reactions which ignite the organic 

electrolyte leading to hot gas ejection from the device causing an explosion. As our 

electrochemical-mechanical energy harvesters have electrodes operating close to isopotential 

states, short circuiting and thermal runaway are less likely to occur.  

(iii) The safety of the device can be improved even further by using solid state electrolytes which 

are much safer than conventional organic electrolytes.  

(iv) Better packaging of the device using reinforced polymer composites can minimize damage 

during mechanical deformation 
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Figure 5.10. (a). Open circuit voltage response of the energy harvester during repeated bending 

tests when bent at a radius of 8 mm at a frequency of 0.1 Hz. (b) Open circuit voltage response 

of the energy harvester during repeated bending tests when bent at a radius of 15 mm at a 

frequency of 0.1 Hz. 

 

Figure 5.11. Variation of ∆VOC with bending radii 
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The voltage (∆V) generated is a function of the chemical potential gradient (∆µ) generated 

between the two electrodes. The chemical potential gradient between the two electrodes was 

inversely related to the radius of curvature (RoC) or the bending radius.  

 

Figure 5.12. (a) Open circuit voltage response of the energy harvester during repeated pressing 

tests with applied load of ~0.2 MPa at a frequency of 0.01 Hz. (b) Short circuit current response 

of the energy harvester during repeated pressing tests with applied load of ~0.2 MPa at a 

frequency of 0.01 Hz. 

At very low frequencies of 0.01 Hz corresponding to a 100 second hold time, the energy 

harvester generates comparable voltage and currents in the open circuit and short circuit mode 

respectively. The FWHM at 0.01Hz is ~100 seconds indicating the applicability of this device in 

the regime of very low frequencies which are inaccessible to conventional piezoelectric 

materials. 
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Figure 5.13. Idealized efficiency of these electrochemically driven energy harvesters 

The idealized efficiency is obtained from the theoretical constructs provided by S. Kim et al.229 

Bending the device leads to one electrode being compressively strained and the other being 

tensile strained corresponding to the state 𝜀𝑥𝑥 = ± ℎ 𝑅𝑜𝐶⁄ , where RoC is the radius of curvature 

and h is one half the thickness of the whole device. The stress on one electrode can be written as, 

𝜎𝑥𝑥 =
𝐸ℎ

(1−𝜗2)(𝑅𝑜𝐶)
 , 𝜎𝑧𝑧 =

𝜗𝐸ℎ

(1−𝜗2)(𝑅𝑜𝐶)
 𝑎𝑛𝑑 𝜎𝑦𝑦 = 0   18  

σyy = 0 owing to assumption of a plane stress condition in the y direction. E is the Young’s 

modulus of the electrode and ν is the Poisson’s ratio. For materials such as sodiated phosphorus 

assuming the Na3P phase, the Poisson’s ratio is generally assumed to be ~0.25. The strain energy 

generated in the system can be coupled into hydrostatic and deviatoric components where,  

𝑈𝑆𝑡𝑟𝑎𝑖𝑛 =  𝑈𝐻𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 +  𝑈𝐷𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐  =
𝐸

2(1−𝜗2)
(

ℎ

𝑅𝑜𝐶
)

2

  19   

𝑈𝐻𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 =  
𝜎𝐻𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐

2

2𝐵
, 𝑤ℎ𝑒𝑟𝑒 𝐵 =  

𝐸

3(1−2𝜗)
   20   
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B is the Bulk modulus of the electrode. Assuming only hydrostatic components contribute to 

energy generation and all of the deviatoric components are wasted, the idealized efficiency is 

𝜂 =  
𝑈𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙

𝑈𝑆𝑡𝑟𝑎𝑖𝑛
=  

𝑈𝐻𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐

𝑈𝑆𝑡𝑟𝑎𝑖𝑛
=  

(1−2𝜗)(1+𝜗)

3(1−𝜗)
    21   

The above equation dictates that the efficiency of the device is a function of the Poisson’s ratio. 

Considering a Poisson’s ratio of 0.25, the idealized efficiency is about 27.8%. The efficiency 

maxes out at a Poisson’s ratio of 0 to be 33.3%. 
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Chapter VI 

6 Co-Intercalation Electrodes for Harvesting Ambient 

Mechanical Energy During Human Motion 

6.1 Introduction 

In recent years, advances in cybernetics, artificial intelligence, and the internet of things 

has brought forth the idea of integrating a multitude of sensing and actuating systems to 

complement functionalities in efficient bio-mechanical interfaces.245-248 To power such integrated 

electronic systems for long term operation, onboard energy storage architectures are necessary. 

Using light-weight energy harvesters capitalizing on otherwise wasted ambient mechanical 

energy provides opportunities for on-demand energy generation rather than energy storage. As 

the development in cybernetics and human interfaced bio-mechanical architectures increases, 

powering these devices through energy harvesting by tapping into the ambient mechanical 

motions of everyday human interactions, specifically those pertaining to human locomotion, is a 

viable alternative to energy storage.217, 249-251 These everyday human interactions from sleeping 

(a low frequency event) to running (a high frequency event) occur entirely at frequencies below 

5 Hz. Conventional energy harvesting systems such as most piezoelectric and triboelectric 

generators operate at frequencies >10 Hz leading to drastically reduced performance at these 

human interaction frequencies.217, 222, 242 The emerging class of electrochemical-mechanical 

energy harvesters on the other hand operate on the principle of mechano-electrochemical 

coupling in battery electrodes.40-42, 175, 217, 229, 252-256 The timescale of ion diffusion kinetics of the 

constituent battery material matches well with operational frequencies <5 Hz. 
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Human walking depicted by gait cycles occur at frequencies between 0.5Hz to 5Hz.42, 217, 

229 Two types of mechanical impulses occurring as a result of movements of the human body can 

be potentially harvested: (i) motion generating impact force at the base of the foot and (ii) 

bending motions of the knee joint. In order to be effectively harnessed the energy harvesting 

timescale of the harvesters needs to match the duration of mechanical input. Such harvesters 

would produce energy so long as the mechanical impulse exists, as any sustained energy 

generation beyond the duration of mechanical input would lead to wastage of the harvested 

energy.42, 217, 229 This creates the need for electrochemical-mechanical energy harvesters with 

high sensitivity and ultrafast kinetics capable of harvesting low mechanical impulses of human 

locomotion frequencies to deliver high instantaneous power outputs. Previously reported 

electrode systems for this class of energy harvesters use Li+ and Na+ alloying and intercalation 

materials, which even though effective at capturing high curvature bending impulses, have low 

power delivery at larger bending motions (low curvatures) of very short durations. These 

electrodes are primarily limited by ion diffusion kinetics owing to the slow diffusion of the 

charged ions in these electrodes, causing challenges when considering harvesting energy from 

human walking.42, 229, 255 

Although a multitude of reports on high rate battery electrodes exists till date, very few 

are suited for this application.  The ultrafast, large volume change phenomenon of Na+ co-

intercalation into graphitic electrodes (250% - NaC16) makes it an ideal candidate to address the 

challenges of energy harvesting. The otherwise poor intercalation of Na+ ions into graphitic 

electrodes using conventional electrolytes257 can be enhanced in the presence of ether based 

electrolytes by co-intercalating solvated Na+ ions instead of the de-solvated Na+ during normal 

intercalation.166, 258-260 In the case of co-intercalation, the size of the solvated Na+ ions in co-
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intercalation process is larger than de-solvated Na+ ions resulting in a significantly high volume 

expansion (250%) of the graphitic host for the fully sodiated state.166, 261 Additionally, the 

kinetics of Na+ co-intercalation process is rapid boasting high diffusion coefficients up to 2x10-7 

cm2.s-1 into graphitic electrodes166 when compared to the slow lithium diffusion process in 

previously reported silicon based energy harvesting electrodes (~10-10 cm2.s-1).229    

These factors motivate our work in developing electrochemical-mechanical energy 

harvesters which can effectively operate in the frequency ranges corresponding to human 

locomotion (1Hz – 5Hz) using sodiated multilayered graphene (MLG) electrodes utilizing the 

extreme volume change Na+ co-intercalation chemistry. We design the energy harvester using 

two identical sodiated MLG electrodes in a sandwich configuration. Leveraging the large 

volumetric expansion per charge and the ultrafast kinetics of the Na+ co-intercalation process 

higher power outputs can be obtained at low curvatures (low mechanical inputs) when compared 

to other harvesters of this type. This prototype energy harvester delivers high power output of 

0.18 µW.cm-2 at moderate bending radii of 8 mm as well as good operational stability when 

harvesting energy during human walking at speeds of 0.25 m.s-1 to 1.25 m.s-1. Overall, this work 

highlights the effectiveness in utilizing the extreme volume change, ultrafast Na+ co-intercalation 

process into graphitic electrode in harnessing otherwise wasted mechanical energy during human 

locomotion. 

6.2 Experimental methods 

6.2.1 Electrode fabrication and characterization 

Multilayered graphene (MLG) was grown on Nickel foil (0.03 mm, MTI) using chemical vapor 

deposition (CVD) process at 850 oC using 500 sccm Ar and 10 sccm H2 gas. After annealing for 

1 hour at 850 oC, the carbon containing precursor, C2H2 at 0.3 sccm was admitted for varying 
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periods of time (from 6 min to 30 min) to achieve uniform growth of MLG of different 

thicknesses. Copper foils connected to copper wires were used as the current collectors. Raman 

spectroscopic analysis was performed using Renishaw inVia MicroRaman system using 532 nm 

laser excitations and Transmission electron microscopy was performed using FEI Osiris 

Transmission electron microscope.  

6.2.2 Fabrication of the energy harvester and electrochemical testing 

To assemble the harvester, as grown MLG on nickel foil was sodiated by contacting sodium 

metal with 1M NaPF6 (Alfa Aesar) in Diethylene Glycol Dimethyl Ether (DEGDME or 

Diglyme) electrolyte (Aldrich). A Celgard 2325 separator soaked in the same electrolyte was 

used and identical sodiated MLG electrodes were assembled in a sandwich configuration with 

the separator between the two electrodes. Kapton tapes were used as packaging material for the 

harvester. Owing to the ultrafast nature of the co-intercalation system, the assembled device was 

connected in short circuit mode using an external wire for only 5 to 10 min. The device was then 

tested electrochemically using Autolab PGSTAT 101 testing system.  To achieve controlled 

bending and unbending cycles the assembled harvester was bent around pipes of varying 

diameters using a programmable Arduino set with a Servo motor. For assessing energy 

harvesting capabilities during human walking, the device was integrated into a wearable knee 

band and was worn around the knee of a subject. The current response was monitored using the 

Autolab system at the same time as the bio-mechanical motions involved during walking were 

collected using motion capture markers attached to the leg.    
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6.3 Results and discussion 

6.3.1 Using graphite co-intercalation electrodes for energy harvesting  
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Figure 6.1. (a) Mechano-electrochemical characteristics of conventional alloying/intercalation 

electrodes. (b) Mechano-electrochemical characteristics of graphite co-intercalation electrodes. 

(c) Frequency compatibility of the mechano-electrochemical energy harvesters for human motion 

harvesting. (d) Crystalline nature of the MLG as observed in Raman spectra. (e) TEM 

micrograph showing crystalline graphitic planes of a few layers of MLG exfoliated from the as 

grown material on Ni-foil.  

Figure 6.1a and 6.1b show the differences between conventional alloying/intercalation electrodes 

(Li-Si, Li-C, Li-Al, Na-P and Na-Sn) when compared to co-intercalation of sodium ions into 

graphitic electrodes in the presence of glyme based solvents. Conventional alloying/intercalation 

based electrodes undergo less volumetric expansion per unit charge than the co-intercalating 

sodium ion. The Na+ co-intercalated graphitic host (Fig. 6.1b) has stable graphene-diglyme vdw 

interactions which enables fast ion diffusion kinetics with minimal to no mechanical degradation 

of host material.166, 257-262 Rapid ion movement in and out of the host electrode owing to the fast 

Na+(DEGDME) ion diffusion rate (2x10-7 cm2.s-1) as reported in previous studies implies that the 

graphitic host undergoes volume expansion and relaxation at extremely fast rates when compared 

to the slow diffusing Li-Si and Na-P electrodes of the same thickness.166 The fast kinetics and 

large mechanical response enables high sensitivity of these Na+ co-intercalated graphitic 

electrodes even at small mechanical inputs (low curvatures). These unique characteristics of the 

sodium co-intercalation chemistry offers possibilities to harvest energy from ambient mechanical 

inputs of very short durations. As shown in Fig. 6.1c, electrodes with inherently slow kinetics 

(conventional alloying and intercalation chemistries) are ideally suited for harvesting long 

duration ambient mechanical inputs of low frequencies (<0.5 Hz) such as sitting and standing 

events. When considering human interactions such as walking and running, the timescale for 
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energy generation is <1s as these motions occur at frequencies ranging from 0.5 Hz to 5 Hz. To 

effectively harness ambient mechanical energy using these mechano-electrochemical energy 

harvesters during human walking motion, electrodes with fast kinetics (sodium co-intercalation 

in to graphite) are required. To facilitate effective co-intercalation the graphitic host, the as 

grown multilayered graphene (MLG) on Ni Foil (see experimental methods) should contain 

minimal defects166 in Raman spectroscopic analysis (Fig. 6.1d). A sharp G peak at 1581 cm-1 

with minimal signature of the defect mode (D peak at ~1300 cm-1) can be observed for the as 

grown MLG.  The corresponding TEM micrograph (Fig. 6.1e) shows a region of the as grown 

MLG with interlayer spacing of 0.33 nm.  

6.3.2 Electrochemical response of the assembled energy harvester 

To fabricate the energy harvester, symmetric electrodes Na+ co-intercalated MLG were 

assembled in a sandwich configuration separated by a polymer separator (see experimental 

methods and Appendix. Figure 6.5). Shuttling DEGDME solvated Na+ ions from one electrode 

to the other during bending and unbending movements (Appendix Figure. 6.6) produces a 

chemical potential gradient, allowing the input mechanical energy to be harvested. As the 

sodiated electrodes are identical to each other in this symmetric configuration, no energy 

difference exists between the two electrodes and as a result the device exists in an iso-potential 

state if undisturbed. Application of small mechanical perturbations such as bending causes 

deviation to this iso-potential state by setting up compressive stresses in one electrode and tensile 

stresses in the other. This asymmetry in stresses generates a chemical potential gradient owing to 

the mechano-electrochemical coupling effect observed in such battery electrodes. This 

mechanically induced chemical potential gradient causes ion migration from the compressed 

electrode to the tensed electrode which lasts until the stress induced gradient is neutralized. As 
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migration of a charge carrying ion occurs inside the device across the separator, electrons flow 

through the external circuit thus harvesting energy during the applied mechanical input.42, 229 

 

Figure 6.2. (a) Open circuit voltage (VOC) measurements during bending and unbending. (b) 

Short circuit current (SSC) measurements during bending and unbending. (c) ∆VOC response 
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from the harvester at different bending radii. (d) Schematic representation of the volumetric 

strain per charge for the Na+ co-intercalation process. (e) VOC response during repeated bending 

and unbending. (f) SSC response during repeated bending and unbending tests. 

The change in the chemical potential gradient between the two electrodes during such 

mechanical inputs can be observed by measuring the open circuit potential (VOC). As shown in 

Fig. 6.2a, a sharp rise in voltage output from the device results from bending induced asymmetric 

stresses.   Upon unbending, the chemical potential gradient vanishes and the voltage output 

returns to the initial state. As is the case with such electrochemical-mechanical energy 

harvesters, we observe a background potential from the device which could arise from 

unintended inhomogeneities between the two electrodes. The current output from the harvester 

during bending and unbending can be observed using short circuit current (SSC) measurements 

as shown in Fig. 6.2b. When the device is bent, a sharp peak in current is observed which is 

followed by a gradual decrease in current which lasts as long as the device is held in the bent 

state. The response time (time scale of energy generation) for the MLG co-intercalation energy 

harvester, characterized by the FWHM of the current response, is ~0.1 seconds as a result of the 

ultrafast kinetics of the Na+ co-intercalation process enabling fast stress gradient relaxations. 

Upon unbending, the co-intercalation induced concentration differences between the two 

electrodes result in a reverse current. As the chemical potential gradient is proportional to the 

induced mechanical stress gradient between the electrodes in the device, low bending geometries 

(high curvatures) should induce greater stresses resulting in a larger chemical potential gradient. 

The change in VOC of the device at different bending radii is shown in Fig. 6.2c. Even at very 

low curvatures (bending radius of 15 mm), we observed higher VOC changes comparable to 

previously developed electrochemical-mechanical harvesting systems at similar curvatures.42, 229, 
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255 A comparatively higher voltage output is observed in our system compared to LiXSi, LiXAl 

and NaXP electrodes for the same amount of charge inserted because the voltage output is 

directly related to the volumetric change per charge in the electrodes during ion insertion (Fig. 

6.2d).42, 217, 229, 255 Upon repeated bending and unbending for (Fig. 6.2e), stable voltage changes 

were observed. As ions do not migrate between the electrodes to neutralize the stress gradient 

during the VOC measurements, an overall increase in the background potential results from one 

electrode constantly being more compressed as cycling progresses while the other electrode is 

constantly undergoing tension.42, 229 The SSC response of the device during several bend, hold 

and unbend cycles is shown in Fig. 6.2f. Similar to the VOC response, we observe a gradually 

reducing background current arising from unintended inhomogeneities generally observed in this 

class of electrochemical-mechanical energy harvesters.42, 229 Current response from the harvester 

during alternate bending trials is provided in the appendix Figure 6.8. 

6.3.3 Response of the energy harvester to varying input mechanical frequencies 

To assess the compatibility with the wide frequency range of human interactions, our 

harvester was bent and unbent at various frequencies ranging from 5Hz (200 millisecond hold 

time) to 0.03Hz (30 seconds hold time) at a fixed low curvature (bending radius of 15 mm). The 

current output during this repeated high to low frequency motion on a single harvester is shown 

in Figure 6.3a. The peak power output from the device determined as the product of the peak 

current and open circuit voltage is compared with other previously reported electrochemical-

mechanical energy harvesters in Fig. 6.3b.42, 229  
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Figure 6.3. (a) Frequency response of the energy harvester at various bend-cycle frequencies at 

RoC of 15 mm on the same device (Note: The currents were normalized to the active bending 

area of the harvester). (b) Peak output power of the harvester when compared to various 

electrochemical – mechanical energy harvesters from literature at different frequencies of human 

activity comparing specific bending radii and pressing modes.  
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As the current and voltage response from this class of energy harvesters varies directly with the 

chemical potential gradient which in turn varies inversely with the bending radii, a higher peak 

power output can be observed at smaller bending radii (large applied mechanical stress resulting 

from high curvatures). Our harvester generates higher peak power output (0.18 µW.cm-2) at low 

curvature (bending radius - 8 mm) when compared to other electrochemical-mechanical energy 

harvesters operating at high curvatures. Operational stability and good power delivery in a wide 

range of frequencies is critical for applications such as energy harvesting from human 

interactions. At frequencies of 5Hz (above human walking range) our harvester delivers a power 

of 0.01 µW.cm-2 and at comparatively low frequencies of 0.03Hz (near sitting and standing 

range), power output of 0.05 µW.cm-2 was observed at a high bending radius of 15 mm. The 

average power output (total energy harvested) is provided in the appendix figures 6.8-6.9. 

6.3.4 Energy harvesting during human walking 

The frequency tests performed on our MLG harvester indicate the feasibility for effective 

use in harnessing the ambient energy during human walking. We therefore integrated the 

harvester onto a knee band worn around a human knee and evaluated the current output during 

different human walking speeds. Figure 4a highlights the major events occurring at the knee joint 

which can be broadly divided into two: (i) the knee flexure which can be considered as the 

bending cycle and (ii) the knee extension which can be considered as the unbending cycle (see 

appendix Figure 6.10. a and b).263 Using motion sensing markers, simultaneous measurements of 

the knee velocity (bending rate) and knee angle (bending angle) for various walking speeds 

ranging from 0.25 m.s-1 to 1.25 m.s-1 (Fig. 6.4b) were performed. Figure 6.4c highlights the 

current response from the MLG harvester continuously recorded during human walking at 

various speeds. The harvester shows good operational stability when switching walking speeds 
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from low to high as well as high to low. By simultaneously measuring knee angle, knee velocity 

and current output of the harvester, we observe that the knee angle (bending angle), knee 

velocity (bending rate) and the magnitude of the peak current increases with increasing walking 

speeds (Fig. 6.4d and 6.4e) (also see appendix, Figures 6.11 – 6.14). These results indicate 

bending rate (knee velocity) and bending angle (knee angle) having synergistic effects on the 

output power of the harvester. At fast walking speeds knee bending angle increases 

simultaneously with increasing knee velocity (bending rates) resulting in a large stress input as 

well as fast application of the large stress input respectively. As a cumulative result, an increase 

in current output of the harvester is observed. During slow walking speeds, a lower knee angle, 

velocity and current output from the device is observed highlighting the close matching of bio-

mechanical and mechano-electrochemical phenomena in our system. Also, these major knee 

bending events occur in a small percentage of time (10-20% of full walking cycle). The high 

sensitivity and fast response of the co-intercalation process enables good frequency matching to 

harvest energy during human walking cycles. These results provide a foundation for further 

enquiries to integrate such electrochemical-mechanical energy harvesters to other parts of the 

human body. This configuration can also be integrated into interconnected networks and 3D 

architectures which translate other forms of mechanical inputs into bending stresses to provide a 

versatile approach to energy harvesting and sensing.264-268 As our energy harvester is sensitive to 

low mechanical movements and stresses with good bio-mechano-electrochemical response 

matching, these systems can also be used to develop sensors for athletic fitness monitoring.  
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Figure 6.4. (a) Major knee events during human gait. (b) Knee velocity and knee angle 

measurements obtained during different walking speeds. (c) Current response of the harvester 

integrated into a fabric worn around the knee during human walking trials at different speeds. 
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Simultaneous measurements of knee velocity, knee angle and current response of the harvester at 

walking speeds of (d) 0.75 m.s-1 and e, 1.25 m.s-1.  

6.4 Conclusion 

In summary, our work demonstrates a highly sensitive, fast responding electrochemical-

mechanical energy harvester which utilizes mechano-electrochemical stress-voltage coupling 

resulting from sodium co-intercalation into graphitic electrodes. The developed energy harvester 

was tested at various bending conditions delivering peak power output of 0.18 µW.cm-2 at a 

moderate bending radius of 8 mm. The device was also tested at multiple frequencies ranging 

from 0.03Hz to 5Hz at a high bending radius of 15mm where the peak power delivered was 0.05 

µW.cm-2 and 0.01 µW.cm-2 respectively. The harvester was also assessed to determine the 

feasibility of harnessing mechanical energy during human walking at various speeds ranging 

from 0.25 m.s-1 to 1.25 m.s-1. The current output from the harvester positioned on the knee joint 

was simultaneously monitored along with bio-mechanical parameters such as knee bending angle 

and knee velocity. Our results utilize the potential of the ultrafast nature of the co-intercalation 

reaction in fast, responding energy harvesters, sensors, actuators, and fitness monitoring 

applications of the future.  
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6.5 Appendix 

 

Figure 6.5. Configuration of the energy harvester 

The energy harvester is assembled in a symmetric manner with two co-intercalated MLG 

electrodes on nickel foil separated by a Celgard 2325 tri-layer separator. The active sodium ion is 

wrapped in a diglyme solvent shell during co-intercalation resulting in large volume expansion 

per charge inserted.  
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Figure 6.6. (a) Operation mechanics of the energy harvester, (b) Electrochemical working 

principle of the energy harvester 

Bending the device (Fig. 6.6. a) generates compressive stresses on one electrode where tensile 

stresses are set up on the other electrode. Generation of this asymmetric stress gradient creates a 

decrease in potential of the compressed electrode and increase in potential of the tensed electrode 

respectively (Fig. 6.6. b). This potential difference drives ions from the compressed side to the 

tensed side until complete neutralization of the generated stress gradient. During unbending, the 

concentration induced chemical potential gradient because of ion migration during bending step 

causes ions to flow in the reverse direction. The migration of charge carrying ions results in 

electron flow in the external circuit thereby harvesting energy during mechanical inputs.  
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Figure 6.7. Short circuit current response during alternate bending trials 

During alternate bending and unbending cycles, the harvester was bent and held one way 

followed by an alternate bend and hold in the opposite direction at the same bending radius of 8 

mm. The observed peak current was similar to bending in one direction, however, during the 

alternative bending cycle, we observe two peaks in the opposite direction. As the harvester was 

not unbent in-between bending, holding and alternate bending, the first opposite peak was not 

followed by a gradual decay of current. This peak can be attributed to the current response 

arising from the concentration gradient in the two electrodes after the initial bend cycle. The 

second peak in the opposite direction results from the ion migration to neutralize the compressive 

and tensile stresses which are now set up opposite to the initial bending. Repeating this alternate 

bending trials showed the same type of behavior.  
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Figure 6.8. Short circuit current response during bending radii of 8mm (a) and 15 mm (b). 

Increasing the bending radius results in increased asymmetric stresses on the individual 

electrodes thereby resulting in larger chemical potential gradient which in turn results in high 

peak currents.  

 

Figure 6.9. (a) Total energy harvested during a 10 second bend and hold time for bending radii 

of 8mm and 15 mm, (b) Total energy harvested during a fixed bending motion with radii of 15 

mm and varying hold times 
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As the MLG system has a fast-kinetic response but low overall energy storage capacity when 

compared to conventional alloying electrodes such as silicon, black phosphorus and aluminum, 

the total energy harvested during the mechanical input is lower when compared to these high 

capacity alloying electrodes. However, as the kinetics of this co-intercalation process is orders of 

magnitude higher than these alloying electrodes, this device can operate in regimes where the 

duration of mechanical input is (0.1 seconds to 2 seconds). Owing to the fast-kinetics and high 

sensitivity, the device can deliver a high power during the short duration of the mechanical input 

making it suitable for harvesting energy during human motions such as walking and running (1-5 

Hz).  
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Figure 6.10. Major knee events during human walking at a fixed speed – knee angle and knee 

velocity observations. (a) During heel strike and (b) During heel swing 

The human gait cycle consists of the following events: (i) initial contact, (ii) loading response, 

(iii) mid stance, (iv) terminal stance, (v) pre-swing, (vi) initial swing, (vii) mid-swing and (viii) 



149 
 

terminal swing. As our harvester is mounted on the knee joint, the major bending events are 

characterized by the knee bending movement which comprise ~20% of the gait cycle. The 

unbending event corresponds to the knee extension movement. The knee joint repeatedly 

undergoes bending and unbending events during human walking and running.   

 

Figure 6.11. Current, knee angle and knee velocity changes during walking speeds: (a) 0.5 m/s 

and (b) 1 m/s. 
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Figure 6.12. Changes to average knee velocity with varying walking speeds: (a) during heel 

strike phase and (b) during swing phase 

 

Figure 6.13. Changes to knee angle with varying walking speeds during knee flexure 
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Figure 6.14. Relationship between knee angle, knee velocity and measured current output from 

the harvester at different walking speeds. 
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Chapter VII 

7 Ultrafast Triggered Transient Energy Storage by Atomic 

Layer Deposition into Porous Silicon for Integrated 

Transient Electronics 

7.1 Introduction 

Transient electronics represents a class of devices where a trigger can be used to dissolve 

or destroy a device and any information it contains.  The premise of a transient system is to 

exhibit stable and invariant device performance until an external trigger is applied, which can be 

in the form of pH, light, temperature, or a combination of these stimuli.269, 270  The trigger 

initiates a series of reactions or mechanisms in the device that partially or fully dissolves the 

device, and renders the device inoperable in a manner that destroys the device and any 

information it may contain.  There are many applications that can benefit from transient devices, 

ranging from information-sensitive electronic devices to biodegradable medical applications.  

Such a vast array of application areas also brings the requirement of diverse transient properties, 

including time of dissolution, controlled toxicity, and the type of external trigger source.  For 

example, biological or medical applications may be more centered on toxicity of dissolution 

products, whereas surveillance and spy applications require fast disablement and dissolution 

times.    

 Recent efforts in the development of transient technology have been concentrated in 

small electronics271-273 usually centered on silicon materials, silicon based photovoltaics,269 

medical energy harvesters,274 bioresorbable electronics,275, 276 and biodegradable primary 

batteries.277  The first rechargeable power source with transient behavior has been described by 



153 
 

Fu et al.  which demonstrates a rechargeable lithium ion battery that dissolves through a 

chemical cascade reaction.278 This elegant design involves a power source packaged separately 

from other electronics or systems that it powers.  Building from this work, the intersection of 

transient energy storage with integrated silicon-based systems could enable facile design of 

integrated silicon transient electronics and power systems.   

 Whereas silicon-based materials have been lauded for energy storage capability, stable 

performance of silicon both in the context of batteries and electrochemical capacitors most often 

requires surface passivation, usually with carbon or a passive oxide material.279-283  This presents 

a challenge for transient behavior since the robust electrochemical stability of carbon leaves it 

incompatible with triggers used for transience, and incomplete passivation of the surface (that 

would enable transience) has the adverse effect of compromised function of the device prior to 

being triggered.283, 284  However, one material that has been recently investigated for use in 

batteries and electrochemical (redox) supercapacitors is vanadium oxide, which is active toward 

lithium ion intercalation through surface reactions.285-296  Of the methods to produce vanadium 

oxide materials, atomic layer deposition (ALD) boasts advantages of controllable film thickness 

and uniform surface morphology.285, 286, 297-299  Vanadium oxide has also been shown to dissolve 

in basic solutions, thus making it suitable for transient applications.278, 300, 301   

 Therefore, in this report, we demonstrate the first integrated silicon-based on-chip energy 

storage system that exhibits transient behavior.  This builds from vanadium oxide coated onto the 

interior of porous silicon that is electrochemically etched into a bulk silicon chip.  By controlling 

the ALD deposition profile in a transient scaffold, ultrafast deactivation of the device occurs 

when exposed to an alkaline trigger solution, and full dissolution of all components occurs 
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within 30 minutes.  This identifies a general route of combining the versatility of ALD with 

porous silicon transient materials to design integrated silicon transient power storage systems.  

7.2 Experimental methods  

7.2.1 Etching of porous Silicon 

Preparation of porous silicon was carried using electrochemical etching technique. 

Highly p-doped porous silicon wafers (0.01-0.02 Ω/cm) were etched using an AMMT wafer-

scale silicon etching system in a 3:8 v/v hydrofluoric acid and ethanol. An etching current of 45 

mA/cm2 was applied for 180 seconds on the silicon wafer to obtain a 5 µm deep porous layer. In 

general, depth of the porous structure can be tailored varying the etching time and etching 

current. Further optimization of these parameters can enable selective control of pore 

morphology tuned selectively to obtain desired coatings as well as good device performance 

7.2.2 VOx deposition using ALD 

Vanadium oxide (VOx) was coated on the obtained porous silicon structure using a GemStar 6” 

ALD system. The precursor, (98+%) Vanadium(V)tri-i-propoxy oxide (VTIP)  with a chemical 

formula, VO(OC3H7)3 was preheated to 55 oC before the process. Nanopure water (H2O) 

obtained using a Millipore water purifier was used as the oxidizer. The precursor and the 

oxidizer manifolds were heated to 115 oC to prevent condensation effects. Ultra-high pure Argon 

was used as the carrier gas and a reaction temperature of 150 oC was maintained throughout the 

process. To obtain the gradient in thickness of VOx coating on the 3D of porous silicon from 

pore tip to pore depth, VTIP and water pulses of 2 seconds each and short residence times of 2 

seconds for both reactants in the reaction chamber was employed. Based on previous reports, 

residence times of about 20 seconds or greater is required for complete saturation of VTIP and 
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water in the reaction chamber. The overall reaction between VTIP and water can be split into 

two half reactions. 

(V-OH)surface + VO(OC3H7)3 → (O-V-(OC3H7))surface + HOC3H7   22 

(V-(OC3H7))surface + H2O → (V-OH)surface + HOC3H7   23 

Gradient coatings on 3D porous structures using ALD can be generated using this concept which 

proves beneficial in the immediate disabling of the transient device. To determine the mass of the 

VOx deposited per cycle, a silicon wafer (Diameter: 100 mm) was etched under the 

aforementioned conditions and subjected to 500 ALD cycles of VOx deposition. The mass of the 

wafer before and after the ALD process gives an estimation of the mass of VOx deposited per 

cycle on the porous structure.   

7.2.3 Preparation of the gel electrolyte 

3g of poly(vinyl alcohol) (PVA) was dissolved in 30ml of water and 0.5M LiClO4 was added to the 

solution under constant stirring at 80 oC. This solution was cooled to room temperature to obtain the 

consistency of a gel. A freshly prepared gel electrolyte was used as the electrolyte for the transient device.  

7.2.4 Preparation of the separator 

5g of poly(ethylene oxide) (PEO) was dissolved in 8g of propylene carbonate containing 0.5M LiClO4 

was stirred overnight at 60 oC. The viscous solution was then doctor bladed onto a glass slide followed by 

drying in a vacuum over at 60oC. The film was then peeled off and used as the separator for the transient 

device. 

7.2.5 Electrochemical measurements  

Electrochemical measurements were performed in a symmetric two-electrode configuration with identical 

electrodes of similar geometrical area. The PEO/LiClO4 separator with the PVA/LiClO4 electrolyte was 
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sandwiched between the two VOx coated porous silicon electrodes. Cyclic voltammetry (CV) technique 

was used to analyze the redox behavior of the electrochemically active VOx coating between -0.6 V to 0.6 

V at a scan rate of 100 mV/s. 19 nm thick VOx coated porous silicon corresponding to 400 ALD cycles 

which showed a reversible redox behavior was cycled at 100 mV/s using CV technique to understand the 

stability of the redox couple. Galvanostatic charge discharge (CD) analysis was performed at on all 

samples a current density of 0.1 mA/cm2 to evaluate the performance of these transient devices. In a 

symmetric two electrode configuration both the electrodes contribute to the total capacitance of the 

device. Specific capacitance of these devices in the symmetric two electrode configuration was estimated 

from the average slope of the discharge curves according to: 

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =  2𝐶𝑐𝑒𝑙𝑙 =  (
2𝐼

(
𝑑𝑉

𝑑𝑡
)𝑚

)    24 

where m is the mass of the active material on both electrodes, dV/dt is the average slope of the discharge 

curve and I is the total discharging current. All electrochemical data was normalized to the area of the 

electrodes tested. 

7.3 Results and Discussion 

7.3.1 Concept of the transient energy storage device  

 Schematic representation of the concept of an integrated device as shown in Figure 7.1 

gives insight into fabrication and the transient behavior of the fabricated device. The active 

energy storage material (VOx) is deposited to play a dual role that both (1) inhibits corrosion-

based deactivation of nanoscale silicon in electrochemical environments, and (2) provides active 

redox storage as an electrochemical capacitor.  This architecture is designed so that in a 

triggering environment, the VOx will dissolve and expose the unstable porous silicon material to 

corrosive conditions that dissolve and remove all materials except the bulk silicon.  However, in 

the electrolyte environment, the VOx/porous silicon system will exhibit stable, invariant 
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performance.  Here, porous silicon plays a role of a tunable, high surface area transient template 

for the coating of active material, and can be integrated directly into bulk silicon materials using 

standard semiconductor processing technology.  This means that this material can be processed 

into the backside of silicon electronics, or even coupled with other silicon-based transient 

electronics, which is schematically illustrated in Figure 7.1. A gel based PVA/0.5M LiClO4 

electrolyte (supplementary information) was used as an electrolyte to couple VOx coated porous 

silicon transient devices.  Additionally, for this system to be fully transient, a polyethylene oxide 

(PEO) based separator (appendix), which dissolves in the aqueous trigger media, was used.  This 

leads to a device that can be a functional energy storage material until an external trigger (1 M 

NaOH) disables and disintegrates the device.   

 

Figure 7.1. Schematic representation demonstrating the integration of transient energy storage 

into silicon-based (transient or non-transient) electronics.  Triggering the system with 1 M NaOH 
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aqueous solution leads to near-immediate disablement of the device, and full dissolution within 

30 minutes. 

7.3.2 Ultrafast transience enabled by engineering VOx – porous silicon architecture 

 A key aspect of this transient device design is the ALD deposition of VOx materials.302, 

303  To accomplish this, we utilized sequential pulses of VO(OC3H7)3 and H2O with 2 second 

residence times.  Due to the diffusion-limited growth of ALD coatings on the interior of high 

aspect ratio nanoporous materials, longer residence times are required for uniform coatings.304   

However, to design a material with optimized transient performance, we reverted to shorter 

residence times which yield a thickness gradient from top of the porous material to the bottom.  

Thickness of the films was measured based on ellipsometry of films coated on planar silicon 

surfaces (appendix) and penetration of the VOx coatings was confirmed based on scanning 

electron microscopy (SEM) characterization. Full details of the ALD chemistry and experimental 

parameters are detailed in the supplementary information.  Uncoated porous silicon with 5 µm 

deep pores is shown in Figure 7.2a.  VOx deposition on the porous silicon for 100 and 400 ALD 

cycles and the resulting pore morphology is shown in Figure 7.2b and 7.2c, respectively.  The 

total areal mass loading of vanadium oxide in these composites is 0.057 mg/cm2 and .229 

mg/cm2 for 100 and 400 ALD cycles, respectively.  Evidence of a thicker VOx coating is visually 

apparent in the case of 400 ALD cycles when compared to 100 ALD cycles, noting that the 

underlying porous silicon template is identical between Figs. 7.2a – 7.2c.  Energy dispersive X-

ray (EDS) on the cross-section of the porous silicon was performed, and line profiles 

corresponding to EDS scans are shown in Figures 7.2d and 7.2e.  Based on EDS analysis, 

relative weight and atomic percentages of Vanadium and Oxygen are 64% Vanadium and 36% 

Oxygen (weight) and 36% and 64% (atomic), respectively.   
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Figure 7.2. (A-C) SEM images of uncoated and coated porous silicon: (A) uncoated porous 

silicon, (B) 100 ALD cycles (6 nm) of VOx ALD coated on porous silicon, and (C) 400 ALD 

cycles (19 nm) of VO¬x ALD coated on porous silicon. (D-E) Cross sectional EDX maps of 

VOx coated porous silicon showing: (D) silicon and (E) vanadium down the cross-section of the 

porous silicon. (F) Scheme showing how the thinner coating at the porous silicon base leads to 

ultrafast disablement.   
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To further analyze the state of the VOx material, we annealed ALD deposited VOx in air at 450 

°C for 1 hour and characterized the material using Raman spectroscopy (see appendix) before 

and after annealing.  Due to the highly Raman active modes of crystalline vanadium oxide, 

Raman analysis demonstrates the transition from a non-crystalline or amorphous state of 

vanadium oxide to crystalline V2O5.
303 We therefore associate the ALD material to a non-

stoichiometric and non-crystalline form of vanadium oxide which we label as VOx.  Notably, a 

greater concentration of VOx is observed at the top of the porous silicon material, and this 

slightly decreases near the base of the porous silicon.  Whereas this effect is due to diffusion-

limited ALD growth that can be improved with higher vapor pressure precursors, longer 

residence times, or higher temperatures, such asymmetric thickness profiles bring a distinct 

benefit to the function of a transient device.  In this design, the thin coating of the VOx active 

material near the base of the porous silicon will dissolve away more rapidly than the thicker 

coating near the top of the material, (Figure 7.2f) and this will in-turn expose the base of the 

porous silicon – which is highly reactive in aqueous basic solutions.  This causes the rapid 

detachment of the active material from the base (within seconds), which deactivates the energy 

storage function of the material. Therefore, transience occurs through a two-step process with 

rapid deactivation on the timescale of a few seconds, and eventual full dissolution on longer 

scales of minutes.  To explicitly demonstrate this mechanism, we produced a control sample 

where the residence time was increased, leading to a uniform VOx coating in the porous silicon.  

This system exhibited no rapid deactivation and a 4X longer transience time than the gradient 

coated samples (see appendix).  Notably, this highlights the principle that engineered coating 

processes can enable wide versatility in the utility of transient functions in energy storage 

systems.   
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7.3.3 Electrochemical assessment of the transient energy storage device 

Electrochemical measurements were carried out to assess the energy storage capability of 

these transient devices.  This device was tested in a symmetric two-electrode configuration to 

assess the storage capability of the VOx, as three-electrode measurements can over exaggerate 

the measured results.302, 305  As the focus of this work is a transient, integrated energy storage 

platform, further development asymmetric designs can build upon the same general approach 

and enable a tunable range of operating voltages relative to that measured for VOx.  To 

characterize the electrochemical performance of these devices, we compared the same ALD 

parameters using 300, 400, and 500 ALD cycles, which corresponds to ~ 15, 19, and 24 nm thick 

coatings based on extrapolated from ellipsometry analysis (appendix).  Cyclic voltammograms 

(CV) taken at 100 mV/s and galvanostatic charge-discharge curves taken at 0.1 mA/cm2 

corresponding to VOx coated onto porous silicon templates at these three thicknesses are shown 

in Figures 7.3a and 7.3b.  Analysis of both CV and charge-discharge curves emphasizes that a 19 

nm thick VOx layer corresponding to 400 ALD cycles exhibits the most fully developed stable 

redox peaks centered around 0 V which is expected for faradaic redox capacitors in symmetric 

two-electrode configurations.  Compared to other thicknesses, this coating thickness also 

minimizes the resistance polarization in the device that is attributed to power loss on fast charge 

cycling.   This coating thickness also leads to the highest total measured capacitance based on 

galvanostatic measurements.  As the electrolyte used in this system is PVA/LiClO4, the redox 

behavior of VOx arises from the near- surface redox intercalation of Li+ represented by:  

xLi+ + yVOx + e- → Lix(VOx)y    25  
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Figure 7.3. (A) Cyclic voltammograms of VOx coated porous silicon at different coating 

thicknesses compared to uncoated porous silicon reference, (B) galvanostatic charge-discharge 

curves showing the 5th cycle for each coating thickness, and (C) galvanostatic rate study showing 

discharge performance as a function of discharge current, and (D) voltammetric cycling 

performance for transient energy storage device with 19 nm VOx coating on porous silicon. 

Two key variables represent the total energy storage capability of these materials: (1) the total 

mass of VOx coated onto porous silicon that is optimized with thick coatings, and (2) the ability 

for the electrolyte to penetrate into the pore structure that is inhibited when thick coatings are 

applied. For the sample with 400 ALD cycles, specific capacitance based on charge-discharge 
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curves is measured as ~ 21 F/g.  Whereas this specific capacitance is lower than that achieved 

using materials such as RuO2 or Ni(OH)2, the VOx provides a distinct medium between transient 

behavior, the surface passivation role for electrochemical use of porous silicon, and a versatile 

ALD chemistry that can enable the ultrafast transience on silicon templates.  These thickness 

studies hence establish an optimized VOx thickness for this system near ~ 19 nm, and less than 

24 nm. Charge-discharge tests at various current densities were performed on the devices with 19 

nm VOx coatings. The discharge curves at various current densities (Figure 7.3c) indicate stable 

near-surface redox intercalation reactions represented by the plateau region. Increasing current 

densities decreases the plateau region corresponding to decreased charge storage which is a 

result of the nature of these coated 3D porous electrodes. At higher rates, not all redox active 

VOx sites on the 3D porous silicon structure are accessed resulting in decreased charge storage. 

The VOx coatings on the porous silicon substrate were optimally chosen to achieve good 

transience as well as respectable electrochemical performance for integrated applications.   

Durability measurements were performed on devices prepared with the optimal coating thickness 

(Figure 7.3d) for over 100 CV cycles, showing stable cycling behavior.  Based on the 

electrochemical tests, 19 nm thick VOx coated porous silicon was used to demonstrate the 

transient behavior of the device.  Electrochemical Impedance Spectroscopy (EIS) measurements 

were further performed in a symmetric two electrode setup with 19 nm VOx coatings and the 

results indicate low equivalent series resistance and charge transfer resistance indicating stable 

charge storage capability (see appendix). 

7.3.4 Transient behavior of the energy storage device 

Demonstration of the transient behavior of the VOx based porous silicon system (Figure 

7.4) highlights the potential application of integrated transient energy storage using this 
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technique.  Transient behavior triggered by an alkaline solution (1M NaOH) disables the VOx-

porous silicon electrode in less than 5 seconds due to the electrode design discussed in Fig. 7.2. 

This is in part due to the reactive nature of porous silicon in the triggering solution, with the full 

(uncoated) porous silicon material dissolution occurring in well under 1 min (Figure 7.4a).   

Coating the porous silicon surface with VOx enables surface passivation in the electrolyte 

environment, but rapid dissolution of the full material when exposed to the trigger solution.  The 

VOx gradient that results in a thinner coating near the bottom of the porous material results in 

faster dissolution of this bottom section of the material, causing deactivation to occur within 5 

seconds due to detachment of this material. Such ultrafast triggering can be highly beneficial for 

applications requiring immediate transience.  Following the dissolution of the porous silicon/bulk 

silicon interface, the VOx coated layer was observed to fully dissolve in around 30 minutes.  In a 

full device, the penetration of the trigger solution into the device happens due to the initial 

swelling of the gel electrolyte.  The transient behavior of the PEO/LiClO4 separator is given in 

Figure 7.4c.  The polymer separator dissolves within 30 minutes following the initial swelling in 

the trigger solution.  Whereas a 1 M NaOH (pH=13) triggering solution ensures rapid 

dissolution, certain applications of transient electronics require low toxicity trigger solutions.  

We have therefore included dissolution tests of .1 M (pH=11) and .01 M (pH=9) NaOH solutions 

(see Supplementary Information), which show similar rapid transient deactivation except with 

longer time to achieve full dissolution.  Such transient systems may also be ideally suited to 

operate in ambient humid conditions since the transient VOx/porous silicon electrode itself is 

stable in such conditions.   
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Figure 7.4. Transient dissolution of device components including (A) uncoated porous silicon 

(control), (B) 19 nm VOx gradient coating on porous silicon with bulk silicon substrate (left 

behind after 30 mins), and (C) PEO/LiClO4 separator. Dissolution tests with uniformly coated 

VOx (appendix) support the mechanism of the gradient coating in rapid deactivation of the 

energy storage material that is illustrated in these dissolution studies. 

7.3.5 Integration of the transient energy storage with microelectronic systems 

Whereas this effort so far demonstrates the transience of VOx/porous silicon electrodes, 

we further performed experiments to demonstrate the direct integration of transient energy 

storage into microelectronic systems.  To accomplish this, we used a commercially obtained 

integrated silicon microchip made with copper processing.  To produce a fully integrated 

transient energy storage electrode, we etched porous silicon into the backside of the microchip, 
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and coated the porous silicon with 19 nm VOx in a similar manner as described previously 

(Figures 7.5A-B).  This leads to a configuration where the energy stored in the backside of the 

microchip can power the front-side components, and operation of the total system can be 

systematically deactivated based on the transient energy storage material.   

To demonstrate transient behavior of the integrated electrode, it was exposed to identical 

triggering environments (1 M NaOH) and after 30 minutes, full dissolution of VOx/porous 

silicon active material was observed.  This demonstrates integration of transient energy storage 

with silicon electronics for the first time. In addition to fully transient systems, this also provides 

a route toward integrated transient electronics where the electronic components by themselves 

may not be transient, but their electronic function can be disabled by the transient behavior of the 

integrated power source.   
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Figure 7.5. Transient behavior of an integrated circuit microchip where the backside is directly 

etched and coated with VOx to provide on-board integrated storage.  (A) Front side image of the 

integrated circuit microchip, (B) SEM image showing the interface between the silicon material 

in the microchip and the on-board transient energy storage material, and (C) image showing the 

backside of the microchip before and after triggering, where the transient energy storage material 

is visually fully dissolved.  This opens a new class of transient electronics where on-board 

transient power sources that power integrated electronics can enable transient operation even 

when the electronic components themselves do not exhibit transience.   

Overall, whereas we highlight this route for VOx coated onto porous silicon, we 

emphasize that porous silicon is a universal template for transient energy storage.  The ability to 

coat other metal oxides or nitrides that exhibit energy storage capability into the interior of 

transient porous silicon materials opens a full design space to engineer new transient systems for 
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electronics, biomedical applications, or defense applications.  This builds on the principle that 

any system that is designed to dissolve or disappear when triggered still requires a power source 

to facilitate operation prior to triggering – with the most elegant design being an integrated and 

fully transient power system.  Here we demonstrate the first such integrated power source into 

silicon materials, with promise to diverse transient applications.    

7.4 Conclusions 

 In summary, we demonstrate the first design for a transient energy storage electrode 

material that is integrated seamlessly into silicon material that can dually function for either 

transient or non-transient silicon-based electronics.  By combining the native transient properties 

of porous silicon with the controlled gradient coatings of active materials using atomic layer 

deposition, our work highlights the capability to achieve stable energy storage (> 20 F/g) until a 

trigger is applied, which deactivates the energy storage function in a matter of seconds, with full 

dissolution occurring within 30 minutes.  We demonstrate this specifically for vanadium oxide 

(VOx) coated onto porous silicon, where the VOx plays a role to protect the reactive porous 

silicon and provide active redox storage until a trigger is applied, which dissolves both the 

porous silicon and the VOx materials.  We further explicitly demonstrate the integration of 

transient energy storage using this approach into the backside of a silicon integrated circuit, 

emphasizing the simplicity in transitioning this approach to integrated applications.  As silicon is 

a benchmark material for evolving efforts in transient electronics, this technique is generalizable 

to a wide range of different coatings that can be coupled with porous silicon using ALD for 

stable performance and triggered transience.  In the circumstance that not all components in a 

circuit may be transient, the utility of a transient power source is that all on-board components 
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being powered will ultimately be disabled in concert with the integrated power system – a feat 

that we show can be achieved in a matter of seconds using this design.   
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7.5 Appendix 

 

Figure 7.6. Plot of VOx coating thickness as a function of the total number of ALD cycles 

showing the expected overall linear increase in thickness expected for ALD processes.   
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Thickness estimation of the VOx coatings after the ALD process was performed using a JA 

Woollam M2000VI Spectroscopic Ellipsometer. The measurements were performed on a silicon 

wafer with VOx depositions for various ALD cycles (50-500) using the same process conditions 

followed in the deposition process of VOx on porous silicon. 

 

 

Figure 7.7. TEM image of VOx coatings on porous silicon.   

As labeled, the porous silicon material is darker than the VOx in bright field images. TEM 

images are acquired using an FEI Osiris TEM at a beam voltage of 200 kV and a screen current 

of 1.3 nA.   
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Figure 7.8. Raman spectroscopic analysis of the VOx material before and after annealing at 

450oC in air, with stretch modes labeled.   

Prior to annealing, broad spectral features, such as the peak centered at 900 cm-1, elucidate the 

presence of a state of VOx that is disordered or amorphous.  After annealing, the distinct Raman 

characteristics of V2O5 emerge, indicating the crystallization to the orthorhombic crystalline 

phase of V2O5. Raman modes at 283 cm-1, 404 cm-1, 1006 cm-1 correspond to the V=O bond and 

the modes at 304 cm-1 and 529 cm-1 indicate the presence of V3-O bonds. The Raman modes 

corresponding to the V-O-V bonds are located around 481 cm-1 and 710 cm-1.306  In turn, this 

implies, in correlation with EDS measurements, that the VOx material is an oxygen-deficient and 

non-crystalline form of a material related to V2O5.  
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Figure 7.9. Cross section SEM image of a porous silicon material with VOx 

Cross section SEM image of a porous silicon material with VOx distributed uniformly across the 

length, as opposed to a gradient distribution as described earlier.   Uniform ALD coatings of VOx 

were achieved by doubling the residence time of the precursors in the reaction chamber. The 

resulting sample was tested to understand the transient behavior from the uniform coating.  

 

Uniform ALD coating 

200 nm 
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Figure 7.10. Transience of gradient coated VOx/porous silicon energy storage electrodes in 

different triggering solutions 

Transience of gradient coated VOx/porous silicon energy storage electrodes in different 

triggering solutions (A, B) and uniformly coated VOx/porous silicon electrodes in 1 M NaOH 

triggering solutions.  From A-B, as the pH decreases, the rapid triggering effect is evident based 

on the detachment of the active material from the silicon electrode, even though the time 

required to achieve full dissolution is significantly increased – especially for 0.01 M NaOH 

which takes up to 76 hours to fully dissolve.  In contrast to this mechanism, uniformly coated 

VOx/porous silicon transient electrodes do not exhibit the rapid deactivation step observed in the 

gradient coated electrodes, and fully dissolve while retaining their on-chip configuration in a 
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period of 2 hours.  This demonstrates the nature of the gradient ALD coating of VOx in allowing 

ultrafast deactivation that can be useful in transient systems.    

 

Figure 7.11. (A) Electrochemical Impedance Spectroscopy of the 19 nm VOx coated porous 

silicon electrode and (B) Equivalent circuit representation that describes the EIS spectra of 19 

nm VOx coated porous silicon.  

Electrochemical Impedance Spectroscopy was performed on the 19 nm VOx coated porous 

silicon.  The symmetric electrode system was subjected to a DC bias of 0 V at an amplitude 10 

mV RMS in the frequency range of 100 kHz to 0.01 Hz.  The resulting Nyquist plot comprising 

of the real and imaginary impedances is given in Figure S6A.  The VOx coated porous silicon has 

a relatively low ESR value (20 Ω) which is evident from the Nyquist curve.  Equivalent circuit 

representing the resistances observed in the system arising from various interfaces is shown in 

Figure S6B. The polymer electrolyte gel and VOx interface, the interface of VOx and porous 

silicon and the interface of porous silicon and the electrolyte resulting from the gradient coating 

of VOx comprise the resistances in this system. As the measurements were performed in a 

symmetric two electrode configuration, the resistance corresponding to the VOx electrolyte 

interface has a moderate value of about 170 Ω. 
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Figure 7.12. Representative Energy Dispersive X-Ray Spectroscopy cross-sectional spectrum of 

VOx coated porous silicon electrode. 

The EDS spectrum shows elements of Vanadium, Oxygen, Silicon, and Carbon (from the carbon 

tape substrate).  Based on compositional analysis of the vanadium oxide material, assumed to 

only contain V and O, this indicates relative weight percentage of Vanadium and Oxygen as 64% 

Vanadium and 36% Oxygen within the VOx composite.  
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Chapter VIII 

8 A Fully Transient Mechanical Energy Harvester 

8.1 Introduction 

Despite the recent emergence of the field of transient technologies, numerous prototype 

biomedical/environmental sensors, actuators, sensitive data storage, analysis and transmitting 

systems have already been developed with transient capabilities.307-310 These transient devices 

carry out the specific task for which they are designed until triggered with some controlled 

external stimulus to undergo complete dissolution or destruction.308, 311-313  In this area, two 

broad categories can be defined for transient devices.  First is transience that leads to elimination 

of a specific device and all its components along with all the functionalities or data it may 

contain. The second form of transience is relying on architecture-integrated security measures of 

valuable systems and implement an absolute and irreversible power cutoff triggering a chain of 

events that halt operation of the device preventing transmission or access to any sensitive data, 

without physically destroying the data or system.  The latter case has only been recently 

investigated, with efforts concentrated toward transient batteries or energy storage materials.39, 

314-316  However, this route is advantageous over full system and data destruction in that power 

systems are cheap, replaceable, and easily customizable to the system they power.  Further, for 

most electronics or data-containing systems, disablement of the power system is sufficient to halt 

unwarranted access or transmission of data from the device until it is intercepted by a trusted 

source.     

In this regard, recent state-of-the-art efforts have focused on cascade reactions that render 

dissolvable Li-ion batteries or ultrafast disablement mechanisms for energy storage platforms.314, 



177 
 

315, 317  However, with the emergence of portable data-containing technologies that can be 

wearable, integrated, or systematically coupled or powered with human motion, new 

opportunities for transient systems emerge. Capturing ambient mechanical energy that is 

otherwise wasted is an attractive form of energy harvesting that is not limited by the situational 

dependence of solar, wind or thermal systems. While conventional mechanical energy harvesters, 

such as piezoelectric and triboelectric devices, are best suited for operation at resonant 

frequencies commonly orders of magnitude higher than those exhibited in human motion (e.g. < 

5 Hz)217, 318, 319 recent studies have focused on systems tailored to low frequencies that are 

advantageous for such application.256, 318, 320  Specifically, devices that leverage the stress-

induced mechanical-electrochemical coupling of alloying materials presents a new class of 

harvester device that can operate at low frequencies and exhibit high performance.229, 321  By 

exploiting the design of such systems to focus on materials that are uniquely compatible with 

transient operation, this opens the door for devices that are capable of harvesting mechanical 

energy, being implemented in directions combined with wearable technology, and having the 

capability to be fully transient and dissolve when triggered with an external stimulus.  

Here, we report the design and performance of the first transient energy harvester that 

builds upon a mechanical-electrochemical harvesting mechanism to enable low-frequency 

operation.  This utilizes two identical alloyed aluminum-lithium electrodes separated by an 

electrolyte soaked polyvinyl alcohol (PVA) separator and combined in a sandwich configuration 

that, upon triggering, fully dissolves in 30 min. This prototype harvester delivers a peak power 

output of 0.208 μW cm-2 and a peak energy output of 1.762 μJ cm-2 at low bending frequencies 

of 0.1 Hz with continuous energy generation (energy generation timescale of 10s).  Our studies 
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demonstrate this design does not pose any performance trade-off by moving to a transient 

system, with performance competitive with state-of-the-art results reported in the literature.  

8.2 Experimental methods  

8.2.1 Fabrication, testing and dissolution 

Aluminum foils (MTI Corporation - thickness 15 µm, purity >99.3 %) were ultrasonically 

cleaned in acetone, ethanol and DI water followed by lithiation at 0.1C (80% assuming 500 nm 

thickness) in a custom-made cell using LiPF6 (1M) obtained from Sigma Aldrich) in 1:1 vol% 

ethylene carbonate (EC, Sigma Aldrich) and diethyl carbonate (DEC, Sigma Aldrich) with a 

lithium foil counter electrode using a Celgard 2500 separator. Following lithiation the lithiated 

foil was cut into two identical halves and was assembled in a sandwich configuration using an 

electrolyte (1M LiPF6 in 1:1 vol% EC:DEC) soaked PVA film (Monosol). This configuration 

was packaged using PVA film (Monosol) and the two identical lithiated aluminum electrodes in 

the configuration were connected in short circuit mode for over 2 hours using an external wire to 

homogenize the composition and achieve equilibrium. Mechanical bending and pressing tests 

were performed using finger tapping as well as using a custom-made setup employing an arduino 

and servo motor. Electrochemical tests were performed using a PGSTAT 101 potentiostat using 

an Autolab interface. Transient behavior of the device was assessed in KOH (Sigma Aldrich) 2M 

solution. X-Ray diffraction and SEM/EDS characterization were performed using Rigaku Smart 

Lab and Zeiss Merlin respectively.  
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8.3 Results and discussion 

8.3.1 Device configuration and operational principle 

 

Figure 8.1. (a) Schematic representation of the working and dissolution behavior of the LixAl 

transient energy harvester, (b) Lithiation profile of the aluminum electrode, inset: X-ray 

diffractogram showing the lithiated aluminum phase on the aluminum foil, and (c) Optical 
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micrograph of the prototype transient energy harvester with cross-sectional image showing the 

different constituent layers in the sandwich configuration. 

The device configuration used in the transient energy harvester involves a sandwich 

configuration comprising two identical alloyed aluminum-lithium (LixAl) electrodes (Figure 

8.1a) prepared from aluminum foils. Though many materials employed in conventional battery 

systems are known show dissolution behavior in certain solutions, aluminum-based electrodes 

were chosen owing to the versatile dual functionality it offers: (i) performing the role of current 

collector as well as, (ii) controllably alloying with lithium electrochemically, forming active 

lithium aluminum alloys. The device, assembled in this sandwich configuration, when bent, 

induces asymmetric stresses that results in compression on one electrode and tension on the 

other, producing a chemical potential gradient as a result of the mechano-electrochemical 

coupling41, 105, 217, 229, 319, 321-323 (Appendix, Figure 8.5). The relationship between stress induced 

chemical potential gradient and bending mechanics of the device is provided in the supporting 

information (also see appendix, figure 8.6). The induced chemical potential gradient facilitates 

the migration of the Li+ ions from the compressed side to the tensed side resulting in electron 

flow in the outer circuit thus generating energy output. Moreover, this occurs with all 

components in the design amenable to full dissolution when a basic aqueous trigger is applied.  

The identical partially charged electrodes are fabricated using two halves of a single lithiated 

aluminum foil (Appendix, Figure 8.7). The aluminum foil (thickness ~15 μm) was 

galvanostatically lithiated (Figure 1b) to 80% (792 mAh g-1) of its theoretical capacity (990 mAh 

g-1). X-Ray diffractogram (Figure 8.1b – inset) verifies the presence of the lithiated phase with 

peaks corresponding to Li-Al alloy ((220) at 40ο and (311) at ~47ο) on aluminum foil ((200) at 

44.7o (220) at 65ο and (311) at 78.2ο).315 SEM/EDS elemental maps of the cross-section of the 
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lithiated aluminum foil indicates the presence of Li-Al alloy, and is also provided in the 

appendix, figure 8.8. The separator used in this prototype is a PVA film soaked in LiPF6 (1M) in 

EC: DEC (1:1 vol%) electrolyte (see experimental section). The prototype harvester was 

packaged using PVA films to ensure air stability of the constituents during operation, yet allow 

transience owing to the known dissolution behavior of PVA in basic solutions.39, 315 A cross 

sectional optical micrograph shown in figure 8.1c illustrates the different layers of the assembled 

energy harvester. 

8.3.2 Electrochemical response of the device 

The working principle in these devices is due to mechanical stimuli induced asymmetric 

stress generation in the two constituent lithiated electrodes (see appendix), which is transferrable 

to both bending and pressing operation modes.321 To assess the chemical potential gradient and 

the resulting ion flow corresponding to mechanical energy input, open circuit voltage (VOC) and 

short circuit current (SSC) measurements were performed on the device respectively. Figure 8.2a 

and 8.2b show VOC and SSC during pressing mode where repeated mechanical inputs of ~0.2 

MPa were applied to the harvester. Similar tests were performed during bending mode (Figure 

8.2c and 8.2d) resulting in repeatable changes to voltage and current which uniquely correlate 

with the frequency of the input mechanical stimuli. The VOC of the device increases gradually 

upon application of a mechanical stress and decreases upon release reaching the initial resting 

potential. The very nature of the open circuit voltage test implies that the lithium ions do not 

migrate across the separator and therefore no electrons are owing from one electrode to the other 

in the external circuit. Thus, we detect the gradual change in voltage corresponding to the 

changes in lithium concentration near the surface of the active electrode resulting from the stress 

experienced by the electrodes.  
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Figure 8.2. (a) and (b) Open circuit voltage and short circuit current measurements during the 

pressing tests, (c) and (d) Open circuit voltage and short circuit current measurements during the 

bending tests, (e) and (f) Open circuit voltage and short circuit current measurements during 

bending – cycling study.  

The theoretical voltage output of lithiated aluminum alloys at the different radii of 

curvatures compared to other battery electrode materials is provided in the appendix (Figure 8.9) 

for comparison. The SSC response (also, see appendix, figure 8.10) of the device shows an 

increase in current in one direction during application of mechanical stimuli corresponding to the 

chemical potential induced ion migration toward a peak value followed by gradual decrease in 

current observed as long as the mechanical input is maintained (holding phase). During short 

circuit measurements however, the lithium ions migrate across the separator. Therefore, as soon 

as the device is bent, an asymmetric stress gradient is set up between the electrodes resulting in 

lithium ions migrating from one side to the other accompanied by the flow of electrons in the 

external circuit thereby a resulting in a sharp peak in SSC response (see appendix). Owing to the 

nature of battery electrochemistry, when lithium ions are extracted/inserted from the electrodes 

of the device, volumetric changes to compensate for the ion extraction/insertion process occurs. 

This ion extraction/insertion induced stress results in gradual reduction of the initial bending 

induced stress gradient causing the initial sharp current peak to then gradually decreases. 

However, when the device is unbent, ion extraction/insertion induced compositional gradient 

now drive the reverse migration resulting in an AC-type current response from the device. 

Control tests using unlithiated aluminum electrodes is provided in the appendix, figure 8.11 to 

validate the mechanism of stress induced lithium migration as the primary working principle of 

our energy harvester. As lithium ion migration in our electrochemical system is limited by the 
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diffusion of lithium ions through the solid electrode material, controlling this parameter can 

enable design strategies for effectively matching the frequencies of several types of ambient 

mechanical inputs. In general, the diffusion coefficient of lithium in LixAl alloy is in the order of 

10-10 cm2 s-1 at 293 K.324 Considering a characteristic diffusion distance of 500 nm (given by the 

thickness of active LixAl on aluminum foil), we estimate a diffusion time of 25 seconds (given 

the expression, 𝑡 =  𝑙2 𝐷⁄ , where ‘t’ is the diffusion time, ‘l’ is the diffusion length and ‘D’ is the 

diffusion coefficient). As these electrochemical systems employ tunable diffusion-controlled 

reactions for energy harvesting, the energy generation timescale given by the full width at half 

maximum of the current response (10 seconds in our system at 0.1 Hz input mechanical stimuli) 

and can be optimized to last as long as the mechanical input is applied. For example, the duration 

of mechanical input to the harvester during human walking (0.5 - 5 Hz) is different from other 

low frequency inputs during human activities such as sitting and standing (<0.5 Hz).229, 321 This 

feature allows for optimized frequency tuning of energy generation timescales to match specific 

low frequency mechanical inputs. Assessment of cyclability was performed on the device in 

bending mode at 15 mm and 8 mm radius of curvatures (RoC) using a custom-made Arduino-

servo motor system providing bending and unbending mechanical inputs to the device with 10 

second hold period (0.1 Hz bending frequency). The device exhibits stable trends in both VOC 

(Figure 8.2e) and SSC (Figure 8.2f) performance during repeated bending and unbending tests 

(also see appendix, figure 8.12). The SSC response during repeated bending and unbending show 

stable responses maintaining FWHM of 10 seconds after several hundred bending cycles.  

8.3.3 Performance assessment of the transient energy harvester 

While traditional energy harvesting systems such as piezoelectric devices show effective 

operation at high frequencies (>10 Hz), their performance drops off by orders of magnitude at 
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low frequencies away from their inherent resonant frequencies.  Comparatively, due to the 

reliance of ion transport in our system, the performance is poor at high frequencies > 10 Hz and 

compliments the operation window of traditional piezoelectric harvesters.  

 

Figure 8.3. Peak output power as a function of mechanical energy input frequency comparing 

the transient energy harvester to some of the other devices in literature. Peak output power at two 

specific bending radii (2 mm and 4 mm) are displayed in the figure for comparison. Colors of 
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points reflect means by which the frequency is assessed, either using strain rate or the 

mechanical input cycles measured over time.   

Comparing specifically to recently reported low-frequency energy harvesting devices 240, 

242, 316, 318, 320, 321, 325-327 (Figure 8.3), the transient energy harvester shows improved performance 

at low mechanical input frequencies. It should be noted that even though triboelectric and 

piezoelectric systems can be operated at low mechanical input frequencies, their energy 

generation timescales are significantly lower (in milliseconds) when compared to 

electrochemical energy harvesters. The response time or the time scale of energy generation 

(FWHM of the SSC response – appendix, figure 8.13) compared to other ambient mechanical 

energy harvesting platforms is provided in the appendix (Table 8.2). The peak power and energy 

output of the harvester during bending tests at different bending radii (Table 8.1 and see 

appendix, figure 8.14) show an inverse dependence of power and energy harvested with 

increasing curvature (decreasing bending radii).229, 321  

Radius of curvature 

[mm] 

Peak power 

[µW cm-2] 

Energy harvested 

[µJ cm-2] 

Response time 

[seconds] 

2 0.208 1.762 10 

4 0.03 0.301 10 

8 0.006 0.063 10 

15 0.002 0.02 10 

Table 8.1. Performance of our transient energy harvester during bending tests at different radii of 

curvatures at 0.1 Hz 

The peak output power measured is the product of the open circuit voltage difference and 

the maximum peak current of the short circuit current response observed during one bending 



187 
 

event (𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟 =  ∆𝑉𝑂𝐶 × 𝑆𝑆𝐶𝑀𝑎𝑥). The total energy harvested during one bending event is 

the product of the charge transferred (area encompassed by the SSC response) and the open 

circuit voltage difference observed (𝐸𝑛𝑒𝑟𝑔𝑦 =  ∆𝑉𝑂𝐶 ∫ 𝑖𝑑𝑡
𝑡

0
, where ‘t’ is the hold time).229, 318 

The obtained peak output power and energy puts an upper limit of the maximum power and 

energy delivered by our device during the specific conditions of testing. At the highest curvature 

(bending radii, 2 mm) our device delivers a peak output power of 0.208 µW cm-2 harvesting a 

peak output energy of 1.762 µJ cm-2 at a frequency of 0.1 Hz whereas at low curvatures (bending 

radii, 15 mm) output power and the harvested energy at 0.1 Hz was 2 nW cm-2 and 20 nJ cm-2 

respectively. In both scenarios, continuous energy generation during the full duration of the 

mechanical input can be observed characterized by the FWHM of the current response (10 

seconds at 0.1 Hz). By selectively tuning the ion diffusion properties in the electrode by 

optimizing kinetic parameters through nano-structuring and nanoscale architectures, effective 

energy harvesting at broad range of low frequencies with continuous energy generation can 

potentially be achieved using this system. Moreover, the power and energy output of the 

transient harvester can be improved through two approaches, (i) Material selection approach: 

using larger ions (Na+, K+) and alloying compounds with higher mechanical properties in the 

partially charged state would improve the voltage output of the harvester and using alternative 

ions (Mg2+ and Ca2+), more electrons per unit charge can be transferred thereby more energy can 

be harvested, (ii) Systems level design approach: leveraging the high performance of the 

harvester at high curvatures (very low volume of electrochemically active material required) 

arrays of interconnected harvesters can be fabricated using e-beam and lithography techniques. 

Such design approaches pioneered by John Rogers’ and team328-331 can be readily adapted for 

developing such integrated harvester arrays (one possible design provided in the appendix, figure 
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8.15) which would significantly boost the practical viability of the electrochemical-mechanical 

energy harvester platforms. 

8.3.4 Transient behavior of the fabricated energy harvester 

 The transient capability of our prototype harvester in a KOH (2M) trigger solution was 

assessed using dissolution tests (Figure 8.4). As long as the device is not made to contact the 

specific trigger solution, transient behavior initiation will not occur and security is guaranteed. 

Triggering the transient behavior of the energy harvester can be achieved by pouring the trigger 

solution onto the harvester or by immersing the device in it whenever the desired functionalities 

of the system has been fulfilled. Notably, the individual components of the harvester (Figure 8.4a 

and 8.4b) can completely dissolve, leaving no trace of the harvester system after being triggered. 

The two major components of our harvester are PVA film (used for packaging and separator) 

and alloyed aluminum foil. These two materials were chosen as the only components owing to 

their known dissolution behavior in KOH solutions.39, 315 The PVA film (Figure 8.4a) dissolves 

completely in 5 min while the lithiated aluminum foil (Figure 8.4b) requires 30 min to achieve 

total dissolution indicating that the limiting component for complete dissolution is the aluminum 

foil. The fully assembled device was triggered for dissolution in a KOH (2M) solution (Figure 

8.4c), and becomes completely inoperable within 5 min of soaking owing to the full dissolution 

of PVA-based components, and achieves complete transience in around 30 min. As the 30-

minute duration is limited by the lithiated aluminum, we anticipate complete transience could be 

reached more rapidly by using thinner Al layers, such as those prepared by physical vapor 

deposition methods.  
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Figure 8.4. Dissolution behavior in 2M KOH trigger solution of (a) PVA film, (b) Lithiated 

aluminum foil and (c) prototype transient energy harvester 

8.4 Conclusion 

In summary, this study demonstrates a prototype mechanical energy harvester that is fully 

transient, optimized for low frequency harvesting relevant to wearable or integrated 

technologies, and exhibiting performance competitive with state-of-the-art reports in the 

literature for energy harvester performance.  This device builds upon the mechanical stress - 

electrochemical coupling in a symmetric cell involving two alloyed aluminum-lithium electrodes 

prepared from bulk Al foils.  The harvester delivers a peak output power of 0.208 µW cm-2 and a 

peak output energy of 1.762 µJ cm-2 at a frequency of 0.1 Hz at a radius of curvature of 2 mm. 

The current profiles dictated by ion-diffusion kinetics enable continuous energy generation, 
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harvesting energy during the full duration of the mechanical input stimuli (FWHM of 10 seconds 

at 0.1 Hz), a feature unique to this class of electrochemical harvesters. Our device configuration 

exhibits complete dissolution of all the components in KOH-based aqueous trigger solution in 30 

minutes.  Apart from the proposed concept of an energy harvester, the mechano-electrochemical 

coupling effect where specific electrochemical inputs translate to mechanical outputs can also be 

leveraged using similar configurations for development of transient actuators.332-334 Further, we 

envision these device configurations to be an intriguing future avenue for implementing security 

in next-generation devices, where dissolution of a tailored power system can preserve sensitive 

data, but eliminate all capability to access or transmit that data until the system is recovered.  Our 

work demonstrates for the first time that power harvesters, and particularly those which could be 

integrated with wearable technologies, present a viable route toward this vision.    
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8.5 Appendix 

 

Figure 8.5. Operating principle of the electrochemical-mechanical energy harvesters 

Our harvester operates on the principle of mechano-electrochemical coupling observed in energy 

storage electrodes. When the device is bent or pressed, asymmetric stresses are generated in the 

two electrodes leading to a chemical potential difference. Charged ions, Li+ migrate from the 

compressed side to the tensed side resulting in electron flow in the outer circuit thereby 

harvesting energy. This energy generation lasts as long as the stress generated chemical potential 

difference is neutralized.  

8.5.1 Stress-induced chemical potential gradient  

Based on the work of Sangtae Kim et al.,229 the mechanics of the device when bending and the 

induced chemical potential gradient can be described as follows. Bending induces asymmetric 

stresses where one electrode becomes tensed and the other becomes compressed as shown in 

figure S2.  
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Figure 8.6. Schematic representation of the bending geometry 

The stress, ‘σ’ generated on the compressed and tensed electrode can be written as,  

𝜎𝑥𝑥 =
𝐸

(1−𝜐2)

ℎ

𝑅
, 𝜎𝑧𝑧 =

𝜐𝐸

(1−𝜐2)

ℎ

𝑅
 𝑎𝑛𝑑 𝜎𝑦𝑦 = 0  26   

Where, ‘E’ is the Young’s modulus and ‘ν’ is the Poisson’s ratio. A plane-stress condition is 

assumed along the ‘y’ direction. As deviatoric stress components are assumed to not contribute 

to the chemical potential gradient, only hydrostatic stress components are considered. Thus the 

hydrostatic component can be deduced as,  

σhydro ≡
Tr(σ)

3
    27   

      

As the chemical potential gradient, ‘∆μ’, can be related to the output voltage, the chemical 

potential gradient is the product of hydrostatic stress component and the partial molar volume of 

lithium in the alloy. 

∆μ =  ∆V =  ΩLi∆σhydro   28   
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Therefore, the chemical potential gradient, ‘∆μ’, developed between the two electrodes is given 

by the following expression,  

∆μ = ΩLi (
E

1−υ
)

2h

3R
   29   

   

Where, ‘ΩLi’,  (ΩLi ≡ (∂V ∂NLi⁄ )  is the partial molar volume of lithium in alloying electrodes 

such as aluminum (14.5 A3), NLi is the amount of lithium ions, ‘E’ is the Young’s modulus of the 

lithium aluminum alloy, ‘ν’ is the Poisson’s ratio, ‘h’ is the half thickness of the device and ‘R’ 

is the radius of curvature.” 

8.5.2 Migration of lithium during bending 

The stress induced chemical potential gradient is given by the expression (3). This expression 

is developed by assuming that only hydrostatic stress components take part in energy 

generation. Therefore, lithium ions have to migrate from one electrode to the other to relax the 

induced chemical potential gradient. The amount of lithium ions, ‘∆NLi’, transferred is given 

by the expression,229  

Δ𝑁𝐿𝑖 =
𝑉𝑜𝑛𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

Ω𝐿𝑖
(

1−2𝜐

1−𝜐
) (

ℎ

𝑅
)    30   

Where ‘Vone electrode’ is the volume of electrode of the device which is subjected to stress 

owing to the applied curvature.  
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Figure 8.7. Custom-made lithiation cell 

A custom-made electrochemical cell was used to lithiate the aluminum foil to 80% of the first 

500 nm thickness. This custom-made cell was used inside an argon glove box with 1M LiPF6 in 

1:1 vol% EC:DEC electrolyte.   

 

Figure 8.8. SEM and EDS elemental map of the cross-sectional region of the lithiated aluminum 

alloy on aluminum foil 

SEM micrograph and EDS elemental mapping were performed on the cross-section of the 

lithium aluminum alloy. The rough features in the SEM were due to unforeseen and unintended 
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air exposure to the lithiated alloy during SEM imaging. However, elemental mapping revealed 

lithium rich phase only on the outer edge of the alloy corresponding to a thickness <1 μm 

indicating successful lithiation. 

8.5.3 Theoretical output voltage predictions – comparison with other electrochemical systems 

 

Figure 8.9. Theoretically predicted output voltages with different bending radii for the lithium 

aluminum systems compared to other similar electrochemical systems. 

The theoretical voltage output can be obtained using the following expression as developed from 

the work of Sangtae Kim et al.229 

∆𝑉𝑂𝐶 ≡  Δ𝜇 = 𝛺𝐿𝑖 (
𝐸

1−𝜈
) (

2ℎ

3𝑅
)    31  

  
 

Where, ΩLi is the partial molar volume of lithium ion (volume change per unit charge) in 

aluminum which is similar for most lithium alloys with the value of 14.5 Ao3, E is the Young’s 
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modulus of the active alloy (LixAl-105 GPa)335, ν is the Poisson’s ratio, h is the half thickness of 

the device and R is the radius of curvature. 

 

Figure 8.10. Short circuit current measurements at frequency 0.1 Hz at radii of curvatures of (a) 

8 mm, (b) 4 mm and (c) 2 mm 
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Short circuit current measurements at the different bending radii at 0.1 Hz revealed an inverse 

relationship with bending radii. Lower the bending radii (high curvature) higher the current 

output. In all cases the FWHM was around 10 seconds corresponding to the hold time in the 

bend-hold-unbend cycles corresponding to a frequency of 0.1 Hz. The response time or the 

energy generation timescale characterized by the FWHM of the current response indicates 

continuous energy generation during the full duration of the applied mechanical input, a 

characteristic feature of electrochemical energy harvesters.  

 

Figure 8.11. (a) Short circuit current response of unlithiated aluminum control (inset showing a 

magnified region of the current response indicating very small responses during bending, holding 

and unbending cycles and (b) SSC comparison of the lithiated aluminum alloy when compared 

to the aluminum control overlaid showing bending, holding and unbending phases 

The short circuit current response of the unlithiated aluminum electrodes (control sample), shows 

low current densities with sharp spikes in current during onset of bending (figure 8.11. a.). 

During the hold phase the response rapidly declines followed by a sharp spike in current during 

the unbending cycle. When compared to the lithiated aluminum alloy shown in figure 8.11. b, we 
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observe the difference in current densities owing to the energy dense charge transfer process of 

lithiation and delithiation in lithiated aluminum alloy.  Moreover, continuous energy generation 

for the entire duration of the holding phase (10 seconds – 0.1 Hz) is observed in the case of the 

lithiated aluminum alloy. Even if there are any small triboelectric energy generation possibilities 

in our system, the differences in the current densities between the control sample and the 

lithiated aluminum sample highlights the benefit of using the LixAl battery electrode for low 

frequency energy generation. These tests validate the fact that the response of our device is 

primarily the result of mechano-electrochemical coupling induced lithium ion migration. 

 

Figure 8.12. Short circuit current measurements – cycling stability tests during repeated bending 

at 0.1 Hz with radius of curvature 15 mm 
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Figure 8.13. Energy generation timescales comparing high frequency pulse loads and low 

frequency continuous static load 

The response times or the energy generation timescales is given by the full width at half-

maximum value of the current response of the energy harvesting device. Figure 8.13 depicts 

typical expected response times of a pulse type mechanical input and continuous static loading 

input. The extracted values of response times from the reports of the different ambient 

mechanical energy harvesters in literature is provided in the table 8.2. These values highlight the 

continuous energy generation capabilities of the electrochemical systems 

 

 

 

 



200 
 

Type of 

Energy Harvester 

Operational 

Frequency [Hz] 

Response 

Time [s] 

Our Transient Energy Harvester 0.1 10 

BP - Electrochemical Energy 

Harvester321 

0.1 10 

Ionic Diodes318 0.1 5 

ZnO Nanowires242 11.2 <0.1 

BaTiO3 Nanowires325 160 <0.1 

PZT240 3.2 <1 

ZnO-TFTs316 0.5 <1 

PMN-PT327 6.3 ~0.1 

PVDF326 146 ─ 

FS-TENG320 0.1, 1 ─ 

Table 8.2. Comparison of response times of the different energy harvesters 

 

Figure 8.14. Peak power and peak energy outputs of the transient energy harvester as a function 

of bending radii at 0.1 Hz 
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Peak output power, the product of ∆VOC and peak SSC as well as peak output energy, the 

product of charge transferred during in SSC and ∆VOC show an inverse dependence with 

increasing radius of curvatures. As high stresses are generated at high curvatures (low bending 

radii), the set-up chemical potential gradient is higher leading to comparatively high power and 

energy output at the low bending radii. 

 

Figure 8.15. Systems level design approach for developing arrays of integrated LixAl 

electrochemical energy harvesters 

Figure 8.15 provides a framework for fabricating arrays of devices to make practically relevant 

performance possible. This builds upon the advantages that, maximum peak performance in 
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terms of energy and power are obtained at the highest bending radii. At the highest bending radii, 

2 mm in our experiments, the device generates a high OCV of ~50 mV. At this extremely high 

curvature scenario, the electrochemically active volume of an ~1 cm2 device would be ~ 12.46 

μm3 (assuming 500 nanometers thick active LixAl alloy for both the electrodes). From the total 

active volume 100 µm3 (for 1 cm2 device), ~ 13 % is only utilized in such a scenario and the 

remaining ~ 87% active material remains not utilized. This provides opportunities for developing 

systems level design adapted from the recent works of John Rogers and team who showcased 

their battery arrays connected using serpentine interconnects (Sheng Xu et al., Nat. Commun. 4, 

1543 (2013))328 and many other techniques of nano and microfabrication of arrays of devices. 

Employing the same strategies and using the advantages of our electrochemical systems, a design 

approach for fabricating arrays of devices for practical viability can be achieved. Using 

conservative estimates for the preliminary design (packing 1 harvester unit with electrical 

connections in a 1 cm2 area, we propose e-beam sputtering of active material and current 

collectors using patterned masks onto PVA films. As given in the schematic, using the 

conservative design approach, we could potentially pack 24 harvesters in a 10 cm X 3 cm patch 

which could potentially be integrated onto textile fabrics, structural architectures and long 

duration (low frequency) mechanical input platforms. This configuration is specifically 

envisioned for stretching applications and is expected to deliver 1.2 V output voltage which 

would potentially be used for low power electronics such as other transient electronic systems. 

Apart from this, commercially available voltage boost converters can be employed to ramp up 

the voltage to ‘’trickle charge’ a supercapacitor or a low energy battery.  
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Chapter IX 

9 A Multifunctional Structural Ultra-Battery Composite 

9.1 Introduction 

The advent of electric vehicles, portable and wearable electronics, drones, advanced 

defense platforms, long range satellites and advanced extraterrestrial rovers have prompted 

increased research efforts in the field of robust, multifunctional energy storage devices.38, 39, 321, 

336-339 The term multifunctional when coupled to energy storage architectures implies devices 

that incorporate new functions and features as well as perform their respective energy storage 

requirement. As digitization and internet of things rapidly push the boundaries of the current 

technological revolution, development of energy storage systems with multiple functionalities 

are crucial. Structural load-bearing energy storage is one such concept where energy storage 

devices integrated into structural architectures perform load-bearing function in addition to 

energy storage.340-342 Currently, this approach is pursued with rejuvenated enthusiasm owing to 

the promise of minimizing weight of applications at the same time offset the need to house bulky 

present-day energy storage devices. As the potential end-use technologies are being developed at 

a rapid rate, researchers have begun to ask the question – how to achieve a practical 

multifunctional structural energy storage system with comparable performance metrics to present 

mono-functional devices? Despite some progress in the field with regards to structural 

batteries343-345 and supercapacitors,342, 346-358 most approaches, envision structural 

supercapacitors, primarily, electrochemical double layer capacitors (EDLC) to fulfill this role 

owing to their ease of fabrication, safety and relatively low cost. Most current EDLC based 

structural energy storage devices, though significant advances in the field, still suffer from low 
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practical energy and power densities. Faradaic pseudocapacitive energy storage electrodes have 

been long considered as the bridge between conventional EDLCs and batteries boasting high 

energy densities at the same time maintaining high power densities.104, 359 Pseudocapacitive 

electrodes store more energy per atom of active material than EDLCs. Their relative ease of 

fabrication, operation in safe aqueous based electrolytes and comparable low cost of materials 

are characteristics that make them attractive candidates for consideration.  

Although many faradaic redox chemistries have been reported in literature,360-364 the 

century-old Ni-Fe battery system with energy densities of ~30-50 Wh/kg and power densities of 

~3-50 W/kg has long fascinated many researchers owing to its durability and robust energy 

storage capabilities even under harsh conditions.365, 366 More recently, Wang et al,21 revisited this 

century-old system with the goal of improving the energy and power capabilities. By employing 

inorganic/carbon hybrid pseudocapacitive electrode materials, they developed an Ni-Fe system 

with an increased energy density of >120 Wh/kg and power density of >15 W/kg (1000 times 

higher rate than conventional Ni-Fe cells). With energy densities significantly higher than EDLC 

systems and power densities significantly higher than conventional batteries, this approach gave 

momentum to the field of ultra-batteries. Several reports on Ni-Fe ultra-battery chemistries exists 

till date focused on electrode fabrication approaches, binder free approaches and electrolyte 

optimization approaches.367-370 However, integration of such systems into structural composites 

have remained unexplored so far.  

One of the most important findings from previous works on Ni-Fe ultra-battery systems 

is that employing inorganic active material/carbon hybrid micro/nano-structures deliver high 

energy and power performance metrics. The carbon framework provides an ultrafast electron 

conduction pathway at the same time provide a high surface area for the inorganic active 
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material enabling better ion conduction resulting in fast redox reactions at the surface.21, 370 With 

regards to structural architectures, most approaches have primarily focused on carbon fiber 

laminate-based systems with impressive mechanical properties but inferior electrochemical 

properties.340, 341 In recent years, alternative approaches using carbon nanotubes (CNTs) and 

CNT-fiber systems have garnered great interest owing to the promise of improved mechanical 

and electrochemical performance metrics.351, 356, 357 Therefore, approaches using a CNT based 

carbon framework coupled with inorganic redox active species would, in theory, be the one stop 

solution to the present challenges facing structural energy storage systems.   

Building off this rationale, here, we demonstrate the fabrication, mechanical and 

electrochemical performance of a multifunctional structural ultra-battery composite using 

electrodeposited faradaic redox active species of nickel and iron onto carbon nanotubes grown 

on stainless steel meshes. The composite fabricated using wet lay-up process with fiberglass or 

Kevlar separators and an ion conducting polymer electrolyte delivers good energy and power 

densities with stable performance. Using faradaic redox active species of nickel and iron 

provides an increase in energy and power densities when compared to other EDLC based 

structural composites in literature owing to the ultrafast and energy dense reactions of the 

pseudocapacitive redox couples Ni2+/3+ and Fe2+/3+. Simultaneous in-situ mechano-

electrochemical tests performed on the fabricated ultra-battery composites reveal stable 

electrochemical performance as well as good mechanical integrity until mechanical failure. Our 

work thus highlights the next advance in the field of multifunctional structural energy storage 

devices employing faradaic electrodes in an ultra-battery composite. 
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9.2 Experimental methods 

9.2.1 Growth of CNTs on stainless steel meshes 

Stainless-steel meshes (316, 400x400) was used as the substrate to grow CNTs. The 

nanotube growth was carried out in a three zone furnace initially heated to the growth 

temperature. Preheating the gases was done in zones 1 and 2 where the temperature was 

maintained constant at 770 oC. In the zone 3 or the growth zone, the temperature was varied 

between 740 oC and 790 oC depending upon requirement. 400 SCCM of H2 and 100 SCCM of 

Ar was admitted for 15 min to purge the furnace. After purging, stainless steel meshes were 

inserted into the growth zone of the furnace. This was followed by an annealing step under 1000 

SCCM of Ar/O2 (99% / 1%) and 100 SCCM of pure Ar for 45 min. Following this step, the 

Ar/O2 was turned off and the stainless steel surface was reduced under a flow of 100 SCCM of 

Ar, and 400 SCCM of H2 for 40 min. This was followed by a gas flow of 100 SCCM of 

Ethylene, 250 SCCM of Ar/O2 (99%/1%), 400 SCCM of H2 and 100 SCCM of Ar for 15 min to 

initiate the growth of carbon nanotubes.  

9.2.2 Development of CNT/NiOx carbon/inorganic framework 

NiOx was electrochemical deposited on CNT/Stainless-steel from 250 mM Ni(NO3)2 aqueous 

solution at a scan rate of 100 mV/s with voltage windows from -1.2 to 0 V (with respect to SCE). 

The deposition was varied between 100-500 voltammetry cycles to yield the desired mass. 

Platinum was used as counter electrode and the resulting CNT/Stainless-steel/NiOx framework 

was then washed thoroughly, dried, and then used as the cathode. 

9.2.3 Development of CNTs/FeOx carbon/inorganic framework 

NiOx was electrochemical deposited on CNT/Stainless-steel from 0.5 M Ni(NO3)2 aqueous 

solution at a scan rate of 100 mV/s with voltage windows from -1.35 to 0 V (with respect to 
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SCE). The deposition was varied between 100-500 voltammetry cycles to yield the desired mass. 

Platinum was used as counter electrode and the electrode was then washed with DI water and 

annealed at 550 °C for 1.5 hours in 1 SLM Ar to obtain CNT/Stainless-steel/FeOx framework. 

Characterization of the deposited electrodes were performed using SEM/EDS (Zeiss Merlin) and 

Raman spectroscopic techniques (Renishaw).  

9.2.4 Electrochemical testing of the electrodes 

Electrochemical measurements for both electrodes were obtained in a beaker cell using 1 M 

KOH solution as the electrolyte. A three-electrode system was used for testing, with Platinum as 

the counter electrode and SCE as the reference electrode. Cyclic voltammetry and galvanostatic 

charge/discharge testing were performed on the electrodes to evaluate the electrochemical 

performance.  

9.2.5 Assembling the ultra-battery composite 

The fabricated electrodes were assembled into a composite using a wet lay-up process with 1M 

KOH/PVA electrolyte similar to previous reports. Fiber glass or Kevlar mats were used as 

separators depending upon the type of composite fabricated. Vacuum or mechanical pressure 

was applied to facilitate good bonding between the composite layers and the ion conducting 

polymer.  Cyclic voltammetry and galvanostatic charge/discharge testing was performed on the 

electrodes to evaluate the electrochemical performance of the full cell. 

9.2.6 In-situ mechano-electrochemical tests 

In-situ mechano-electrochemical tests were performed using an Instron mechanical testing 

device. Autolab PGSTAT101 was used as the electrochemical testing station. The fabricated 

composite was gripped between the grips of the Instron and connected to electrical leads to 

facilitate simultaneous measurement. All composites were subjected to tensile strain rates of 1 
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mm/min to aid ease of characterizing the electrochemical data as well as assess the 

electrochemical performance in different zones of the stress-strain behavior of the composite. 

9.3 Results and discussion 

9.3.1 Multifunctional energy storage composites – CNTs on stainless steel 

 

Figure 9.1. (a) Schematic showing the structural supercapacitor with the vision of a reinforced 

composite material that could be used in a vehicle chassis. (b) SEM and optical images of a 

CNT-steel mesh. c) Photograph of fiberglass and Kevlar separators (d) Photographs of the 

epoxy-IL electrolyte on the left and the individual components on the right.   

Figure 9.1 shows the design aspects of the structural composite and schematic representation of a 

structural supercapacitor developed using plain CNTs grown on stainless steel mesh (Figure 

9.1a). CNTs were grown on stainless steel meshes via chemical vapor deposition (CVD) 
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technique.371-374 CNTs grown on the 316 SS 400 mesh at 790°C and the growth on the 304 SS 

200 mesh at 770°C were adopted for our device studies based on the highest CNT growth 

density (see Appendix, figure 9.12, 9.13 and table 9.1). Figure 9.1b shows SEM images of the 

best CNT growth as well as an optical image of the CNTs coated SS steel when compared to the 

uncoated stainless steel. The approximate length of the as grown CNTs were 15-30 µm. The 

electrolyte used for this particular type of super capacitive device was a mixture of epoxy and 

ionic liquid as shown in Figure 9.1c. Figure 9.1d shows images of the two different types of 

separator materials used in fabricating these multifunctional composites, namely fiberglass and 

Kevlar.  

9.3.2 Multifunctional performance of the energy storage composite – CNTs on stainless steel 

 

Figure 9.2. (a) Photograph of a structural supercapacitor material supporting 10 kg of weight in 

a load cell while simultaneously powering a red LED. (b) In-situ mechano-electro-chemical 

measurement showing a simultaneous tensile test with the capacitance measurements from 

charge discharge curves. 
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To visualize the simultaneous dual functionality of the CNT-steel multifunctional energy 

composite, an Instron load cell was configured such that two 5 kg weights (10 kg in total) were 

suspended from a material composed of two structural supercapacitors connected in series, 

which were discharged to power a red LED (Figure 9.2a). This reflects a consistent observation 

made in these materials that demonstrates a critical operation condition of a multifunctional 

energy storage composite, which is to store and release energy while under mechanical stress. To 

illustrate the potential applicability of this prototype device in load bearing applications, a 

concrete block (~10 Kg) was suspended attached to the device (see Appendix, 9.14). The device 

maintained good mechanical integrity providing feasible routes for future work on systems level 

engineering approaches for integrating such devices into practical load bearing applications. To 

further mechanistically explore the dual electrochemical-mechanical performance, in-situ tests 

were conducted where energy storage performance and mechanical performance were measured 

simultaneously (Figure 9.2b).  Here, within the elastic regime of the material we observe 

invariant electrochemical and charge storage performance. However, as the device enters the 

plastic regime, a steady degradation in capacitance is observed until the device is no longer able 

to charge and complete electrochemical failure occurs. The results indicate the important concept 

that electrochemical device failure precedes mechanical device failure, and this occurs at the 

onset of the plastic regime. 

9.3.3 Interface re-enforcement provided by the CNTs 

A key feature of our approach is the presence of CNTs which not only imparts energy 

storage properties to our composites but also provides effective reinforcement at the interface 

with the polymer matrix. Numerous previous reports have illuminated the role of CNTs as an 

effective reinforcing material in polymer composite laminates.375, 376 In particular the research 
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works from John Hart’s’377 and Brian Wardle’s378, 379 research groups have proven the lamellar 

reinforcement properties of CNTs in polymer composites in some cases providing ~153%380 

effective reinforcement when compared to the cases without CNTs. For determining interface 

properties of the as grown CNTs on the stainless steel meshes, we performed lap-joint shear 

measurements (Figure 9.3) which indicated increased toughness for the meshes with CNTs when 

compared to the plain stainless steel meshes. These observations imply that the CNTs in our 

system perform the dual function of energy storage at the same time providing structural 

reinforcement to the structural supercapacitor. 

 

Figure 9.3. (a) SEM cross-sectional image of CNTs grown on stainless steel sheets for analyzing 

the reinforcement at the interface. (b) Schematic representation of the methodology of the lap-

joint shear test. (c) The shear stress against shear strain response of the plain stainless-steel 

sample when compared to the CNT-grown stainless-steel sample showing increased shear 

toughness (area encompassed by the curve) for the CNT grown samples (strain rate: 2 mm/min). 

For analyzing interface reinforcement effects, CNTs were grown on stainless steel sheets (Type – 

316) as observed from the cross-sectional SEM image shown in Figure 9.3a. Following this, lap-
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joint shear tests (Figure 9.3b) were performed on the CNT-grown stainless-steel samples as well 

as plain stainless-steel samples as a control. Epoxy-Ionic liquid (55 wt%:45 wt%) was used as 

the polymer matrix to facilitate better detection of interface properties. The shear measurements 

were performed on an Instron 5944 mechanical testing system at a standard strain rate of 2 

mm/min. The test parameters and polymer/IL ratios were chosen such that the reinforcing effect 

of CNTs at the interface of the polymer matrix can be effectively isolated. The shear toughness 

of the samples was calculated from the area encompassed by the stress-strain curve (Figure 9.3c) 

before failure (minimum load detection). Comparing the best samples, we observe that the plain 

stainless-steel sample had a shear toughness value of 0.0073 J/mm3 when compared to the CNT 

grown stainless steel which had a value of 0.0082 J/mm3. These tests indicated a ~12% increase 

in toughness for the samples which had the CNTs reinforcing the interface.  

9.3.4 Performance assessment of the CNT-stainless steel multifunctional supercapacitor 

Comparing to other multifunctional supercapacitors in literature (Figure 9.4), for our 

device, we obtain energy densities up to 3 mWh/kg (10 µWh/cm3) and power densities of 1 

W/kg (70 mW/cm3) from the discharge profiles of the device. We have also compared this with 

equivalent devices having liquid electrolytes with 10 mWh/kg (30 µWh/cm3) energy and 10 

W/kg (700 mW/cm3) power densities. Notably, our devices exhibit comparable performance to 

other state-of-the-art reports in literature.350, 353, 356, 357, 381 We have also included projected values 

of energy and power densities based on an assumed increase in voltage window for the 

previously reported carbon aerogel devices350 and assuming only mass of the active components 

for the CNT Fiber based devices from the work of Senokos et al.356   
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Figure 9.4. Ragone plot showing specific energy and power density of CNT-Steel mesh 

performance with a Kevlar separator and a 100% IL electrolyte and an Epoxy-IL electrolyte 

compared to the liquid/solid state performance of the best structural supercapacitor composites in 

literature. 

These results indicate a clear need for improved energy densities to be viable in practical 

multifunctional energy storage applications. Specifically using faradaic systems instead of 

electrochemical double layer systems can store more energy per atom of active material owing to 

the energy dense redox reactions of faradaic electrodes. Building off this work, we developed 

multifunctional Ni-Fe based redox electrodes for use in multifunctional load-bearing 

applications.  
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9.3.5 Multifunctional Ni-Fe ultra-battery composites 

 

Figure 9.5. Multifunctional ultra-battery composite using fiberglass or Kevlar as the separator 

The schematic representation of the concept of an ultra-battery composite is given in 

figure 9.5. This ultra-battery composite employs faradaic energy storage compared to 

conventional double layer based structural energy storage systems. Oxides/hydroxides of iron 

and nickel deposited on CNTs grown on stainless steel meshes comprises the anode and cathode 

respectively. The composite is assembled using wet lay-up process using potassium hydroxide - 

poly(vinyl alcohol)  (PVA-KOH) gel as the electrolyte.367, 382 Depending upon the requirement 

fiber glass or Kevlar (aramid fiber) can be employed as separators. The cured composite is 

intended to be integrated into structural architectures such as door panel, hood, chassis of 

vehicles and many other applications. Images of the ultra-battery composites employing both 

fiber glass and Kevlar separators used in this study are given in figure.      

9.3.6 Development and characterization of Ni-Fe redox active species on CNT-Stainless steel 

The redox active electrodes used in our study are oxides/hydroxides of nickel and iron 

which were deposited on carbon nanotubes grown on stainless steel meshes. Figure 9.6a shows 
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the carbon nanotubes grown on the stainless steel meshes using CVD technique. SEM 

micrographs of the CNT grown stainless steel meshes are show the presence of vertically aligned 

tubes (also, see appendix, figure 9.15). Raman spectroscopy performed on the tubes (appendix, 

figure 9.16) reveals sp3 along with sp2 carbon atoms characterized by the ‘D’ and ‘G’ peaks 

indicating the presence of active sites which can be further exploited to electrochemically deposit 

oxides/hydroxides of nickel and iron. Electrochemical deposition of nickel and iron were 

performed using the respective nitrate precursor solution (see methods) to obtain NiOx and FeOx 

coated CNTs as observed in the SEM micrographs (figure 9.6b and 9.6c). EDS elemental 

mapping (figures 9.6d-f) and (figures 9.6g-i) reveals the presence of nickel and iron species on 

the CNTs grown on stainless steel. This is further corroborated using Raman spectroscopic 

analysis (figure 9.6j) which shows peaks corresponding to -nickel hydroxide and iron oxide 

signatures.383-385 
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Figure 9.6. (a) Schematic representation of the electrodeposition process for depositing NiOx 

and FeOx on the surface of CNTs grown on stainless steel (SEM micrographs), (b) and (c) SEM 

micrographs of the deposited NiOx and FeOx on CNTs, (d-f) SEM-EDS elemental maps showing 

the presence of nickel rich species on CNTs, (g-i) SEM-EDS elemental maps showing the 

presence of iron rich species on CNTs, (j) Raman spectra of the deposited material on CNTs. 
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9.3.7 Electrochemical characterization of the individual electrodes 

Electrochemical characterization of the redox active materials in KOH aqueous 

electrolytes (1M) were performed to assess the energy storage capability of the individual 

electrodes. Cyclic voltammograms at scan rates (5 mV/s to 100 mV/s) of the nickel hydroxide – 

CNT/SS electrode (figure 9.7a) reveals oxidation and reduction reactions corresponding to the 

reversible conversion of Ni(OH)2 to NiOOH. The anodic and cathodic peaks are centered around 

~0.3V vs SCE. At scan rates of 5 mV/s the electrode delivers a high capacity of 86 mAh/g 

(capacitance of 394 F/g) based on active material mass. The electrode exhibits high rate 

capability maintaining ~90% of the capacity observed at 5 mV/s at high scan rates of 100 mV/s 

as shown in figure 9.7b. We attribute this high capacity maintenance at high scan rates to the 

architecture of CNTs on stainless steel meshes providing superfast electron conduction pathways 

for the redox reaction occurring at the surface coatings on the CNTs as shown in the inset of 

figure 9.7b. Galvanostatic discharge curves at different current densities were performed on the 

electrode to assess the discharge characteristics (figure 9.7c). A capacity over 50 mAh/g is 

maintained even at high current densities of 20 mA/cm2 (active area) indicating the good energy 

storage capability of the nickel hydroxide electrode. Similar tests starting with cyclic 

voltammetry were performed on the iron oxide CNT-SS electrode in aqueous 1M KOH 

electrolyte. The cyclic voltammograms (figure 9.7d) at various scan rates (from 5 mV/s to 100 

mV/s) show anodic and cathodic peak corresponding to reversible redox reaction of FeOOH  

Fe(OH)2 centered around ~0.9V vs SCE. Similar to the nickel hydroxide electrode, the iron redox 

electrode shows high capacity maintenance with over 130 mAh/g at a scan rate of 100 mV/s 

(figure 9.7e). The superfast electron conduction pathways (figure 9.7e inset) owing to the 

architecture of aligned conducting CNTs on stainless steel mesh facilitates the high rate redox 
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reaction of the surface oxide. Galvanostatic discharge curves (figure 9.7f) show a capacity 

maintenance of over 130 mAh/g at a high current density of 20 mA/cm2. Electrochemical 

measurements of the individual electrodes in a half cell configuration in aqueous electrolytes 

highlights the potential of this system when paired together in a full cell configuration. Cycling 

performance of the individual electrodes (figure 9.17) and full cell electrochemical performance 

of the Ni-Fe system with the developed NiOx cathode and FeOx anode in the liquid electrolyte 

(figure 9.18) is provided in the appendix.  
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Figure 9.7. (a) Cyclic voltammograms at various scan rates, (b) Capacity and capacitance 

variation with scan rates (inset- schematic representation of the ultrafast electron conduction 

pathways as a result of the CNT-SS framework) and (c) Galvanostatic discharge curves for the 

deposited nickel hydroxide on CNT-SS electrode, (d) Cyclic voltammograms at various scan 

rates, (e) Capacity and capacitance variation with scan rates (inset- schematic representation of 
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the ultrafast electron conduction pathways as a result of the CNT-SS framework) and (f) 

Galvanostatic discharge curves for the iron oxide on CNT-SS electrode. 

9.3.8 Electrochemical performance of the ultra-battery composite 

To demonstrate the multifunctional capability of the Ni-Fe system, the NiOx and FeOx – 

CNT/SS meshes were assembled in a sandwich configuration with fiberglass/Kevlar separator 

using PVA-KOH (1M) gel electrolyte in a wet lay-up process (see experimental methods). The 

gel electrolyte cures to form an ion conducting solid electrolyte holding the composite together 

thus forming the ultra-battery composite. Electrochemical performance of the ultra-battery 

composite using a fiber glass separator layer was determined using cyclic voltammetry and 

galvanostatic charge discharge tests. Voltammograms at various scan rates (5 mV/s to 100 mV/s) 

given in figure 9.8a indicate the redox reaction corresponding to Ni2+ → 3+ and Fe3+ → 2+ as a result 

of the cathode undergoing reduction while the anode undergoes oxidation during one half sweep 

and the reverse occurring in the reverse sweep. The variation of capacitance and capacity with 

scan rate is provided in figure 9.8b. The lower capacity and rate performance in a full cell 

configuration when compared to the half cells can be attributed to two reasons: (i) in a full cell (2 

electrode measurement), the electrolyte resistance is not excluded owing to the absence of a 

reference electrode (SCE) present in a three-electrode measurement and (ii) the addition of the 

fiberglass or Kevlar separators add additional resistances to the system which lowers 

performance. Nevertheless, the composite shows good galvanostatic charge/discharge 

characteristics (figure 9.8c) with a capacity of ~22 mAh/g at a current density of 0.5 A/g. 

Cycling performance of the fiber-glass based composite and the electrochemical performance of 

the ultra-battery composite with the Kevlar separator is provided in the appendix (figure 9.19 and 

9.20 respectively).  
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Figure 9.8. (a) Cyclic voltammograms at various scan rates (inset- schematic representation of 

the iron-based anode and nickel-based cathode for the ultra-battery composite), (b) Capacity and 

capacitance variation with scan rates and (c) Galvanostatic discharge curves, (d) Capacity and 

capacitance variation with different applied current densities. 
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Figure 9.9. Energy and power density of the Ni-Fe ultra-battery composite compared to state-of 

the art structural energy storage composites in literature 

The most important performance metric for a structural energy storage composite are the energy 

and power densities. Our ultra-battery composite delivers a peak energy of 1.38 Wh/kg at power 

densities of 29 W/kg and 293 mWh/kg at 170 W/kg respectively based on total mass of all the 

components in the composite (figure 9.9). Our performance when compared to several other 

structural energy storage devices in literature, highlights the significant improvement achieved 

when using the ultra-battery composite instead of EDLC based systems.342, 350, 353, 354, 356, 357, 381, 

386 To emphasis the potential of this redox chemistry, energy and power densities based on active 

mass is provided in figure 9.10. The ultra-battery composite has peak energy density of 23 

Wh/kg and peak power density 2.8 kW/kg respectively based on mass of the redox active species 

(see appendix figure 9.21, 9.22 and 9.23 for active mass and total mass energy densities of fiber 
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glass and Kevlar-based Ni-Fe ultra-battery composite respectively). Comparing other state of the 

art systems such as CNT-Fiber based structural composite and its projected highest reported 

performance (projected energy density of ~11 Wh/kg)357 based on active mass indicates the Ni-

Fe system (projected energy density of ~120 Wh/kg)21 to have the potential for significant 

further improvements. Nevertheless, energy and power density projections based on active mass 

indicates the room for further development, however practical performance metrics for structural 

energy storage devices should take into account the total mass of all the components.  

 

Figure 9.10. Energy and power density projections for the Ni-Fe ultra-battery composite (based 

on active mass and highest reported values) compared to state-of the art structural energy storage 

composites in literature. 
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9.3.9 In-situ mechano-electrochemical performance of the ultra-battery composite 

Multifunctional capabilities of the ultra-battery composite were assessed using in-situ 

mechano-electrochemical tests where simultaneous determination of electrochemical and 

mechanical performance was determined. The dynamic nature of electrochemical energy storage 

where mechanics and electrochemistry are inseparable components, simultaneous measurements 

of the two properties gives insights into the interfaces and stability of the system. To perform the 

in-situ mechano-electrochemical tests, the ultra-battery composite (using the fiber glass 

separator) was initially subjected to galvanostatic charge/discharge cycles clamped in an Instron 

(tensile mode) mechanical tester (figure 9.11a). The composite was subjected to tensile stresses 

at the rate of 1 mm/min (figure 9.11b) after several stable charge/discharge cycles (figure 9.11c), 

The different stages observed in the stress strain curve during testing is provided in the 

supporting information (figure 9.24). The fiber glass-based Ni-Fe ultra-battery composite had an 

ultimate tensile strength of 23 MPa and modulus of elasticity of 0.023 GPa. The device failure is 

characterized by the failure of the composite to electrochemically store energy characterized by 

the abrupt break of the charge/discharge cycle which occurs in the plastic region (figure 9.11d). 

The observed mechanical performance can be further improved by switching to a Kevlar based 

Ni-Fe ultra-battery composite (figure 9.11e). In-situ mechano-electrochemical tests were 

performed in the same manner as the fiber glass-based composite following some initial cycles to 

attain stability (figure 9.11f). The device failure is characterized by a sharp decrease in the 

capacity retained during the charge discharge cycling which occurs at the onset of mechanical 

failure (figure 9.11g).  
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Figure 9.11. (a) Images of the ultra-battery composites based on fiberglass and Kevlar clamped 

in tensile mode in an Instron mechanical tester, (b) In-situ mechano-electrochemical 

measurements of the fiberglass composite during simultaneous charge discharge measurements 
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along with dynamic tensile tests, (c) Galvanostatic charge/discharge profiles from a region 

showing stable cycling performance of the fiberglass composite, (d) Galvanostatic 

charge/discharge profiles from the region showing the failure of the fiberglass-based ultra-

battery composite, (e) In-situ mechano-electrochemical measurements of the kevlar composite 

during simultaneous charge discharge measurements along with dynamic tensile tests, (f) 

Galvanostatic charge/discharge profiles from a region showing stable cycling performance of the 

Kevlar composite, (g) Galvanostatic charge/discharge profiles from the region showing the 

failure of the kevlar-based ultra-battery composite. 

The Kevlar-based composite had an ultimate tensile strength of 274 MPa with an elastic modulus 

of 7.3 GPa. This improvement in mechanical performance is achieved at the expense of reduced 

electrochemical performance when compared to fiber glass composites. Nevertheless, this 

approach employing faradaic pseudocapacitive redox active materials deposited on aligned 

carbon nanotubes grown on stainless steel meshes presents a viable route to engineer high 

performance multifunctional structural energy storage composites.  

9.4 Conclusion 

Summarizing, our work demonstrates a faradaic nickel-iron based ultra-battery structural 

composite which exhibits stable electrochemical performance far surpassing conventional double 

layer based structural supercapacitors. Using CNTs grown on stainless steel meshes functioning 

as engineered current collectors with superfast electron conduction pathways provides a robust 

platform for integrating faradaic pseudocapacitive redox active materials on to the nanotube 

surfaces. The resulting electrodes exhibit high capacity maintenance and good rate capabilities 

tested in a half cell configuration. The structural ultra-battery composite fabricated through a wet 

lay-up process using a fiberglass separator, boasts peak energy densities of 1.38 Wh/kg at power 
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densities of 29 W/kg and 293 mWh/kg at 170 W/kg respectively based on total mass of all the 

components in the composite. These metrics are significantly higher than conventional state-of 

the art structural energy storage devices in literature. The fiber glass-based composite has good 

ultimate tensile strength of 23 MPa which can be further improved by using Kevlar separators 

resulting in the Ni-Fe ultra-battery composite exhibiting a high ultimate tensile strength of 274 

MPa. The true potential of this approach is based on the fact that there are numerous other 

reported faradaic energy storage materials which can be paired appropriately in full cell 

configurations. This possibility warrants further investigations into integration of such systems 

into multifunctional structural composites. Our work on Ni-Fe based ultra-battery composite 

represents the next advancement in the field of multifunctional energy storage materials as 

observed by the high energy and power densities. This approach using CNT-steel architectures as 

supports for a wide range of energy dense electrochemically active redox material pairs coupled 

with woven polymeric/carbon-based textiles such as glass fiber, Kevlar and carbon fiber 

provides a framework for further development of multifunctional energy storage systems.     
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9.5 Appendix 

 

 

Figure 9.12. Comparison of CNTs grown on 230 mesh and 400 mesh stainless steel samples. 

Mass of the carbon nanotubes grown and information regarding the nature of growth is provided. 

 

 

Figure 9.13. Comparison of CNTs grown on 316 and 304 stainless steel samples. 

Mass of the carbon nanotubes grown and information regarding the nature of growth is provided. 
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Elements 304 SS (%) 316 SS (%) 

Fe Balance Balance 

C 0.08 max 0.08 max 

Cr 18.0-20.0 16.0-18.0 

Ni 8.0-12.0 10.0-14.0 

Mo ----- 2.00-3.00 

Mn 2.00 max 2.00 max 

N 0.10 max 0.10 max 

P 0.045 max 0.045 max 

S 0.030 max 0.03 max 

Si 0.75 max 0.75 max 

Table 9.1. Comparison of elemental composition of the 304 and 316 steel meshes. 

 

Figure 9.14. Photograph of a structural supercapacitor material supporting ~10 kg of weight 

concrete block. 
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Figure 9.15. (a) Image of a CNT-stainless steel mesh, (b-d) SEM micrographs of the CNTs 

grown on stainless steel mesh 

 

Figure 9.16. Raman spectra of the carbon nanotubes grown on the stainless-steel samples. 
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Figure 9.17. Capacitance retention of the individual nickel and iron electrodes at scan rate of 30 mV/s.  

 

Figure 9.18. (a) Cyclic voltammograms at various scan rates, (b) capacity variation with current 

density and (c) energy density variation with current density for the Ni-Fe full cell in liquid 1M 

KOH electrolyte. 
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Figure 9.19. Capacitance retention of the fiber glass-based Ni-Fe ultra-battery composite at scan 

rate of 50 mV/s.  
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Figure 9.20. (a) Cyclic voltammograms at various scan rates, (b) Galvanostatic discharge curves 

at various current densities, (c) Capacity variation with current density and (d) Capacitance 

variation with current density for the Ni-Fe ultra-battery composite using a Kevlar separator 

based on mass of the active materials. 
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Figure 9.21. Energy and power densities of the fiber glass-based Ni-Fe ultra-battery composite 

based on active mass. 

 

Figure 9.22. Energy and power densities of the Kevlar-based Ni-Fe ultra-battery composite 

based on active mass. 
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Figure 9.23. Energy and power densities of the fiberglass and Kevlar-based Ni-Fe ultra-battery 

composite based on total mass of all the components compared to state-of the art devices in 

literature. 

 

Figure 9.24. Regions of the stress-strain curve for the fiberglass-based ultra-battery composite 
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Chapter X 

10 Conclusions  

10.1 Summary 

The focus of this research work was to explore the concept of mechano-electrochemical coupling 

in energy storage electrodes. Fundamental understanding of the effect of mechanical stress and 

strain on electrochemical energy storage parameters using principles of strain engineering has 

been successfully demonstrated for the first time in chapters III and IV. Leveraging this new 

fundamental mechanistic insight, I developed electrochemical-mechanical strain energy 

harvesters capable of harvesting low frequency ambient mechanical energy. These harvesters 

described in chapter V and VI using 2D black phosphorus and graphite co-intercalation 

electrodes can effectively harvest the otherwise wasted ambient mechanical energy from 

everyday human activities such as walking, running, sitting, sleeping and many more. 

Furthermore, I developed multifunctional energy storage and harvesting architectures for (i) 

transient energy storage/harvesting applications (chapters VII and VIII) and (ii) multifunctional 

load-bearing energy storage applications (Chapter IX). The first half of this work provides new 

fundamental insights into relatively unexplored mechanisms such as structure-electrochemical 

relationships and mechano-electrochemical relationships in electrochemical energy storage 

systems. The second half of this work provides insights and developmental understanding of 

devices and systems (energy harvesters and multifunctional energy storage) which build off the 

concepts explored in the first half. Overall, this work provides a broad framework for developing 

wearable technologies and multifunctional energy storage devices of the future.  
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10.2 Outlook for strain engineering in energy storage  

To understand and thereby control the interplay of mechanics and electrochemistry using 

concepts of strain engineering in other energy systems requires effective isolation of the 

expected effects. The proposed strategies in this work are versatile enough to be applied to 

‘beyond lithium’ (Na+/K+),158, 387-389 multivalent (Mg2+, Ca2+) ion and sulfur (Li-S/Na-S)390-395 

and air battery396, 397 architectures. Successful development of the developed strategies of this 

work would provide new fundamental understanding to the role of interface mechanics even in 

solid state battery systems. Fundamental unravelling of the relationship between mechanics and 

electrochemistry can lead to a variety of solutions to challenges in other electrochemical systems 

such as solid-state sulfur batteries, solid state alternative ion/multivalent ion batteries, plating 

batteries, thin film batteries and energy harvesting systems.  

10.3 Outlook for electrochemical-mechanical energy harvesters 

Low frequency (<5Hz) ambient mechanical energy harvesting is a challenging area for the 

present state of the art piezoelectric and triboelectric systems. One of the most viable alternative 

is the novel class of electrochemical-mechanical strain energy harvesters. As discussed in 

chapter VIII, the volume of active material required for energy harvesting at high mechanical 

stresses where high power and energy output are obtained indicates that a systems level 

engineering approach can be used to fabricate arrays of tiny energy harvesters in a small area. 

Such approaches can compensate for the low voltage output of these systems making them viable 

for practical applications. Moreover, integration of such devices into textiles and fabrics could 

provide attractive avenues for further development of these new class of energy harvesting 

systems. 
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10.4 Outlook for multifunctional energy storage/harvesting devices 

In the case of transient energy storage devices, the concept of on-demand energy supply 

using a transient energy harvester has huge potential. Transient energy harvesting storage and 

harvesting systems which can be integrated directly into textiles and fabrics would provide 

further benefits. By systems level engineering approaches, individual fibers of fabrics can be 

made into energy storage/harvesting architectures thereby increasing the feasibility and practical 

viability of such systems.  

In the case of multifunctional structural load-bearing energy storage systems, increasing 

energy densities to reach values >100 Wh/kg based on total weight of the device is going to be 

the primary focus of this field. To have better load bearing capabilities, transition to carbon fiber-

based technologies developed hierarchical carbon nanotube398-408 interconnected interfaces 

would be beneficial for both mechanical strength improvements and energy storage 

improvements.409 Engineering nano-material architectures239, 410 at the interface between carbon 

fibers and active materials would be essential for effective load transfer and also prevent 

delamination of active materials during load-bearing scenarios. Improving energy densities can 

be achieved by using lithium ion battery materials deposited on such architectures. Using lithium 

ion battery chemistries however, requires packaging that would remain a challenge as it adds 

dead mass to the device which hurts energy densities. Moreover, in most approaches in literature, 

simultaneous performance (in-situ) testing is not given sufficient attention. Static loading 

conditions which are commonly used to test such systems though very useful do not provide a 

complete picture of the full capability of a multifunctional system. The electrochemical - 

mechanical interactions which contribute to a major failure mode in batteries are not considered 

in most of the present existing works in literature. As mechanics and battery/pseudocapacitor 
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electrochemistry are related, the cause of failure is amplified when developing multifunctional 

energy storage structures which stems from a lack of understanding of mechano-chemical 

interactions at the fundamental levels of battery operation.  

10.5 Conclusion and boarder perspective 

Electrochemical energy storage devices have been the driving force behind the ongoing 

technological revolution which gave us advanced platforms such as electric vehicles, laptops, 

mobile phones and wearable health monitors. These energy storage devices such as batteries and 

supercapacitors are dynamic mechano-electrochemical systems where the mechanical component 

cannot be ignored. Novel formulations, battery designs and systems level designs of the next 

generation energy storage devices require foundational understanding of the mechanics involved 

at both the lattice level as well as bulk level. My dissertation is therefore aimed at creating a 

paradigm shift towards understanding, isolating and thereby controlling mechanical process 

occurring in such systems. Utilizing such mechanical processes in the new class of 

electrochemical-mechanical energy harvesters operating at low frequencies, effective on-demand 

energy generation capability can be integrated with several multifunctional energy storage device 

architectures. Such multifunctional systems including transient devices and load-bearing energy 

storage composites could potentially enable innovative technologies which are yet to be 

envisioned. 
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