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Global energy consumption is projected to double from its 1990 level by 2030. 

Although rechargeable lithium-ion batteries have powered mobile computing and 

telecommunications for two decades, their energy density is inadequate to meet rising 

demands for grid storage, and falls short of DOE targets for electric vehicles and the 

needs of new electronic devices. As a result, the lithium-sulfur (Li-S) system has 

emerged as a leading “Beyond Lithium Ion” candidate. Simultaneously, the impetus for a 

comprehensive “Internet of Things” that interactively monitors and controls energy use, 

infrastructure, and human health has been consistently hampered by a lack of batteries 

that are small, thin, flexible, implantable, high-energy density, and cheaply manufactured 

to power the multitude of required devices. This dissertation addresses three aspects of 

these dilemmas. 

First, an elastic, conductive, and electroactive polymer nanocomposite comprising 

polypyrrole and polyurethane (PPyPU) is developed to serve as a binder for flexible Li-S 

cathodes. After fifty flex/bend cycles, the cathodes provide high capacity with essentially 

no capacity-fade for 100 cycles at high sulfur loadings. The electroactive PPy in the 

binder is believed to stabilize dissolved polysulfides, while the elastic PU accommodates 

the significant sulfur expansion which is known to compromise Li-S cathode integrity 

during charge/discharge. 



 ix 

Second, a process is presented for producing extrusion-printed carbon nanotube-

based electrodes for Li-S cathodes. Although printing provides a high-throughput, 

inexpensive, top-down, “green” alternative to industrial microfabrication, it has been 

infrequently applied to batteries, and the few reports of printed batteries were based on 

low energy-density materials. Therefore, multiwall carbon nanotube inks are formulated 

for printing microelectrodes to be utilized as electrodeposition scaffolds for high-loading 

Li/polysulfide catholytes. The resulting lithium-sulfur cathodes are shown to meet 

industrial benchmarks for portable and wearable electronics. In concert, sulfur-infused 

single-wall carbon nanotubes (S@SWNT) are used for inkjet-printed thin-film cathodes 

as proof-of-concept for integrated, printing-based nanomanufacturing.   

Third, an electroactive bio-nanocomposite comprising purely endogenous 

materials (dopamine and hyaluronic acid) is synthesized and characterized in vitro as a 

potentially implantable energy-storage material. The dopamine-hyaluronic acid (DAHA) 

hydrogel composite can be electropolymerized to create a pseudocapacitive biopolymer, 

p(DAHA), that exhibits catechol−quinone interconversion, high pseudocapacitance and 

discharge capacity, and stable, long-term electroactivity for 400 cycles. These 

characteristics predispose it for bioelectronic energy storage, i.e., as a supercapacitor or, 

when coupled with an implantable Ag/AgCl electrode, a biobattery with an operating 

voltage of ∼0.85 V. 
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Chapter 1:  Introduction 

1.1 MOTIVATION   

Once upon a time, people did not need digital gadgets to survive. My great-

grandfather, Raymond Milroy, grew up in a sod-covered dwelling on the prairies of 

Western Kansas. They grew vegetables and raised animals on their farm. He borrowed 

the family horse and buggy to take my great-grandma on dates after church, and could 

navigate using landmarks, the stars, or the help of friendly strangers. Nowadays, energy-

efficient houses, grass-fed beef, free-range chicken, and locally-sourced, organic 

vegetables are back in style, but a dazzling array of gadgets now seem indispensable to 

urbane city-dwellers and country folk alike, who rely on cellular telephones to 

communicate, desktop and mobile computers to work, GPS to guide internal combustion 

engines to our destinations, wearable health monitors to prolong the inevitable, and other 

devices to help fret about one’s ‘carbon footprint’. Grandad understood the value of 

technology and the doors it opened, and was pleased to utilize it to maintain active 

communication with his great-grandchildren. Before he passed on, Grandad used to 

marvel at the fact that you could get halfway around the world in half a day, whereas it 

used to take half a day to get from the farm into town……. 

1.1.1 Lithium-ion Battery Fundamentals 

The advent of the rechargeable lithium-ion battery (LIB) powered a revolution in 

mobile computing and telecommunications. Since its commercial introduction by Sony in 

the 1990’s, the LIB has become the dominant rechargeable energy-storage option for a 

diverse range of technologies that operate over a vast range of size scales, from 

pacemakers to portable electronics to electric vehicles.  
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Figure 1.1. Illustrated schematic of the original lithium-ion battery configuration, with a 

LiCoO2 cathode, a polymeric separator, and a graphite anode. Reproduced from ref. 1. 

As shown in Figure 1, the commercial lithium-ion battery comprises a cathode based 

on transition-metal oxide (TMO) materials that serve as a host for lithium ions (Li+) when the 

battery is in the discharged state, and an anode based on graphite (carbon) that hosts Li+ when 

the battery is in the charged state.1 The LIB operates on “insertion” processes that involve 

reversible lithium shuttling between anode and cathode during charge/discharge, known as 

the “rocking chair” configuration. Lithium-ion batteries are manufactured in the discharged 

state, with Li+ ions housed within the TMO.  During the initial charge, the transition-metal 

ion in the oxide-based cathode becomes oxidized and the carbon in the anode becomes 

reduced; in response, the Li+ ions are expelled from the cathode and insert into the carbon 

host. Conversely, during discharge, the transition metal ions in the oxide-based cathode 

become reduced, and the carbon in the anode becomes oxidized; in response, the Li+ ions 

migrate from the carbon anode and re-insert into the cathode host material. The LIB cathode 
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insertion hosts are dimensionally stable and retain their structural integrity during 

charge/discharge, in contrast to “conversion” materials (e.g., sulfur, oxygen) described later.   

Lithium-ion batteries have several advantages over other rechargeable systems 

(e.g., lead-acid, Ni-Cd, nickel-metal hydride), including a high operating voltage (~ 4 V), 

immunity from “memory effect”, minimal self-discharge, higher gravimetric and 

volumetric energy density, and superior cycle performance.
2,3

 In spite of these 

advantages, the LIB suffers from distinct disadvantages as well. The cathodes are made 

from expensive, dense, non-abundant transition-metal oxides and only about half of their 

theoretical capacity can be utilized to avoid structural and/or chemical instability. 

Moreover, the anodes are composed of graphite, which possesses low theoretical specific 

capacity and has been plagued by significant, persistent safety concerns related to Li-

plating that creates dendrites during fast charge or under cold conditions; these 

difficulties have led to large, high-profile product recalls (e.g., Sony batteries in Dell 

laptops, 2006; Boeing 787 Dreamliner battery packs, 2013; and the Samsung Note 7, 

2016). More importantly, the energy density of commercial Li-ion batteries is inadequate 

to meet the rising energy-storage demands within (at least) three important sectors: (i) 

electric vehicles,
4
 (ii) grid storage,

2
 and (iii) consumer electronic devices.

5
  

1.1.2 Energy-storage Deficits of Lithium-ion Batteries 

Figure 1.2 summarizes some of the different categories of devices and 

applications that require energy storage. These can be broadly categorized into small-

scale (e.g., consumer electronics), mid-scale (e.g., electric vehicles), and large-scale (i.e., 

grid storage).
6
 The figure depicts the magnitude of energy-storage needs for each of the 

different scales, as well as the desirable characteristics of energy-storage devices and a   
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Figure 1.2. Summary of diverse energy-storage needs at different scales of total capacity. 

Reproduced from ref. 6. 

summary of the status of energy-storage technologies for each scale. As discussed in the 

following sections, there are energy-storage deficiencies at each of these scales that can 

be directly tied to the shortcomings of commercial lithium-ion battery chemistries. 

1.1.2.1 “Electric Vehicles Everywhere” 

The technical targets for the Department of Energy’s (DOE) “Electric Vehicles 

Everywhere” Plug-in Electric Vehicle (PEV) program seek to bring the “levelized” cost 

(i.e., the initial vehicle purchase price and the fuel expenditure accrued over a 5-year 

ownership period) of an all-electric vehicle with a 280-mile range to parity with that of an 

internal combustion engine (ICE) vehicle of similar size. The energy density of 

commercial Li-ion batteries is inadequate to meet these DOE targets for electric 

vehicles,
4
 so DOE proposes to meet these goals by addressing four areas (battery R&D; 

electric drive system R&D; vehicle lightweighting; and advanced climate control 

technologies); the specific goals include:  
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(i) Cutting battery costs from the current $500/kWh to $125/kWh  

(ii) Eliminating nearly 30% of vehicle weight through “lightweighting”  

(iii) Reducing the cost of electric drive systems from $30/kW to $8/kW 

 

These goals are obviously intertwined: the size and weight of the battery often impact 

PEV design optimization and performance, and reducing the weight of a PEV can extend 

its electric range and/or reduce the size and cost of the battery. However, the report notes 

that reaching all three of the objectives listed above will require batteries to achieve a 4x 

cost reduction, 2x size reduction, and > 2x weight reduction. With respect to goal (i), the 

DOE report suggested that advances in lithium-ion technology could potentially increase 

the battery pack energy density by 150% in the near-term, from 100 Wh kg
-1

 to 250 Wh 

kg
-1

, through the use of higher-capacity LIB cathode materials, improved electrolytes to 

enable higher voltage operation, and the adoption of silicon or tin-based intermetallic 

alloys as anodes in the place of graphite. However, much larger advances are required to 

reach the ultimate goal of achieving the ultimate battery power-density target (2000 W 

kg
-1

), so “beyond Li-ion” battery chemistries with significantly greater energy density 

and lower cost than current lithium-ion batteries, e.g., lithium-sulfur, magnesium-ion, and 

lithium-air, are expected to replace transition-metal oxide-based batteries. However, these 

technologies have, to date, produced capacities that are significantly less than their 

theoretical energy density limit, and exhibit insufficient cycle life, power density, and 

energy efficiency. Therefore, further innovation is necessary to achieve the breakthroughs 

that will allow these new battery technologies to impact the PEV market. 
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1.1.2.2 Global and U.S. energy Consumption: the need for “large-scale” energy storage 

Global energy consumption is projected to double from its 1990 level by 2030 

(Figure 1.3, left pane), and the majority of global demand is currently supplied by fossil 

fuels (Figure 1.3, right pane). This reality has created growing concern over the 

potentially deleterious effects of rising CO2 levels on global climate change, and has 

increased the interest in carbon-neutral renewable energy sources.
7
 

 

 

 

 

Figure 1.3. LEFT: Global energy consumption (quadrillion BTU) stratified according to 

consumption in countries within the Organization for Economic Cooperation and 

Development (OECD) and non-OECD countries; RIGHT: global energy consumption 

(quadrillion BTU) stratified by fuel type. Reproduced from ref. 8.  

Although “renewable” energy sources are often touted as a panacea for the 

negative effects of fossil fuels, the relative contribution of renewable energy sources to 

total energy consumption is low. According to the right pane of Figure 1.3, the balance of 

“renewables” within total global energy consumption is approximately 15% worldwide; 

however, as shown in Figure 1.4 below, renewable energy sources account for only 10% 

of the total energy consumed in the United States.
9
 Moreover, approximately 50% of 

“renewable” energy sources are actually derived from biomass, and therefore do not 
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represent carbon-neutral alternatives. Meanwhile, fossil fuels account for 82% of total 

U.S. energy consumption. The continued dependence of our transportation systems on 

ICE-based vehicles implies that 93% of our transportation fuel is derived from 

petroleum.
9  

For this reason, increasing the presence of PEV and improving their 

performance offers an opportunity to unfetter automotive transportation from the shackles 

of its reliance on petroleum; unfortunately, PEV would not completely extricate society 

from its dependence on greenhouse-gas producing fuels, since PEV-charging relies on 

energy supplied by the grid, which is primarily powered by coal. Nevertheless, the DOE 

“EV Everywhere” report states its hope that “PEVs can decouple personal mobility from 

oil, cut pollution and help build a 21st Century American automotive industry.”
9
 

Among the truly renewable forms of energy, wind and solar have attracted 

considerable attention, but currently account, respectively, for only 18% and 4% of total  

 

 

Figure 1.4. United States energy consumption by source. Reproduced from ref. 9.  
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renewable energy consumption in the United States (i.e., 1.8% and 0.4% of total U.S. 

energy consumption). However, increasing the contribution of wind and solar to overall 

US energy consumption at grid-scale will create massive, terawatt-scale demand for 

storing energy generated by these two intermittent sources. Therefore, efficient use of 

these intermittent energy resources requires economical electrical energy-storage (EES) 

options based on abundant, inexpensive, high-capacity energy-storage materials. 

Unfortunately, the high cost of Li-ion materials weakens the value proposition for their 

use in large-scale energy storage, and has motivated the search for less expensive, more 

earth-abundant materials.  

1.1.2.3 Small-scale Energy Storage and the “Internet of Things” 

In parallel, recent applications related to mobile computing and portable devices 

have created new demands for improved EES technology at small scale as well. Recent 

transformations in the microelectronics industry have given rise to a proliferation of 

microelectromechanical systems (MEMS), the encroachment of tablets and mini-

computers on territory once held by desktop and laptop computers, and a steady increase 

in demand for portable and wearable electronics devices, including health monitors. The 

ever-rising demands of consumer electronic devices have expanded the need for 

miniaturized, on-board power sources that can deliver power at microwatt-level, provide 

areal capacities of 5 - 10 mA h cm
-2

, and occupy total overall dimension < 10 mm
3
.
5,10-11

  

Advances in functional microdevices have also created significant opportunity for 

the “Internet of Things” (IoT) to improve energy efficiency, patient care, and public 

safely through integrated and interactive monitoring of energy usage, human health, 

infrastructure, and business transactions.
12

 However, a tremendous number of IoT 

devices will need small, thin, on-board, energy-storage options (e.g., batteries adapted to 
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special form factors for wearables, and to physiological environments and implantable 

devices), so batteries produced at low cost with simplified manufacturing methods are 

necessary to make the host of active radio-frequency identification (RFID) tags and other 

systems with wireless connectivity economically feasible for portable electronics, smart 

packaging, electronic textiles, wearable devices, medical sensors, implants, diagnostics, 

and therapeutic devices (including skin patches), including flexible, printed, and 

implantable microscale devices. 

Although lithium-ion batteries are a foundational element of mobile computing 

and telecommunications, they have not kept pace with miniaturization trends in 

microelectronics
13

, mainly due to unresolved challenges associated with maximizing 

areal energy- and power densities within a small footprint.
14,15 

Beginning in the 1980’s, 

the original iterations of microbatteries were fabricated with physical and chemical vapor 

deposition.
16-18

 Unfortunately, these planar, “thin-film” devices were made from 

materials with extremely low lithium-ion conductivity, which restricted their thickness to 

a few microns
11

 and their capacity to ≤ 1 mA h cm
-2

.
19

 More recently, diverse 3D battery 

architectures (e.g., interdigitated, concentric tube, inverse opal, etc.) have eliminated 

many of the shortcomings of 2D thin-film batteries, and have substantially increased 

areal power density.
13-15,20

 Figure 1.5 contains visual examples of 3D battery 

architectures, including arrays of interdigitated cylindrical or plate-shaped anodes and 

cathodes, rod arrays of cylindrical anodes coated with ion-conducting electrolytes (in 

which the cathode material surrounds the electrolyte and remains in intimate contact with 

the cylinders), and aperiodic “sponge” architectures. However, the 3D microbatteries that 

have been fabricated with periodic geometries rely on complex, bottom-up 

microfabrication or micromachining techniques, and their design elements have resulted 

in performance limitations.
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Figure 1.5 Examples of 3D architectures for charge-insertion batteries: (a) interdigitated 

cylindrical array of anodes and cathodes, (b) interdigitated plate array, (c) rod array of 

cylindrical anodes coated with ion-conducting electrolyte, and (d) aperiodic “sponge” 

architectures. Reproduced from ref. 14.  

1.1.3 The Electrochemical Energy Storage Conundrum 

Considering the confluence of factors described above, the need for improved 

energy-storage options at various size scales has become more pressing. Unfortunately, 

progress in energy-materials research has lagged behind global energy consumption. In 

addition, improvements on existing Li-ion chemistries have been slow compared with 

those of other electronic components, both in terms of performance and cost reduction, 

and the incremental advances in LIB technology have been insufficient to accompany the 

rapid increases in global demand.  
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1.2 LITHIUM-SULFUR BATTERIES - “BEYOND LITHIUM ION” 

A consensus has emerged within the scientific and engineering community that 

improved electrochemical energy storage systems are imperative; as a result, momentum 

behind the discussion of “Beyond Lithium Ion” technologies has grown considerably. 

Sulfur is currently one of the most promising next-generation energy storage materials; it 

is abundant and has ten times the theoretical capacity of transition-metal oxides, and five 

times the energy density. The United States has approximately 13.5% of the world’s 

estimated sulfur reserves (9.77 million metric tons), more than any other country except 

China (12.0 million metric tons). The price of sulfur in October 2014 was ~ $129 per US 

ton,
21

 and the United States’ net sulfur import reliance in 2014 (11%) was the fourth-

lowest among all minerals with a reliance greater than 5% listed by the U.S. Geologic 

Survey (only gypsum, iron, and cement were lower). In comparison, the components of 

commercial lithium-ion batteries have much higher net import reliance and price per U.S. 

ton, e.g., natural graphite and Mn (100% import reliance, $1680/ton), Zn (81%, 

$1040/ton), Co (76%, $13040/ton), Sn (74%, $9180/ton), Cr (as ferrochrome, 72%, 

$1850/ton), and Ni (54%, $4550).
21,22

 

In spite of the clear economic and theoretical advantages of sulfur as an active 

material, the Li-S system also has several important drawbacks: 

(1) sulfur is an insulator ; 

(2) sulfur dissolves during cycling, which allows active material to escape from the 

cathode, resulting in capacity fade, low coulombic efficiency, and anode 

poisoning; 

(3) sulfur experiences significant volume expansion; 

(4) sulfur cathodes do not contain any lithium, so Li-S needs to use lithium metal as 

the anode, which has its own fast capacity degradation problems.  
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1.2.1 Challenges for Implementing Li-S 

1.2.1.1 Sulfur as an Insulator 

The high electrical resistivity of sulfur (2 × 10
23

 μΩ cm at 20 °C)
23

 is attributable 

to the absence of conjugated bonds and a full valence electron shell. As a result, 

electronically conductive materials (e.g., carbon, metals, conductive polymers) must be 

mixed with sulfur to effectively extract its electrons during electrochemical cycling.  

1.2.1.2 Sulfur as a Conversion Material 

Sulfur is a “conversion” material since it undergoes chemical transformations 

during discharge and charge. This presents a marked contrast with the dimensionally 

stable, LIB insertion/intercalation hosts that undergo electrochemical switching, but not 

phase transformations, and therefore display excellent cycle performance. The migration 

of liquid-phase lithium polysulfide intermediates in Li-S cells represents an obvious 

mechanism for capacity loss since dissolved active material is mobile, and the freely 

migrating material may lose contact with the conductive electrode components, react with 

the electrolyte, or “shuttle” between the anode and cathode during charge/discharge, 

which creates a separate redox cycle within the cell that does not contribute usable 

charge/discharge capacity. The “shuttle effect,” along with self-reaction between the 

dissolved species, reduces the coulombic efficiency (CE) of the cell.
24

 

Figure 1.6 depicts a simplified schematic/summary of the phase changes involved 

in the discharge of (solid) elemental sulfur to (solid) lithium sulfide, which proceeds 

through a series of liquid-phase conversions to shorter-chain lithium-polysulfides. Figure 

1.7 displays representative discharge and charge curves for elemental sulfur. The 

discharge curve exhibits an upper plateau associated with the initial ring-opening and the  
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Figure 1.6 . Li-S charge-discharge schematic, showing the transformation between solid 

and liquid phases. 

conversion of solid sulfur to dissolved lithium-polysulfides (region I), followed by a 

“sloping region” (region II) corresponding to chain-shortening (equations 1.1 to 1.5) 

resulting from lithium polysulfide interconversion and finally the lower plateau (regions 

III and IV) associated with conversion to solid lithium sulfides (Li2S2 and Li2S). The 

observed overpotential at the beginning of charge (red arrow #2) results from the 

insulating nature of the final discharge products:  

 

 

Figure 1.7. Lithium-sulfur charge/discharge curves, with arrows indicating the onset of 

solid-liquid or liquid-solid transformations, and dotted lines indicating regions in which 

chemical conversions described by equations 1.1 – 1.5 occur. Reproduced from ref. 25. 
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The arrows indicate the onset of electrochemical solid-liquid or liquid-solid 

transformations, and the regions labelled I – IV on the plot are thought to be 

predominantly characterized by specific reactions/phase transformations. Although the 

specific mechanisms underlying each step in the chemically reversible transformation 

from elemental sulfur to lithium sulfide have not been unambiguously elucidated, a 

widely-accepted general reaction scheme is typically summarized as follows:
25

 

 

Region I: transformation of (solid) elemental sulfur to (liquid) higher-order polysulfides:  

 

S8 + 2Li → Li2S8         (Eq. 1.1) 

 

Region II: liquid-phase transition of Li2S8 to lower-order polysulfides (Li2Sx, 8 > x > 4):  

 

Li2S8 + 2Li → Li2S8-x + Li2Sx      (Eq. 1.2) 

 

Region III: transformation from (liquid) lower order polysulfides to (solid) lithium 

sulfides (i.e., Li2S2 and Li2S):  

 

2Li2Sn + (2n-4)Li → nLi2S2      (Eq. 1.3) 

Li2Sn + (2n-2)Li → nLi2S      (Eq. 1.4) 

 

Region IV: transformation from (solid) Li2S2 to (solid) Li2S  

 

Li2S2 + 2Li → 2Li2S       (Eq. 1.5) 
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Although different authors have proposed sequential chain-length reduction of Li2S8 to 

progressively shorter lithium polysulfides, the Gibbs free energies for diverse polysulfide 

anions (Sn
2-

, n = 2 – 5) are very similar, which favors the interconversion and coexistence 

of these species in solution, and precludes exact speciation of polysulfide solutions.
26

 

However, the preponderance of final products from the reaction sequence described 

above is important, since conversion of Li2S2 (i.e., in which sulfur is present as S
1-

) to 

Li2S (in which sulfur exists as S
2-

) represents half of the total theoretical capacity 

available from the two-electron conversion of sulfur during charge/discharge. The solid-

solid conversion of Li2S2 to Li2S is believed to be slow, such that a significant portion of 

loss of sulfur utilization could be due to the predominance of transformation to Li2S2 

instead of Li2S.  

1.2.1.3 Volumetric Changes Involved in Electrochemical Sulfur Charge/Discharge 

The significant density difference between elemental sulfur (ρα phase = 2.07 g cm
-3

) 

and Li2S (ρ = 1.66 g cm
-3

) implies a notable volume change during cycling.
23,27

 The 

severe volume expansion of active material in the electrodes during discharge is known 

to induce the formation of cracks and other structural anomalies in the electrode, which 

contribute to and hasten battery failure.
28

 Utilization of elastic materials could be 

expected to buffer the volume change and associated stresses within the cathode. 

However, as discussed below, elastic materials are typically insulators, so further 

research to identify elastic and conductive materials is necessary. In the absence of such 

materials, carbon materials within pliable networks have been utilized, and supported or 

partially-filled carbon-sulfur composites provide another option for avoiding the fracture 

of sulfur electrodes. 
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 1.2.1.4 Solvent Incompatibilities between Sulfur and Li-ion Electrolytes 

The Li-S system is unable to utilize the carbonate-based electrolytes commonly 

used in traditional LIB (i.e., ethylene carbonate and diethyl carbonate) because lithium 

polysulfides have very low solubility in these solvents, and the solvents are also highly 

reactive with polysulfides and reduced sulfur species (i.e., lithium sulfide).
29

 As a result, 

Li-S batteries commonly use a 1:1 (v/v) mixture of two ether-based liquid electrolytes, 

dioxolane (DOL) and dimethoxyethane (DME). The former is used in conjunction with a 

lithium nitrate salt additive that helps form a protective solid-electrolyte interface (SEI) 

layer on the lithium metal anode surface, while the latter is used because it exhibits high 

polysulfide solubility.
30

  

 

1.2.2 Strategies for Overcoming Challenges Associated with Li-S Batteries 

The principal limitations of the Li-S system listed above could be addressed by 

optimizing the cathode architecture to encapsulate sulfur within a conductive network 

that allows electrolyte access, accommodates volumetric changes, and prevents escape of 

active material during charge/discharge. Hereafter, a brief summary of the strategies that 

have been used to address each of the fundamental challenges listed above is provided.  

1.2.2.1 Sulfur as an Insulator 

All naturally-occurring sulfur allotropes are known to be electronic insulators. 

Recently, however, sulfur infused within single-walled carbon nanotubes (S@SWNT) 

has been shown to adopt a straight-chain configuration and possess metallic 

conductivity.
31

 This novel composite potentially offers a unique synergy for eliminating 

the drawbacks associated with the insulating nature of sulfur. However, only one 

previous study has examined the electrochemical properties of S@SWNT; the study 
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clearly demonstrated that the sulfur inside the SWNT could be discharged, and indicated 

that the discharge mechanism was different than that of octasulfur,
32

 so additional studies 

are needed to confirm and elucidate these observations. 

All other attempts to optimize the Li-S system have utilized one or more of an 

immense variety of conductive materials to encapsulate the insulating allotropes of sulfur. 

A definitive solution has proved elusive; however, several recent reviews have 

summarized the extensive approaches adopted for sulfur-encapsulation.
33-35

 

1.2.2.2 Sulfur as a Conversion Material 

The vast majority of Li-S publications have investigated strategies for 

sequestering liquid-phase polysulfide intermediates or restraining their migration through 

physical confinement and/or chemical interactions. These strategies, based on 

encapsulation within carbonaceous materials, have improved Li-S performance by 

providing a conductive matrix to sequester sulfur, but none have completely eliminated 

the main disadvantages of sulfur as an active material.
33-35

  

Although the solid-liquid-solid transitions are the root cause of capacity fading in 

Li-S cathodes, a second alternative electrode formulation approach seeks to utilize the 

liquid phase as an advantage. Diverse authors have described “binder-free” electrode 

configurations in which a dimensionally stable, conductive scaffold serves as a stand-

alone current collector for the electrodeposition of lithium-dissolved polysulfide material. 

In this configuration, a three-dimensional current collector is prepared through chemical 

synthesis, vacuum-induced assembly, etc., and liquid polysulfide catholyte is added to the 

structure during test-cell assembly, prior to initial charge or discharge.
36

 In this manner, 

one of the principle drawbacks of the Li-S system, namely the formation of dissolved 

polysulfide intermediates during discharge, may be used as an advantage. Encapsulating  
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Figure 1.8 Dimensionally-stable, binder-free MWCNT cathodes for Li-S batteries. 

Reproduced from ref. 37. 

solid sulfur in elemental form typically involves complex syntheses or energy-intensive 

mixing, stirring, ball milling, or melt-infusion, and usually requires electrochemically 

inactive binders. In contrast, diffusion and capillary forces distribute liquid active 

material evenly throughout porous current collectors, and MWCNT electrodes loaded 

with dissolved lithium polysulfide active material
37

 have shown impressive performance 

for low sulfur-loadings of 1 - 2 mg cm
-2

. 

A third approach seeks to avoid the production of liquid intermediates altogether, 

and preferentially mediate the electrochemical conversion between sulfur and lithium 

sulfide entirely via a sequence of solid-phase conversions. Interestingly, elemental sulfur 

has more allotropes than any other element; however, Li-S studies have almost 

exclusively used the octa-form of elemental sulfur for materia prima, which displays 

distinct plateaux associated with conversion of solid material (i.e., S or Li2S) into soluble 

polysulfides However, isolated studies have suggested that certain allotropes, e.g., 

nanoconfined, monoclinic, small-molecule (e.g., S2–4), and linear chain sulfur, may 

undergo redox conversion via all-solid phase transformations, since their galvanostatic 
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charge and discharge profiles exhibit a gradual slope, suggesting single-phase 

electrochemical intraconversion between the most oxidized and reduced forms during 

charge/discharge (Figure 1.9).
38-42

 Clearly, sulfur species that could reduce or eliminate 

the production of soluble polysulfides during charge/discharge would be a favorable 

alternative to S8, so further investigation of these species is warranted.  

 

 

Figure 1.9. Galvanostatic discharge curve for purported discharge via all-solid phase 

intermediates. Reproduced from ref. 42.  

 

1.2.2.3 Efforts to Accommodate the Drastic Volumetric Changes of Sulfur 

Two strategies have been evaluated for accommodating the drastic volume change 

that sulfur exhibits during discharge: (i) choosing binders with appreciable elastic 

character or deformability, and (ii) adopting porous three-dimensional (3D) current 

collectors.  
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Advanced binders have the opportunity to enhance cycle performance even 

though the weight fraction of binder in the electrode is relatively low. Potential candidate 

binders must exhibit appreciable dispersibility in aqueous or organic solvents, 

electrochemical stability within the working voltage window, and chemical inertness with 

the electrolyte and active material. Polytetrafluoroethylene (PTFE) and PVDF are two of 

the most common binders found in Li-ion and Li-S systems, and are used to provide 

strong adhesion between active material, conductive agents, and current collector. Water-

soluble binders have also been used to replace traditional binders dispersed in harmful 

solvents like N-methylpyrrolidone (NMP).
43,44

 Unfortunately, the structure of sulfur 

cathodes changes significantly during cycling, due to repeated dissolution/precipitation of 

active material, and PVdF and PTFE do not possess adequate elastic character to 

withstand the repeated cycle-induced electrode deformations. Accordingly, although the 

vast majority of Li-S studies have used polyvinylidene fluoride (PVdF) as a binder, 

different groups have found that binders with more elastic character, such as polyethylene 

oxide (PEO),
45,46 

gelatin,
47

 and carboxymethylcellulose-styrene-butadiene rubber (CMC-

SBR) enhance performance relative to PVdF, and that viscoelastic materials (e.g., CMC-

SBR, and polyurethane)
48-50

 help reduce electrode degradation. 

Besides elastic binders, three-dimensional (3D) current collectors provide an 

option for endowing additional resistance against mechanical deformation. In addition, 

this class of current collector can also accommodate large quantities of sulfur-slurry, and 

help to improve contact with active materials.
36,51-52
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1.3 MEETING THE CHALLENGES FACING DEPLOYMENT OF THE “IOT” 

1.3.1 Processes for Producing Improved Microbatteries 

Although the importance of thin, flexible and printed batteries have been 

recognized, progress in microbatteries has lagged far behind the impressive advances in 

micro/nanoelectronic devices.
5
 Moreover, research efforts associated with “Beyond 

Lithium Ion” chemistries have mainly focused on small or medium-sized batteries (i.e., 

coin cell and larger). However, the binder-free, carbon-mesh MWCNT-based current 

collector/electrodes discussed in section 1.2.2.2 resemble other highly conductive and 

ultraporous aperiodic structures that have been evaluated with diverse Li-ion 

chemistries.
53–55

 Aperiodic architectures are especially well suited to Li–S cathodes 

because they provide extensive electrochemical surface area for electrodepositing liquid-

phase active sulfur material; furthermore, their high porosity facilitates electrolyte access 

to active material, enhances electronic, ionic, and electrolyte transport,
56

 and 

accommodates the volume changes that sulfur undergoes during cycling. They could, 

therefore, ameliorate many limitations associated with (periodic) 3D battery 

architectures,
57

 and have been used as scaffolds to deposit active material for lithium-ion 

and supercapacitor electrodes.
58,59

  

1.3.2 Innovative Manufacturing Strategies 

The rise of additive manufacturing has created a tremendous opportunity to 

simplify microelectronics fabrication with rapid, top-down methods. Inkjet printing is a 

high-throughput and cost-effective method that has the potential to simplify 

microelectronic and 3D-battery fabrication. 

Carbon nanotubes (CNT) have many properties that make them excellent 

materials for microelectronic devices, and their small size makes them amenable to 



 22 

printing, so it is no great surprise that inkjet-printed FETs
60-61

 and ring oscillators
62

 have 

been reported. Materials such as CNT that are useful for both batteries and electronics 

could facilitate the transition to integrated manufacturing, since this transition would 

allow microelectronic devices (and batteries to power them) to be fabricated in top-down 

fashion on the same substrate and using similar inks, which would also facilitate surface 

preparation.  

1.3.3 Materials for Flexible Batteries 

The rise of flexible, elastic, and wearable electronics has driven the need for 

materials that are both conductive and deformable. Unfortunately, elastomers are 

insulators and, therefore, require conductive fillers to improve their electrical properties. 

As a result, extensive efforts have been devoted to producing electronically conductive 

elastomers by mechanical introduction of conductive fillers (e.g., via pressing, physical 

mixing, co-extrusion, injection molding, etc.) or by chemical synthesis approaches.  

A significant impediment to flexible sulfur cathodes is the need to strategically 

bind sulfur and a conductive matrix into an assembly that can withstand the severe 

localized mechanical stresses accompanying bending in flex systems. Unfortunately, 

binders used in Li-S batteries are all electrical insulators and are not electroactive, so they 

do not contribute to capacity and, therefore, reduce the energy density since they 

represent 5 - 20% of the total cathode mass. Therefore, conducting-polymeric/platform 

materials are urgently needed to facilitate the realization of flexible energy-storage.  

 

1.3.4. Materials for Implantable Batteries 

Bioelectronics, in concert with the Internet of Things, seeks to enable the facile 

integration of implantable devices with “big data”-driven health monitoring, and 
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empower personalized healthcare.
63

 Although the Li-S system represents a promising 

avenue for batteries that could be used in the majority of devices for IoT applications, the 

desire to link implantable biosensors and therapeutic devices to the greater IoT network 

represents a special and unique challenge. Unfortunately, electronics and batteries for 

implantable medical devices are particularly challenging to fabricate because, in addition 

to the exigent requirements for reliability, biocompatibility, and/or biodegradability, 

implantable materials and devices must also resist nonspecific protein adsorption.
 

Although electronic devices demonstrating biocompatibility with living tissue are already 

a reality,
64-66

 implantable energy storage materials are essentially unknown, and batteries 

for implantable devices currently require bulky metal cases to sequester toxic electrolytes 

and immunogenic active materials.
67

 

Ideally, implantable devices could achieve maximum biocompatibility if they 

exclusively comprised endogenous materials. Although there are many examples of 

human biomolecules that are known to be electrochemically active (e.g. 

catecholamines)
68

, there are no reported attempts to fabricate batteries with endogenous 

materials. 

 

1.4 OBJECTIVES 

The overall objective of the research presented in this dissertation is to develop 

materials and printing-based strategies to fabricate energy-storage electrodes for devices 

that could be used in IoT applications. These include flexible and printed Li-S battery 

electrodes, materials to power implantable devices, and strategies for integrated, printing-

based nanomanufacturing to enable the fabrication of both batteries and electronic 

devices on the same substrate with a single printer. Therefore, the research described 
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herein attempts to address recalcitrant deficiencies with Li-S batteries, with special 

attention to the pressing need for flexible and printed lithium-sulfur batteries, and make a 

first effort to create energy-storage devices exclusively from natural implantable 

materials. 

After the Introduction in this Chapter 1, a brief presentation of experimental 

methods is presented in Chapter 2. Thereafter, Chapter 3 presents the synthesis, 

characterization, and utilization of a low-cost, high-performance, electroactive and 

elastomeric nanocomposite polymeric material composed of polypyrrole and 

polyurethane, and the application of this nanocomposite for flexible lithium-sulfur 

cathodes. The material is incorporated into Li-S slurries which are cast on flexible carbon 

felt to produce flexible Li-S cathodes. 

Chapters 4 and 5 present materials and processes for producing printed 

microelectrodes. In Chapter 4, printed microelectrodes for lithium-sulfur cathodes are 

produced with aqueous inks and a one-step extrusion-printing process. The process 

enables facile scaling of electrode size; microcathodes of ~ 3 mm diameter and < 150 µm 

thick are tested in coin cells and found to exhibit high areal capacities and withstand ≥ 

500 cycles. Their performance meets energy-storage benchmarks for powering 

microdevices and presents a strategic option for future microbatteries. Chapter 5 

describes a process by which sulfur-infused single-wall carbon nanotubes (S@SWNT) 

are adopted as an integrated active-material/conductive matrix, and whereby inkjet-

printed lithium-sulfur cathodes are fabricated on a flexible aluminum foil substrate. 

Cyclic voltammetry indicates that the discharge mechanism associated with S@SWNT 

does not include formation of soluble polysulfides.  

Chapter 6 presents an energy-storage material fabricated entirely from 

endogenous biomolecules via a one-step carbodiimide conjugation of dopamine (DA) to 
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hyaluronic acid (HA). The DAHA composite is electropolymerized to create a 

pseudocapacitive biopolymer, p(DAHA), that exhibits catechol-quinone interconversion, 

stable, long-term electroactivity for 400 cycles, and high pseudocapacitance and 

discharge capacity. These characteristics predispose it for bioelectronic energy storage, 

i.e., as a supercapacitor or, when coupled with an implantable Ag/AgCl electrode, a 

biobattery with an operating voltage ~ 0.85 V. 
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Chapter 2:  General Experimental Procedures  

2.1 MATERIALS SYNTHESIS 

Pristine sulfur was synthesized by mixing sodium thiosulfate (Na2S2O3; Fisher 

scientific) and hydrochloric acid (HCl; Fisher Scientific) in aqueous solution overnight 

under strong stirring, followed by filtering and then washing the precipitate formed until 

the pH reached 7. The sulfur powder was dried overnight at 50 °C in an air-oven before 

use.  

Details of the synthetic procedure for producing the polypyrrole-polyurethane 

nanocomposite and the carbon-sulfur composite are provided in Chapter 3. 

Details of the synthesis of the dopamine-hyaluronic biocomposite are provided in 

Chapter 6. 

 

2.2 MATERIALS CHARACTERIZATION 

The materials employed in the experiments were characterized by the following 

techniques. The specific characterization procedures will be described in the respective 

chapters. 

 

2.2.1 X-ray Diffraction (XRD) 

XRD data were collected at 2 = 10 – 70⁰ in steps of 0.01 with a Philips X-ray 

Diffractometer with Cu Kα radiation, or with a Rigaku Miniflex 600 X-ray 

diffractometer, in steps of 0.01 to 0.02°, at 0.025° min
-1

.  
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2.2.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was used to determine the sulfur content of 

the S/C composite and the PPy content of PPyPU (Shimadzu TGA-50 

Thermogravimetric Analyzer, Pt crucible) at a heating rate of 5° C min
-1

 between 25 and 

1000° C with a compressed air flow at 50 cm
3
 min

-1
. 

 

2.2.3 Scanning Electron Microscopy (SEM)  

Physical morphology was evaluated with a Zeiss SUPRA 40 VP, Hitachi S-5500, 

or FEI Quanta 650 scanning electron microscope (SEM), NIKON SMZ1500 optical 

microscope, and a JEOL 2010F high-resolution TEM.  

 

2.2.4 Energy Dispersive X-ray Spectroscopy (EDS) 

The elemental composition and elemental mapping was realized with an energy 

dispersive spectrometer (EDS) attached to the FEI Quanta 650 SEM. 

 

2.2.5 Raman Spectroscopy 

Micro-Raman (WITec Alpha-300) images were acquired with 532 nm wavelength 

laser for excitation. Data were acquired through a 5X, 20X, or 100X objective, using 1 - 

10 scans accumulated over 50 s total integration time with 5 mW laser power. 

 

2.2.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra) utilized a 

monochromatic Al Kα X-ray source (hν = 1486.5 eV) at 150 W (10 mA and 15 kV). The 

base pressure in the analysis chamber was ~ 2 x 10
-9

 Torr.  Survey scans were collected 
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between 0 and 1000 eV (binding energy) in 1.0 eV increments, followed by high-

resolution scans in 0.1 eV steps. Pass energies for survey and high resolution scans were, 

respectively, set to 80 eV and 20 eV. All spectra were charge-corrected relative to the 

graphitic hydrocarbon C 1s signal at 284.5 eV. Casa XPS analysis software was used for 

peak deconvolution (using a Shirley background and line-shapes with a Gaussian (70%) 

and Lorentzian (30%) combination). Elemental stoichiometry was determined using 

corrected peak areas and Kratos sensitivity factors.  Air-sensitive samples were 

transferred from an argon-filled glovebox (~ 1 ppm of molecular oxygen and water) to 

the ultra-high vacuum XPS chamber using a custom interface/capsule.   A custom 

machined XPS bar enabled a longitudinal evaluation over time.  Samples were mounted 

on the bar, and baseline XPS spectra were taken; the samples were then reanalyzed after 

heating in a vacuum oven or tube furnace, or after storage in a vacuum desiccator or 

UHV XPS chamber. 

 

2.3 ELECTROCHEMICAL CHARACTERIZATION 

2.3.1 Cell Assembly 

Electrochemical properties of the synthesized samples were evaluated in coin 

cells, with lithium metal as a counter electrode. Sulfur cathode slurry was prepared by 

mixing sulfur, carbon black (Super P), and polyvinylidenefluoride (PVDF; Kureha) 

binder in an N-methylpyrrolidinone (NMP; Sigma-Aldrich) solution overnight. The slurry 

was doctor-bladed using a 0.05” gap onto aluminum foil and dried in an air-oven 

overnight at 50 °C, followed by roll-pressing and cutting into circular electrodes. The 

cathode disks were dried in a vacuum oven for an hour at 50 °C before assembling the 

cell. The electrolyte was prepared by adding LiCF3SO3 (Acros Organics) and LiNO3 
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(Acros Organics) salts into a mixture of 1,2-dimethoxyethane (DME; Acros Organics) 

and 1,3-dioxolane (DOL; Acros Organics) at a 1:1 volume ratio. CR2032 coin cells were 

assembled with the sulfur cathode, prepared electrolyte, a polypropylene separator 

(Celgard), and a lithium foil anode (Aldrich) attached to a Ni-foam spacer. 

 

2.3.2 Cycle Performance and Rate Capability Testing 

All electrochemical cycling tests were performed with an Arbin or BioLogic 

battery cyclers. Different voltage windows and current rates were used, depending upon 

the experimental objectives. Cycle performances were evaluated by discharging and 

charging the cells at a fixed C rate, within a fixed voltage window or established charge 

capacity. Rate capability tests were evaluated by cycling the cells at various C rates 

within a fixed voltage window. 

 

2.3.3 Cyclic Voltammetry (CV) 

CV plots were collected with a VoltaLab PGZ 402 or BioLogic VMP3 

potentiostat at a fixed scan rate, and within a fixed voltage window. 

 

2.3.4 Electrochemical Impedance Spectroscopy (EIS) 

EIS data were obtained with a BioLogic VMP3 or Solartron Impedance Analyzer 

(SI 1260 + SI 1287) from 1 MHz to 100 mHz with an AC voltage amplitude of 5 mV at 

the open-circuit voltage of the cells, and setting the Li metal foil as both counter and 

reference electrodes. 
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Chapter 3:  An Elastic, Conductive, Electroactive Nanocomposite 

Binder for Flexible Sulfur Cathodes in Lithium-sulfur Batteries1 

 

3.1 INTRODUCTION 

The rapidly growing “Internet of Things” is creating increasingly integrated 

electronic systems and immense interest in the development of flexible, stretchable, 

robust, high energy-density batteries with environmentally benign materials for wearable 

electronics and implantable devices. One of the principal challenges for powering next-

generation electronics is adapting batteries to nonplanar, flexible, stretchable, or 

implantable substrates. The lack of appropriate materials has impeded the transition of 

electronics from “heavy and brittle” platforms to “light, thin, flexible” platforms. 

Commercial lithium-ion (Li-ion) batteries are assembled from rigid active 

materials/packaging and employ metal current collectors that either resist deformation or 

cannot withstand the repeated deformations experienced by flexible platforms. 

Unfortunately, the range of materials suitable for stretchable battery platforms is 

extremely limited because conductive materials are typically brittle, and elastic materials 

are usually insulating. Although there have been impressive efforts to produce stretchable 

batteries,
1–5 

they have required a significant amount of electrochemically inactive metal 

or elastomeric base material, which drastically reduces energy density.
6
 In contrast, 

flexible systems (i.e., those that cannot stretch, but can withstand deformations based on 

bending, rolling, or folding) can take advantage of lightweight, non-elastic materials to 

achieve comparably higher energy–density; however, the vast majority of flexible 

                                                 
1 Portions of this chapter have been previously published as Milroy CA, Manthiram A. “An Elastic, 

Conductive, Electroactive Nanocomposite Binder for Flexible Sulfur Cathodes in Lithium-sulfur 

Batteries.” Advanced Materials 2016. http://dx.doi.org/10.1002/adma.201601665. C.A. Milroy carried out 

the experimental work and wrote the manuscript. A. Manthiram revised the final manuscript. 
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batteries have been based on low energy–density chemistries, which impedes 

miniaturization for mobile telecommunications and wearable/implantable devices.
7,8

 

Lithium–sulfur (Li–S) represents an attractive alternative to the current Li-ion battery 

since sulfur is plentiful and has a high theoretical capacity (1672 mA h g
−1

 S) and energy 

density (2500 Wh kg
−1

). In spite of these favorable attributes, elemental sulfur and its 

final discharge products are insulators and undergo conversion reactions with solid/liquid 

transitions that allow active material to escape from the cathode. These disadvantages 

require that sulfur be encapsulated in a conductive matrix to facilitate electrical contact 

with the current collector and inhibit the egress of liquid charge/discharge products.
9,10

 

However, most high-performing Li–S systems have utilized low areal sulfur loadings, 

excessive amounts of carbon, expensive components/additives (e.g., CNT and graphene), 

or elaborate syntheses.
11

 Furthermore, the vast majority of reports describing purportedly 

flexible Li–S systems have not demonstrated that the electrode can withstand repeated 

mechanical deformation,
12

 or have only provided a photograph of a bent electrode as 

proof of “flexibility”.
13–19

 To be of practical utility for deformable systems, electrodes 

must demonstrate functionality after repeated mechanical strain. The few reports that 

have done so have displayed excellent performance, but required electrochemically 

inactive binders,
20,21 

or were based on specialized, non-commercially available carbon 

materials from low-yield synthesis requiring expensive materia prima and hazardous 

materials (i.e., HF).
22

 

A significant impediment to flexible sulfur cathodes is the need to strategically 

bind sulfur and a conductive matrix into an assembly that can withstand the severe 

localized mechanical stress accompanying bending in flex systems. Ideally, a binder 

could serve this function. Although the vast majority of Li–S studies have used 

polyvinylidene fluoride (PVdF) as a binder, there is evidence that polyethylene oxide,
23,24
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gelatin,
25

 and carboxymethylcellulose–styrene–butadiene rubber (CMC–SBR) enhance 

performance relative to PVdF, that viscoelastic materials (e.g., CMC–SBR and 

polyurethane)
26–28

 help reduce electrode degradation, and that binders with 

polar/electronegative functional groups can restrict polysulfide diffusion.
29–31

 

Unfortunately, these materials are all electrical insulators and are not electroactive, so 

they do not contribute to capacity and therefore reduce energy density since they 

represent 5% – 20% of the total cathode mass. 

Huang and Goodenough adopted polypyrrole (PPy) as a conductive and 

electroactive binder for Li-ion systems
32

 since PPy has been shown to have an extensive 

discharge range from ~ 2 – 4 V (vs Li / Li
+
).

33–35
 Unfortunately, the brittleness of PPy and 

other conducting polymers (CP) prevents their direct use as a binder in the Li–S system 

because sulfur expands significantly during discharge. Accordingly, we have adopted a 

conductive, elastic, and electroactive nanocomposite material composed of polypyrrole 

and polyurethane (PPyPU) as a binder for Li–S electrodes. The benefits of this 

nanocomposite for flexible energy-storage are two-fold. First, the highly conjugated 

polypyrrole nanoparticles form an electrically percolating network within the 

polyurethane matrix. Second, the elastomeric polyurethane matrix endows the composite 

with mechanical pliability (facilitating its use as a base material for flexible/stretchable 

electrodes) and accommodates the severe volume expansion of sulfur that is known to 

compromise the structural integrity of electrodes during cycling and negatively impact 

extended cycle performance. We demonstrate that this binder can be used with a simple 

carbon/sulfur (S/C) composite to produce a high-performance, flexible electrode that 

does not require excessive carbon, interlayers, or special additives that have been 

previously adopted to achieve a similar level of performance.
11
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3.2. EXPERIMENTAL METHODS 

3.2.1 Materials and Reagents  

All materials were used as received, except as noted below. 

3.2.2 Active Materials Synthesis  

3.2.2.1 Sulfur-carbon Composite Synthesis  

The S/C composite was synthesized according to a previously published 

protocol
36 

 by first dissolving 0.02 mole of sodium thiosulfate (Na2S2O3, Fisher scientific) 

in 750 mL of 18.2 MΩ deionized water and 75 mL of isopropyl alcohol (C3H8O, Fisher 

scientific) with gentle stirring, followed by adding 0.1 g carbon black (Super-P, 

TIMCAL) and bath-sonicating the solution for ~ 20 min. To initiate the conversion from 

thiosulfate to elemental sulfur, 2 mL of concentrated hydrochloric acid (HCl, Fisher 

Scientific) was added dropwise to the solution (~ 1 drop s
-1

) to precipitate sulfur on the 

surface of the conductive carbon according to the following reaction: 

 

Na2S2O3 + 2HCl → 2NaCl + SO2 + H2O + S↓ 

 

After allowing the reaction mixture to proceed for 18 – 24 h under moderate stirring, the 

product was collected by filtration (Whatman #1 filter, GE Life Sciences) and washed 

several times with deionized water, ethanol, and acetone prior to drying in a vacuum oven 

at 50 °C for 24 h. 

3.2.2.2 Conductive/Electroactive Binder Synthesis  

The PPyPU nanocomposite was synthesized by in situ emulsion polymerization of 

pyrrole (Py) within a polyurethane (PU) continuous phase.
37

 PU (Carbothane PC3585-A, 

Lubrizol) was dissolved in chloroform to produce a 10% (w/v) solution of PU and 
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allowed to equilibrate for at least 12 h. Then, 1% (w/v) sodium dodecyl sulfate (SDS) 

(Bio-Rad Laboratories) was added, and the solution was stirred vigorously for 30 min. 

Pyrrole was purified over activated alumina (Sigma-Aldrich), and 3% (wt/v) purified 

pyrrole was added to the chloroform–PU–SDS mixture and stirred for 30min. Then, a 

volume of 0.3 M FeCl3 (Aldrich) adequate to provide 2.3:1 (Fe
3+

:Py) was added dropwise 

to the vigorously-stirring emulsion. After 4.5 h, the reaction was quenched with 

anhydrous ethanol (Fisher Scientific), and the raw product was repeatedly washed/soaked 

with anhydrous ethanol. The composite was dried in air and stored under vacuum for 24 h 

to ensure solvent removal. 

3.2.3 Materials Analysis  

TGA was used to determine the sulfur content of the S/C composite and the PPy 

content of PPyPU (Shimadzu TGA-50 Thermogravimetric Analyzer, Pt crucible, heating 

rate of 5° C min
−1

 between 25 and 1000° C, with compressed air flow at 50 cm
3
 min

−1
 to 

maintain consistency with previous protocol).
36

 XRD data were collected at 2Ɵ = 10° –

50° on a Rigaku Miniflex 600 X-ray diffractometer. 

3.2.4 Active-Material Slurry Preparation  

The S/C composite active material was combined with dry, finely-cut PPyPU in a 

glass vial at a 9:1, 8:2, or 7:3 (S/C:PPyPU) weight ratio to give a S:C:binder ratio of, 

respectively, 68:22:10, 60:20:20, and 52.5: 17.5:30. The dry powers were mixed briefly 

with magnetic stirring, and enough N-methylpyrrolidone (NMP) was added to create a 

S/C–PPyPU slurry that would not stick to the side of the glass vial when the vial was 

tilted slightly and then set upright again. In the final, optmized formulation, 0.225 g of S–

C composite, 0.025 g PPyPU, and 2.5 – 3 mL NMP were combined to produce a slurry 

formulation that was 68:22:10 (S:C:PPyPU). For control electrodes, slurries with the 
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same overall weight fractions of sulfur, carbon, and binder were also prepared with PVdF 

as a binder instead of PPyPU. 

3.2.5. Electrode Preparation  

Highly conductive carbon felt (Alfa-Aesar) was punched into 1.2 cm diameter 

disks and weighed. Approximately 100 μL of the slurry was then added dropwise to the 

felt disks, and the felt was firmly pressed with a pipette tip to ensure efficient and 

homogenous penetration of the S/C–PPyPU slurry within the felt matrix. The electrodes 

were kept under vacuum at 50° C for 72 h and subsequently stored in a vacuum-

desiccator for 7–14 d. After the electrode disks were removed from vacuum, they were 

imaged, weighed, and subjected to 50 sequential mechanical deformations involving 

bending/rolling (~ 1 Hz rate) to verify the robustness of the electrode to mechanical 

stress. The electrodes were imaged and weighed again immediately prior to cell assembly 

for CV and galvanostatic discharge testing. 

The authors observed that achieving a uniform coating of slurry on the individual 

fibers of the carbon felt matrix was essential for ensuring electrode performance, since 

large clumps of active material aggregated at the surface of the felt were easily detached 

during flex-testing or galvanostatic cycling. As a result, electrodes with poorly coated 

slurries displayed significantly lower cycle performance than electrodes with effectively 

dosed slurries (i.e., those that produced finely coated individual fibers). A Nikon 

SMZ1500 optical microscope was used to assess the dispersion of active material on the 

carbon felt during dosing, after solvent removal, and after flex-testing. To prove that the 

flexibility of their electrodes was due to the inherent elasticity of polyurethane, the 

authors also made free-standing, flexible, slurry-cast electrodes containing only the S–C 

composite and PPyPU as a binder by slurry-casting onto aluminum foil, and then 
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removing the electrode from the aluminum foil, as shown in Figure 3.8. To evaluate the 

electroactivity of the PPy content of the binder, PPyPU was dissolved in NMP with 

super-P carbon, deposited on the carbon felt, and tested using cyclic voltammetry.  

3.2.6. Electrolyte Preparation  

To prepare blank electrolyte, the authors dissolved lithium 

trifluoromethanesulfonate (LiCF3SO3, 98%, Sigma-Aldrich) and lithium nitrate (LiNO3, 

99%, Acros Organics) in a mixture of dimethoxy ethane (DME, 99%, Sigma-Aldrich) 

and 1,3-dioxolane (DOL, 99.5+ %, Acros Organics) (1:1 v/v) to generate 1 M LiCF3SO3 

and 0.1 – 0.5 M LiNO3. 

3.2.7 Coin Cell Assembly  

Test cells were assembled in an Ar-filled glove box. Electrolyte was added to the 

freestanding flexible electrode (placed inside a cathode cell cap), followed by a Celgard 

2500 separator, blank electrolyte, and a lithium-metal anode. The CR2032 coin cell was 

sealed with an electrode press. 

3.2.8 Electrode Analysis and Electrochemical Measurements  

Cyclic voltammograms were taken on a VoltaLab PGZ402 at a scan rate of 0.05 

mV s
−1

. Electrochemical impedance spectroscopy (EIS) data were obtained with a 

Solartron Impedance Analyzer (SI 1260 + SI 1287) for frequencies between 1 MHz and 

100 mHz, with an AC voltage amplitude of 5 mV. An Arbin battery test cycler was used 

to galvanostatically test coin cells at rates between C/10 and 2C. The cycled electrodes 

were opened inside the glovebox, soaked in DME for 10 min, dried, and mounted for 

SEM/EDS measurements. Physical morphology was evaluated with a Zeiss SUPRA 40 

VP or FEI Quanta 650 SEM. Elemental mapping was realized with an EDS attached to 

the FEI Quanta 650 SEM.  
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3.3  RESULTS 

Figure 3.1 provides a schematic of the electrode fabrication process. The guiding 

principle driving the material selection for our flexible electrode was that every 

component (i.e., active material, binder, flexible carbon matrix) should be derived from 

“off-the shelf” materials and not rely on expensive or highly specialized carbons. 

Therefore, super-P carbon, thiosulfate, pyrrole, and polyurethane were chosen because 

they are all readily available and produced at industrial scale. We selected carbon felt as a 

simple, commercially available model system to prove the efficacy of our binder for 

flexible electrode platforms. The felt is highly conductive, but does not comprise 

activated carbon and was not activated prior to electrode fabrication; therefore, it does not 

 

 

Figure 3.1. Electrode-fabrication schematic describing slurry formulation, slurry addition 

to the carbon felt matrix, electrode processing, and the mechanical deformation protocol 

administered prior to cell testing. 
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possess micro- or mesoporous features to aid in sulfur sequestration or polysulfide 

trapping. Both the S/C and PPyPU nanocomposites were synthesized according to 

previously described protocols.
36, 37

 Although the S–C composite used in this study does 

not display typical characteristics of “high-performance” carbon materials (e.g., 

micro/mesoporosity, high surface area, special functional groups, atomic dopants, etc.), 

and exhibited modest performance in the original report,
36

 we purposefully selected it to 

demonstrate the efficacy of the binder. After adding the active material slurry to the felt 

and removing the solvent in a vacuum oven, the electrodes were subjected to 50 

consecutive bending/rolling cycles prior to electrochemical testing.  

Figure 3.2 displays the results of the thermogravimetric analyses (TGA) of the 

active material and binder, and the results of the X-ray diffraction (XRD) studies of 

sulfur, the S/C composite, and the final S/C–PPyPU electrode formulation. TGA 

determined that the sulfur content of the S/C composite was ~ 75% (Figure 3.2a) and the 

PPy content of the PPyPU nanocomposite was ~ 30% (Figure 3.2b). The XRD patterns of 

pure sulfur, the S/C composite, and the final S/C–PPyPU active material formulation 

were essentially identical (Figure 3.2c), and all displayed prominent characteristic 

orthorhombic sulfur peaks (e.g., at 2Ɵ = 23.4° and 28°), indicating that the elemental 

sulfur in the S/C composite and final electrode formulation was not chemically 

conjugated to carbon or pyrrole, nor sequestered within micro- or mesopores. 

Cyclic voltammetry (CV) demonstrated that PPyPU itself was electrochemically 

active (Figure 3.3). The electroactivity of PPyPU was clearly observed from ~ 1.8 – 4 V 

(top pane, red trace): the current increased steadily during the anodic sweep and 

decreased steadily during the cathodic sweep, and a clear faradaic redox wave was 

observed beginning at ~ 2.25 V. Although solvent degradation appeared to occur above ~ 

3.2 V this solvent decomposition appeared to be minimized when the material was cycled  
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Figure 3.2. TGA plots of the (a) sulfur–carbon (S/C) composite and (b) polypyrrole–

polyurethane (PPyPU) binder used in electrode slurry formulations; (c) XRD patterns of 

pure sulfur, the sulfur–carbon composite, and the final S/C–PPyPU electrode slurry 

formulation. 

only within the 1.8 – 3 V window (turquois trace). The CV of the raw carbon felt (Figure 

3.3, bottom panes) displayed purely capacitive characteristics (i.e. a rectangular shape 

without any faradaic peaks below 3.0 V) and exhibited erratic current fluctuations, which 

contrasted noticeably with the clearly defined shape and steady current exhibited by the 

electrode containing PPy. Although solvent degradation appeared to occur above ~ 3.3 V  
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Figure 3.3. Top pane: cyclic voltammogram of raw polypyrrole-polyurethane (PPyPU) 

material deposited onto the carbon-felt with Super-P (25:75, w/w). Bottom panes: cyclic 

voltammogram of the raw carbon felt when cycled between 1.8 – 3.0 (left pane) and 1.8 – 

4.0 (right pane). 

(blue trace, lower-right pane), there was no evidence of solvent decomposition when the 

material was cycled at 1.8 – 3 V (black trace, lower-left pane). 

Cyclic voltammetry also showed that the PPyPU used as a binder in the flexible 

electrode with the C/S composite contributed to both charge and discharge capacity 

between 1.8 and 4.0 V versus Li/Li
+
 (Figure 3.4). This wide range encompasses the 
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entire charge/discharge window traditionally observed in Li–S battery studies (~ 2.5 – 1.7 

V vs Li/Li
+
), as well as regions where sulfur is not electrochemically active (i.e., in the 

anodic sweep above 2.6 V). In addition, the CV of the electrode employing PPyPU as a 

binder displayed lower polarization compared to the electrode containing PVdF (Figure 

3.4a): the anodic wave of the PPyPU-containing electrode occurred at a lower potential, 

and the cathodic features occurred at higher potentials. Furthermore, the PyPU-containing 

electrode displayed sharper peaks and smaller peak-to-peak (ΔEp) spacing between the 

anodic and cathodic features. The electrochemical impedance spectroscopy (EIS) 

analyses of the freshly-prepared test cells displayed two semicircles and a constant-phase 

element (CPE) that was greater than 45° (Figure 3.4b, d). The two semicircles were 

attributed to the charge transfer resistances in the C/S and PPyPU composites (i.e., due to 

charge transfer between the carbon and sulfur, and between the carbon and PPyPU). The 

second semicircle, which confirmed the electroactivity of PPyPU, was not observed in 

the original report of the C/S synthesis;
36

 however, previous evaluations of other C/S–CP 

composites have identified similar EIS characteristics.
38

 The CPE represents a Warburg-

like resistance to Li
+
 diffusion within the electrode. As the weight fraction of PPyPU 

binder decreased in the composite electrode, the magnitude of the resistance associated 

with both semicircles decreased, and the slope of the CPE increased (Figure 3.4b). In 

addition, repeated mechanical deformation of the as-prepared electrodes did not 

significantly alter the magnitude of either semicircle (Figure 3.4c). The low resistances 

that were identified using EIS demonstrated that the highly conductive network improved 

electron transfer to the active material, and could therefore reduce electrode polarization 

and electropassivation.  
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Figure 3.4. (a) Cyclic voltammogram of an electrode utilizing PPyPU as a binder and the 

S/C composite as active material. The red box delineates the region in which the 

electroactivity of the PPy component is plainly visible. The inset compares the 

electrochemical characteristics of electrodes utilizing PPyPU and PVdF as binders. 

Electrochemical impedance spectroscopy analyses of (b) three active-material 

formulations with different weight fractions of PPyPU binder and (c) an electrode with 

10 wt% PPyPU as binder, before and after undergoing 50 bending cycles administered 

prior to electrochemical testing. (d) Equivalent circuit model of a cell comprising a 

carbon felt electrode with S/C:PPyPU (90:10) active material and a lithium-foil anode.  
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Figure 3.5 displays the results of galvanostatic charge/discharge testing. The 3D 

carbon felt matrix accommodated a significant volume of active material slurry, which 

allowed us to test high sulfur loadings (~ 3 - 5 mg cm
−2

). Based on the CV data, which 

showed that the PPyPU nanocomposite material contributed capacity up to 4.0 V versus 

Li/Li
+
, we initially cycled our cells between 1.8 and 3.7 V (Figure 3.5a, red trace). When 

we reduced the upper cutoff potential for charging from 3.7 to 3.0 V after ~ 35 cycles, the 

observed capacity dropped slightly because of foregone PPy capacity (Figure 3.5a, 

turquoise trace). The observed drop in capacity above 3.0 V provided further evidence 

that the PPy in PPyPU was electrochemically active, because sulfur only displays 

charge/discharge capacity below 3.0 V. Unfortunately, the Coulombic efficiency (CE) 

dropped precipitously after 50 cycles, presumably due to electrolyte degradation. Cyclic 

voltammetry of the carbon felt alone (Figure 3.3) appeared to corroborate this hypothesis, 

since the current began increasing steadily around ~ 3.2 V in the anodic sweep and the 

CV exhibited additional faradaic features at ~ 3.5 V (Figure 3.3). However, we were able 

to maintain high CE by reducing the upper charging cutoff potential, or by increasing the 

concentration of LiNO3. Figure 3.5b shows that cells cycled between 2.5 and 1.7 V 

versus Li/Li
+
 at C/3 rate maintained a CE ~ 95% and exhibited a stable discharge 

capacity (Qd), with no appreciable capacity fade for 100 cycles. Qd increased slightly 

over the first 10–15 cycles, which has been previously observed in PPy-based batteries.
35

 

There was a brief period of capacity decline in cycles 10 – 30, and then a stable Qd ~ 

1000 mA h g
−1

 S for the remainder of the test. We were also able to improve CE by 

increasing the concentration of LiNO3 in the electrolyte. Figure 3.5c depicts voltage 

profiles for an electrode with 4.6 mg S cm
−2

 loading cycled at C/3 rate, and demonstrates 

that, by increasing the concentration of LiNO3, cells with high sulfur loading could be 

charged to a potential as high as 2.8 – 3.0 V versus Li/Li
+
 and still display low 
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Figure 3.5. Galvanostatic charge/discharge data for flexible Li–S electrodes utilizing a 

polypyrrole-polyurethane (PPyPU) nanocomposite binder. Comparative cycle 

performance of (a) an electrode that was cycled exclusively in the 1.8 – 3.7 V window 

(red trace) versus an electrode that was cycled between 1.8 and 3.7 V for 35 cycles and 

then 1.8 – 3.0 V for 65 cycles (turquoise trace); (b) improved Coulombic efficiency 

associated with cycling at C/3 rate from 1.7 to 2.5 V for 100 cycles. Voltage profiles for 

(c) an electrode with 4.6 mg S cm
−2 

loading cycled at C/3 rate, and two sequential rate 

capability tests (d) of a flexible electrode with a S/C–PPyPU (90:10) formulation and 3 

mg cm
−2

 sulfur loading.  

polarization and essentially no electropassivation. Previous investigations of PPy as an 

active material have shown that it displays little charge capacity below 2.8 V;
32–35

 

therefore, it is unlikely that the PPyPU binder contributed significantly to capacity within 

the operating ranges of our test cells. However, the conductivity of PPy appears to have 
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helped mitigate the negative effects of the insulating characteristics of sulfur, as 

previously shown,
39

 and the performance of flexed electrodes containing the PPyPU 

binder was significantly better than that of unflexed electrodes containing PVdF as a 

binder (Figure 3.6). 

The flexible electrodes demonstrated stable performance in rate capability tests as 

well. Figure 3.5d depicts an evaluation of an electrode with 3 mg cm
−2

 sulfur loading. 

The electrode performed extremely well at rates as high as 1C. Although a considerable 

loss in capacity occurred when the rate was increased to 2C, the performance at such a 

high rate is impressive considering that the active material was ~ 70 wt% sulfur and the 

electrode did not utilize an upper current collector (e.g., a carbon-paper interlayer or 

coated separator). When the rate was decreased from 2C to C/10 in the second phase of 

the first sequence, the capacity recovered to within 1.8%, 5.8%, and 3% of its original 

 

 

Figure 3.6. Performance of an unflexed electrode formulated with PVdF binder and a 

sulfur loading of 3.15 mg cm
-2

, cycled at C/3. Electrodes formulated with PVdF as the 

binder did not effectively retain active material after flex-testing, so they were not flexed 

prior to electrochemical testing.  
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level, respectively, for C/5, C/2, and 1C rates. The corresponding changes in the second 

sequence were 4.4%, 2.1%, and −0.3% (i.e., the capacity at 1C rate increased by 0.3% 

compared to the descending phase of the second sequential rate capability test). The 

robust stability of the electrode is clearly seen by comparing the Qd in sequential rate 

tests. 

Figure 3.7 contains scanning electron microscopy/energy dispersive X-ray 

spectroscopy (SEM/EDS) images of the (a) pristine carbon felt, (b) as-prepared electrode 

with the S/C–PPyPU active material tightly adhered to the fibers after the 50 bending 

cycles, and (c) after extended charge–discharge cycling. Figure 3.7a depicts the 

macroporous nature of the fibrous matrix, and the EDS image documents the exclusive 

presence of carbon in the pristine carbon felt (the theoretical location of the sulfur peak 

was included as a reference, to show that sulfur was not identified). The PPyPU binder 

effectively secured the active material to the flexible carbon matrix, even after 

undergoing 50 flex/bend cycles prior to electrochemical testing (Figure 3.7b), and sulfur, 

carbon, and nitrogen appear in the EDS image of the as-prepared flexible cathode. 

Nitrogen-doped carbons and N-containing materials such as PPy have been shown to 

enhance polysulfide retention (via favorable interactions between lithium polysulfides 

and the lone pairs on electroactive nitrogen atoms) and improve the performance of sulfur 

cathodes.
40,41

 Therefore, the presence of nitrogen in the PPy could have helped restrict 

polysulfide migration via chemical interaction; in addition the documented electroactivity 

of PPyPU (Figures 3.3 and 3.4) suggested that polaronic charges may have also provided 

electrostatic restraint for negatively charged polysulfides. As shown in Figure 3.7c, the 

active material remained tightly bound to the carbon felt fibers after 100 discharge cycles, 

and the C/S composite nanoparticles were still clearly distinguishable. Figure 3.7d–h 

provides photographs and SEM images of the as-prepared, flexed, and discharged  
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Figure 3.7. SEM and EDS images of (a) the pristine carbon felt used as a flexible 

scaffold for active material, (b) the carbon felt after addition of the C/S-PPyPU active 

material and administration of 50 bend/flex cycles, and (c) a discharged electrode after 

extended cycling. Photographs and SEM images of electrodes fabricated with PVdF (d – 

e) and PPyPU (f – h) binders (electrodes in photographs are 1.2 cm in diameter, and all 

scale bars are 10 µm).   
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electrodes. By adjusting the viscosity of the active material slurry, we were able to 

achieve an efficient coating on individual carbon felt fibers. This was found to be 

essential for preventing detachment during the 50 bending/rolling cycles. The 

photographs (Figure 3.7d–h, top row) of the electrodes before and after flexing, and after 

electrochemical discharge, show that the carbon felt electrodes could easily resist bending 

and rolling, and remained intact after extended cycling. The SEM images of the as-

fabricated and flexed electrodes (Figure 3.7d–h, middle and bottom rows) demonstrate 

that electrode slurries formulated with PPyPU resisted flex/bend testing, but that PVdF-

based active material detached easily from the carbon felt (the post-flex images of PVdF-

based electrodes, Figure 3.7e, were taken after only a few initial bending cycles, since 

essentially all active materials detached from the PVdF-based electrodes after 50 

bend/flex cycles). The images of the discharged electrode (Figure 3.7h, middle and 

bottom rows) reveal the persistent adherence of the active material to the carbon fibers 

despite the obvious morphological changes due to the severe expansion of the elemental 

octasulfur (ρ = 1.96 g cm
−3

) to Li2S (ρ = 1.66 g cm
−3

) during discharge. 

 

3.4 CONCLUSIONS 

In summary, we have demonstrated that a low-cost, conductive, elastic polymer 

nanocomposite (PPyPU) can be used as an electrochemically active binder for lithium–

sulfur batteries. The rational design of a Li–S binder should include components selected 

to improve conductivity, capacity, and capacity retention, and to reduce the deleterious 

effects of volume expansion. The inherent elasticity of polyurethane allowed the PPyPU 

binder to be used for creating flexible electrode formulations (Figure 3.8). We chose 

carbon felt as a convenient flexible substrate to demonstrate the utility of our binder for  
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Figure 3.8. Free-standing, flexible, slurry-cast electrode containing only the S-C 

composite and PPyPU as a binder. The electrode was slurry-cast onto an aluminum foil 

then removed from the aluminum foil, and is shown in its flexible state. 

flexible systems. Our conductive binder reduced activation overpotential and improved 

electrode performance relative to comparable formulations with PVdF, and the elastic 

PPyPU matrix prevented premature electrode degradation. The discharge capacity of 

ourflexible electrodes was essentially constant for 100 cycles, even without the assistance 

of highly specialized carbon materials, coated separators, or carbon interlayers. The 

elimination of interlayers and excess carbon is important for maximizing the energy–

density of the Li–S system. We are not aware of any reports of electronically and 

ionically conductive binders that are also elastic and electroactive. To date, all binders 

tested in Li–S systems have been insulating and represent 10 - 20 wt% of 

electrochemically inactive electrode mass. The weight-fraction of elastomeric base 

material is even higher in stretchable batteries, so our binder could potentially provide a 

suitable matrix platform for stretchable electrodes as well. Unlike most previous reports 

of “flexible” sulfur cathodes, we have demonstrated robust electrode functionality after 

50 bend/rolling cycles. Three prior reports have demonstrated robust resistance of Li–S 
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electrodes to multiple bending cycles,
21–23

 but these utilized inactive binders
21,22

 or 

special S/C composites that required complicated, low-yield synthesis involving an 

extremely expensive alumina template and hazardous reagents, such as HF.
23

 In contrast, 

our electrode used off-the-shelf reagents available at industrial scale, and one-pot 

syntheses for the C/S and PPyPU composites. As the importance of the Internet of 

Things, wearable electronics, and implantable devices grows, thin, printed and flexible 

batteries will find increasing use in devices with novel form factors and designs. 

 

 
 

Figure 3.9. Table of contents image.  
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Chapter 4:  Printed Microelectrodes for Scalable, High-areal-capacity 

Lithium–sulfur Batteries2 

4.1 INTRODUCTION 

The proliferation of microelectromechanical systems (MEMS) and the growing 

demand for portable and wearable electronics and health monitors has increased the need 

for miniaturized, on-board power sources that can deliver power at microwatt-level, 

provide areal capacities of 5 - 10 mA h cm
-2

, and be fully packaged within a small 

footprint with overall dimensions < 10 mm
3
.
1-3

 Although lithium-ion batteries have 

powered mobile computing and telecommunications for two decades, they have not kept 

pace with the miniaturization trends in microelectronics
4
, mainly due to unresolved 

challenges associated with maximizing areal energy- and power densities within a small 

footprint.
5,6 

The first microbatteries were planar, “thin-film” devices containing solid 

electrodes and electrolytes fabricated with physical and chemical vapor deposition.
7-9

 

Unfortunately, the materials used for planar microbatteries suffer from large ohmic drops, 

limited resistance to mechanical stress, and extremely low lithium-ion conductivity, 

which has restricted their thickness to a few microns
3
 and limited their capacity to ≤ 1 

mA h cm
-2

.
10

 Different groups have pioneered 3D battery architectures (e.g., 

interdigitated, concentric tube, inverse opal, etc.) that have yielded significant increases 

in areal power density,
4-6,11

 but 3D microbatteries based on periodic geometries rely on 

complex bottom-up microfabrication, micromachining, and/or colloidal templating 

                                                 
2 Portions of this chapter have been previously published as Milroy CA, Manthiram A. “Printed 

Microelectrodes for Scalable, High-Areal-Capacity Lithium-Sulfur Batteries”. Chemical Communications 

2016, 52(23), 4282-4285. DOI: 10.1039/C5CC10503J. C.A. Milroy carried out the experimental work and 

wrote the manuscript. A. Manthiram revised the final manuscript. 
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techniques, and suffer from non-uniform current densities and short-circuiting due to 

non-conformal electrolyte coating.  

Printing provides a rapid, top-down approach that greatly simplifies 3D battery 

manufacturing compared to photolithographic and micromachining processes; however, 

printed 3D batteries have been based on transition-metal oxides,
12-14

 such that ohmic and 

other resistances eventually limit the electrode height of both printed and “periodic” 3D 

lithium-ion batteries.
6,11,15

 More importantly, “thin-film”, periodic, and printed 3D 

batteries have all utilized low energy-density materials, which creates a significant 

fundamental barrier to miniaturization. Therefore, new materials are urgently needed to 

power the next generation of microelectronics for mobile computing and 

telecommunications. 

As progress with insertion-compound-based electrodes has stalled, sulfur has 

emerged as the most promising next-generation energy storage material since it is 

abundant
16

 and has an order of magnitude higher charge-storage capacity than transition-

metal oxides.
17

 The high theoretical capacity and energy density of the lithium-sulfur (Li-

S) system make it a strategic option for powering the next generation of printed, flexible 

microelectronic devices. However, the Li-S system faces two fundamental challenges: (i) 

sulfur and its final discharge product (Li2S) are electrical insulators, which results in poor 

electrochemical utilization of the sulfur cathode, and (ii) the intermediate lithium 

polysulfides formed during charge-discharge cycling dissolve in the electrolyte and 

migrate from the cathode to the anode, resulting in capacity fade, low coulombic 

efficiency, and lithium-metal anode poisoning.
18-20

  

Although the transition of sulfur from solid → liquid → solid during charge and 

discharge is the root cause of capacity-fading in Li-S batteries, liquid-phase active 

material (e.g., Li2S6) has also been used as catholyte in Li-S cells
21

 to mitigate the 
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difficulties associated with inhomogeneous active material distribution. Encapsulation of 

solid elemental sulfur within a conductive matrix requires complex syntheses or energy-

intensive mechanical mixing (e.g., stirring or ball milling) or melt-infusion, and usually 

requires inactive binders.
18

 In contrast, diffusion and capillary forces distribute liquid 

active material evenly throughout porous current collectors, and MWCNT electrodes 

loaded with dissolved lithium polysulfide active material
22

 have shown impressive 

performance for low sulfur-loadings of ~ 1 - 2 mg cm
-2

. These MWCNT electrodes 

resemble other aperiodic structures that have been evaluated with diverse Li-ion 

chemistries
23-25

 since they are both highly conductive and ultraporous, which facilitates 

electronic, ionic, and electrolyte transport
26

 and can, therefore, ameliorate many of the 

ohmic and diffusivity limitations associated with (periodic) 3D battery architectures.
27

 

For example, aperiodic carbon “foams” have been used as scaffolds to deposit active 

material for lithium-ion and supercapacitor electrodes,
28-29

 and aperiodic carbon 

nanofiber mats have been used to dramatically increase electrochemical surface area and 

thereby improve the performance of high-areal capacity sulfur electrodes.
30-31

 Aperiodic 

architectures are especially well-suited to Li-S cathodes because they provide extensive 

electrochemical surface area for electrodepositing liquid-phase active sulfur material; 

furthermore, their high porosity facilitates electrolyte access to active material and can 

accommodate the volume changes that sulfur undergoes during cycling. 

Building on the success of our previous work with binder-free MWCNT current 

collectors,
22

 we present here printed, aperiodic microelectrodes fabricated with a 

reservoir-based filtration assembly, aqueous MWCNT inks, and a high-precision 

dispenser/printer. Other groups have used printed CNT for supercapacitors
32

 and 

electronic devices,
33-35

 but we are not aware of any reports of freestanding, printed CNT 

electrodes thick enough to house sufficient active material for high energy-density 
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cathodes. Our approach yields robust, freestanding microelectrodes that can meet energy-

storage benchmarks for powering MEMS and other microelectronic devices. Specifically, 

our printed microelectrodes can provide a high areal capacity for Li-S cathodes at high 

current density and sulfur loading (e.g. up to ~ 7 mA h cm
-2

 at 11.5 mA cm
-2

 and ~ 50 

wt.% active material loading). 

 

4.2 EXPERIMENTAL METHODS 

4.2.1. Materials and Printed Electrode Preparation  

All materials were used as received, without further purification or modification. 

MWCNT printing inks were prepared by adding 75 mg of aligned multiwall carbon 

nanotubes (aMWCNT, US Research Nanomaterials, stock # US4522) to 300 mL of de-

ionized water and 30 mL of isopropyl alcohol (for improved MWCNT wetting), followed 

by bath sonication for 60 min, probe ultrasonication for 15 min (Sonics Vibra-cell; 3s on, 

1s off, 30% amplitude), and bath sonication for another 15 min. Effective separation of 

aMWCNT bundles during sonication was found to be essential for producing stable inks 

(i.e. no observable macro-bundling or settling over ~ 1 – 5 days) and high-performance 

printed electrodes. The freestanding MWCNT microelectrodes were fabricated by 

printing the inks with a Nordson EFD Ultimus IV high-precision fluid dispenser (10 cc 

barrel, white O 10 cc piston / wiper 30, and 20 gauge TT 0.023” pink 50 PC tip) through 

a glass reservoir assembly (Figure 4.1) consisting of glass tubes (Simax borosilicate 

tubing, 3.0 nominal inner diameter) with flanged bases (produced via heat-treatment with 

a graphite rod held inside the tube to preserve the nominal inner diameter) that were held 

flush to the 47 mm nylon membrane filter (0.8 µm pore size, Whatman, GE Healthcare 

Lifesciences) with O-rings and a borosilicate glass disk (McMaster-Carr) to produce the 
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desired electrode diameter of ~ 3.1 mm. Masks made from polydimethylsiloxane (PDMS, 

Sylgard 184, Dow Corning) films approximately 1 mm thick were used to cover the 

entire nylon membrane filter (except the areas in contact with the bases of the glass 

reservoirs) for improved vacuum during filtration. The entire assembly was secured to a 

standard ceramic filter head with a custom DELRIN® (DuPont) horseshoe clamp:  

 

Figure 4.1: (a) Glass reservoir filtration assembly used to fabricate printed electrodes, (b) 

schematic of the assembly, comprising: custom-made glass reservoir stems to direct the 

filtration of MWCNT to isolated sections of the membrane filter; a glass ring, O-ring, and 

custom-built clamp to secure the glass reservoirs to the filter; and a PDMS seal to 

improve suction; top-view images of (c) the assembly during filtration, and (d) the as-

fabricated electrodes on the filter immediately after printing, with one electrode removed 

to demonstrate the clean extraction that was achieved. 
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After printing, the electrodes were rinsed with de-ionized water, ethanol, and 

acetone. Immediately after rinsing, the filtration apparatus was disassembled and the 

electrodes were extracted by carefully flexing the filter. The electrodes were then dried 

for 24 - 48 h at 50 °C in a vacuum-oven to remove residual solvent. A Nikon SMZ1500 

optical microscope was used to measure the final diameter. We also prepared inks using 

surfactants such as sodium cholate (0.1% wt/vol., Sigma-Aldrich) and TRITON 45-X 

(Acros); however, we observed that the capacity of the electrodes made with surfactant-

containing inks was significantly lower than those prepared with surfactant-free inks, 

probably due to electrode surface poisoning from residual surfactant not removed by 

rinsing. 

4.2.2. Active Material Synthesis  

To prepare blank electrolyte, we dissolved lithium trifluoromethanesulfonate 

(LiCF3SO3, 98 %, Sigma-Aldrich) and lithium nitrate (LiNO3, 99 %, Acros Organics) in 

a mixture of dimethoxy ethane (DME, 99 %, Sigma-Aldrich) and 1,3-dioxolane (DOL, 

99.5+ %, Acros Organics) (1:1 v/v) to generate 1 M LiCF3SO3 and 0.1 M LiNO3. 

Stoichiometric amounts of sublimed sulfur powder (99.5 %, Acros) and lithium sulfide 

(Li2S, 99.9 %, Acros) were added to the blank electrolyte to synthesize dissolved 

polysulfide catholyte solutions (0.67 M Li2S6, equivalent to 4 M sulfur). The solutions 

were heated at 45 - 50 °C in an Ar-filled glove box for 18 h to produce the dark 

orange/brown Li2S6 catholyte. 

4.2.3. Coin Cell Assembly  

Dissolved lithium polysulfide cells were assembled in an Ar-filled glove box by 

placing the freestanding printed electrodes inside a cathode cell cap, then adding 2 or 4 

µL polysulfide catholyte to give, respectively, dosages of 0.256 mg sulfur (i.e., 3.4 mg 
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cm
-2

) or 0.512 mg sulfur (i.e., 6.8 mg cm
-2

). In sequence, a Celgard 2500 separator, blank 

electrolyte, and a lithium-metal anode were added on top of the MWCNT cathode, and 

the CR2032 coin cells were sealed with an electrode press prior to removal from the 

glovebox for cycle testing. The ratio of electrolyte to sulfur, in terms of “active” 

electrolyte (i.e. polysulfide solution), was 7.8 µL mg
-1

 S for both 3.4 mg cm
-2

 and 6.8 mg 

cm
-2

, and the estimated ratio of total electrolyte to sulfur was approximately ~ 40 µL mg
-1

 

and ~ 25 µL mg
-1

, respectively, for 3.4 mg cm
-2

 and 6.8 mg cm
-2

 dosages. 

4.2.4. Electrode Analysis and Electrochemical Measurements  

Physical morphology was evaluated with a Zeiss SUPRA 40 VP or FEI Quanta 

650 scanning electron microscope (SEM) and NIKON SMZ1500 optical microscope. 

Elemental mapping was realized using an energy dispersive spectrometer (EDS) attached 

to the FEI Quanta 650 SEM. XRD data were collected at 2 = 10 – 70⁰ on a Philips X-

ray diffractometer equipped with CuKα radiation, in steps of 0.02°. Cycled MWCNT 

electrodes were opened inside the glovebox, soaked in DME for 10 min, dried, and 

mounted for XRD and SEM / EDS measurements. Cyclic voltammagrams were 

generated on a VoltaLab PGZ402 between 1.8 and 2.8 V at a scan rate of 0.05 mV s
-1

. An 

Arbin battery test cycler was used to galvanostatically test coin cells between 1.8 and 3.0 

V at C/2 and 1C rates. 

 

4.3 RESULTS 

Figure 4.2 contains a process flow schematic for printed electrode fabrication, an 

SEM image of the as-received aligned multiwall carbon nanotubes (aMWCNT), a 

simplified representation of the filtration assembly used for printing electrodes, and 

optical images of the pristine, printed MWCNT electrodes. We adapted commercially- 
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Figure 4.2.  (a) Process flow schematic outlining the filtration-based fabrication process, 

(b) SEM image of the as-received aligned multiwall carbon nanotubes (aMWCNT) used 

for electrode fabrication; a simplified schematic of the glass reservoir filtration assembly 

used for microelectrode printing; optical images of pristine, printed electrodes at two 

different scales  (~ 3 cm and ~ 3 mm diameters), demonstrating the facile scalability over 

an order of magnitude in diameter and two orders of magnitude in footprint. 

available glass tubing to selectively mask a nylon membrane for filtration-based 

microelectrode fabrication (Figure 4.1). Further, we demonstrated facile scalability of our 

electrode design by varying the inner diameter of the reservoirs. This approach allowed 

us to produce electrodes with diameters between ~ 3 mm and ~ 3 cm, i.e. over an order of 

magnitude in diameter and two orders of magnitude in footprint (Figure 4.2b). The 

electrodes form robust, binder-free current collectors that delaminate easily from the filter 

surface for subsequent transfer to any substrate, even when printed to high thickness 

(Figure 4.3). 
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Figure 4.3: Schematic showing (a) the printing assembly, (b) a cross-sectional SEM 

image and (c) optical image of ultra-thick printed electrodes on the filter immediately 

after printing, demonstrating the robust stability of printed electrodes. 

Figure 4.4 shows scanning electron microscope (SEM) images of the pristine (a – 

c) and discharged (d – f) microelectrodes. The as-received aMWCNT comprise large, 

dense, tightly-aggregated macro-bundles (Figure 4.2b). However, after adequate 

sonication, these macro-bundles can be effectively loosened and then interspersed during 

filtration to create a woven mesh architecture (Figures 4.4a - c) that imbibes dissolved 

polysulfides during electrode loading, but restricts their migration during cycling. Figure 

4.4a depicts a cross-sectional view of a pristine MWCNT microelectrode, and reveals the 

presence of large channels within the aperiodic mesh that facilitate electrolyte access for 

rapid and efficient lithiation/delithiation of the electrodeposited active material. Figures 

4.4b and 4.4c provide top views of the freshly-printed aMWCNT microelectrodes at 

successively higher magnifications, and demonstrate that the aperiodic nature of the 

electrode architecture is present even at nanoscale. The printed microelectrodes are 

physically robust and remain intact after extended cycling, as shown in the  
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Figure 4.4. Scanning electron microscope images of (a - c) as-fabricated and (d - f) 

discharged multiwall carbon nanotube (MWCNT) micro-electrodes. (a) low 

magnification cross-sectional image of an as-fabricated electrode, depicting tightly-

packed MWCNT interspersed with large channels to enable rapid and efficient electrolyte 

access; high-magnification top views of (b) as-fabricated and (e) discharged 

microelectrodes, illustrating the absence of large lithium sulfide deposits in cycled 

electrodes; (d) low-magnification image of a discharged electrode immediately after 

extraction from the test cell; and high-magnification top-view images of (c) as-fabricated 

and (f) discharged MWCNT electrodes, demonstrating that the aperiodic mesh structure 

was preserved during extended cell cycling. 

low-magnification image of a discharged microelectrode after 200 cycles (Figure 4.4d). 

Moreover, the high-magnification SEM images of the discharged microelectrode (Figures 

4.4e and f) prove that the micro/nanoscale aperiodic mesh structure is completely 

preserved and can withstand the drastic volumetric changes that sulfur undergoes during 

cycling. Figure 4.4e reveals that large deposits of insulating lithium sulfides do not 
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accumulate within the microelectrode during cycling, and the high-magnification images 

reveal that the pristine (Figure 4.4c) and discharged electrodes (Figure 4.4f) are 

essentially identical, except for the presence of a thin, uniform coating of lithium sulfide 

on the discharged electrodes, demonstrating effective utilization of the aperiodic mesh 

structure and homogeneous electrodeposition of the active material. 

Figure 4.5 portrays the electrochemical characterization and cycle performance of 

3.1 mm diameter printed MWCNT microelectrodes. Figure 4.5a displays the cyclic 

voltammagram (CV) of a Li/dissolved polysulfide cell containing a MWCNT cathode 

(working electrode) and a lithium foil anode (counter and reference electrode) cycled at 

0.05 mV s
-1

 for 5 cycles between 2.8 and 1.8 V. Both the initial sweep from open-circuit 

voltage to 2.8 V and the cathodic wave in the first cycle display large overpotentials 

because of electrode conditioning, incomplete electrode utilization in the initial sweep 

(sulfur deposition), and the subsequent mobilization of crystalline sulfur during the first 

cathodic sweep.
22,36

 Redistribution of the active material in the first cycle diminishes the 

observed overpotential in subsequent cycles, and the CV profiles demonstrate excellent 

stability in cycles two through five, due to efficiently distributed, non-crystalline 

charge/discharge products. The two cathodic peaks at 2.30 and 2.05 V represent, 

respectively, the reduction of elemental sulfur/higher-order dissolved polysulfides to 

lower-order polysulfides, and the reduction of lower-order polysulfides to solid lithium 

sulfide.
22,36

 The two peaks in the anodic sweep represent the conversion of solid Li2S to 

lower-order polysulfides (e.g., Li2S4) and finally to higher-order polysulfides and 

elemental sulfur.
37 

Figure 4.5b and Figure 4.6 depict voltage profiles as a function of 

cycle number for cells with 3.4 mg cm
-2

 and 6.8 mg cm
-2

 sulfur loading cycled at C/2 

rate. Only the sloping region and upper plateau are visible in the initial charge, reflecting 

the exclusive initial presence of dissolved polysulfides. The unique form of the first 
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charge and discharge cycle results from the dynamic electrode conditioning process 

described above. The charge and discharge profiles of subsequent cycles reflect the 

features in the CV, with an upper plateau extending from 2.40 to 2.35 V and a lower 

plateau at ~ 2.05 V. The high second-discharge capacities (1260 mA h g
-1

 for 3.4 mg cm
-2  

 

 

Figure 4.5 (a) Cyclic voltammagram of a Li/dissolved polysulfide cell containing an 

MWCNT cathode (working electrode) and lithium-foil anode (counter and reference 

electrode) cycled at 0.05 mV/s for 5 cycles between 2.8 and 1.8 V; (b) voltage profiles 

observed during galvanostatic discharge cycling as a function of cycle number for a cell 

with 3.4 mg sulfur cm
-2

 at C/2 rate; (c) extended cycle performance data for cells with 3.4 

and 6.8 mg cm
-2

 sulfur loadings cycled at C/2 and 1C rates, and (d) areal capacity as a 

function of cycle number for cells with 3.4 and 6.8 mg sulfur cm
-2

 loadings cycled at C/2 

and 1C rates. 
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and 1030 mA h g
-1

 for 6.8 mg cm
-2

) attest to effective electrochemical sulfur utilization. 

Electropassivation is not observed in the superimposed discharge curves for 3.4 mg cm
-2

, 

and only becomes evident ~ cycle 100 for the 6.8 mg cm
-2

 loading, attesting to the robust 

physical stability of our aperiodic electrodes and the efficient deposition and distribution 

of the active material on our MWCNT current collectors. Figures 4.5c and 4.5d show the 

extended galvanostatic cycling performance, in terms of both gravimetric and areal 

capacity, as a function of sulfur loading (3.4 and 6.8 mg S cm
-2

) and cycle rate (C/2 and 

1C). The cycle-specific rate of gravimetric discharge capacity fade was nearly constant 

after cycle 25, and followed a similar trend for all loadings and rates tested because the 

 

 
 

Figure 4.6: Voltage profiles of the galvanostatic charge-discharge cycling of a cell with 

6.8 mg cm
-2

 sulfur loading and cycled at C/2 rate. Electrode polarization was low, but 

electropassivation was evident after ~ 100 cycles compared to the cell with 3.4 mg cm
-2

 

sulfur loading cycled at C/2 rate (Figure 4.5b), which did not display electropassivation. 
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coulombic efficiency (CE) was greater than 95% for all cells (Figure 4.5c). As a result of 

this stable performance, observed specific discharge capacities after 100 cycles were still 

~ 800 mA h g
-1

 for moderate sulfur loading (3.4 mg S cm
-2

) at C/2 rate and above 700 

mA h g
-1

 at 1C. The electrodes performed consistently at areal loadings as high as 6.8 mg 

S cm
-2

, which is approximately three times greater than the active mass loadings tested in 

our original evaluation of MWCNT-dissolved polysulfide cathodes.
22

 Furthermore, cells 

with moderate loadings were able to cycle at C/2 for ≥ 500 cycles without failing (Figure 

4.7), demonstrating their long-term stability.  

 

 

Figure 4.7: Extended galvanostatic cycle performance for a cell with 3.4 mg cm
-2

 sulfur 

loading and C/2 rate. The observed rate of capacity fade is nearly constant after ~ 25 

cycles. 



 73 

The areal discharge capacity of electrodes with high initial loading (6.8 mg S cm
-

2
, i.e. 50 wt.% sulfur) remained above 5.0 mA h cm

-2
 for approximately 50 cycles when 

cycled at C/2 and 1C rates (Figure 4.5d), which meets the microelectrode performance 

benchmark of 5 - 10 mA h cm
-2 

for MEMS and microelectronic devices.
1-3

 The observed 

discharge capacity of the electrodes after 200 cycles is ~ 3.5 mA h cm
-2

 for high loading 

at both C/2 and 1C rates, ~ 2.5 mA h cm
-2

 for medium loading at C/2 rate, and ~ 2 mA h 

cm
-2

 for medium loading at 1C rate. Prior microbattery designs have employed low 

energy density materials; as a result, thin-film cells typically produce fewer than 0.5 mA 

h cm
-2

, and “best-of-class” 3D batteries exhibit fewer than 2 mA h cm
-2

.
6,12

  

Figure 4.8 displays energy-dispersive X-ray spectroscopy (EDS) images of the 

discharged MWCNT cathode after 200 cycles. The accompanying SEM image (Figure 

4.8a) indicates that the interwoven aperiodic architecture of the pristine electrode is  

 

 

Figure 4.8. (a) Scanning electron micrograph of a discharged MWCNT electrode after 

200 cycles, (b) SEM image with superimposed element maps for carbon, sulfur, and 

oxygen; and EDS elemental maps for (c) sulfur, (d) carbon, and (e) oxygen. Despite 

extensive cycling, the discharged electrode displays well-preserved, unrestricted 

macroporous flow channels that allow electrolyte access to electrochemically deposited 

active material which is evenly distributed along the carbon strands within the aperiodic 

mesh structure. 
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preserved in the discharged electrode, with only sparse, isolated deposits of insulating 

sulfur species. In addition, the elemental maps clearly demonstrate the homogeneous 

distribution of sulfur within the aperiodic carbon mesh network, rather than large, 

electrochemically sequestered lithium sulfide deposits that occur in sub-optimal carbon-

based substrates such as commercial TORAY carbon fiber paper (Figure 4.9). 

X-ray diffraction (XRD) analyses of the pristine and discharged electrodes 

(Figure 4.10) corroborate our previous evaluations of dissolved polysulfide carbon 

nanotube (CNT) and carbon nanofiber (CNF) cathodes. Comparison of the as-prepared 

electrode with the electrode wrapped in Kapton film reveals that the broad peaks between 

10 and 25⁰ are due to the Kapton. Peaks characteristic of MWCNT appear at 26.3⁰ (sharp 

peak) and 43.3⁰ (small peak), and represent, respectively, the (002) and (100) reflections 

of graphitized MWCNT.
38

 After 200 cycles, the XRD signal of the discharged electrode 

 

 

Figure 4.9: SEM image of commercial TORAY carbon fiber paper after 100 cycles 

(left), and EDS elemental maps for carbon (upper right) and sulfur (lower right) that 

clearly show large, electrochemically isolated, solid sulfur species deposited on the 

surface due to inefficient capture of dissolved polysulfides during charge and discharge. 
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is nearly identical to that of the pristine electrode, and does not contain any peaks 

characteristic of crystalline sulfur or lithium sulfide, confirming our earlier findings
22,36 

that insoluble sulfur species are present only in amorphous form after the first complete 

cycle, and that large, electrochemically sequestered, crystalline deposits do not form. 
 

 

 

Figure 4.10. X-ray diffraction analyses of the as-prepared, pristine MWCNT electrode 

(green); the pristine electrode enclosed in Kapton film (blue) and the discharged 

MWCNT electrode sealed in Kapton (red). Peaks characteristic of graphitic MWCNT are 

seen at 26.3⁰ and 43.3⁰ in both the pristine and discharged electrodes. 
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4.4 CONCLUSIONS 

In summary, we have prepared lithium-sulfur microcathodes based on printed 

aperiodic MWCNT current collectors. Our rapid, top-down manufacturing approach 

eliminates the need for complex microfabrication steps used to produce periodic 3D 

microbatteries. Our printing process is economically efficient and prevents raw material 

waste because we only dispense the exact quantity required to fabricate each individual 

electrode. The MWCNT printing inks are prepared with environmentally benign 

deionized water, and therefore eliminate the need for organic solvents and other toxic 

reagents. In addition, the printed electrodes detach easily from the nylon filter membrane 

and may be transferred to any substrate. The high-capacity sulfur active material 

facilitates miniaturization of our system, and the aperiodic electrode architecture may be 

easily scaled in all three dimensions. We obtained a high areal discharge capacity (~ 7 

mA h cm
-2

) with 3 mm diameter electrodes at ~ 50 wt.% sulfur content and ~ 7 mg cm
-2 

sulfur loading, and our microcathodes easily sustain high current densities of up to 11.5 

mA cm
-2

 with coulombic efficiency > 95% for over 200 cycles.  The search for an 

appropriate anode for lithium-sulfur batteries is still in its infancy; therefore, our 

microcathode employs a planar lithium foil as an anode and is technically a “semi-3D” / 

2.5D battery.
6
 However, we have demonstrated that our printed MWCNT-based cathodes 

can meet performance benchmarks for powering next-generation microelectronics and 

therefore represent a viable on-board energy-storage option for MEMS and other 

miniature devices. 
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Figure 4.11. Table of contents image. 
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Chapter 5:  Inkjet-printed Lithium-Sulfur Microcathodes for All-

Printed, Integrated Nanomanufacturing3 

 

5.1. INTRODUCTION 

The digital world is at an exciting crossroads. Advances in functional 

microdevices have produced an explosion of opportunity for the burgeoning “Internet of 

Things” (IoT), which seeks to improve energy efficiency, patient care, and public safely 

through integrated and interactive monitoring of energy usage, human health, 

infrastructure, and business transactions.
1
 The fruition of this network will require a host 

of active radio-frequency identification (RFID) tags and other systems with wireless 

connectivity for portable electronics, smart packaging, electronic textiles, wearable 

devices, medical sensors, implants, diagnostics, and therapeutic devices (including skin 

patches), and will include flexible, printed, and implantable microscale devices. 

However, as interest in the Internet of Things has grown, batteries have consistently 

proven to be an important limiting factor: a tremendous number of IoT devices will need 

small, thin, on-board energy-storage options (e.g., batteries adapted to special form 

factors for wearable devices), so batteries produced at low cost with simplified 

manufacturing methods must be produced to render the astronomical number of required 

devices economically feasible.  

Although the importance of thin, flexible and printed batteries has been 

recognized, progress in microbatteries has lagged far behind the impressive advances in 

micro/nanoelectronic devices.
2
 Unfortunately, advances in lithium-ion batteries have 

                                                 
3This chapter is in preparation for submission as C.A. Milroy, S. Jang, T. Fujimori, A. Dodabalapur, A. 

Manthiram. “Inkjet-printed Lithium-Sulfur Microcathodes for All-Printed, Integrated Nanomanufacturing.” 

C.A. Milroy carried out the experimental work and wrote the manuscript, S. Jang carried out experimental 

printing work, T. Fujimori supplied the S@SWNT raw material, A. Dodabalapur supervised the printing 

work, A. Manthiram revised the final manuscript. 
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been slower than those of other electronic components, both in terms of performance and 

cost reduction. Moreover, research efforts (especially those associated with “Beyond 

Lithium Ion” chemistries) have mainly focused on small/medium-sized batteries (i.e., 

coin cell and larger). Nonetheless, significant strides have been made to improve the 

performance of thin-film microbatteries,
3-6

 but these generally have required complicated 

microfabrication steps and suffer from low capacity because they utilize low energy-

density materials.  

Sulfur has a high theoretical capacity (1675 mAh g
-1

, compared to 100 – 200 mAh 

g
-1

 for conventional lithium-ion materials), and is therefore a leading candidate active 

material to replace transition-metal oxides,
7
 but (1) sulfur is insulating and, (2) as a 

conversion material, it dissolves during charge and discharge, which causes rapid 

capacity fade and creates a debilitating “shuttle effect” that dramatically reduces 

coulombic efficiency in lithium-sulfur (Li-S) systems.
8 

These factors constitute a major 

impediment to implementing sulfur as an on-board power source for microelectronics. 

Although strategies based on carbonaceous scaffolds have improved Li-S performance by 

providing a conductive matrix to sequester sulfur, none have completely eliminated the 

main disadvantages of sulfur as an active material.
9,10

 Interestingly, although elemental 

sulfur has more allotropes than any other element, octa-sulfur (the most 

thermodynamically stable form at STP) has been used almost exclusively in Li-S studies, 

and little is known about the electrochemical properties of other allotropes. However, 

studies of nanoconfined sulfur have suggested that it is amorphous and that it and other 

species such as monoclinic sulfur, small sulfur allotropes (e.g., S2–4) and linear chain 

sulfur, may undergo redox conversion via all-solid phase transformations because their 

galvanostatic discharge profiles are sloped, indicative of single-phase transformation, 

rather than flat, like the distinct plateaux associated with conversion of solid material 
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(i.e., S or Li2S) into soluble polysulfides.
11-16

 Any sulfur species that could reduce or 

eliminate the production of soluble polysulfides during charge/discharge would be a 

favorable alternative to S8, so further investigation of these species is warranted.   

Recently, sulfur that was infused within single-walled carbon nanotubes 

(S@SWNT) was shown to adopt a straight-chain configuration and to possess metallic 

conductivity.
17

 This novel composite potentially offers a unique synergy for eliminating 

the drawbacks associated with the insulating nature of sulfur. However, only one 

previous study has examined the electrochemical properties of S@SWNT; the study 

clearly demonstrated that the sulfur inside the SWNT could be discharged, and indicated 

that the discharge mechanism was different than that of octasulfur,
18

 so additional studies 

are needed to confirm and elucidate these observations. 

Carbon nanotube solids typically contain a mixture of metallic and semiconducing 

nanotubes.
19

 This mixture can be purified so as to greatly enhance the fraction of 

semiconducting nanotubes by procedures such as ultracentrifugation. Similarly, the 

concentration of metallic nanotubes can be enhanced. Semiconducting carbon nanotubes 

(CNT) have many properties that make them excellent materials for microelectronic 

devices, such as a long mean-free path for acoustic phonon scattering, small size, and 

high carrier mobility. As a result, numerous reports have described CNT-based field-

effect transistors (FETs) and integrated circuits.
20

 The small size of CNTs makes them 

amenable to printing, and recent reports have demonstrated the viability of producing 

inkjet-printed FETs
21,22

 and ring oscillators based on CNTs.
23

 The rise of additive 

manufacturing has created a tremendous window of opportunity for microelectronics 

fabrication by providing a rapid, top-down approach that greatly simplifies high-

throughput microelectronic manufacturing compared to photolithography, 

micromachining, and vacuum-based processes, and it could potentially simplify 3D-
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battery fabrication as well.
24

 However, to date, printed batteries have been based on 

transition-metal oxide cathodes;
25-27 

thus, higher energy-density materials would facilitate 

miniaturization. In addition, adopting a top-down approach based on additive 

manufacturing would confer a significant advantage in terms of simplicity, cost-

effectiveness, and process efficiency. Moreover, identifying materials such as CNT that 

are useful for both batteries (in which their metallic properties are important) and 

electronics would facilitate the transition to integrated manufacturing, since this would 

allow microelectronic devices (and batteries to power them) to be fabricated in top-down 

fashion on the same substrate, and using similar inks. Inkjet printing, which is a high-

throughput and cost-effective method for fabricating FETs and circuits, could also be 

applied to produce thin-film batteries for low-power applications where size is 

paramount. Inkjet printing offers maximum potential for reduced feature size, and 

therefore could be used to fabricate thin-film microbatteries via advanced manufacturing. 

Sulfur-infused SWNTs represent an integrated current collector/active material and 

therefore offer a unique platform for inkjet-printed thin-film electrodes. Here, we 

demonstrate that S@SWNT may be printed directly on a flexible metal current collector 

to create electroactive Li-S cathodes via an integrated top-down manufacturing. 

 

5.2 EXPERIMENTAL METHODS 

5.2.1 Preparation of Active Material and Printing Inks 

Single-walled carbon nanotubes with 95% metallic character (SWCNT-met) were 

acquired from NanoIntegris, Inc. (IsoNanotubes-M, produced by arc-discharge).  Sulfur 

was infused within the SWNT-met as described previously
17

 to produce S@SWNT.  

Printing inks were produced by dispersing SWNT-met and S@SWNT in 
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cyclohexylpyrrolidone (CHP, Sigma-Aldrich) at a concentration of 0.2 mg mL
-1

 with 

bath ultrasonication for 6 - 8 h. For subsequent printing sessions, the inks were sonicated 

for ~ 2 h immediately prior to printing, to loosen bundles. To prepare the ink for printing, 

the nanotube solutions were triturated through a 29 gauge needle to disrupt bundles. The 

ink was then loaded into the inkjet printing cartridge using a 1 mL syringe, which also 

served as a reservoir during printing.   

5.2.2 Surface Preparation and Inkjet Printing  

Immediately prior to printing, substrate surfaces were prepared with either UV (5 

- 20 min), O2 plasma, or no surface treatment. Electrodes were fabricated in air with a 

Fuji Dimatix 2800 inkjet printer using inkjet cartridges that dispensed 10 pL drops 

(DMC-11610, PN 700-10702-01, Fujifilm). Small squares (2 x 2 mm or 5 x 5 mm) were 

printed on aluminum foil substrates taped directly to the printing stage, with the nozzle 

positioned at a print-height of 400 - 700 µm above the printing stage. After printing, the 

substrates were annealed on a hot plate to remove the residual CHP solvent. When 

printing on aluminum foil, the substrate was placed directly on a hotplate or on a Si wafer 

atop the hotplate; small glass vials were then positioned along the edges to prevent 

curling, and the surface temperature was steadily increased from 25° C to 150° C by ~ 4° 

C min
-1

. After holding at 150° C for 10 - 15 min, the substrate was allowed to cool 

naturally to room temperature and then stored in a vacuum desiccator for > 2 weeks.  

5.2.3 Electrode Analysis and Physical Morphology  

The height and geometric profiles of the printed electrodes were characterized in 

air with stylus profilometry (Dektak 6M profilometer, Dektak 32 analytical software, 

Veeko Corporation) and atomic force microscopy (AFM, Asylum MFP-3D) operating in 

AC mode with a silicon nitride/platinum cantilever. Images were flattened using plane 
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subtraction (IGOR, Asylum Research). Scanning electron microscope (SEM) images 

were acquired with a Zeiss SUPRA 40 VP SEM at the Microscopy and Imaging Facility 

of the Institute for Cellular and Molecular Biology at The University of Texas, using the 

InLens feature at 2 - 5 kV acceleration voltage and ~ 10 mm working distance. X-ray 

diffraction (XRD) data were collected at 2 = 25 – 51°, corresponding to a scattering 

vector Q = 18 – 35 nm
-1

 , on a Rigaku Miniflex 600 X-ray diffractometer with a CuKα 

radiation source, in steps of 0.01° at 0.025° min
-1

. Micro-Raman (WITec Alpha-300) 

images were acquired through a 50X objective with a 532 nm wavelength laser for 

excitation. X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra) utilized a 

monochromatic Al Kα X-ray source (hν = 1486.5 eV) at 150 W (10 mA and 15 kV). The 

base pressure in the analysis chamber was ~ 2 x 10
-9

 Torr.  Survey scans were collected 

between 0 to 800 eV (binding energy) in 1.0 eV increments, followed by high-resolution 

scans of the C 1s, O 1s, S 2p, and N 1s regions in 0.1 eV steps. Pass energies for survey 

and high resolution scans, respectively, were set to 80 eV and 20 eV. All spectra were 

charge-corrected relative to the graphitic hydrocarbon C 1s signal at 284.5 eV. Casa XPS 

analysis software was used for peak deconvolution (using a Shirley background and line-

shapes with a Gaussian (70%) and Lorentzian (30%) combination). Elemental 

stoichiometry was determined using corrected peak areas and Kratos sensitivity 

factors.  Samples were transferred from an argon-filled glovebox (~ 1 ppm of molecular 

oxygen and water) to the ultra-high vacuum XPS chamber using a custom 

interface/capsule.   A custom machined XPS bar enabled a longitudinal evaluation of 

solvent removal over time.  Samples were mounted on the bar, and baseline XPS spectra 

were taken; the samples were then reanalyzed after heating in a vacuum oven or tube 

furnace, or after storage in a vacuum desiccator or UHV XPS chamber. 
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5.2.4 Electrochemical Measurements 

5.2.4.1 Coin Cell Assembly  

To test the electrochemical properties of the S@SWNT-based electrodes, coin 

cells were assembled and tested using EIS, CV, and galvanostatic cycling. Test cells were 

assembled in an Ar-filled glove box by adding electrolyte composed of DOL:DME (1:1, 

v/v) and 1 M LiCF3SO3, atop printed S@SWNT cathodes. Subsequently, a Celgard 2500 

separator, blank electrolyte, and a lithium-metal anode attached to a nickel-foam spacer 

were added on top of the S@SWNT cathode, and the CR2032 coin cells were sealed with 

an electrode press prior to their removal from the glovebox for electrochemical testing. 

Cyclic voltammagrams were generated on a BioLogic VMP3 potentiostat within various 

potential windows, ranging between 1.0 and 2.8 V versus the lithium foil 

counter/reference electrode, at a 0.1 mV s
-1

 scan rate. An Arbin battery test cycler, 

BioLogic VMP3, or CHI 760C Electrochemical Workstation (CH Instruments, Austin, 

TX) was used to galvanostatically test coin cells between 1.0 and 3.0 V at various C-

rates. Electrochemical impedance spectroscopy (EIS) data were obtained with a BioLogic 

VMP3 or Solartron potentiostat (SI 1260 + SI 1287) for frequencies between 1 MHz and 

100 mHz, with an AC voltage amplitude of 5 mV. Cycled MWCNT electrodes were 

opened inside the glovebox, soaked in DME for 10 min, dried, and mounted for XPS and 

SEM measurements.  

 

5.3 RESULTS 

5.3.1. Electrode Fabrication 

Electrodes were successfully printed on Pt-patterned SiO2 wafers and on bare 

aluminum foil substrates. However, to demonstrate the feasibility of integrating printed 
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electrodes on flexible substrates and to facilitate galvanostatic charge/discharge testing, 

all characterization and electrochemical testing were performed with electrodes printed 

on flexible aluminum foil. Figure 5.1 contains images taken through the Dimatix printer 

scope (Figure 5.1a), showing the linear borders and nearly perfect shape-conformity of 

the freshly printed ink square (black area) on aluminum foil (grey area), as well as 

examples of as-printed arrays of 2 x 2 mm (Figure 5.1b) and 5 x 5 mm (Figure 5.1c) 

features on Al foil, demonstrating the facile scalability and spatial control of the high-

throughput, top-down fabrication process. The images were taken immediately after 

printing, while the foil was still taped to the printing stage. 

Figure 5.1d portrays the configuration for primary removal of the CHP carrier 

solvent. The aluminum foil substrate was placed directly atop the hot plate, secured with 

glass vials, and gradually heated to 150° C. The freshly-printed features remained shape-

conformal during solvent removal on the hot plate. Figure 5.1e shows a freshly printed, 

200 µm ink square on a Pt-patterned, SiO2-capped silicon wafer, and demonstrates the 

facile integration of printed SWNT ink with a traditional semiconductor substrate for 

microelectronic devices. 

Figures 5.1f – 5.1h display the scanning electron microscope (SEM) images of the 

as-printed electrodes. Figure 5.1f illustrates the highly shape-conformal homogeneity of 

the printed electrodes, while Figures 5.1g and 5.1h were taken at successively higher-

magnification and show the tightly interspersed SWNT network that was formed. 

However, shape conformality and robust electrode integrity were achieved only after a 

laborious optimization of the printing and solvent-removal protocol. Several printing 

parameters (print height, drop spacing, ink concentration, etc.) were found to influence 

the quality of the printed form; however, solvent removal was the primary barrier to 

producing functional electrodes. A ramped, thermal annealing protocol (~ 4° min
-1

) was  
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Figure 5.1. (a - e) freshly printed ink, and (f - h) functional electrodes after annealing. (a) 

freshly printed 2 x 2 mm SWNT ink (black area) on aluminum foil (grey area). Freshly 

printed (b) 2 x 2 mm and (c) 5 x 5 cm square arrays; (d) annealing process; (e) freshly-

printed 200 µm square on a Pt-patterned, SiO2-capped silicon wafer. Printed electrodes 

after annealing: (f) low magnification (scale = 400 µm), (g) medium magnification of the 

central portion of the printed electrode (scale = 200 nm), and (h) high magnification 

image of central electrode area (scale = 300 nm). 
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found to be essential for preserving the shape-conformity during annealing, since printed 

forms were observed to dissociate under suboptimal solvent-removal conditions (Figure 

5.2): flash-removal of solvent caused electrode break-up, whereas annealing at rates 

below ~ 2° min
-1

 yielded inhomogeneous, “patchy” electrodes and canal-shaped features 

that exposed large areas of bare aluminum within the printed electrode. We ascribed this 

to Marangoni effects:
28

 as the temperature increased, the viscosity of the solvent 

decreased, so that destablizing surface-tension effects became more prominent. Extended 

annealing times, therefore, increased the probablility that the printed forms would 

experience a destabilizing perturbation that would cause electrode breakup. 

5.3.2. Surface Analysis of As-printed Electrodes 

Figure 5.3 shows the XPS analyses of the pristine S@SWNT buckypaper and a 

printed S@SWNT electrode after annealing on the hot plate. While the survey of the 

 

  

Figure 5.2. Examples of electrodes annealed under sub-optimal conditions.  Electrodes 

that were annealed too quickly dissociated (left pane), while those that were annealed too 

slowly contained rectangular, canal-like features that were caused by internal separation 

of the SWNT network due to re-bundling that was probably facilitated by the extended 

anneal time (right pane). Therefore, the temperature ramp-rate was optimized to 

minimize SWNT re-bundling and maintain excellent printed shape-precision.  
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pristine S@SWNT (red trace) only displayed peaks for carbon, oxygen, and sulfur, the 

as-printed electrode (black trace) also displayed peaks for aluminum (from the foil 

substrate) and nitrogen (from residual CHP solvent), and a much larger oxygen peak 

(from the Al-oxide substrate and the solvent). Although sulfur peaks were not visible in 

the XPS survey of the printed electrode (Figure 5.3a, black trace), they were clearly 

visible in the spectra taken after storage under high vacuum (see below). However, the N 

1s signal was still present after extended storage under vacuum.  

The high-resolution C 1s and S 2p regions spectra were identical to those in the 

original report of S@SWNT (Figures 5.3b and 5.3c):
17

 the C1s spectrum of the pristine 

S@SWNT was dominated by the graphitic carbon peak at 284.5 eV, and the S 2p region 

displayed peaks at S2p3/2 = 163.9 eV and S2p1/2 = 165.1 eV, as well as a low, broad 

feature centered at ~ 168 eV. In contrast, the C 1s region of the freshly-printed and 

annealed S@SWNT electrode displayed at least four electronically distinct signals 

(Figure 5.3d, inset), which suggested that residual CHP adhered to the printed electrodes 

and masked the sulfur signal in the survey of the as-printed electrode. SEM images of as-

printed electrodes revealed dark stains on the bare Al foil surrounding the printed area 

(Figure 5.4), and the presence of residual solvent within the printed area was also evident 

in the observed drift during SEM imaging and severe darkening of imaged areas. Inks 

prepared with N-methylpyrrolidone (NMP) as the carrier solvent were printable, and 

NMP was noticeably easier to remove than CHP; however, there was noticeable bundling 

in the NMP-based inks, and the shape-conformality of electrodes printed with NMP was 

significantly worse than those printed from CHP-based inks.  However, for electrodes 

printed in CHP, storage under vacuum significantly increased the magnitude of the 

graphitic carbon peak, which grew relative to the CHP- attributed feature in the C 1s 

region (Figure 5.3d), suggesting that part of the residual solvent had been removed. 
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Figure 5.3. X-ray photoelectron spectra of (a) surveys of the pristine S@SWNT (red 

trace) and as-printed electrode (black trace). Sulfur 2s and 2p orbitals were visible in the 

pristine material, but obscured in the printed forms. High-resolution spectra for (b) sulfur 

2p and (c) carbon 1s regions in pristine S@SWNT (d) carbon 1s region in the as-printed 

electrode, displaying four electronically-distinct sub-peaks within the main envelope 

(inset), confirming the presence of residual cyclohexylpyrrolidone. Longitudinally 

acquired carbon 1s spectra of the printed electrodes after annealing under vacuum, 

showing an increase in the graphitic peak with time under vacuum. (e) Raman analyses of 

pristine and printed S@SWNT electrodes and (f) XRD pattern of printed S@SWNT. 
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Figure 5.4. Scanning electron microscope images of pristine aluminum foil (top left 

pane), and aluminum foil after exposure to cycloheyxlpyrrolidone (top right pane) and N-

methylpyrrolidone (bottom left pane). All images were acquired at 6.75 kX with the 

InLens feature and the same brightness/contrast ratio (50% : 29%). The lower right pane 

contains a medium-magnification SEM image of an as-printed electrode after initial 

solvent annealing, showing dark stains from residual cyclohexlypyrrolidone solvent.  

The post-vacuum, high-resolution XPS spectrum of the sulfur 2p region in an as-

printed S@SWNT electrode exhibited a peak for oxidized S at ~ 170 eV (Figure 5.5). It 

is possible that some of the straight-chain sulfur may have escaped from the interior of 

the SWNT during sonication, become oxidized in the carrier solvent (or by exposure to  
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Figure 5.5. Top: High-resolution X-ray photoelectron spectrum of the sulfur 2p region 

from an inkjet-printed S@SWNT electrode after extended annealing under vacuum. 

Bottom: SEM images of as-printed electrodes, showing that nodules were occasionally 

visible on the exterior of the S@SWNT, and that these nodules charged under the 

electron beam. Scale = 1 µm (left) and 200 nm (right). 

the high voltage applied to the piezoelectric element during printing), and deposited on 

the SWNT during printing. SEM images of the as-printed electrodes revealed that 

nodules were occasionally visible on the exterior of the S@SWNT and charged under the 

electron beam (Figure 5.5).  
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Raman spectra of the pristine and printed S@SWNT (Figure 5.3e) revealed that 

the D-band of the printed S@SWNT was larger and broader than that of the pristine 

S@SWNT, potentially as a result of damage, oxidation, and/or distortion sustained 

during sonication and printing. In addition, examination of the region between 300 and 

400 cm
-1

 for both pristine and printed S@SWNT revealed features that were previously 

attributed to straight-chain sulfur;
18

 in contrast, features corresponding to bulk elemental 

sulfur in the 400 – 600 cm
-1

 region
29

 were not observed, so the oxidized sulfur that was 

identified in the S 2p XPS analysis (Figure 5.5) may have been amorphous or unevenly 

dispersed across the electrode. However, a broad feature between 600 and 700 cm
-1

 

appeared in the Raman spectrum of the printed electrode; a previous investigation of 

carbon-sulfur composites attributed a similar feature to carbon-sulfur bonding.
29

  

The XRD pattern of the printed S@SWNT electrode (Figure 5.3e) displayed 

large, sharp peaks characteristic of aluminum at 2Ɵ = 38° and 45° (corresponding to a 

scattering vector Q of ~ 27 and 31 nm
-1

),
30

 and weak, but observable, peaks at Q = 20, 21, 

22.5, 25.2, 27.6, 31.9, and 32.8 nm
-1

, which were previously indexed and described as 

pertaining to 1D linear and zig-zag sulfur chains enclosed in SWNT.
17,18

  

5.3.3. Electrode Physical Morphology  

SEM images revealed that the thickness of the printed electrodes varied 

significantly with location (Figure 5.6). The image at the upper left of Figure 5.6a 

depicts the plan view of an as-printed electrode (2 x 2 mm square), while the central 

image shows a detail of the upper-left corner of the electrode, and the images on the far 

right side provide higher magnification views of the areas within the blue, green, and 

yellow circles in the middle pane. The top-right image was acquired approximately 50 

µm from the top-left corner/edge of the electrode (i.e., inside the area within the blue 
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circle), and shows that bare Al foil and sparsely distributed SWNT were visible near the 

electrode edges. However, the visually observable SWNT density increased rapidly with 

distance from the electrode edges/corners towards the electrode center, such that the 

visual density of the printed SWNT within the yellow circle, which was located about 

200 µm from the outside corner (i.e., closer to the center of the electrode), appeared very 

similar to the density observed in the center of the electrode (Figures 5.6a, 5.1g, 5.1h). 

The electrode surface within the blue circle near the electrode edge had pore intersticies 

that appeared to be up to 200 nm in diameter, while those within the yellow circle, nearer 

the center of the electrode appeared much smaller (i.e., ~ 20 nm across, based on visual 

inspection of SEM images).  

Profilometry corroborated the observation from SEM imaging that the thickness 

of the inkjet-printed electrodes varied significantly with location. The profiles in Figures 

5.6b and 5.6c illustrate the dome-shaped nature of the printed electrodes; the 2 x 2 mm 

electrodes were ~ 4 µm high (Figure 5.6b), while the 5 x 5 mm electrodes were 

approximately ~ 10 µm high. We hypothesize that the domed shape resulted from 

Maragoni flow during annealing, which induced a reverse coffee-ring effect.
28

 However, 

these analyses also revealed a monolithic electrode with a tightly interconnected network 

of SWNT. Atomic force microscopy (AFM) analyses were used to characterize the 

micro-topography of the foil (Figure 5.6d) and the areas near the electrode edges (Figure 

5.6e), as well as near the electrode center (Figures 5.6f and 5.6g). The profiles below the 

images provide a cross sectional view of the surface, along the trajectory of the blue lines 

seen in the images. The topography near the edges of the electrodes was similar to the 

foil, with considerable variation in the z-dimension; however, the localized surface 

topography near the center of the electrodes was more uniform (Figure 5.6f). Individual 

SWNT clusters were visible in small-area scans near the apex (Figure 5.6g), and these 
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Figure 5.6 
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Figure 5.6. (a) SEM images of an as-printed electrode (upper left), with detail images 

depicting areas located progressively farther from the corner edge and closer to the 

center. Physical profiles of printed electrodes: (b) 2 x 2 mm, (c) 5 x 5 mm square. AFM 

analyses of (d) aluminum foil substrate, (e) area near electrode edge, (f) area near 

electrode center, and (g) small-scale scan of area near center of electrode, revealing 

individual SWNT clusters. 
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high-resolution AFM scans resembled the SEM images of central electrode regions 

(compare to Figure 5.6a, lower right detail). 

5.3.4. Electrochemical Characterization 

Figure 5.7 displays results of electrochemical testing of printed S@SWNT 

electrodes. Figure 5.7a portrays the electrochemical impedance spectra (EIS) of coin cells 

comprising a lithium foil anode and an inkjet-printed cathode made with either (i) empty 

SWNT electrodes on Al foil, or (ii) S@SWNT electrodes on Al foil. The cells with empty 

SWNT cathodes displayed a single depressed semicircle and a Warburg element, whereas 

cells comprising S@SWNT cathodes exhibited two semicircles. We interpret the 

depressed semicircle in the higher-frequency region as two overlapping semicircles due 

to SEI formation on the anode and cathode electrode surfaces, and we believe that the 

presence of the second semicircle in the cells with the S@SWNT cathodes confirms the 

electroactivity of the metallic sulfur within the SWNT. The diameter of the higher-

frequency charge-transfer semicircle for the S@SWNT cathodes was smaller than that for 

the SWNT cathodes in both the 5 x 5 mm and 2 x 2 mm printed electrodes; we 

hypothesize that the additional electron density from the metallic sulfur chains within the 

S@SWNT accounts for the observed charge-transfer stabilization, and may also have 

facilitated electrolyte and /or salt decomposition on the SWNT surface (see below). 

The cyclic voltammagram (CV) of the S@SWNT displayed characteristics of 

pseudocapacitive electroactivity (Figure 5.7b). The current increased steadily during the 

anodic sweep and decreased steadily during the cathodic sweep, such that the 

shape profile of the CV was sloping rather than purely capacitive (i.e. rectangular, and 

without any faradaic peaks). In addition, clear faradiac features were observed in both the 

anodic and cathodic regions. The initial cathodic sweep displayed a small, sharp peak at ~ 
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2.37 V vs. the Li / Li
+
 counter/reference electrode, in keeping with the only previous 

evaluation of S@SWNT,
18

 and a large, broad feature between 2.10 and 1.95 V that 

contained two small peaks at 2.05 and 2.00 V. In subsequent sweeps, these latter two 

cathodic peaks broadened and shifted to ~ 2.08 and 1.91 V, and the peak at 2.37 V 

diminished significantly. In the first cycle, a large, broad anodic feature was observed 

between 2.15 and 2.50 V, with two distinct peaks at 2.38 and 2.43 V, and a 

broad/prominent shoulder at 2.28 V. The magnitude of the shoulder at 2.28 V did not 

change in subsequent sweeps, but the magnitude of the two other peaks diminished, such 

that a single, broad feature remained at 2.43 V in later cycles.  

The cycle performance of the printed S@SWNT electrodes (Figure 5.7c) was 

found to depend upon the overall size of the electrode. The 5 x 5 mm electrodes exhibited 

higher initial discharge capacity (~ 850 mA h g
-1

 S) than the 2 x 2 mm electrodes (~ 790 

mA h g
-1

 S), and better overall cycle performance: the 2 x 2 mm electrodes displayed 

more cycle-to-cycle variation and greater overall capacity decline over 100 cycles at C/2 

rate. We hypothesize that this may have been due to differences in the internal structure 

of the electrodes (e.g., the size and arrangement of the SWNT interstices, electrode pore 

spaces, inter-SWNT connectivity, etc.). 



 101 

 

Figure 5.7. Electrochemical characterization of the S@SWNT electrodes. EIS analyses 

of (a) 2 x 2 mm (left pane) and 5 x 5 mm (right pane) square electrodes; (b) cyclic 

voltammagram of S@SWNT; (c) cycle performance of 2 x 2 mm (red) and 5 x 5 mm 

(blue) electrodes at C/2 rate, between 2.8 and 1.6 V.    

5.3.5 Surface Analysis of Discharged Electrodes 

Figure 5.8 displays the results of the surface analyses of the cycled S@SWNT 

electrodes. SEM analyses of the cycled electrodes (Figure 5.8a and 5.8b) suggested that 

the structural integrity of the SWNT mesh was preserved overall, but higher-

magnification images revealed localized distortions and bulges within individual SWNT 

(Figure 5.8b), as well as small patches of non-SWNT material that charged during 

imaging (Figure 5.8b, red circle). The XPS survey sprectrum of an electrode discharged   
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Figure 5.8. Surface analysis of a cycled S@SWNT electrodes, including (a, b) SEM 

images (scale = 200 nm), (c) XPS survey, (d) high-resolution XPS scan of the C 1s 

region, (e) high-resolution XPS scan of the S 2p region, with fits for areas corresponding 

to sulfates (170.6 and 168.8 eV), sulfites (166.6 eV), “bridging“ sulfur (162.9 eV), and 

“Li2S“-type sulfur (159.5 eV).  
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to 1.6 V revealed elemental signals for fluorine, oxygen, nitrogen, carbon, sulfur, 

aluminum, and lithium (Figure 5.8c). The fluorine peak was located at a binding energy 

typically ascribed to LiF (~ 685 eV). Given that the cycled electrode was well-rinsed 

prior to XPS analysis and that the C 1s region spectrum (Figure 5.8d) did not display the 

signature peak for -CF3 (~ 293 eV), we believe that the fluorine signal was not due to 

residual salt, but rather due to the presence of LiF from electrolyte and salt degradation 

on the SWNT surface. The C 1s signal displayed a broad, small peak at 288.6 eV that had 

previously been ascribed to carbon bonded to hydrogen and fluorine (-CHF); and a 

prominent shoulder at 286.3 eV that was about half as tall as the peak for the graphitic 

carbon (284.5 eV), and which may be due to an oxidized carbon layer on the SWNT 

surface from salt/electrolyte decomposition or pseudocapacitive Li
+
 charge transfer; 

however, CV analyses exhibited a large solvent peak below 1.6 V, so we believe 

solvent/salt decomposition took place near 1.6 V.  

The XPS high-resolution region for S 2p (Figure 5.8e) was similar to the previous 

evaluation of an S@SWNT electrode that had been cycled to 1.8 V,
18

 with two broad 

envelopes extending roughly from 171.5 to 165.5 eV and 165 to 158 eV. The former 

represented more-oxidized sulfur species (e.g., sulfates and sulfites), while the latter 

represented sulfur atoms broadly referred to as “bridging” (i.e., sulfur atoms that are only 

bonded to other sulfur atoms), “terminal” (i.e., sulfur atoms that are bonded to another S 

atom and to a lithium), and “Li2S” sulfur (i.e., sulfur atoms that are bonded to two Li 

atoms).
31,32

 Due to the broad nature of the features and the low signal strength, only 

generalized fits to the high-resolution S 2p region were made, to quantify the total area 

beneath the two broad envelopes. Peak-fitting identified three features within the former 

envelope, and two features within the latter. Within the former, the feature centered at ~ 

168.8 eV is typically attributed to sulfates, and accounted for 32.67% of the total area 
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under the envelope, while the feature attributed to sulfites (~ 166.6 eV) accounted for 

17.11%; there was also a shoulder at ~ 170.6 eV (8.92%). The two features in the latter 

envelope were attributed to “bridging“ sulfur (~ 162.9 eV, 33.97%), and “Li2S“-type 

sulfur (~ 159.6 eV, 7.33%). It is possible that the sub-peak at ~ 166.6 eV assigned to 

sulfites is due to the presence of -SO3 from salt decomposition; however, the previous 

evaluation of S@SWNT
18

 reported a similar feature in an electrode that had been 

discharged to 1 V and then recharged. Considering that the same study did not observe 

solvent peaks during dishcharge, it is possible that this more-oxidized sulfur species may 

represent a natural facet of straight-chain sulfur charge/discharge. Notably, but also in 

accordance with the same previous study, there was minimal area beneath the XPS 

envelope at binding energies characteristic of “neutral” sulfur (i.e., ~ 165 eV) and 

“terminal“ type sulfur (~ 161.5 eV). Instead, we observed sulfur primarily of “bridging” 

type, with a small fraction of Li2S species, suggesting that straight sulfur chains may 

shorten during discharge, but may also reform during charge. 

      

5.4 DISCUSSION 

S@SWNT are a uniquely appropriate material for inkjet-printed Li-S cathodes 

because they integrate active sulfur material with a conductive matrix/current collector 

and are small and dimensionally consistent enough to meet the stringent size 

requirements for inkjet dispensing. We found that shape-conformal, dimensionally 

cohesive, S@SWNT electrodes fewer than ~ 10 µm thick with excellent electrical 

connectivity and tightly-aggregated surface pore-interstices could be printed after 

diligently optimizing the printing and annealing conditions. The dynamics of solvent-

removal during ink-annealing produced dome-shaped current collectors, which indicated 
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that the surface-preparation and annealing protocols could be further optimized to 

produce flatter electrodes. In addition, the persistence of the N 1s signal in longitudinal 

XPS analyses attested to the difficulty of removing the CHP carrier solvent from the 

printed electrodes. The residual CHP initially masked the sulfur signal in XPS analyses of 

as-printed electrodes, and precluded the effective electrochemical discharge of sulfur 

prior to additional solvent removal. Unfortunately, we were unable to identify a suitable 

replacement solvent; CHP has the highest known dispersibility of CNT,
33

 and efforts to 

print in other solvents were unsuccessful.   

The EIS and CV analyses indicated that the straight-chain sulfur inside the SWNT 

was electroactive. In their original report, Fujimori and colleagues
17

 noted that the Raman 

and XP spectra of SWNT were unaffected by the presence of infused sulfur and 

concluded that there was negligible chemical interaction and charge transfer between 

SWNT and the sulfur chains. Given that we observed reduced charge-transfer resistance 

in the electrochemical impedance spectroscopy (EIS) and clear, stable faradaic 

characteristics in the CV tests, theoretical studies would be helpful for elucidating 

whether the electroactivity of straight-chain sulfur is mediated by aggregation of Li
+
 ions 

on the SWNT surface (which would imply an electrical charge-transfer interaction 

between the SWNT and sulfur) or rather by infiltration of Li
+
 through the open ends of 

SWNT, followed by direct reaction with sequestered straight-chain sulfur, as well as 

whether the electrochemical discharge depends on the length of individual sulfur chains 

(or other factors).  

The S 2p region of the as-printed electrodes showed that some of the straight-

chain sulfur became oxidized as a result of the sonication/printing process. XPS analyses 

showed that sulfites and sulfates were also present in cells after discharge to 1.6 V. 

Although these forms of sulfur are not known to discharge in Li-S cells, the previous 
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study of S@SWNT also identified these species in ex situ XPS analyses of discharged 

electrodes,
18

 so more fundamental electrochemical studies of S@SWNT are needed to 

determine whether the more-oxidized sulfur identified in the XPS analyses of discharged 

electrodes resulted from the inherent charge/discharge mechanism of straight-chain 

sulfur.  

The S 2p region in XPS analyses of cycled electrodes was dominated by bridging-

type sulfur, and minimal areal attributable to Li2S-type sulfur, suggesting incomplete 

conversion of straight-chain sulfur to Li2S. This observation also implied either that 

discharge conditions could be further optimized, or that straight-chain sulfur may, in fact, 

undergo chain-shortening during discharge and partial (or complete) reformation during 

charge. The pseudocapacitive characteristics of the CV, the broad faradaic features 

observed in the anodic and cathodic sweeps, and the overall sloping nature of the 

cathodic CV sweep support the hypothesis that electrochemical charge/discharge 

involves sequential transitions to highly polydisperse sulfur chains, and that these 

transitions do not involve the formation of soluble polysulfides.  

Based on the assumption that the sulfur would be indefinitely confined to the 

microstructure pores within the interior of the SWNT, we initially tested the 

electrochemical properties of the S@SWNT between 1 and 2.7 V without LiNO3, which 

is used in Li-S systems for Li-anode protection. However, a solvent peak appeared below 

1.6 V that we believe was due to salt and/or solvent degradation. Interestingly, no such 

peak was reported in the previous study of S@SWNT,
18

 even when discharging to 1.0 V. 

The difference could potentially be due to the different SWNT source used in our study, 

or to the fact that the previous authors used an insulating PVdF binder in their electrode 

formulation, which may have suppressed the salt/solvent degradation reaction(s). 

However, the same authors reported a first-cycle capacity that was significantly larger 
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than the theoretical capacity of sulfur, as well as rapid capacity fade in the initial cycles; 

their discharge profiles also indicated that the capacity loss was 

overwhelmingly observed in the region below 1.6 V, so a portion of their initial 

observed capacity may have actually been due to SEI formation involving salt/solvent 

reduction. Further investigation of this phenenon is clearly warranted.  

 

5.5 CONCLUSIONS  

The observation of metallic conductivity in straight-chain sulfur has opened a new 

window for Li-S research. This form of confinement within SWNT offers a unique 

synergy that could potentially eliminate both of the chief drawbacks associated with 

sulfur as an active material: (1) all other known sulfur allotropes are insulating and (2) 

confinement within microporous SWNT may predispose straight-chain sulfur to a unique 

discharge mechanism that does not include soluble polysulfides, eliminating the common 

polysulfide shuttle problem during electrochemical cycling. We observed clear 

electrochemical activity in S@SWNT, and a discharge mechanism that seemed to avoid 

formation of soluble polysulfides. In addition, the printed electrodes produced a stable 

discharge capacity between 700 and 800 mAh g
-1

 S (5 x 5 mm electrodes) with consistent 

cycle performance for 100 cycles, indicating that these electrodes are promising 

candidates for thin-film applications. 
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Figure 5.9. Table of contents image. 
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Chapter 6:  Bioelectronic Energy Storage: A Pseudocapacitive Hydrogel 

Composed of Endogenous Biomolecules4 

6.1 INTRODUCTION 

The United States National Academy of Engineering has presented the need to 

“Advance health informatics” among its 14 grand challenges for engineering in the 21st 

century.
1
 Therefore, the development of implantable therapeutic and monitoring devices 

that seamlessly interface with biological systems would have enormous utility for 

“precision medicine”. Bioelectronics, in concert with the Internet of Things, which seeks 

to enable the facile integration of implantable devices with “big data”-driven health 

monitoring, promises to empower personalized healthcare.
2
 Accordingly, diverse groups 

have developed electronic devices fabricated with biocompatible materials for diagnostic 

and/or therapeutic use in living tissue.
3-5

 In contrast, the field of implantable energy 

storage is relatively unexplored,
6-9 

and batteries for implantable devices currently require 

bulky casing because they contain toxic electrolytes and non-endogenous materials
10

 that 

elicit immune responses which negatively impact device performance and long-term 

functionality.
4
  

Heller recognized that batteries for implantable biomedical devices could be 

effectively miniaturized “if the anode and the cathode, as well as their reaction products, 

were safe enough for implantation into the subcutaneous interstitial fluid, so that the fluid 

would serve as the electrolyte, i.e., the need for both the electrolytic solution and the case 

would be removed”.
6 

Ideally, implantable devices could achieve maximum 

biocompatibility if they exclusively comprised endogenous materials. In this context, 

                                                 
4 Portions of this chapter have been previously published as C.A. Milroy, A. Manthiram. “Bioelectronic 

Energy Storage: A Pseudocapacitive Hydrogel Composed of Endogenous Biomolecules”, ACS Energy Lett. 

2016, 1, 672−677. DOI: 10.1021/acsenergylett.6b00334. C.A. Milroy carried out the experimental work 

and wrote the manuscript. A. Manthiram revised the final manuscript. 
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dopamine is an electroactive, essential neurotransmitter
11,12

 that forms the molecular 

basis for neuromelanin, which is chemically similar to other pigmentary melanins found 

in skin, hair, and eyes.
13

 Melanins display hydration-dependent mixed ionic-electronic 

conductivity,
14,15

 and their biochemical precursors (e.g. dopamine, 5,6-dihydroxyindole, 

and 5,6-dihydroxyindole-2- carboxylic acid) exhibit catechol/quinone redox 

functionality;
11,16

 thus, these macromolecules are excellent candidates for implantable 

energy-storage. However, due to the hypothesized role of dopamine deficiency in 

schizophrenia and Parkinson’s disease,
17

 the vast majority of the electrochemical studies 

of dopamine have been devoted to in vivo sensing/detection, and very few studies have 

evaluated melanins for energy storage.
18,19

  

Unfortunately, electronics and batteries for implantable medical devices are 

particularly challenging to fabricate because, in addition to the exigent requirements for 

reliability, biocompatibility and/or biodegradability, implantable materials and devices 

must also resist nonspecific protein adsorption,
4,5

 as biofouling is the primary contributor 

to decreased sensitivity of implantable devices such as glucose sensors.
20 

In this context, 

biological hydrogels have proven useful for masking implantable devices since they are 

soft, elastic, and highly permeable to low molecular weight molecules; they also 

effectively resist the non-specific protein adsorption that leads to cell adhesion and 

biofouling.
21

 Moreover, diverse groups have formulated hydrogels containing redox-

active moieties (e.g. ferrocene, osmium-bipyridine, viologens, quinones, etc.), and used 

these electroactive “redox hydrogels” to electrically connect redox-active sites in 

enzymes directly to biosensor electrodes.
21-24

 This prior research inspired us to synthesize 

a redox hydrogel based entirely on endogenous biomolecules for use as an energy-storage 

material.  
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To combine the electroactive properties of dopamine and the non-adhesive 

biocompatibility of hydrogels, we chemically conjugated hyaluronic acid (HA) and 

dopamine (DA) to form an electroactive biocomposite. Hyaluronic acid is an endogenous 

polysaccharide found throughout human endothelial and neural tissues, and is a primary 

constituent of the extracellular matrix. It has well-characterized properties,
25,26 

is 

generally non-adhesive to cells, and inhibits glial cell response.
27 

 The dopamine-

hyaluronic acid (DAHA) composite can be electrodeposited onto electronically 

conducting substrates to form an electroactive polydopamine-hyaluronic acid (p(DAHA)) 

biopolymer for bioelectronic energy storage.  

 

6.2 EXPERIMENTAL METHODS 

6.2.1 Dopamine-Hyaluronic Acid Conjugate Synthesis 

N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC), dopamine (DA), and hyaluronic acid (HA) were all acquired from Sigma-Aldrich 

and used as received. The DAHA biocomposite was synthesized using carbodiimide 

chemistry, to activate the carboxylic acid on the D-glucuronic acid disaccharide for 

amide linkage. Following synthesis, the solution was dialyzed (20,000 Da molecular 

weight cut-off, Spectrum Laboratories) for 3 days against deionized water in a 

polyethylene bucket covered with Al foil and filled with 2 – 3 L deionized water at room 

temperature, and the dialysis water was changed at least twice per day. After dialysis, the 

solution was transferred to 50 mL Falcon tubes (Corning) and lyophilized for 72 h and 

then stored at - 20º C. To verify the presence of DA substitution on HA, lyophilized 

samples were dissolved in D2O (10 mg in 1.5 mL) and analyzed with proton NMR (
1
H-

NMR, 400 MHz, D2O, d). Degree of modification was determined by comparing the ratio 
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of the areas under the 
1
H-NMR proton peaks found between 6.8 and 7.4 ppm (which 

correspond to aromatic protons on the benzene ring in dopamine) to the peak at 1.9 ppm 

(corresponding to the N-acetyl glucosamine proton in HA). All NMR spectra were 

recorded at the Analytical Services Laboratory at the University of Texas at Austin.  

6.2.2 Electrodeposition 

Aqueous solutions of DAHA (0.5% w/v) were prepared by dissolving lyophilized 

DAHA in sterilized ultrapure (18.2 MΩ) water. Indium tin oxide slides (ITO, Delta 

Technologies, sheet resistivity 30–60 Ω sq
-1

) were cut into 12 mm x 25 mm rectangles 

using a dicing saw, and cleaned prior to electrodeposition by sequential sonication in 

dichloromethane, methanol, and acetone, and then thoroughly rinsed with deionized 

water. Figure 6.1 depicts the electrodeposition configuration, comprising an ITO 

working electrode, Pt mesh counter electrode, and Ag/AgCl reference electrode encased 

within a protective glass Pasteur pipette filled with KCl-saturated agar to prevent fouling. 

  

 

Figure 6.1. Electrodeposition configuration.  
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 Polydimethylsiloxane (PDMS, SYLGARD 184, Dow-Corning) films 

approximately 1 - 2 mm thick were cast in plastic cell culture dishes, and a small square 

of the cured PDMS film with a hole punched in its center was used to mask the ITO slide. 

The circular, unmasked area in the center of the ITO glass was identified for future 

reference by marking the perimeter of the exposed circular area with an indelible marker 

(Sharpie) on the non-conductive side of the ITO glass.  

A small piece of copper tape was secured to the ITO glass slide and connected to 

the working electrode lead, and the Ag/AgCl reference electrode (CH Instruments) and a 

Pt mesh counter electrode were positioned adjacent to the exposed surface of the working 

electrode. Then, 100 – 200 uL of dissolved DAHA solution was added to the 

reservoir/hole in the PDMS mask to completely cover the exposed area in the center of 

the ITO slide. Linear sweep voltammetry was used to deposit DAHA material by 

scanning between 0 and 1.0 V vs. Ag/AgCl at a scan rate of υ = 0.1 V s
-1

 for 20 - 80 

sweeps (Electrochemical Analyzer, CHI 1040A, CH Instruments, Austin, TX). The final 

scan was stopped at 0 V. After electrodeposition, the ITO slides were rinsed thoroughly 

and stored in sterile deionized water at 4º C. The charge passed within each measured 

interval was quantified with the following relation: 

 

Q = i * E/(υ) , where 

 

i = current recorded during interval (taken as the average of the values 

recorded at the start and end of each line of output) 

E = potential recorded during interval, corresponding to change of 0.001 V  

υ = scan rate (V s
-1

) 
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The total estimated moles of electrodeposited DA moieties was calculated using the 

relation
28

: 

 

 Γ = Q / nF ; where  

Q = total charge passed (C) 

n = number of moles electrons passed per mol deposited DA molecule  

F = Faraday’s constant (96485 C mol
-1

) 

 

Although previous studies have indicated that dopamine electrodeposition may 

involve up to 4 total electron transfers,
28,29

 we chose to calculate the most conservative 

estimate of pseudocapacitance and discharge capacity by using the maximum possible 

electrodeposited p(DAHA) mass (i.e. by assuming that each electrodeposited DA 

molecule only required a single electron transfer). However, the electrodeposited product 

demonstrated electroactivity, so we integrated the entire i – V characteristic to correct for 

charge that was passed as part of the oxidation and reduction of the conjugated 

electroactive network that formed within the material that had been deposited in prior 

segments. Electrochemical quartz crystal microbalance with dissipation (EQCM-D) 

studies were realized using gold-coated quartz crystals with a titanium adhesion layer 

(Biolin Scientific). 

6.2.3 Electrochemical Characterization 

Figure 6.2 depicts the scanning electrochemical microscope assembly (SECM, 

CH Instruments) used to house the p(DAHA)-coated ITO slides for electrochemical 

evaluation, comprising a transparent polycarbonate base with four threaded screws to 

connect to a Teflon top piece that masked the uncoated ITO surface and contained a 
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counterbore to hold phosphate buffered saline (PBS) which was added atop the exposed 

ITO surface. The top piece was fitted with an O-ring that defined the edge of the 

electrodeposited area, and the O-ring recessed into the Teflon and pressed firmly to the 

ITO surface to isolate the uncoated portion of the ITO from contact with electrolyte. The 

Pt wire counter-electrode and Ag/AgCl reference electrode were fit into slots cut in the 

Teflon top piece. The dotted line that is visible near the edge of the hole in the center of 

the top Teflon piece was drawn on the bottom of the ITO slide prior to electrodeposition 

to demarcate the area covered with electropolymerized product. For electrochemical 

testing, a piece of copper tape was affixed to the ITO working electrode, an alligator clip 

affixed to the Pt wire counter electrode, and the Ag/AgCl reference electrode inserted in 

the round notch at the top of the assembly. The entire assembly was wrapped in parafilm 

during analysis, and a small plastic tube carrying N2 to the degassed solution was inserted 

through the parafilm. 

  

 

Figure 6.2. Scanning electrochemical microscopy (SECM) assembly used to house the 

p(DAHA)-coated ITO slides for electrochemical evaluation of the electrodeposited 

p(DAHA): (a) top view with ITO glass inserted between top and bottom pieces of the 

assembly (the slots for the counter and reference electrodes are also visible). (b) the 

assembly during testing. 
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Approximately 1.5 mL of sterile DPBS/Modified (- Ca, - Mg, HyClone) was added to the 

reservoir, and the reservoir was sealed with Parafilm, degassed for 5-10 minutes with N2, 

and maintained under a blanket of N2 during electrochemical characterization. 

Electrochemical properties were evaluated with cyclic voltammetry utilizing a three-

electrode configuration (ITO working electrode, Pt wire counter electrode, and Ag/AgCl 

reference electrode) and sweep rates between 10 and 200 mV/s. Capacitance was 

calculated by determining the slope of the relationship between peak current (Ip) and scan 

rate, i.e. by fitting Ip = C(dV/dt). 

6.2.4 Morphological Evaluation 

 After critical-point drying in CO2 (Tousimis Samdri 790), ITO slides were coated 

with iridium to 7 nm thickness using a sputter coater (Cressington Scientific 

Instruments). Scanning electron microscope (SEM) images were acquired with a Zeiss 

SUPRA 40 VP SEM at the Microscopy and Imaging Facility of the Institute for Cellular 

and Molecular Biology at The University of Texas, using the InLens feature at 2 - 5 kV 

acceleration voltage and 10 mm working distance.  

6.2.5 Surface Analysis 

X-ray photoelectron spectroscopy (XPS) was used to verify the level of DA 

functionalization in the lyophilized DAHA and analyze the surface composition of the 

electrodeposited p(DAHA) (XPS, Kratos Analytical Company). Data were acquired with 

a Kratos Axis Ultra DLD XPS system equipped with an Al Kα source. Survey scans were 

collected from 0 to 1200 eV binding energy with 1.0 eV resolution, followed by high-

resolution scans of the C 1s, O 1s, and N 1s regions at 0.1 eV resolution. Pass energies 

for survey and higher resolution scans, respectively, were set to 80 eV and 20 eV. All 

spectra were charge-corrected relative to the aromatic C 1s component at 284.5 eV 



 120 

binding energy. XPS spectra were analyzed and fitted with CasaXPS software (version 

2.3.15, Casa Software Ltd.). Optical profilometry of air-dried electrodeposited p(DAHA) 

(Wyko NT 9100 Optical Profilometer) was used to estimate the thickness of 

electrodeposited material, and water contact angle was estimated by dispensing a 2 µl 

drop of ultrapure water on the surface of the samples at room temperature, and using a 

goniometer to study the wettability of ITO and the p(DAHA)-coated electrodes. Micro-

Raman (WITec Alpha-300) images were acquired with a 20X objective and 532 nm 

wavelength laser for excitation. Data was acquired in five scans accumulated over 50 s 

total integration time using 5 mW laser power. 

 

6.3 RESULTS 

6.3.1 Material Synthesis 

Figure 6.3 summarizes the carbodiimide-based synthesis of DAHA. NMR 

analyses indicated that 10 - 30% of the carboxyl groups in HA could be functionalized  

 

 

Figure 6.3. Dopamine-hyaluronic acid synthesis. 

 



 121 

with DA by varying the stoichiometric ratio of the reactants. Figure 6.4 depicts scanning 

electron microscope (SEM) images of lyophilized DAHA, and an NMR spectrum of a 

DAHA sample with approximately 30% of the HA carboxyl groups functionalized with 

dopamine. The as-synthesized, lyophilized DAHA was nanofibrous, with individual fiber 

diameters ranging between ~ 250 nm and 1 µm. 

 

 

 

Figure 6.4. (a, b) Scanning electron microscope (SEM) images of lyophilized DAHA, 

showing the nanofibrous aspect, with individual fiber diameters ranging between ~ 250 

nm and 1 µm; (c) 
1
H NMR spectrum of dopamine-hyaluronic acid (DAHA).  

(c) 
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The integrated areas of the peaks corresponding to the N–acetyl glucosamine 

protons of HA (~ 1.9 ppm) and the aromatic protons of dopamine (~ 7 ppm) are shown 

beneath the peaks in Figure 6.4c, and have been normalized using the area of the peak at 

~ 1.9 ppm. The degree of substitution was calculated by dividing the area of the peak at ~ 

7 ppm by the sum of the areas of the ~ 1.9 and ~ 7.0 ppm peaks. For example, for the 

sample depicted in Figure 6.4c, comparison of the integrated areas under these peaks 

indicated that dopamine was successfully conjugated to approximately 28% of the 

carboxyl groups on the glucuronic acid subunit of HA, leaving the other ~ 72% 

unsubstituted. Chemical conjugation of DA to HA effectively immobilized DA and 

prevented DA autopolymerization. Aqueous DAHA solutions (0.5 wt%) were stable and 

viable for electropolymerization for more than a year.  

6.3.2 Electrodeposition 

Figure 6.5 depicts a typical electrodeposition characteristic of DAHA on indium 

tin oxide (ITO). Two faradaic features were visible in the forward (anodic) sweep at 0.41 

and 0.68 V versus Ag/AgCl, attributed to dopamine grafting and pre-oxidation,
28-30

 

followed by irreversible oxidative polymerization between 0.9 and 1.0 V. The peak 

electrodeposition current progressively declined after the initial sweep, suggesting that a 

p(DAHA) film progressively masked the ITO surface. However, the feature in the reverse 

sweep at 0.04 V, which was attributed to the reduction of dopaminequinone to 

dopamine,
28-30

 increased as the electrodeposition progressed, indicating that the deposited 

material became more electroactive as the deposition process proceeded. 
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Figure 6.5. Representative profile for electropolmerization of dopamine-hyaluronic acid 

(DAHA) to form p(DAHA).  

Electrochemical quartz crystal microbalance with dissipation (EQCM-D) was 

used to elucidate the electrodeposition process (Figure 6.6). A representative EQCM-D 

profile showed that the frequency (f) decreased sharply and the dissipation (D) increased 

after the aqueous DAHA solution (0.5%, w/v) was added to the QCM, and that the 

frequency declined and the dissipation further increased during electrodeposition (Figure 

6.6a). Small oscillations in the harmonics were observed in phase with potential changes 

during the linear voltage sweeps (Figure 6.6b): the frequency decreased in the anodic 

sweep, reached a minimum when the electrode potential was 1.0 V, then increased 

slightly during the reverse sweep back to 0 V. We attributed this to electrostatic attraction 

between the positively-polarized electrode and the unfunctionalized carboxyl groups in 

HA, which were negatively-charged in the pH ~ 7.4 physiological PBS buffer (i.e., 

because the HA carboxylic acid has pKa ~ 2.9)
25

 and could electrostatically physisorb to 

the electrode during the anodic sweep and subsequently detach in the reverse sweep. 

However, the observed increase in dissipation during electrosynthesis suggested that the  
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Figure 6.6. (a) Electrochemical quartz crystal microbalance with dissipation (EQCM-D) 

profile, (b) oscillation of EQCM-D third harmonic in phase with the applied potential 

during linear sweep voltammetry, (c) cycle-specific mass deposition and charge passed 

during 40-cycle (80-segment) electrodeposition, (d) water-swollen gels on ITO substrates 

after electrodeposition. 

composite film exhibited viscoelastic properties, possibly due to the presence of soft (gel) 

material trapped within the rigid, electrodeposited polydopamine. The mass deposited in 

the first cycle was approximately an order of magnitude greater than in subsequent cycles 

(Figure 6.6c); thereafter, mass deposition declined gently in cycles 2 - 40 (i.e. sweep 

segments 3 - 80). Figure 6.6d shows water-swollen gels after electrodeposition. The H2O-
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contact angle of p(DAHA)-coated ITO (28°) was significantly less than bare ITO (88°) 

due to increased surface hydrophilicity from the presence of HA. This result corroborates 

prior studies of surface-immobilized HA.
31,32

 Optical profilometry indicated that the 

dried, electrodeposited material was ~ 300 nm thick (Figure 6.7). 

 

 

 

Figure 6.7. Representative optical profiles of electrodeposited polydopamine-hyaluronic 

acid, p(DAHA). The clear step-change observed relative to the ITO-doped glass substrate 

suggested that the dry electrodeposited material was approximately ~ 300 nm thick. 
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6.3.3 Electrochemical Characterization 

Figure 6.8 summarizes the electrochemical properties of electropolymerized 

DAHA. No electroactivity was observed unless the electrodeposited gel was first 

“activated” by repeatedly sweeping the potential below -1.1 V vs. Ag/AgCl. Figure 6.8a 

displays a representative i - V characteristic for the activation process. A solvent-like 

peak was observed below -1.1 V; however, after sweeping below -1.1 V, two smaller 

waves (-0.80 and -0.68 V) appeared in the anodic sweep and a single wave (-0.85 V) 

appeared in subsequent cathodic sweeps. The magnitude of the features between -0.6 and 

-1.0 V increased with the number of activation cycles, but the magnitude of the peak 

current at -1.2 V diminished with cycle number; however, the area within the feature 

between -1.0 and -1.2 V increased with cycle number. In contrast, bare ITO was not 

electroactive between -0.5 and -1.1 V (Figure 6.8a, dotted black line), and the area of the 

feature between -1.1 and -1.2 V did not increase with cycle number. The CVs of activated 

p(DAHA) displayed features corresponding to catechol-quinone interconversion (Figures 

6.8b - d). The magnitude of the electroactive features between -0.5 and -1.0 V increased 

with the number of activation sweeps (Figure 6.8b, green, red, blue, and black traces), 

and activated p(DAHA) displayed stable, long-term electroactivity for 400 cyclic 

voltammetry cycles (Figure 6.8c), indicating that p(DAHA) was firmly attached to the 

electrode surface. Previous studies of dopa-melanin batteries have also noted an 

activation process.
19

 However, the need for activation at such low potential suggests H2 

gas generation or proton removal were involved. Previous studies have found that p(DA) 

is impermeable to diverse redox probes,
33,34 

so the electrode interface may have been 

blocked by a thin, dense layer of p(DA) prior to activation. We hypothesize that gas 

bubbles generated during electrochemical activation may have disrupted this blocking 

layer. This, in turn, could have increased the overall film-electrode interfacial area, 
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Figure 6.8. (a) i - V profile for the activation process, (b) number of activation segments 

and resulting electroactivity; (c) long-term stability of activated p(DAHA); (d) response 

of activated p(DAHA) to different scan rates; (e) peak current (ip) as a function of scan 

rate (ν) for p(DAHA) samples electrodeposited with 20, 40, or 80 sweeps and 

subsequently activated with either 20 (diamonds) or 80 (circles) sweeps; (f) galvanostatic 

discharge profiles of electrodeposited p(DAHA). 
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enabled electron self-exchange among liberated catechol moieties (i.e. according to 

Laviron-Andrieux-Saveant theory),
35,36

 created channels for proton mobility, and 

facilitated Grotthus proton transport to catechol groups near the electrode via the non-

functionalized carboxylic acid groups in HA. Catechol/quinone interconversion has been 

shown to occur via tunneling, even when spacer groups are present,
16,30

 so more than a 

single p(DAHA) monolayer may have contributed to the observed electrochemical 

pseudocapacitance.  

Figure 6.9 illustrates the connection between the anodic and cathodic peaks that 

appeared during the activation process. The left panel illustrates the relationship between 

the individual anodic and cathodic peaks that appeared during the activation process. No 

peaks were apparent when the electrode was cycled exclusively between -0.85 and -1.1 V 

(dotted black line). However, when the potential was allowed to increase above -0.80 V 

after cycling to -1.1 V, the first anodic wave appeared at -0.80 V, and a cathodic peak 

appeared at -0.85 V in the reverse sweep (green trace), demonstrating that these two 

peaks were related. When the electrode potential was allowed to increase above -0.70 V 

(red trace), the second anodic peak appeared and the cathodic peak grew, and then 

increased further when the potential was allowed to increase above -0.60 V during the 

anodic sweep (blue trace). The right panel depicts the linear relationship between peak 

current (ip) and scan rate (ν) that was observed at all activation levels. 

Figure 6.8d portrays the response of activated p(DAHA) to different scan rates 

between 10 and 200 mV s
-1

. As shown in Figure 6.9 (right pane), a linear relationship 

between peak current (ip) and scan rate (ν) was observed for all levels of activation (20 – 

80 segments), indicating that the electrochemical process was surface-controlled, and that 

different levels of activation did not influence the underlying electrochemistry of the 

system. Although the electrochemical response correlated strongly with the number of 
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Figure 6.9. Electrochemical response of electrodeposited p(DAHA) material. Left: 

relationship between the individual anodic and cathodic peaks that appeared during the 

activation process. Right: linear relationship between peak current (ip) and scan rate (ν) 

that was observed at all activation levels. 

activation cycles, Figure 6.8e reveals that the observed pseudocapacitance, quantified 

here as the slope of the ip versus ν relationship, was more influenced by the number of 

activation segments than by the number of deposition segments. For example, all samples 

that underwent 80 activation sweeps displayed the same slope for ip versus ν, regardless 

of whether they had been electrodeposited with 20, 40, or 80 deposition segments; the 

same phenomenon was observed for p(DAHA) activated with 20 sweeps, and for both 

10% and 30% substitutions. This observation suggests that perhaps only a small fraction 

of the total material deposited on the electrode actually contributed to the observed 

pseudocapacitance. This observation also illustrates the importance of identifying or 

developing an appropriate high-surface area substrate for future investigation and 

application of this material. Table 6.1 displays the capacitance of p(DAHA) as a function 

of DA substitution (10% and 30%) and number of activation sweeps (20, 40, 60, 80 

segments). Given the result described in Figure 6.8e, the capacitance as a function of the 

number of deposition segments is not presented. In absolute terms, the pseudocapacitance 
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of the electrodeposited material increased ~ 0.2 mF per 20 activation segments for both 

10% and 30%-substituted DAHA.  

 

Table 6.1. Capacitance and energy density of p(DAHA) as a function of dopamine 

substitution and total number of activation segments. 

  Capacitance Energy density 

Dopamine 

substitution 

Activation 

segments 

Absolute (mF) Gravimetric 

(F g-1) 

Absolute 

(mWh) 

Gravimetric 

(mWh g-1) 

10% 20 0.82 497 0.028 17.26 

 40 1.07 648 0.037 22.52 

 60 1.27 770 0.044 26.73 

 80 1.47 891 0.051 30.93 

30% 20 1.36 455 0.047 15.79 

 40 1.55 518 0.054 18.00 

 60 1.68 562 0.058 19.51 

 80 1.90 635 0.066 22.06 

 

Figure 6.10 depicts the cycle-by-cycle variation of charge passed during 

electrodeposition. Although the pseudocapacitance of p(DAHA) generated from DAHA 

with 30% DA substitution was ~ 30% higher than that of p(DAHA) from 10% DAHA, 

the gravimetric pseudocapacitance and energy density of 10% DAHA were larger 

because less mass was deposited during electrodeposition of 10% DAHA. This result 

suggests that the electrodeposition process for the 10% DAHA may have created more 

uniform p(DAHA) surface layers and/or that the layers were more efficiently activated 

after synthesis, and indicates that further optimization of the electrosynthesis is possible. 

Although our pseudocapacitance estimates were high compared to conventional, carbon-
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based capacitors,
37 

they are similar to those reported for thin-film supercapacitors of 

approximately the same thickness (0.5 µm) containing oxidized lignin, a biopolymer with 

electroactive quinone moieties.
38

 However, the capacitance of oxidized lignin was 

observed to decline significantly in thicker films, a commonly observed phenomenon in 

capacitive materials.  

The galvanostatic discharge profiles for p(DAHA) were flat (Figure 6.8f), and 

exhibited a stable operational cell potential near -0.85 V, and a high discharge capacity 

up to ~ 130 mA h g
-1

 at current densities ~ 10 – 15 A g
-1

, which compares well with 

previous studies of melanin-based active materials.
18,19

 

 

 

 

Figure 6.10. Cycle-by-cycle variation of electrodeposition charge passed for DAHA with 

10% or 30% DA substitution. The total charge passed per cycle decreased rapidly in the 

first ten cycles, moderately in cycles 10 – 20, and then remained essentially constant after 

cycle 20. 
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6.3.4 Surface Analysis  

Figure 6.11 contains SEM images and XPS spectra of the electrodeposited and 

cycled p(DAHA). Samples were imaged with SEM after drying at the CO2 critical-point. 

Small spheres of dried HA were visible across the electrode surface where p(DAHA) had 

been electrodeposited (Figure 6.11a), and were found to overlay the electrodeposited 

p(DA) granules (Figure 6.11b). The exposed, electrodeposited product displayed a dense 

concentration of nanoscale granules 20 – 100 nm in diameter (Figures 6.11c), consistent 

with previous descriptions of dopamine-melanin,
39

 auto-oxidized polydopamine,
33 

and 

chemically/electrochemically synthesized dopa-derived melanin.
18,19 

These features were 

not observed on bare ITO slides (Figure 6.11d). 

 

 

Figure 6.11. Scanning electron microscope (SEM) images of (a - c) p(DAHA) after 

electrodeposition, CV testing, and critical-point drying in CO2; (d) bare ITO. 
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The XPS spectra of electrodeposited and cycled p(DAHA) bore general similarity 

to those of solution-deposited polydopamine (Figure 6.12).
33,34

 The XPS survey 

spectrum of lyophilized DAHA (Figure 6.12a) contained peaks for carbon, nitrogen, and 

oxygen; the core-level carbon 1s spectrum (Figure 6.12c) for the lyophilized sample was 

deconvolved into four peaks attributed to C-C and C-H (284.5 eV, 16.4%), C-N and C-O-

C (286.1 eV, 54.4%), C-OH (287.5 eV, 19.3%), and C=O and NC=O (288.8 eV, 9.8%). 

The general shape of the C 1s envelope for lyophilized DAHA was similar to prior XPS 

evaluations of HA,
40,41

 but the deconvolved peaks of DAHA were broader, reflecting the 

contribution of carbon atoms in DA. The hydrocarbon peak (284.5 eV) appeared broader 

than those of previous evaluations because DA contains a higher overall fraction of 

hydrocarbon moieties than HA, and a lower fraction of oxidized carbon moieties. 

Likewise, the nitrogen-bonded carbon in DA increased the relative area and breadth of 

the -C-N peak in the DAHA envelope. The peak for the most highly oxidized C 1s states 

(288.8 eV) was the broadest, since some of the hydroxyl groups bound to DA probably 

existed as quinone/semiquinones. This feature also contained the π → π* shakeup 

satellite (~ 292 – 290 eV) seen in XPS studies of DA-functionalized surfaces.
33

  

Previous evaluations of HA identified a single N 1s peak,
40

 so the presence of two 

distinct peaks in the high-resolution core level N 1s spectrum of lyophilized DAHA 

(Figure 6.12e) confirmed that a portion of the HA carboxylate groups were successfully 

functionalized with DA. These two peaks were attributed to nitrogen atoms in DA (402.1 

eV, 32%) and glucosamine groups in HA (400.1 eV, 68%), corroborating the observed 

level of DA functionalization determined by NMR. The high-resolution O 1s spectra for 

the lyophilized product (Figure 6.12g) was deconvolved into three broad peaks 

representing carboxyl/carbonyl (531.6 eV, 16.8%), ether/amide (533.1 eV, 34.1%) and 

hydroxyl groups (533.5 eV, 49.1%).  
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Figure 6.12. X-ray photoelectron spectroscopy (XPS) spectra of (a, c, e, g) lyophilized 

dopamine-hyaluronic acid (DAHA) with 30% DA substitution, and (b, d, f) 

electrodeposited p(DAHA). (a, b) low-resolution surveys; high-resolution regions: (c, d) 

carbon 1s, (e, f) nitrogen 1s, and (g) oxygen 1s; (h) Raman spectrum (cycled DAHA). 
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The C 1s core level spectrum of the electrodeposited and cycled p(DAHA) was 

deconvolved into four peaks (Figure 6.12d), attributed to C-C and C-H (284.5 eV, 

49.14%), C-N and C-O-C (285.1 eV, 21.49%), C-OH (286.2 eV, 18.27%), and C=O 

(288.2 eV, 11.10%). The main envelope resembled prior XPS evaluations of 

poly(DA),
33,34

 but with smaller, broader shoulders. The N 1s core level spectrum of the 

electrodeposited and cycled p(DAHA) was deconvolved into two peaks (Figure 6.12f), 

and had the same general form as a previous XPS analysis of poly(DA),
33,34

 but was 

slightly downshifted and lacked the N=R shoulder. Evaluation of core level O 1s spectra 

for electrodeposited p(DAHA) on ITO was precluded by the observation of indium and 

tin signals in the survey spectrum (Figure 6.12b). Previous authors noted that substrates 

underlying polydopamine melanin films were visible in XPS, even for thick films, 

potentially due to cracks in the film induced by complete dehydration under ultrahigh 

vacuum.
34  

The Raman spectrum (Figure 6.12h) of electrodeposited and electrochemically 

cycled p(DAHA) on ITO. The spectrum bears general similarity to previous Raman 

spectroscopic investigations of natural and synthetic melanins.
18,19,42 

Three main features 

were visible within the broad envelope. The feature at the lower end of the spectrum was 

attributed to C-OH bonds, the feature at approximately 1350 cm
-1

 was attributed to C-N 

stretching, and the peak centered roughly at 1590, along with its shoulder at 1510 cm
−1

, 

was attributed to stretching vibrations of aromatic C-C and C-N bonds. 

 

6.4 CONCLUSIONS 

In conclusion, we synthesized an electroactive composite material for 

bioelectronic energy storage by chemically conjugating two endogenous biomolecules, 
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hyaluronic acid and dopamine. By adopting this approach, we were able to explore the 

energy-storage properties of polydopamine, and incorporate HA as a shield against 

oxidative stress and non-specific protein adsorption. Different groups have reported 

electroconductive hydrogels,
21-24,43,44

 but we believe this is the first report of an energy-

storage material synthesized exclusively with endogenous biomolecules. Although the 

catechol group of DA is redox-active,
16-19 

DA autopolymerizes rapidly in physiological 

solutions to form a highly disordered and electrochemically inactive
28,29,33

 polydopamine 

material that is not suitable for energy-storage. However, chemical conjugation of DA to 

HA effectively immobilized DA and prevented autopolymerization. Furthermore, our 

p(DAHA) was electrochemically active and displayed stable pseudocapacitance for four 

hundred CV cycles under in vitro conditions in physiological (pH 7.4) phosphate 

buffered saline solution. EQCM-D analysis indicated that HA was present within the 

electrodeposited DA, and the ensconced gel material appeared to play an essential role in 

the composite’s electroactivity. Our electroactive hydrogel has many potential 

applications as a bioelectronic interface or energy-storage material, i.e. as a 

supercapacitor or, coupled with an Ag/AgCl electrode (e.g. those used in implantable 

amperometric glucose sensors), a potentially implantable battery with an operating 

voltage ~ 0.85 V. Redox hydrogels used in physiological systems to connect enzymes 

with amperometric biosensor electrodes typically contain ferrocene or osmium-bipyridine 

complexes whose redox potentials are poised ~ 200 mV positive of an implantable 

Ag/AgCl reference electrode.
22-24,36,43

 Although this strategy minimizes oxidative 

interference from other biomolecules,
43

 it also renders the operating voltages too small 

for practical use in implantable energy-storage. In contrast, redox hydrogels based on 

conducting polymers such as polypyrrole, polythiophene and polyaniline operate at 

higher voltages, but exhibit lower capacitance and capacity than activated p(DAHA) did 
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in this study.
44

 In addition, we expect that the ease of synthesis of DAHA and the 

endogenous origin of its components will offer an intrinsic advantage for utilization in 

biological systems for a multitude of applications (e.g. implantable biosensors, neuronal 

prostheses, electrostimulated therapeutics, etc.).
21,45

 However, further investigation is 

necessary to verify the biocompatibility of p(DAHA) and confirm its functionality as an 

implantable energy storage material. 

 

 
 

 

Figure 6.13. Table of contents image.  
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Chapter 7:  Summary  

The conclusions for each project carried out as part of this dissertation are given 

within the “Conclusions” section at the end of each chapter. However, a summary of the 

advances embodied in this dissertation may be generalized as follows:  

Overall, the findings of this dissertation bring new insights to the understanding 

of flexible and printed Li-S, and to natural biomaterials that may serve as implantable 

energy sources.  

(1) The evolution of flexible, elastic, and wearable electronics has driven the need 

for materials that are both conductive and deformable. Although there have been several 

reports of conductive and elastic polymeric blends based on polypyrrole and 

polyurethane, these materials have been hampered by low conductivity and/or poor 

mechanical properties. We described improvements to the synthesis, processing, and 

characterization of a polypyrrole-polyurethane (PPyPU) nanocomposite. Emulsion 

polymerization was used to synthesize conductive polypyrrole (PPy) within an 

elastomeric polyurethane (PU) matrix. By optimizing the emulsion polymerization 

synthesis and improving the processing methods, we increased the conductivity of films 

by several orders of magnitude (from 10
-6

 to 10
-2

 S cm
-1

) without compromising the 

mechanical deformability of PU. The resulting polypyrrole-polyurethane (PPyPU) 

nanocomposite material displays remarkable improvements in processability compared to 

pure PPy, thus allowing it to be solvent/spin cast into electronic films that demonstrate 

robust mechanoelectrical properties, as well as sprayed and electrospun into nanoscale 

fibers. 

(2) As an extension of the PPyPU synthesis and characterization, and to facilitate 

the transition of electronics from “heavy and brittle” platforms to “light, thin, flexible” 
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platforms, the conductive, elastic, electroactive binder composed of polypyrrole and 

polyurethane was adopted as a binder for flexible, high-loading lithium-sulfur 

cathodes. We utilized the rational design of a Li-S binder, with components selected to 

improve conductivity, capacity, and capacity retention, and reduce the deleterious effects 

of volume expansion. The inherent elasticity of polyurethane allowed the PPyPU binder 

to be used for creating flexible electrode formulations. The discharge capacity of our 

flexible electrodes was essentially constant for 100 cycles, even without the assistance of 

highly-specialized carbon materials, coated separators, or carbon-paper interlayers. The 

elimination of interlayers and excess carbon is important for maximizing the energy-

density of the Li-S system. Unlike most previous reports of “flexible” sulfur cathodes, we 

have demonstrated robust electrode functionality after 50 bend/rolling cycles, and our 

electrode used off-the-shelf reagents available at industrial scale. As the importance of 

the Internet of Things, wearable electronics, and implantable devices grows, thin, printed 

and flexible batteries will find increasing use in devices with novel form factors and 

designs, and these flexible Li-S cathodes could someday be used for flexible Li-S 

batteries. 

(3) Extrusion-printed microelectrodes were fabricated with aqueous multi-wall 

carbon nanotube (MWCNT) inks. The electrodes were scalable over two orders of 

magnitude in footprint and can be loaded with lithium-polysulfide catholyte to provide a 

high discharge capacity of ~ 1300 mA h g
-1

 at a current density of ~ 3 mA cm
-2

.  

Furthermore, they display high initial areal capacity at a high sulfur loading (e.g., ~ 7 mA 

h cm
-2

 at 7 mg cm
-2

 and ~ 50 wt.% sulfur), exhibit areal capacities of ≥ 5 mA h cm
-2

 for 

50 cycles and ≥ 3.5 mA h cm
-2

 for 200 cycles, and withstand ≥ 500 charge/discharge 

cycles. These printed, freestanding microelectrodes can meet the energy-storage 
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benchmarks for powering microelectromechanical systems (MEMS) and microelectronic 

devices, and therefore represent a strategic option for future microbatteries. 

(4) As a complement to these activities, sulfur-infused single-wall carbon 

nanotubes were adopted as an integrated active-material/current collector for inkjet-

printed lithium-sulfur cathodes on a flexible aluminum foil substrate. The sulfur in 

the printed electrodes provided a capacity of 700 – 800 mA h g
-1

 S over 100 cycles at a 

C/2 rate, and cyclic voltammetry indicated that the discharge mechanism did not include 

formation of soluble polysulfides. 

(5) To produce implantable batteries that could be fully biocompatible, we created 

an energy storage material fabricated entirely from endogenous biomolecules via a 

one-step carbodiimide conjugation of dopamine (DA) to hyaluronic acid (HA). The 

DAHA composite can be electropolymerized to create a pseudocapacitive biopolymer, 

p(DAHA), that exhibits catechol-quinone interconversion, stable, long-term 

electroactivity for 400 cycles, and high pseudocapacitance (up to ~ 900 F g
-1

) and 

discharge capacity (~ 130 mAh g
-1

 at ~ 10 A g
-1

). These characteristics predispose it for 

bioelectronic energy storage, i.e., as a supercapacitor or, when coupled with an 

implantable Ag/AgCl electrode, a biobattery with an operating voltage ~ 0.85 V. 
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