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ABSTRACT 

 

TOP-DOWN AND BOTTOM-UP FABRICATION OF KEY COMPONENTS IN 

MINIATURE ENERGY STORAGE DEVICES  

 

SEPTEMBER 2019 

 

WENHAO LI, B.S., TSINGHUA UNIVERSITY 

 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Directed by: Professor JAMES J. WATKINS 

 

 

 The advent of miniature electronic devices demands power sources of 

commensurate form factors. This spurs the research of micro energy storage devices, e.g., 

3D microbatteries. A 3D microbattery contains nonplanar microelectrodes with high aspect 

ratio and high surface area, separated by a nanoscale electrolyte. The device takes up a total 

volume as small as 10 mm3, allowing it to serve on a chip and to provide power in-situ. 

The marriage of nanotechnology and electrochemical energy storage makes microbattery 

research a fascinating field with both scientific excitement and application prospect. 

However, successful fabrication of well-functioned key components and the assembly of 

them require careful choice of both materials and processing technologies, which explains 

the rarity of reports on fully assembled 3D microbattery devices. In this Thesis, we 
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exploited both top-down and bottom-up methods to produce nanostructured functional 

materials as either microelectrodes or nanoscale electrolytes.  

Project 1 introduces nanoimprinting as a promising strategy toward scalable 

fabrication of woodpile-like 3D microelectrodes out of well-dispersed TiO2 nanoparticles. 

Using sequential imprinting, we created electrode structures with different aspect ratios 

and correlated them to the improved charge storage capacity. One step forward, we applied 

imprinting to other electrode materials. In Project 2, we imprinted microelectrode using 

customized, ultrafine LiMn2O4 (LMO) and Li4Ti5O12 (LTO) nanoparticles. A dopamine-

containing copolymer electrolyte was developed to enable the layer-by-layer assembly of 

microbattery full device. The synergistic effect of nanosized materials and micropatterning 

resulted in batteries with very high volumetric energy and power densities.  

Project 3 explores using vapor phase chemistry to deposit copolymer thin films 

onto 3D nanostructures and subsequently doping the neat dielectric films into “shrink-wrap” 

electrolytes. Correlations between deposition parameters, copolymer composition and the 

resultant dielectric and conducting properties were built. In the last project, we harnessed 

the self-assembly of bottlebrush block copolymers to template phenolic resin precursor and 

obtained nanoporous carbon electrodes that show promising performance in electrostatic 

double layer capacitors (EDLCs). By mixing electroactive Fe2O3 nanoparticles into the 

precursors, the electrodes become high-capacity lithium-ion battery anodes and more 

importantly, the precursor can be imprinted and undergo rapid photothermal curing. The 

combination of bottom-up assembly, top-down patterning and rapid curing makes them 

attractive for a variety of applications.            
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    CHAPTER 1 

1. INTRODUCTION 

1.1 Microfabrication Technologies 

 Top-down and bottom-up methods are two major approaches of 

micro/nanostructure fabrication.[1-2] The top-down approach refers to subtractive 

processes-materials are removed by slicing or etching from the bulk to result in the 

intended shapes and dimensions. On the other hand, the bottom-up approach refers to the 

device “creating itself” by self-assembly. Over the years, both approaches have seen 

tremendous development. The following sections intend to give introduction on some of 

the top-down and bottom-up technologies that are applied in this Thesis study.      

1.1.1 Soft Imprint Lithography 

  Fabrication of small structures in micro- and nanoscale is essential to modern 

science and plays a critical role in information technologies,[3] energy conversion and 

storage,[4-5] optics and display,[6] and biomedical researches.[7] Photolithography has long 

been the dominant lithographic technology in the realm. Nonetheless, some major 

disadvantages should be noted: 1) Complex facilities are required for high-energy radiation 

to produce ultrafine structures. 2) Patterning on nonplanar surfaces is not straightforward. 

3) Photolithography is compatible with very limited chemistry, primarily confined to 

specific types of photoactive polymers called the photoresists. This adds complexity to the 

patterning of nanoscale functional materials. Moreover, scalability and cost should be taken 

into serious consideration as well. Gordon Moore, founder of Intel, suggested that the 

number of transistors on an integrated circuit (IC) would double every 18 months, known 

to public as Moore’s Law.[8] It is less known however, that the cost associated with facilities 
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to enable miniaturization scales at a similar rate to the feature downscaling; this is 

sometimes referred to as Moore’s second law.[6]  

To circumvent these limitations, cost-effective, non-photolithographic 

microfabrication received extensive studies in the past two decades. Soft lithography 

appears to be a promising candidate, which includes microcontact printing,[9-10] 

microtransfer printing,[11-13] micromolding in capillaries (MIMIC),[14] replica molding,[15-

16] etc. The word “soft” refers to the key component in all these techniques - an elastomeric 

stamp, or mold, that is used to transfer patterns to the substrates via contact or embossing, 

the latter one is also denoted as imprinting. The prototyping procedure of soft lithography 

is shown in Figure 1.1a, and the typical imprinting and MIMIC processes are illustrated in 

Figure 1.1b and Figure 1.1c.  

 

Figure 1.1 (a) prototyping workflow of a typical soft lithography process. (b) schematic 

illustration of nanoimprinting of polymer resins. (c) schematic illustration of MIMIC 

process.  Reproduced from reference [6, 8].   

Poly(dimethylsiloxane) (PDMS) is the most frequently used elastomer due to 1) 

low modulus for conformal contact on nonideal surfaces, like curved substrates; 2) low 

surface tension (~ 20 N m-1) for easy demolding; 3) optical transparency to light 

wavelength down to 300 nm and 4) durability for tens of times of use. In this thesis study, 
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the approach we applied is called solvent-assisted imprint lithography, which is 

comparable to MIMIC in that functional materials in fluid (ink) fills the stamp by capillary 

flow, but different in that patterning starts from a continuous liquid film and that embossing 

is also included. We refer to some of the design principles used in MIMIC to guide our ink 

design, substrate modification and stamp surface treatment. Ink viscosity (𝜂 ), surface 

energies (𝛾) at ink-stamp, ink-substrate interfaces and the stamp dimensions (x, y, z) play 

dominant roles in the capillary filling process. The feasibility and the rate of mold filling 

can be roughly described by Equations (1.1) and (1.2).[14] 

∆G ≅ −x∆zγLV(3cosθ + cosθ′)                                                (1.1)  

dz

dt
=

R(γSV − γSL)

4ηz
                                                          (1.2) 

Here ∆𝐺 refers to the Gibbs free energy change of the mold filling process and 𝜃, 𝜃′ are 

contact angles at the ink/PDMS and ink/substrate interfaces. R is the hydraulic ratio. It is 

obvious that in addition to formulate low viscosity inks, plasma or UV-ozone treatment to 

turn substrate more hydrophilic (decrease 𝜃′) is favorable. Although capillary flow rate 

decreases as channel dimensions in mold decrease from micro- to nanoscale range, 

combining capillary flow and embossing ensures full mold filling.               

1.1.2 Initiated Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a powerful method for surface engineering 

and has been extensively applied to deposit a variety of inorganic thin films onto substrates 

of interest.[17] The growth of high-quality films from a molecular level, and directly from 

the substrates, represents a bottom-up technique for microstructure fabrications. It is thus 

highly desirable to extend the technique to organic materials to fully capture the rich 
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chemistries of monomers. Compared to polymer thin films coating from solution phase, 

vapor phase chemistry offers notable advantages for depositing insoluble, crosslinked 

polymers with minimal residual impurities (like solvents). To date, CVD techniques for 

polymers can be classified based on the polymerization mechanism: step growth and chain 

growth polymerization. For step growth deposition, one famous example is parylene.[18] 

The self-initiated deposition results in dense films with controlled thicknesses, which have 

seen broad applications in dielectrics and packaging.[19-21] Oxidative CVD (oCVD) is 

another example, primarily used for conjugated polymer thin film deposition.[22] On the 

other hand, chain growth deposition includes plasma enhanced CVD (PECVD) and 

initiated CVD (iCVD);[23] the latter one is the focus of this thesis study.  

 As a free-radical polymerization method, iCVD comprises major kinetic steps of 

initiation, propagation and termination. Over the years, a variety of initiators have been 

successfully applied to the iCVD process, including tert-butyl peroxide (TBPO),[24] tert-

amyl peroxide (TAPO),[25] perfluoro-octane sulfonyl fluoride (PFOS),[26] etc. The weak 

bonds, for example, the O-O bond in peroxides, can be readily cleaved to generate primary 

radicals. A typical iCVD chamber is shown in Figure 1.2. During deposition, a mixture 

vapor comprising the initiator and monomer (sometimes comonomers) flows into the 

vacuum chamber, passing through an array of metal filament, which is typically heated to 

200-300 ℃ via Joule heating. Primary radicals generated by thermal decomposition of the 

initiator, together with the monomer will be physically absorbed onto a low temperature 

(ca. 20-70 ℃) sample stage and starts deposition (polymerization). Obviously, volatility is 

required for monomers, analogous to the solubility of monomers in solution polymerization. 

The most distinct feature of iCVD is the dual-phase reaction. It has been well documented 
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by Gleason and coworkers that thermal fragmentation of initiators takes place in the gas 

phase while chain propagation and termination occur almost exclusively on the substrate.[24, 

27] This is because of the significant volatility, or saturated vapor pressure difference 

between initiator and monomer, resulting in high monomer concentration ([M]) only on 

the cooled sample stage. The decoupling of gas phase diffusion and surface reaction 

enables iCVD to generate conformal polymer films onto 2D and 3D substrates. Once the 

monomer is absorbed onto the sample stage, reaction kinetics can be well compared to the 

classical bulk polymerization; difference is that [M] is not determined by the feed in gas 

flow, but by the adsorption volume (Vad) on substrate instead. Previous studies reveal that 

Vad is dominated by a crucial parameter, PM/Psat, which is the monomer partial pressure 

over the saturated pressure at a given temperature. PM/Psat serves as the primary parameter 

to design and optimize new iCVD processes. Based on the discussion and equations above, 

it is easy to understand that metal filament temperature, monomer flow rate and the sample 

stage temperature all impact the deposition rate and the polymer molecular weight. For 

detailed investigation on iCVD kinetics, we direct the readers to the two foundation works 

by Lau and Gleason.[24, 27]         

 

Figure 1.2 Schematic illustration of a typical iCVD chamber and operation parameters. 

Reproduced from reference [23].  
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1.1.3 Block Copolymer Templated Synthesis 

 Templated synthesis has seen great success in fabricating materials with ordered, 

hierarchical nanostructures and subsequent applications in separation,[28] catalysis,[11, 29] 

photonics,[30-31] and energy storage.[32-33] Templates can be classified into hard and soft 

types, depending on whether or not they have a predefined geometry.[34] For hard templates, 

inorganic materials like silica beads,[35] and organics like polystyrene colloids,[36] led to 

ordered porous materials with pore size covering the full spectrum of nanopores, from 

micro- (1-2 nm), meso-(2-50 nm) to macropores (50 nm and above). On the other hand, 

soft templates denote those without predefined geometries, but will self-assemble into 

well-defined nanostructures when mixing with the precursors of interest, representing an 

important bottom-up approach. Small molecule surfactants such as hexadecyl 

trimethylammonium bromide (CTAB) is amongst the most studied soft templates to 

fabricate microporous materials.[37] Besides, polymers, especially block copolymers (BCPs) 

are promising candidates, due to the rich library of available chemistries and morphologies.    

Block copolymers are macromolecules containing two or more polymeric subunits 

(denoted as “blocks”) with chemically distinct monomer sequences. The blocks are 

immiscible but covalently connected at one end, resulting in interesting microphase 

separation and rich nanoscale morphologies. Over the past two decades, morphological 

studies on block copolymers, especially linear BCPs, received great attention from both 

academia and industry.[38-41] Figure 1.3 summarizes the major morphologies of linear 

diblock copolymers. including lamellae, cylinders, spheres and gyroids, depending on the 

segregation strength (𝜒N) and volume fraction (f) of the diblock copolymers.[42-43] It is 

highly desirable to harness the self-assembly of BCPs to fabricate ordered nanomaterials. 
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In general, the templating is facilitated by the favorable interaction, e.g. 𝜋- 𝜋 conjugation 

and hydrogen bonding,[40, 44-46] between precursor and one block of BCPs. The result is that 

precursors primarily enter one domain with favorable interactions, forming controlled, 

uneven distribution in designated microphases. For example, poly(ethylene oxide) (PEO) 

has strong hydrogen bonding with hydrophilic precursors like phenol formaldehyde resin 

(or else “resol”) and tetraethyl orthosilicate (TEOS).[32, 47-48] And thus using PEO 

containing diblock and triblock copolymers have been widely used to obtain hybrid 

precursors with resol and TEOS selectively distributed in PEO domain, leading to porous 

and gyroidal carbon and silica upon pyrolysis.  

 

Figure 1.3 Theoretical phase diagram of diblock copolymers. Reproduced from reference 

[42-43]. 

In addition to linear BCPs, other polymer architectures are also actively studied, 

among which the bottlebrush block copolymers (BBCPs) received great attention in recent 

years.  BBCPs are comb-like macromolecules with densely grafted polymeric side chains 
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of distinct chemical functionalities. These polymers are typically synthesized by ring 

opening metathesis polymerization (ROMP) of norbornene based macromonomers.[49-51] 

The synthetic strategy readily generates BBCPs with much higher molecular weight (Mw) 

than the linear analogs, which makes BBCPs promising soft templates for functional 

materials with larger feature size beyond 100 nm. Another distinct feature is their 

significantly reduced chain entanglements due to the stretched backbones conformation, 

leading to lower energy barriers for structural reorganization and rapid self-assembly. 

Previously, our group has demonstrated a series of works on using BBCPs for rapid 

templating resol,[52] polyhedral oligomeric silsesquioxane (POSS),[53] and functional 

nanoparticles (ZrO2, CdSe, Au, etc).[44, 54-56] These works laid the foundation for this thesis 

study and holds potential for large scale continuous manufacturing, like the Roll-to-Roll 

(R2R) manufacturing.  

1.2 Miniature Electrochemical Energy Storage 

Electrochemical energy storage holds great promise as a clean alternative to fossil 

fuels. Batteries and electrochemical capacitors have been key areas of research in the past 

two decades. The following sections will focus on introducing key components, 

characterizations and performance metrics of electrochemical energy storage devices. 

More specifically, we will introduce considerations for designing miniature batteries, i.e. 

3D microbatteries, which is the primary targeted application in this Thesis.    

1.2.1 Basics of Batteries and Supercapacitors 

All batteries contain two electrodes connected by an ionically conductive media 

called an electrolyte. Due to the chemical potential difference between the two electrodes, 

once connected to an external circuit, electrons flow from the relatively negative potential 
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electrode (anode) to the more positive potential electrode (cathode) while ions are 

transported in the electrolyte to maintain the charge balance. This process is defined as 

discharging. If the battery can return to its initial state by applying a voltage of the opposite 

direction, the battery is a rechargeable, or secondary battery. Two key factors are of 

particular interest when comparing battery performances. Energy density is denoted as the 

electrical energy that the material can deliver per mass or per volume. This is in large part 

determined by the chemistry of the electrochemical couple. For device comparison 

however, materials loading and packing density are also critical to achieve a high 

volumetric and areal energy density. Another factor is the power density, which indicates 

how fast the device can charge and discharge. Similar to energy density, power density 

depends on both the intrinsic properties of materials and the device architecture 

engineering because ionic transport length and electrode porosity affects the diffusion 

process.[57] Besides, Coulombic efficiency, referring to the ratio of discharge to charge 

capacity, targets ideally at 100%. Deviation from unity indicates the presence of side 

reactions, e.g. solid electrolyte interphase (SEI) formation.[58]   

The complexity (choice of materials plus managing interfaces) leads to much 

slower development of battery technologies relative to technology innovation in other 

fields, e.g. microchip manufacturing, although demands for energy storage and data storage 

are equally urgent. D. Rolison mentioned an interesting theory to explain why battery 

development lags far behind microchip manufacturing.[59] If yearly performance 

improvement follows 1/2n, where n is the number of transport functions. For microchips, 

the performance is determined by the transport of electronic charge carrier (electron and 

hole), which can be improved by shortening the charge carrier traveling distance thus n 
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equals to 1. In other words, performance can be doubled in every two years (Moore’s Law). 

In a battery however, three transport behaviors are involved: electronic transport in solid 

state, ionic transport in solid or liquid state, and mass transport (n=3), resulting in a 12.5% 

improvement per year- roughly matches the 10% improvement rate (for energy density) 

from the industrial statistics.           

Over the years, hundreds of battery chemistries are developed in order to improve 

the performance metrics.[60] Some of the representatives are shown in Figure 1.4. Among 

them, lithium-ion batteries (LIBs) received tremendous attention due to its unparallel 

combination of gravimetric energy and power densities.[61-64] First commercialized by 

Sony in 1991, LIB owns its names to the exchange of Li+ between graphite anode and the 

layered oxide cathode (Li1-xTMO2) during the charge-discharge operation, where TM is a 

transition metal. Polymers play important roles in LIB researches, especially in studies on 

binders and electrolytes.[65-69] Highly elastic, and even self-healing polymers have been 

used as binding materials to accommodate the large volumetric expansion of high capacity 

anode materials during operation.[67, 70] On the other hand, polymer electrolytes based on 

polyethers, e.g. poly(ethylene oxide) (PEO), have been studied extensively.[71] Dependence 

of ionic conductivity on PEO molecular weight, choice of doping salts, functional fillers 

and plasticizers are well summarized in separate review papers.[65, 72-74]     
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Figure 1.4 Representative secondary battery chemistries and the developing years. 

Reproduced from reference [60].   

Supercapacitor is another important form of electrochemical energy storage. Many 

considerations are shared for a supercapacitor and for a battery, like the pursuit of high 

energy and power densities. As the major charge storage mechanism is electrostatic double 

layer capacitance (EDLC), instead of the diffusion-controlled chemical reactions as in a 

battery, supercapacitor is prone to have a higher power density but a lower energy density 

relative to a battery. This makes supercapacitors particularly attractive in applications 

where pulse power is demanded. Recently, pseudocapacitance, resulted from the rapid 

reactions at the electrode surface, emerges as a promising research field to combine a 

battery’s energy and a supercapacitor’s power.[75-76]  
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Figure 1.5 Cyclic voltammograms of typical (a) supercapacitors and (b) batteries. 

Galvanostatic discharging profiles of (c) supercapacitors and (d) batteries; the difference 

in discharging profiles of bulk and nanoscale materials are also highlighted. Reproduced 

from reference [77]. 

Three major techniques are applied to characterize the electrochemical systems: 

cyclic voltammetry (CV) for the investigation of electrode redox and any side reactions, 

galvanostatic charge-discharge (GCD) for measuring specific capacities and Coulombic 

efficiency, and the electrochemical impedance spectroscopy (EIS) to probe charge transfer 

resistance and diffusion behaviors.  Typical CV and GCD profiles of batteries and 

supercapacitors are shown in Figure 1.5a to 1.5d. It should be noted that nanosizing of 

active materials generates higher surface area, lower tortuosity, which results in interesting 

phenomenon, as shown in Figure 1.5c and 1.5d. For surface-controlled systems like 

supercapacitors, nanostructured electrodes typically lead to higher charge storage capacity. 

For batteries, GCD profile sees a transition from plateau to linear response and in general, 

an improvement in rate capability although Coulombic efficiency may decrease due to 

more side reactions at the electrode surface.  
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1.2.2 Three-Dimensional Microbatteries 

The primary motivation of making batteries of small form factors is to drive the 

development of self-powered microelectromechanical systems (MEMS), and to obtain the 

all-on-one-chip type of device. The absence of wiring between components on-chip and 

external power supplies avoids signal noises associated with interconnection and greatly 

improves portability. Conventionally, microbatteries refer to electrochemical cells with 

laminated structure comprising thin layers of cathode, anode and separator. This 2D 

architecture meets challenge when footprint area is highly limited on a chip. The bitter 

balance between energy and power densities in 2D microbatteries calls for more efficient 

use of the third dimension. 

 

Figure 1.6 Schematic illustration of four prospective3D architectures for microscale 

rechargeable batteries. From left to right: interdigitated cylindrical electrode array; rod 

array of anode with cathode backfilled the remaining free volume; interdigitated plate 

array; aperiodic “sponge” architecture. Reproduced from reference [78]. 

The key concept of 3D microbatteries, which was summarized by D. Rolison, B. 

Dunn, J. Long and H. White,[5, 78] is to design electrodes with nonplanar, complex 

geometries to maximize energy density, and to reconfigure cell architectures enabling 

transport between electrodes to be one-dimensional at the microscopic level (ideally 

nanoscale); this is crucial to increase power density. Figure 1.6 demonstrates some of the 

prospective 3D architectures for microbatteries. Different from 2D configurations, two 

major concerns are unique: 1) nonuniform current density distribution and 2) nanoscale 

separation of cathode and anode. Nonuniform current distribution is undesirable as it may 
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cause varied degree of reaction at electrode surfaces, resulting in premature finishing of a 

charge or discharge process.[79] The distribution highly depends on electrode form factors 

and battery cell architecture. A dimensionless number U is proposed to indicate the current 

distribution uniformity in 3D microbattery cells with micropillar electrodes in Equation 

(1.3), where r, L refer to the micropillar diameter and length; w, h refer to the plate’s width 

and height. And μ, σ, and C correspond to Li+ mobility, electrode’s electronic conductivity 

and volumetric capacity.  

U = (
r2

L2
) (

μ

σ
) (

1

C
)                                                          (1.3) 

Equation (1.3) indicates that high aspect ratio (L/2r) features provide more uniform current 

distribution in a microbattery cell.     

Nanoscale separation is desirable in that it decreases the ion transport distance in a 

charge-discharge cycle. However, the lower limit of separator thickness should be 

determined by the electron tunneling effect, electrical field strength at cathode and anode, 

and conductivity (both electronic and ionic) of the separator/electrolyte. It is believed that 

above 10 nm, electron tunneling between electrode surfaces is negligible, while below 1 

nm, electrodes tend to simultaneously discharge via tunneling.[78] In real practice however, 

separation length may need to well exceed 10 nm. This is because on one hand, electronic 

conductivity of a 10 nm separating material must be at least 10-15 S cm-1 to limit a leaking 

current within 0.02 μA cm-2, predicted by Sun et al;[80] very few dielectrics meet this 

requirement. On the other hand, dielectric breakdown, which is rarely discussed in 

macroscopic electrochemical cells, should be considered with care for nanoscale separators. 

The electrical field strength over a 10 nm film in a 3V-operating Li-ion cell is as high as 
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3 × 105 V m−1! This is about one order of magnitude higher than the breakdown strength 

of poly(ethylene). Moreover, the number of solvated ions in nanoscale separator could be 

small, resulting in a capacitor-like device with nonionic dielectric in between.[78, 81] The 

coupling of materials choice and deposition strategy on nonplanar surfaces makes 

nanoscale electrolyte a challenging yet fascinating research field.    
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CHAPTER 2 

2. DIRECT IMPRINTING OF WOODPILE-LIKE 3D ELECTRODES FOR 

LITHIUM-ION MICROBATTERIES 

2.1 Introduction 

The advent of small devices, from microelectromechanical systems (MEMSs),[1] to 

more recently, nanoelectromechanical systems (NEMSs), [2]requires power sources with 

commensurate dimensions. The use of on-chip batteries, e.g. micro- and even nanobatteries, 

effectively avoids interconnection problems and unnecessary signal noise encountered by 

devices that are externally powered.[78] The downscaling of battery size will significantly 

enhance the overall portability and drive MEMS/NEMS toward fully autonomous devices.  

A primary challenge for constructing small batteries is to fine-tune the electrode 

3D architectures in order to enable both high capacity and high power using a limited 

footprint area.[82] To date, several techniques have been applied to create such electrodes 

including colloidal templating,[83-85] vapor deposition on 3D substrates,[81, 86-88] and direct 

ink writing.[89-90] Though these methods result in delicate electrode fabrication, some key 

issues remain to be solved. First, the dimensions of most of the reported electrodes are on 

the order of tens of microns. Further downscaling to sub-micrometer scale will enhance the 

reaction-diffusion kinetics however, the cost of fabrication using traditional subtractive 

clean room processing techniques soars as dimensions are driven to the smaller dimensions.  

Moreover, from a commercial point of view, any chosen fabrication technique needs to be 

facile, scalable and cost-effective. Current methods either require multi-step processing, 

extensive post-treatments or are restricted to relatively low throughput manufacturing as 

limited by the deposition chamber size or the writing speed. 
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Nanoimprint lithography (NIL) is widely considered to be a relatively low-cost, 

high-resolution and high-throughput surface patterning technique.[8, 91-92] Materials that can 

be patterned range from self-assembled monolayers (SAMs),[93] polymers and colloidal 

materials,[94-95] to inorganic sol-gel materials.[96] More recently, a number of reports have 

explored NIL to directly pattern inorganic nanoparticles/tubes into various architectures.[11, 

13, 97] For example, well dispersed gold and indium tin oxide (ITO) nanoparticles can be 

directly molded into designed patterns via solvent-assisted NIL.[98-99] Nevertheless, due to 

the low modulus of elastomeric stamps,[100] insufficient mass transfer,[14] and the shrinkage 

upon solvent drying, the aspect ratio of the imprinted structures are generally small 

especially for non-polymer imprinting.[16, 101] This makes NIL more of a 2D patterning 

technique and limits its use in 3D electrode fabrication. Recently our group has designed a 

general imprinting approach to 3D metal oxide nanostructures, including the woodpile 

structure.[102] We utilized inks comprised predominantly of crystalline nanoparticles and 

sequential imprint-planarization cycles, followed by removal of sacrificial planarization 

layers through heating. This “stack-up” protocol enables the attainment of 3D architectures 

with high, and importantly, user-defined aspect ratios.  

Here, we presented a rapid and scalable approach for the fabrication of high-

performance TiO2 woodpile nanoelectrodes for lithium-ion battery (LIB) using solvent-

assisted NIL. The electrodes demonstrate superior rate capability and exhibited a specific 

capacity of 250.9 mAhg-1, which is among the highest reported. As the number of stacked 

layers increases, the electrode’s areal capacity exhibits a proportional enhancement, 

demonstrating great potential as an on-chip power source. To the best of our knowledge, 

this is the first report on 3D battery electrode fabricated by direct NIL of electroactive 
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nanoparticles. The compatibility of NIL with the current micro/nanofabrication process 

make it potentially a platform technology toward scaled production and integration of 

nanobatteries into MEMS/NEMS.  

2.2 Experimental Section 

2.2.1 Fabrication of PDMS Mold 

Patterned PDMS stamps were fabricated by casting the prepolymer mixture against 

silicon master molds with a line grating pattern (linewidth ~ 425 nm; pitch~ 950 nm; 

height~ 480 nm). The prepolymer mixture (10:1 weight ratio of Sylgard 184 silicone 

elastomer base and curing agent) was mixed and degassed in vacuum oven for 20 min at 

room temperature. Then the mixture was poured onto the master mold and placed at 70 ℃ 

for 5 h in an oven. After curing, PDMS stamps were obtained via peeling off from master 

mold. 

2.2.2 Preparation of TiO2 Nanoparticle Ink 

To obtain TiO2 nanoparticle ink, a commercial titanium oxide (anatase, 20 wt%) 

nanoparticle dispersion in 1, 2 propanediol (US Research Nanomaterials, Inc.) was mixed 

with 1, 2 propanediol and methanol in 1:1:5 weight ratio. This mixture dispersion was 

further vortex-mixed and sonicated for a few minutes to obtain a stable, well-dispersed ink. 

Particle size and distribution were checked by TEM (JEOL 2000FX) and Malvern Nano 

Zetasizer.  

2.2.3 Fabrication of Woodpile Structure and the Planar Control Samples 

Silicon dioxide wafer substrates were sonicated in ethanol and acetone for 5 min. 

Then, these substrates were washed with deionized water, and dried under nitrogen gas. A 

Ti/Au (5 nm/50 nm) bilayer was deposited on the silicon dioxide wafer with a designed 
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pattern, controlled by a customized shadow mask. The TiO2 nanoparticle ink was spin-

coated onto the silicon dioxide substrate (3000 rpm, 90 s) in a glove box with a 5 % relative 

humidity environment.  Then, PDMS stamp was placed on the ink and dried on the hot 

plate at 55 °C for 5 min. After drying, PDMS stamp was peeled off and the patterned film 

was obtained. A UV-crosslinkable thiol-ene acrylate prepolymer (NOA60, Norland 

Products Inc.) was used for planarization. After imprinting the first layer, the patterned 

structure was first pretreated with UV-ozone for 15 min. Then two layers of NOA60 (10 

wt% in propylene glycol monomethyl ether acetate) were deposited by consecutively spin 

coating at 1000 rpm for 1 min and curing. The imprinting-planarization process was simply 

repeated for the desired number of layers. Finally, TiO2 with designed layers was calcined 

at 750 °C for 5 min. Structure dimensions were checked under SEM (Magellan 400). All 

control samples were fabricated by multi-time spin coating and thermal annealing. The 

film was thermally annealed at lower temperature (400 ℃) for 5 min after each spin coating 

except for the last time that the sample was calcined at 750 ℃ for 5 min like the woodpiles. 

Film thickness and porosity were checked by ellipsometry. 

2.2.4 Electrochemical Tests  

All electrochemical measurements were conducted in the half-cell configuration, 

assembled in an argon glove box. LiClO4 (1M, in EC/DMC=1/1v) was used as the liquid 

electrolyte. A piece of lithium foil served as both the counter and reference electrode. 

Charge and discharge profiles of the electrodes were measured by galvanostatic tests 

(Maccor 4304) under different C-rates, within a voltage window of 1.0-3.0 V. Extended 

cycling tests were performed with voltage window of 0.4-3.0 V. Control samples of un-
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patterned TiO2 films with varied thickness were tested under same conditions and used for 

comparison.   

2.3 Results and Discussion 

The TiO2 ink used in this study was first engineered to provide imprintability. 

Nanoparticle size, dispersity, solid concentration, and ink viscosity are among the key 

factors. Here, the imprint ink was made from a 20 wt% commercial TiO2 dispersion in 1, 

2-propanediol. Transmission electron microscopy (TEM) shows that the particle size is 

below 10 nm (Figure 2.1a). This is comparable with the dynamic light scattering (DLS) 

measurement where the number- and volume-averaged particle sizes are 13.6 and 15.7 nm 

(Figure 2.1b). The slight difference results mainly from the inclusion of solvation effect 

and ligands in DLS. The ink was then diluted in a 1,2-propanediol/methanol mixture 

solvent to have a 3 wt% solid concentration. The incorporation of methanol is critical in 

three ways: 1). Methanol lowers the ink viscosity and improves wettability to facilitate film 

formation; 2). The low boiling-point nature (b.p. 64.7℃) leads to fast evaporation during 

spin coating and quickly concentrates the ink while the high boiling-point 1,2-propanadiol 

(b.p. 188.2℃) provides reasonable fluidity for molding; 3). The evaporation induced 

composition change of ink does not lead to severe particle aggregation as a result of good 

miscibility. As shown in Figure 2.1c, the ink exhibits very low viscosity of 1.8 mPa ∙ s 

which is close to the viscosity of the mixture solvent (1.37 mPa ∙ s  at 25 ℃  ). This 

relatively low concentration and viscosity is critical to mold filling and residual layer-free 

imprinting. The ink was stable with negligible precipitation observed over several months 

(zeta potential measured to be +13.4 mV). In fact, with 5-min sonication, ink stored for 

extended periods of time can be used as successfully as fresh ink in the imprinting process. 
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The electron diffraction (ED) pattern of the TiO2 nanoparticles (Figure 2.1d) demonstrates 

a series of distinct diffraction rings, indicative of the polycrystalline feature and is indexed 

to anatase phase. The calculated d-spacing of the (101) planes is 0.36 nm as confirmed by 

high resolution TEM imaging (Figure 2.1e).   

 

Figure 2.1 (a) TEM image of TiO2 nanoparticles showing particle size below 10 nm. (b) 

DLS measurement of nanoparticle size in 1,2-propanediol/methanol mixture solvent at 

room temperature. (c) Shear viscosity of the TiO2 ink measured at room temperature under 

shear rate between 100-1000 s-1. (inset: optical image of the well-dispersed TiO2 ink). (d) 

Electron diffraction pattern of TiO2 nanoparticles. (e). High resolution TEM image 

showing TiO2 crystal lattice.     

The fabrication process of the multilayered TiO2 electrode is depicted in Figure 2.2. 

The effective footprint area was defined to be 1.5×1.5 cm2. To do this, a bilayer of Ti/Au 

(5 nm/50 nm) current collector was e-beam evaporated onto the silicon dioxide wafer 

through a shadow mask (Figure 2.3). The current collector is connected to the contact pad 

by a thin trace of gold, the dimensions of which are negligible relative to the current 

collection area. The imprinting followed a typical spin coating-molding-demolding process. 

The patterned TiO2 structure solidifies as excessive solvent permeates through poly 
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(dimethyl siloxane) (PDMS) stamp upon heating. The structure is robust even before 

calcination due to the strong cohesive forces between TiO2 particles. This allowed quick 

demolding in less than 5 min. In order to make multilayered structures, we introduced the 

planarization step. A commercial thiol-ene based acrylate photoresist (NOA60, Norland, 

Inc) is selected as the planarization material. During spin coating, it fills the trenches 

between TiO2 line patterns, forming a solid, planar surface upon UV exposure, which then 

acts as the new substrate. By repeating steps of imprinting and planarization, additional 

layers can be readily stacked onto previous ones in an orthogonal orientation. Conceivably, 

as the structure volume increases with the number of stacked layers, a nearly constant 

surface-to-volume ratio is maintained. The woodpile architecture was obtained after a short 

time calcination in air at 750 ℃ for 5 min, during which the organic planarization layer 

was completely removed. The neck formation and ripening of particles enhance the 

mechanical strength of the architecture and create nanoscale voids within TiO2 lines, which 

favors ion transfer.[103] The porosity is estimated to be 31.3% based on the difference of 

refractive index from bulk TiO2 (decreased from 2.49 to 1.82).   
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Figure 2.2 Schematic illustration of the TiO2 woodpile fabrication process. (i) Single layer 

imprinting. TiO2 ink spin coated on gold charge collector followed by PDMS stamp 

molding-drying-demolding process. (ii) Planarization with cross-linkable thiol-ene based 

acrylate resin. (iii) Multilayer structure fabrication by repeating (i) and (ii). (iv) Woodpile 

electrode obtained after calcination.   

 

Figure 2.3 Shadow mask design for depositing current collector (unit: mm).    

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) of the attained 

single layer imprint show that well-defined line pattern of approximately 200 nm in width 

and height (Figure 2.4a, 2.4b) is obtained, generating an aspect ratio of 1. Barely any 

residual layer was observed. The deviation from stamp dimension results from the 

shrinkage caused by solvent evaporation and calcination. The dimensions remained 
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consistent in the multilayered woodpile structure (Figure 2.4c to 2.4g). Consequently, 

stacking up to 2, 3, 4 and 6 layers resulted in effective aspect ratios of 2, 3, 4 and 6 

respectively. Notably, the line shapes were well maintained even though they spanned wide 

gaps over the underlying layers. X-ray diffraction (XRD) indicates that after calcination, 

the sub-10 nm TiO2 particles merged into bigger crystallites confirmed by the sharper (101) 

peak (Figure 2.4h). The crystallite size is calculated to increase from 3.8 nm to 23.6 nm. In 

addition, we noticed that small amount of TiO2 converted from anatase to rutile phase. Note 

that both phases are electroactive and possess similar theoretical specific capacities (~335 

mAhg-1) when nanoscale materials are used,[104-105] no extra effort on crystal phase 

refinement was offered.  

To demonstrate the readiness of scaled fabrication, an inch-scale imprint was made 

(Figure 2.4i). The optical color results from the light interaction with the periodic patterns 

on the substrate. To evaluate the electrochemical performance of the imprinted electrodes, 

a Li-TiO2 half-cell was assembled by immersing the TiO2 woodpile into liquid electrolyte 

and using lithium foil as counter electrode (Figure 2.5a). Figure 2.5b shows the cyclic 

voltammogram (CV) of a 6-layer TiO2 woodpile electrode at different scan rates. At 0.1 

mVs-1, characteristic cathodic peak at 1.74V and anodic peak at 2.04V were observed, 

corresponding to Li+ insertion and extraction (xLi+ + TiO2  ↔ LixTiO2).  By correlating 

peak current (i) to scan rates (v) (Figure 2.5c), we find that i ∝ v0.5, indicating diffusion 

controlled kinetics.[106] As scan rate increased to 10 mVs-1, cathodic and anodic peak shifted 

slightly to1.65 V and 2.1 V. This scan rate-dependence is indicative of the deviation from 

Nernstian system in the fast scan region. Note that the woodpile architecture provides 

sufficient pathways for ion transport. We believe the kinetic limitation arises from either 
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electron transport across electrode or from the relatively slow ion diffusion within TiO2 

particles.    

 

Figure 2.4 Characterizations of the calcined imprinted structures. (a, b) SEM top view and 

AFM height profile of the single layer imprint. (c, d) SEM top views of 2-layer and 3-layer 

woodpile structure. (e) Zoom-out view of the 3-layer woodpile structure. (f) SEM top view 

of 4-layer woodpile structure (inset: cross sectional view). (g) SEM cross section of the 6-

layer woodpile structure. (h) XRD measurement of TiO2 before and after calcination. (i) 

Photograph of a larger area, 1.5’’× 2.5’’ imprint.   

To demonstrate sequential imprinting as an efficient way to enhance areal capacity, 

a series of un-patterned TiO2 film electrodes with comparable loading and porosity were 

fabricated as control samples. For example, a TiO2 film made by 6 spin coating-calcination 

cycles is used to compare with the 6-layer woodpile. As shown in Figure 2.5d, areal 

capacity of woodpile electrodes increases linearly with the stacking of layers. The 

imprinted electrodes exhibit areal capacities of 3.6, 7.1, 11.4, 15.5 and 21.3 μAhcm-2 for 
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1-, 2-, 3-, 4- and 6-layer electrode respectively under discharge current density of 500 mAg-

1. This confirms that the woodpile stacking is effective towards multiplied capacity. 

Conceivably, when normalized to the mass loading of TiO2, woodpile electrodes with one 

to six layers possess identical specific capacity of approximately 250.9 mAhg-1, 

corresponding to 0.74 Li uptake per formula unit. This value is larger than the bulk anatase 

TiO2 lattice, which at most accommodates 0.5 Li per formula unit, but it is not unexpected. 

Prior literature has revealed that decreasing particle size to the nanoscale induces size-

dependent expansion Li uptake capacity and that the maximum Li uptake was reported to 

approach 1.0 per formula unit for particle sizes approaching 11 nm.[104] Differential 

capacity curves of charge and discharge (Figure 2.5e) of woodpile electrode shows sharp 

and single peaks at 1.74 V and 2.10 V. This corresponds well with the CV measurement, 

indicating the redox reaction occurs predominantly at these two potentials. In contrast, for 

planar TiO2 electrodes, increasing film thickness failed to achieve proportional 

enhancement of areal capacity (Figure 2.5f). A 6-layer film generates less than quadruple 

amount of capacity of a single layer. This indicates a significant waste of TiO2 due to 

inefficient material packing. The difference can be explained in terms of the reaction- 

diffusion kinetics,[107] the impact of which may not be evident when structure dimensions 

are small, as shown by the overlap of discharging profiles of patterned and un-patterned 

single layers. Nevertheless, when thickness increases, the slow diffusion rate of Li-ion 

across the electrode becomes significant. As a result, ion insertion into the inner regions of 

the TiO2 film is impeded and only the top layer is effective. On the contrary, woodpile 

architecture circumvents this limitation by maintaining a constant surface-to-volume ratio 
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and providing an infiltrated ionic pathway into the structure. This finding demonstrates the 

potential of using TiO2 woodpile as a high-performance on-chip nanoelectrode.  

 

Figure 2.5 Electrochemical performance of TiO2 woodpiles and control samples. (a) 

Electrochemical test set-up and illustrative view of electrolyte permeation into woodpile 

structure. (b) CVs of a 6-layer TiO2 woodpile electrode under scan rates of 0.1, 0.5, 1.0, 

2.0, 5.0 and 10 mVs-1. (c) Plot of scan rate dependence of anodic peak current. (d) 

Galvanostatic discharge profiles of imprinted architectures with 1, 2, 3, 4 and 6 layers under 

current density 500 mA g-1. (e) Differential charge/discharge capacity curves of TiO2 

woodpile electrode. (f) Comparison of capacity enhancement in TiO2 woodpiles and in 

planar films. 

The imprinted woodpile architecture becomes even more advantageous when 

performance under higher discharge rates is investigated. We define discharge current 

density of 1 C as 335 mA g-1. As shown in Figure 2.6a, at 3 C (~ 1000 mA g-1), the planar 

TiO2 electrode lost half of its capacity while the woodpile electrode demonstrated a 

capacity retention of 75%.  From 1000 mAg-1 to higher discharge rates, the woodpile 

electrode consistently exhibited doubled to tripled capacity retention relative to the planar 

electrode. Even at rate as high as 15 C (5000 mA g-1), the woodpile electrode is able to 

deliver 25% of its initial capacity whereas the flat sample suffers almost complete capacity 
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degradation. Notice that the absolute values of their initial capacities at 500 mAg-1 are 

offset by a factor of 1.7 (Figure 2.5f), the woodpile exhibits 3-5 folds improvement of the 

actual areal capacity. Figure 2.6b compares the specific capacity and the discharge current 

density with TiO2 electrodes reported from recent literature.[104-105, 108-115] The selected 

works mainly focus on nanostructured TiO2 (e.g. nanotube, nanocage, hollow shell, etc) or 

composites of TiO2 and conductive additives including carbon nanotubes (CNTs) and 

graphene. It is worth noting that although we used commercially available particles and 

added no carbonaceous additives, these relatively simple and scalable woodpile structures 

achieved comparable-to-better electrochemical performance relative to the best-in-class 

reports. This comparison highlights the impact of nanoscale patterning on electrode’s 

performance. 

 

Figure 2.6 Rate capability and electrochemical performance comparison. (a) Capacity 

retention of 6-layer woodpile electrode and control film sample under discharge rates from 

1.5 C (500 mAg-1) to 15 C (5000 mAg-1). (b) Comparison of specific capacity and cycling 

current density of the 6-layer woodpile electrode with recently reported TiO2 electrodes. 

Voltage windows of all tests are between 1.0-3.0 V versus Li+/Li.    

Remarkably, the woodpile electrode demonstrated stable performance even during harsh 

testing conditions, such as the 15 C discharging. To further investigate the stability of the 
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imprinted electrode, we extended the lower cut-off voltage to 0.4 V. As shown in Figure 

2.7a, the woodpile electrodes still followed linear relationship as stacking of layers 

increased and demonstrated expanded capacity values. Areal capacity of 6-layer electrode 

increased from 21.3 μAhcm-2 to 35.1 μAhcm-2, resulting in specific capacity as high as 

413.4 mAhg-1, which is even larger than the theoretical value of 335 mAhg-1. The exact 

reason is not conclusive yet, but we propose that surface charge storage mechanisms may 

be involved. The randomly oriented small TiO2 crystallites provide nanovoids to adsorb 

additional Li+, which is similar to the “house of cards” model used to explain larger Li+ 

storage capacity in amorphous carbon (relative to graphite).[58, 116-117] In fact, Ferris et al 

recently reported that an anomalous extension of voltage window was also observed in 

nanosupercapacitors.[118] The atypical electrochemical properties in nanodevices need 

more fundamental investigation. In this extended voltage window, TiO2 is likely to suffer 

over-discharge and may go through irreversible structural changes. Surprisingly, the 

imprinted TiO2 woodpile electrode could be stably cycled under current densities from 

500-5000 mAg-1 (Figure 2.7b). This may be attributed to the thermal treatment and the 

nanoscale line pattern for facile strain release.  



30 
 

 

Figure 2.7 Electrochemical tests of woodpile electrodes in extended voltage window from 

0.4 V-3.0 V versus Li+/Li. (a) Expanded areal capacities of 1-layer to 6-layer structures. 

(b) Capacity retention of 6-layer woodpile electrode under discharge rates from 500-5000 

mAg-1 in the extended voltage window.     

It can be clearly seen in Figure 2.8a that the woodpile remained intact after the test without 

evident cracks or delamination. It is noted however, that compared to the untested 

woodpiles, the surface structure of the tested samples became coarser and line width 

changed from 200 nm to 380 nm (Figure 2.8b). This results from the volume change of 

TiO2 and forming of the solid electrolyte interphase (SEI). It has been reported that SEI 

tends to form on TiO2 surface at lower potential.[119] To determine the surface elemental 

composition, electrodes after testing were rinsed in propylene carbonate (PC) to clean the 

residual liquid electrolyte and dried in an oven. Energy-dispersive X-ray spectroscopy 

(EDX) shows that besides Ti and O, Cl and C also existed (Figure 2.8c). A more detailed 

X-ray photoelectron spectroscopy (XPS) elemental scan reveals that the atomic ratio of O: 

Li: Cl: C is 52.4%: 27.3%:17.0%: 3.1% (Figure 2.8d to 2.8g).  As the penetration depth 

(less than 20 nm) of XPS is much smaller than EDX, barely any signal from Ti was 

collected, which is indicative of complete coverage of TiO2 under the surface SEI layer.  

In fact, capacity fade can result from continuous cracking and reformation of the SEI. The 
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stable performance of the woodpile electrodes confirms that the SEI was intact during the 

tests.  

 

Figure 2.8 SEM imaging and elemental analysis of the woodpile electrodes after 

electrochemical tests. (a) Cross-sectional view of a 3-layer woodpile after cycling. (b) 

Zoom-in view of a 3-layer woodpile showing the structure’s dimension and surface 

morphology changes. (c) EDX measurement of the woodpile. (d-g) XPS elemental scan of 

Li 1s, Cl 2p, O 1s and C 1s.       

2.4 Conclusions and Future Work 

In summary, we fabricated the 3D TiO2 woodpile electrodes comprised designated 

numbers of stacked layers for lithium-ion nanobatteries using solvent-assisted NIL. This 

technique allows scalable fabrication of delicate electrode architectures with nanoscale 

resolution and yields specific capacities as high as 250.9 mAhg-1 and stable performance 

even over an extended voltage window. In addition, the sequential imprinting enabled the 

areal capacity to be readily multiplied while maintaining superior rate capability. In this 

work, we demonstrated up to 6 layers of stackings. Conceivably, by using the method 

described, even thicker electrodes can be fabricated. The upper limit is determined by the 

mechanical strength and conductivity of the electroactive material. As a solution-based, 



32 
 

additive manufacturing method, it is possible to avoid such limitations by formulating 

composite inks to improve rheological, mechanical and electrical properties. The method 

here is general and may inspire investigations into patterning a broad array of electroactive 

materials.    
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CHAPTER 3 

3. FULLY INTEGRATED, HIGH-POWER 3D MICROBATTERIES FROM 

IMPRINTED ELECTRODES AND COPOLYMER GEL ELECTROLYTES 

3.1 Introduction 

The emerging interest in “autonomous” microelectrochemical systems (MEMS) 

calls for miniaturized energy storage to achieve on-chip power supply. One primary 

requirement for such a device is to deliver high power within a confined volume (<10 

mm3).[4] While microsupercapacitors possess favorable power density, few have energy 

density approaching that of a microbattery, which suffers the opposite challenge.[120] Here, 

we report a fully integrated three-dimensional (3D) lithium-ion microbattery that provides 

supercapacitor-like, high-power density constructed from imprinted microelectrodes array. 

To overcome the trade-off between power and energy, the 3D microbattery concept 

was proposed.[78] In brief, the electrochemical performance in such device is enhanced by 

increasing the electrode surface area and active material loading in the off-plane dimension. 

Until now, a number of techniques have been reported to obtain delicate microelectrode 

architectures. These methods include vertically-aligned nanotube/wall synthesis from gas 

and liquid phase,[121-122] thin film deposition on conductive 3D scaffolds,[88, 123] colloidal 

templating,[83] and direct ink writing.[90] Despite the progress in electrode fabrication, many 

of these studies stopped at half-cell demonstrations while only few reports are available on 

integrated 3D batteries that take full advantage of the electrodes 3D structures.[84, 89, 124-128] 

It is with rigorous material requirements and processing complexity to integrate elements 

with complicated 3D topography and feature dimensions spanning from tens of nanometers 

to millimeter scales. Two aspects are of key significance to construct a fully assembled, 
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high-performance microbattery, namely (1) a design of cell configuration that is easy to 

integrate and (2) the effective transfer of high-quality electroactive materials into battery 

cell architecture.     

To date, many reported microbatteries adopt the coplanar configuration,[89, 126-128] 

wherein the interdigitated cathode and anode are aligned next to each other on a charge 

collector pre-patterned on an insulating substrate. The making of such configuration 

normally requires alignment/micro-positioning system which adds challenge to scaled, 

high-throughput fabrication. Alternatively, the stacked 3D electrochemical cell made from 

layer-by-layer (LBL) coating/deposition is free from any form of alignment.[107] Moreover, 

stacked configurations can potentially double the areal power and energy densities as 

footprint area is defined by single electrode. However, the electrochemical performances 

of previously reported stacked microbatteries leave great space for improvement.[81] 

Structural inhomogeneities, together with the material’s low ionic and electronic 

conductivities compromise the merits of the 3D design and prevent the battery from 

achieving high power density. In this work, we managed to avoid these issues by 

decoupling the material synthesis and post-synthesis fabrication.      

In general, active materials may be transferred into microsystems by in situ 

synthesis (e.g. CVD and electrodeposition) and particle-based patterning.[120] The latter 

strategy is to transfer already synthesized functional nanoparticles into miniaturized cell 

from well-dispersed suspension (ink). Conceivably, the decoupling of synthesis and post-

synthesis processing opens a wider window for optimizing nanoparticle crystal structure 

and size,[129] morphology,[130] elemental composition and other properties, e.g. conductivity, 

by forming composites.[131] Among the various patterning techniques, imprint lithography 
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appears as a promising candidate that combines the merits of additive manufacturing and 

scaled production. It is a collection of techniques based on molding with an elastomeric 

stamp.[9] The versatility of patternable materials, from polymers to inorganics,[102, 132] 

makes it a convenient tool for scalable 2D/3D patterning and device fabrication e.g. 

antimicrobial surfaces,[133] wavelength-selective thermal emitter,[134] and plasmonic 3D 

gratings.[135] The utilization of imprint lithography in microbattery fabrication is highly 

beneficial yet surprisingly rare. It becomes especially advantageous when the critical 

dimension of targeted electrode structure is sub-micron as this resolution starts to challenge 

techniques like inkjet printing and 3D printing.[136] Recently, we demonstrated a series of 

woodpile-like 3D microelectrodes directly imprinted from TiO2 nanoparticle dispersion 

which exhibited significantly improved capacity and rate capability.[137] 

In this work, we synthesized sub-10 nm LiMn2O4 (LMO) and Li4Ti5O12 (LTO) 

nanoparticles with refined crystalline structure through green, solvothermal synthesis. In 

addition, a non-crystalline random copolymer, poly (dopamine acrylamide)-co-poly 

(ethylene glycol) methyl ether methacrylate (PDMA-co-PEG500) was developed as the 

separator and subsequently as a gel polymer electrolyte (GPE) after complexation with 

LiClO4 liquid electrolyte. LMO nanoparticles were imprinted into 3D microelectrode and 

the stacked full cell was constructed by coating the electrode with polymer and LTO ink in 

a LBL manner. By carefully engineering material synthesis and processing, the 

microbattery in this work demonstrated robust cycling performance and a supercapacitor-

like power density up to 855.5 μWcm-2μm-1. To the best of our knowledge, this is the first 

report of the fabrication of fully integrated 3D microbatteries by direct imprinting using 

crystalline nanoparticle-based inks.  
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3.2 Experimental Section 

3.2.1 LMO and LTO synthesis  

The LMO particles were synthesized via a hydrothermal synthesis method in 

stainless steel autoclaves with a 190 mL teflon reaction chamber. Teflon inserts were 

removed from the autoclaves and placed on magnetic stirrers. A 100 mL 0.1 M LiOH 

solution (LiOH·H2O (p.a. Bie&Berntsen A/S)) was added to the insert and 1.217 g KMnO4 

(p.a. Merck) was dissolved under mild stirring. When the KMnO4 was completely 

dissolved, 1.2 mL of ethanol was added to the solution. The magnet was removed from the 

insert and the insert was sealed in the autoclave and placed in a preheated oven at 180°C 

for 5 hours. The autoclaves were cooled naturally overnight. The product was washed and 

centrifuged three times in water/ethanol mixtures and dried naturally.  

The LTO particles were synthesized via a hydrothermal flow synthesis method 

using the same setup and method as described by Laumann et al.[138] In short, a 4:5 Li:Ti 

precursor with 5% Li excess was made by dissolving 0.745 g of Li metal in absolute ethanol 

and mixing it with 37 mL of titanium (IV) isopropoxide (97%, Sigma Aldrich). The 

mixture was then diluted with 300 mL of isopropanol, and this final mixture was used as 

the precursor solution. The precursor solvent was then passed through the hydrothermal 

flow reactor, with deionized water as preheated solvent and a reactor temperature of 425 °C.  

The product was collected and washed in the same way as the LMO particles. 

3.2.2 Synchrotron PXRD measurements 

Synchrotron PXRD data were collected on the large Debye–Scherrer image plate 

diffractometer at beamline BL44B2, SPring8, Japan, using λ = 0.499715 Å. The powders 

were filled in 0.2 mm glass capillaries. The samples were spun and cooled to 120 K during 
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measurements. A CeO2 standard was measured to determine the instrumental broadening 

in order to obtain reliable crystallite sizes.   

3.2.3 LMO and LTO ink preparation 

LMO ink was made by first dispersing LMO and minimal 4-hydroxybenzoic acid 

in a mixed solvent of N-methyl-2-pyrrolidone and methanol (1/1 by weight). The mixture 

was then bath sonicated for half an hour followed with probe ultrasonication for 1hour, 

resulting in a fine, oil-like black ink. Ink concentration was further doubled (to around 10 

wt%) via nitrogen flow blowing away methanol. LTO ink was made by dispersing LTO 

nanopowder together with mesoporous carbon (d<500 nm, Sigma-Aldrich) in solvent (DI 

water/ethanol/ethylene glycol 16/8/1 by volume).  The mixture was then bath sonicated for 

30 min. Aqueous polymer binder poly (vinylpyrrolidone) (Mw=58 kg mol-1, Sigma-

Aldrich) was then added into the dispersion followed with ball milling for additional 1 hour. 

Ink viscosity was characterized by m-VROC rheometer.  

3.2.4 Cathode imprinting 

Silicon master molds of pattern A, B, and C (Figure 3.1) were used to transfer 

pattern to PDMS stamps based on standard Sylgard 184 (Dow Corning) and crosslinker. 

ITO coated glass substrates were treated for 15 min under UV-ozone. LMO ink was spin 

coated onto the substrate at 600 rpm for 30 s, followed with PDMS stamp molding. After 

that, samples were soft baked at 70 ℃ followed with demolding. Finally, the samples were 

thermally annealed at 400 ℃ for 2 hours in nitrogen flow.  
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Figure 3.1 Characterization of silicon master mold dimensions. (a) cross-sectional SEM 

image of pattern A mold. (b) and (c) optical profilometry of pattern B and pattern C molds 

and the dimensional profiles. 

3.2.5 PDMA-co-PEG500 synthesis  

Dopamine acrylamide (DMA) was synthesized and purified based on a reported 

method.[139] To synthesize PDMA-co-PEG500, poly (ethylene glycol) methyl ether 

methacrylate (PEG500, Mw=500 gmol-1, Sigma-Aldrich) was passed through basic Al2O3 

column to remove the inhibitor. DMA (1.1 g), PEG500 (5.0 g) and azobisisobutyronitrile 

(AIBN, 0.11 g) were dissolved in 15 ml DMF in a 50 ml Schlenk flask. The system was 

degassed through three freeze-pump-thaw cycles and stirred overnight at 60 ℃ . The 

polymer was precipitated in ethyl ether three times and was dried in oven. The molecular 
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weight was measured by MALS-GPC. Molar ratio of comonomers in PDMA-co-PEG500 

was characterized by 1H-NMR. The degree of crystallization was measured by DSC 

between -60 ℃  and 110 ℃ with a scanning rate of 5 ℃ min−1.  

3.2.6 Microbattery assembly 

PDMA-co-PEG500 was dissolved in ethanol and formed 20 mg ml-1 solutions. 

Before coating, the imprinted LMO cathodes were subjected to 15 s oxygen plasma 

treatment. For a 1 cm2 imprint, 25 μL of the copolymer solution was drop casted onto the 

imprinted cathode in a glove box with controlled humidity (< 3%). The coated samples 

were dried at room temperature followed by annealing at 70 ℃ for 30 min. The LTO ink 

was then spin coated at 1000 rpm for 1 min to complete the battery architecture. The 

assembled full cells were dried in vacuum oven at 60 ℃ for 2 hours to eliminate any 

protonic solvent. Upper aluminum charge collector (100 nm) was thermally evaporated 

onto LTO. The battery active footprint is defined by the overlapping area of cathode and 

anode charge collectors and is regulated to 20 mm2.   

3.2.7 Electrochemical characterization  

All measurements were carried out in argon atmosphere. Data was collected on 

Maccor 440 and CHI660 electrochemical workstation. The ionic conductivity of PDMA-

co-PEG500/ LiClO4 gel electrolyte was measured with Electrochemical Impedance 

Spectroscopy (EIS) in SS|GPE|SS configuration. To do this, 300 μL polymer solution (20 

mgml-1) was casted onto a piece of circular SS (diameter 0.5’’). Film thickness was 

estimated to be 40 μm by assuming polymer density to be approximately 1.2 mgcm-3. A 

drop of fresh liquid electrolyte was added to the dried film and the GPE was sandwiched 

between two pieces of SS spacers. All components were then sealed in a Swagelok cell. 
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EIS was conducted with potential amplitude of 10 mV between frequencies from 1 MHz 

and 1Hz. Ionic conductivity is calculated based on Equation (3.1): 

                                                                  σ =
L

A∙Rb
                                                             (3.1) 

where 𝜎, L, A and Rb are ionic conductivity, film thickness, SS area and bulk resistance. 

For cyclic voltammetry and half-cell test of LMO microelectrode, the electrode was 

immersed in 1M LiClO4 in EC/DMC (1:1 v). A piece of lithium metal served as 

counter/reference electrode. For full cell test, a drop of fresh electrolyte was added onto 

the assembled microbattery. The microbattery was cycled between 1.4 V-3.0 V under 

multiple C rates. EIS measurement of full cell was conducted in a frequency range from 

100 kHz to 1 Hz, with an AC amplitude of 50 mV on Gamry 600 electrochemical 

workstation.     

3.3 Results and Discussion 

In this work, LMO/LTO is chosen as the demonstrative electrochemical pair. The 

well-defined electrochemistry enables us to more easily separates the influence of materials 

system from that of the 3D structuring. In addition, both materials go through minimal 

volumetric changes during the charge and discharge process,[61] which facilitates stable 

cycling. Figure 3.2a shows the high-resolution transmission electron microscopic (TEM) 

image of LMO nanoparticles. The particles are sub-10 nm in size. Elemental mapping by 

energy-dispersive X-ray spectroscopy (EDX) shows that Mn and O are distributed 

uniformly throughout the sample (Fig. 3.2b). Similarly, TEM imaging and elemental 

mapping of the LTO nanoparticles are shown in Fig. 3.2c and 3.2d. To better characterized 

the particle size and crystal structure, the nanoparticles were analyzed by Powder X-ray 
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diffraction (PXRD) in combination with Rietveld refinement using the MAUD 

software.[140] LiMn2O4 and LiTi5O12 spinel structures were used for modelling,[141-142] and 

the fits are shown in Fig. 3.2e and 3.2f. Both datasets show clear Bragg diffraction peaks 

indicating good crystallinity with significant peak broadening caused by the small 

crystallites. Both refinements yielded average crystallites sizes of ca. 6 nm with good 

agreement factors. The small particle size reduces ion diffusion length (Lion), which greatly 

shortens the diffusion time (τ) and benefits the rate capability based on Equation (3.2),[57] 

                                                                     τ =
Lion

2

Dion
                                                           (3.2)                                                                    

The LMO data shows no indication of a bimodal particle size distribution or the common 

Mn3O4 impurity.[143] A minor impurity was observed in LTO diffraction patterns, the effect 

of which may be negligible. The electron diffraction (ED) patterns of LMO and LTO 

nanoparticles demonstrate a series of distinct diffraction rings, indicative of the 

polycrystalline features (Figure 3.3). 
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Figure 3.2 Characterizations of synthesized LMO, LTO nanoparticles. (a) TEM image and 

(b) EDX elemental mapping of LMO nanoparticles. Scale bar 300 nm. (c) TEM image and 

(d) EDX elemental mapping of LTO nanoparticles. Scale bar 300 nm. (e), (f) Rietveld 

refinements of LMO and LTO particles. 

In this work, we fabricated the battery into interdigitated microcathode/anode array 

structure as illustrated in Figure 3.4. The interdigitated microelectrode array is analogous 

to a series of 2D batteries connected in parallel and transport between electrodes remains 

nearly one-dimensional when end effect is neglected. This will prevent the nonuniform 

current distribution within the electrochemical cell, which may lead to premature end of 

lithiation and delithiation.[5] A dimensionless number U is proposed (Equation (3.3)) to 

quantitatively measure uniformity of current,[78] 

                                                            U = (
w

h
)

2
(

μ

σ
) (

1

C
)                                                   (3.3) 

where w and h are the width and height of the electrode as depicted in Fig. 3.4a. μ and σ 

are the mobility of Li+ and electronic conductivity of electrode. C is the volumetric energy 

capacity.  Clearly, both geometry and material properties have significant impacts. By 
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using higher aspect ratio (h/w) electrode and increasing its electronic conductivity, a 

smaller U, corresponding to more uniform current distribution in battery can be achieved.  

 

Figure 3.3 Electron diffraction (ED) pattern and high resolution TEM image of (a) LMO 

and (b) LTO nanoparticles. 

The fabrication strategy is depicted in Figure 3.4b. To start, LMO microelectrodes 

are imprinted on an indium tin oxide (ITO) coated glass substrate using solvent-assisted 

imprinting (i). ITO serves as cathode charge collector. After thermal annealing in N2 flow, 

the cathode array is coated LBL with drop casted PDMA-co-PEG500 as separator/GPE (ii), 

and with an LTO/mesoporous carbon composite as counter electrode (iii). Finally, a thin 

layer of Al was thermally evaporated on top as anode charge collector (vi). The device 

active footprint is defined by the overlapping area of the two charge collectors and is 20 

mm2. 
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Figure 3.4 Schematic illustration of 1D transport in the interdigitated microelectrode array 

(a) and microbattery fabrication (b): (i) microcathode array fabrication via solvent-assisted 

capillary micromolding. (ii) Drop coating of PDMA-co-PEG500 separator. (iii) Coating of 

LTO/mesoporous carbon counter electrode. (vi) Evaporation of Al charge collector.   

To imprint the microcathode array, LMO nanoparticles were first dispersed in N-

methyl-2-pyrrolidone. Optimum solid concentration and viscosity are crucial to provide 

imprintability. The as-synthesized LMO and LTO nanoparticles are both hydrophilic due 

to the abundance of surface -OH groups. LMO nanoparticles were stabilized by minimal 

4-hydroxyl benzoic acid and the ink was stable for months (Figure 3.5a inset). The ink 

solid concentration was 10 wt% as confirmed by thermal gravimetric analysis (TGA). The 

ink possesses good fluidity and a low viscosity in the range of 1.8-3.2 mPa ∙ s, which is on 

the same order of its solvent (1.6 mPa ∙ s at room temperature). This is critical to efficient 

mass transfer in the capillary molding process,[14] especially when higher aspect ratio 

structures are targeted. Interestingly, the LMO ink exhibits a slight tendency of shear-

thickening as shear rates exceed 102 s-1. In a particulate suspension system, the onset shear 
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rate leading to shear thickening behavior, termed as critical shear rate, is dependent on 

particle size distribution, and bigger particles lead to smaller critical shear rates.[144] 

Dynamic light scattering (DLS) in Figure 3.5b shows that the volume- and number-

averaged particle size in NMP are between 100-200 nm, which is much larger than 

individual particles observed under TEM, indicating that LMO nanoparticles may be 

stabilized in solvent as clusters. This might be a reason that the critical shear rate is smaller 

than expected for a dispersion of 6 nm particles. It is also noted that shear thickening only 

occurs when the suspensions are deflocculated. In other words, the interaction between 

stabilized clusters are nonaggregating. This may also explain the good stability of the 

imprint ink. Similarly, LTO was formulated with mesoporous carbon nanopowder and poly 

vinylpyrrolidone (PVP) in water/ethanol/ethylene glycol mixture solvent with a solid 

concentration of 10 wt%. 

 

Figure 3.5 LMO Ink characterization and SEM images of imprinted structures. (a) Ink 

viscosity as a function of shear rates. (b) DLS measurement of LMO nanoparticles size 

distribution in NMP. (c) to (e) Cross-sectional SEM images of imprints of pattern A, B and 

C. Insets show the zoom-in images of imprinted features. (f)Top view of pattern C imprint 

on a larger scale.   
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In soft lithography, structure dimensions can be readily tuned by changing the 

dimensions of the master molds. Here, three sets of master molds were used. Their 

dimensions are 0.5 μm (w)-0.5 μm (h)-1.0 μm (p) (pattern A), 2 μm (w)-3 μm (h)-4 μm 

(p) (pattern B) and 2 μm (w)-5 μm (h)-10 μm (p) (pattern C) respectively (Figure 3.1). To 

imprint, LMO ink was cast onto substrate by mild spin coating followed by molding with 

a PDMS stamp. Drawn by capillary force, the ink rapidly filled the microchannels in the 

stamp. As solvent gradually permeated through PDMS upon soft bake, LMO 

microelectrode structure solidified for easy demolding. The imprints were further annealed 

in N2 flow at 400 ℃  for 2 hours. During the process, any remaining organics degraded and 

left thin trace of carbon. In addition, the connectivity between LMO nanoparticles was 

strengthened and helped maintain structural integrity. The structures of imprinted LMO 

microelectrodes were characterized by scanning electron microscope (SEM) and are shown 

in Figure 3.5c to 3.5e. The final dimensions of pattern A, B and C are 0.42 μm (w)-

0.39 μm (h)-0.97 μm (p), 1.1 μm (w)-1.9 μm (h)-3.9 μm (p) and 0.8 μm (w)-3.1 μm (h)-

9.6 μm (p) respectively. The structure dimensions are generally smaller than their PDMS 

master molds due to volume shrinkage from solvent evaporation and thermal annealing.[102] 

Resultant aspect ratios of the imprinted A, B and C pattern are 0.9, 1.7 and 3.8. Based on 

previous discussion ( U ∝ (
h

w
)−2 ), pattern C should provide the most favourable 

performance among the three, although it imposes the biggest fabrication challenges for 

assembly. For demonstration purposes, we fabricated fully integrated microbattery with 

pattern C. Fig. 3f shows the electrode’s top surface. The imprinted features have good 

structural registration regardless of the volume shrinkage, confirmed by the almost 

unchanged pitch size. Temperature series analysis of LMO by PXRD (Figure 3.6) shows 
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crystallite growth by the sharpening of diffraction peaks and no phase transition was 

detected. 

 

Figure 3.6 Temperature series PXRD analysis of LMO nanoparticles from 300 to 1000 K. 

No phase transition is observed. 

Before integration, the electrochemical performance of the imprinted 

microelectrode (1 cm2 footprint) was checked in a half-cell test, wherein lithium metal 

served as the counter/reference electrode. Figure 3.7a shows the cyclic voltammogram (CV) 

of LMO microelectrode under scan rates from 0.5 mV s-1 to 5 mV s-1. At 0.5 mV s-1, two 

distinct cathodic peaks at 4.13 and 4.0 V are observed, which agrees well with the two-step 

insertion of Li+ into the LiMn2O4 matrix. Accordingly, anodic peaks at 4.02 V and 4.15 V 

correspond to the stepwise Li+ extraction. The well-defined peak splitting can be attributed 

to the good crystallinity of LMO nanoparticles. It is noted that the potential difference 

between anodic and cathodic peak positions is small and only minor shifts are observed as 

scan rate increases. Both indicate good reversibility at the imprinted cathode. Although a 

small amount of organic acid was applied during ink formulation, we didn’t observe 
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evidence of Li+ loss from CV measurement,[145] as microelectrodes were imprinted from 

fresh inks. The galvanostatic discharging profiles of LMO microelectrode at different C 

rates are shown in Figure 3.7b. Here 1 C stands for complete discharging in 1 hour and n 

C corresponds to current density n times of 1 C. To highlight the significance of 3D 

patterning, a control sample was made from the same ink, spin coated at the same speed 

without patterning. Their normalized (to 1 C) capacities at different C rates are plotted in 

Figure 3.7c. The imprinted microelectrode demonstrates superior capacity retention and 

performs favorably relative to its nonpatterned counterpart. Under current density as high 

as 100 C, the nonpatterned electrode almost failed to deliver any meaningful capacity while 

the microelectrode still retained 50% of its 1 C performance. The electrode structure was 

stable as confirmed by the recovery of capacity when current was reduced back to 3 C. The 

difference may be attributed to easier bulk diffusion of Li+ in the patterned system, which 

agrees with previous reports.[137, 146] The electrochemical properties of the LTO 

nanoparticles were also characterized by cyclic voltammetry and galvanostatic 

charge/discharge, where good reactivity was demonstrated by distinct redox peaks at 1.45 

V and 1.72 V with reversible capacity of 151.6 mAhg-1. (Figure 3.8). 

 

Figure 3.7 Electrochemical characterizations of imprinted LMO cathode. (a) Cyclic 

voltammogram of LMO electrode at various scan rates. (b) Discharging profiles of LMO 

electrode under different C rates between 3.2-4.4 V. (c) Comparison of rate capability of 

patterned and nonpatterned LMO electrodes. 
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One challenge for assembling a stacked microbattery architecture is to choose the 

appropriate separator and coating strategy. It is important that separator forms a robust and 

full coverage layer on the cathode array to ensure stable operation without shorting. In 

addition, it should facilitate rapid ion transport to achieve high-power performance.  

 

Figure 3.8 Electrochemical characterization of LTO nanoparticles. (a) cyclic voltammetry 

of LTO. (b) galvanostatic charge and discharge profiles in a Swagelok cell.   

In this work, we synthesized PDMA-co-PEG500 copolymer as the separator and 

subsequently the matrix for GPE after complexation with LiClO4 (EC/DMC) liquid 

electrolyte. The design of this copolymer is based on the considerations of both coating 

properties and ionic conductivity. The chemical structure and synthesis steps are shown in 

Figure 3.9a. The copolymer has a molecular weight of 750 kgmol-1 and the molar ratio of 

DMA to PEG500 is approximately 1:2.6, as confirmed by gel permeation chromatography 

(GPC) and 1H NMR (Figure 3.10). 



50 
 

 

Figure 3.9 (a) Synthesis of PDMA-co-PEG500 copolymer and (b) schematic illustration of 

catechol binding with metal oxide surface.   
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Figure 3.10 1H NMR spectrum of (a) DMA monomer and (b) PDMA-co-PEG500 

copolymer. Integrated peak area of a to b is 1 to 38 (MasterRenova), corresponding to 

molar ratio n(DMA): n (PEG500) of 1:2.6. Note that the feeding ratio of these two 

comonomers is approximately 1:2. There slight deviation between the feeding ratio and 

final composition is acceptable as a result of monomer reactivity difference. 

The incorporation of dopamine methyl acrylamide is inspired by the superior adhesion of 

polydopamine to versatile surfaces.[147] Specifically, the strong interaction between 

catechol and metal oxide surfaces enables intimate contact of separator and cathode as 

depicted in Figure 3.9b. To demonstrate the binding between copolymer and LMO, we 

compared the IR absorption peaks of neat LMO particles, PDMA-co-PEG500, and the 

polymer binded particles. As shown in Figure 3.11a, the emerging of distinct absorption at 

1100 cm-1 on polymer binded LMO corresponds to C-OH stretching in catechol. 

Characteristic absorption from ester C=O at 1720 cm-1 can be also seen on particles after 

polymer coating. Interestingly, signs of polymer C-O stretching peaks (1248-1281 cm-1) 
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merging into one band after coated on LMO particles are observed, indicating that 

bidentate binding of catechol onto LMO surface may exist.[148] 

 

Figure 3.11 Characterizations of PDMA-co-PEG500 copolymer and the coated 

microelectrode architectures. (a) IR spectra of neat LMO nanoparticles, PDMA-co-PEG500 

copolymer and the polymer coated nanoparticles. (b) Optical profilometry image of 

separator coated cathode array. (c) Height profiles of cathode array before and after 

separator coating. (d) Cross-sectional SEM image of fully assembled microbattery. (e) 

Zoom-in SEM image of integrated microbattery architecture. 

To coat polymer onto LMO microelectrodes, PDMA-co-PEG500 was dissolved in 

ethanol and the deposition was done by simple drop cast. The surface morphology and 

height profile after coating were imaged by optical profilometry and are shown in Figure 

3.11b and 3.11c. As ethanol evaporated by mild heating (60℃), the copolymer covered the 

LMO microelectrodes on both the top surface and vertical side wall. We attribute this to 

the “sticky” feature of dopamine containing polymers.[149] Moreover, the electrode’s aspect 

ratio was well maintained. We notice however, that the polymer coating is not completely 

conformal. Thickness varies from 60 nm on top to 1 μm on the side wall. This is due to 

effects of gravity during the coating. To improve coating conformality in the future, vapor 

phase polymerization and controlled spray coating may be viable routes and are under 
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investigation. In fact, the length of electron tunneling is in the order of 1 nm and Long et 

al reported that with 10 nm separator film, electron tunneling between surfaces may be 

negligible.[78] We have far exceeded this thickness and direct shorting should be avoided.  

The battery was fully integrated using an LTO/mesoporous carbon suspension spin 

coated on top of the separator structure as counter electrode. SEM cross-sectional images 

of the full cell are shown in Figure 3.11d and 3.11e. No thermal treatment was needed for 

LTO because the nanoparticle possessed the desired crystal structure as synthesized. The 

final height of microbattery was approximately 3.5 μm and the cell volume was 0.07 mm3, 

which included the volume of electrode plates and the space in between. This device-based 

volume is used for the calculation of energy and power densities. Notably, no surface 

treatments, e.g. oxygen plasma or UV-ozone were needed before LTO coating as PDMA-

co-PEG500 is hydrophilic in nature. The contact angle with water is 34° , which is 

comparable to polydopamine.[150] This is important regarding film integrity as oxygen 

plasma is destructive to most polymers and may induce defects in coating.  

Conventionally, a GPE is prepared by casting polymer/liquid electrolyte mixture 

into a thin film. However, in our cell configuration, lithiation of GPE is completed by 

adding liquid electrolyte on top of the assembled microbattery. This allows us to deal with 

the moisture-sensitive electrolyte only at the last step. This strategy, on the other hand, 

places stricter requirement on polymer crystallinity. Conceivably, conventional polymer 

matrices, e.g. PVDF and high molecular weight (> 20 kg mol-1) linear PEO, are not suitable 

as liquid electrolyte hardly permeates the crystalline film at room temperature. In this work, 

the copolymer that is comprised of low molecular weight (500 g mol-1) PEG side chains 

on polymethacrylate backbone, avoids the problem with its non-crystalline feature. 
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Impedance plots of lithiated copolymer film together with two controls, a 

commercial Celgard 2500 separator and a PVDF film are shown in Figure 3.12a. The tests 

were conducted by using stainless steel (SS) as blocking electrodes. A large semicircle in 

high-frequency region is observed in PVDF-based GPE, corresponding to grain boundary 

effects in non-homogeneous, crystallized phases. After overnight soaking, bulk resistance 

of PVDF-GPE slightly decreased as indicated by the shrinkage of semicircle diameter. This 

is a sign of the sluggish permeation of liquid electrolyte. On the contrary, the complete 

disappearance of semicircle in PDMA-co-PEG500 impedance plot is indicative of non-

crystallinity,[151] which is consistent with the DSC measurement. The impedance profile 

resembles the liquid electrolyte in microporous Celgard separator. The ionic conductivity 

is estimated to be 0.03 mS cm-1 at room temperature. The conductivity value is 2 to 3 

magnitudes larger than previously reported nanoscale electrolytes and may well 

compensate for the coating thickness variation.[152-153]   

Electrochemical performances of integrated microbattery were characterized 

galvanostatically between 3.0-1.4 V. A drop of fresh liquid electrolyte was added on top 

of the battery in an argon-filled glovebox and the microbattery was sealed in a plastic 

container. Two copper clips were connected to ITO and Al charge collector. Figure 3.12b 

shows a microbattery wired to an outer circuit lighting up a red LED. Voltage profiles of a 

microbattery charged and discharged at 5 C current are shown in Figure 3.12c. The profiles 

demonstrate distinct plateaus between 2.3 V and 2.9 V, which corresponds well with the 

electrochemistry based on LMO/LTO redox pair. A two-stage process can be observed in 

both charging and discharging. The process is clearly shown from the differential capacity 

curves (Figure 3.12d).  
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Figure 3.12 Electrochemical characterizations of microbattery. (a) Impedance spectra of 

Celgard, PDMA-co-PEG500 and PVDF in SS|GPE|SS symmetric cell. (b) Optical image of 

the assembled microbattery lighting up a red LED. (c) Charging/discharging profiles of 

microbattery at 5 C. (d) Differential capacity curves of microbattery charging and 

discharging. (e) Discharging profiles of microbattery under increasing C rates from 5 C to 

300 C. (e) Normalized (to 5 C) discharging capacity as a function of cycle number. 

Sharp peaks at 2.64 V, 2.86 V in charging and 2.41 V, 2.53 V in discharging correspond to 

Li+ insertion/extraction, which is consistent with cyclic voltammetry of the LMO 

microelectrode. AC impedance measurement of full cell was conducted, and the charge 
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resistance was approximately 0.5 kΩ after 5 cycles (Figure 3.13a). The impedance profile 

shows semicircular features in the high frequency region, corresponding to charge transfer 

resistance, and a spur in the lower frequency region resulting from diffusion related 

Warburg impedance. In our system, the separation length of the two electrodes is much 

smaller than conventional battery system and thus we modified our equivalent circuit 

model (Figure 3.13a inset) accordingly by including the bounded Warburg impedance and 

the double layer capacitance. The charge transfer resistance increased to 1.3 kΩ after 100 

cycles, which may be induced by the weakened contact between LTO and the evaporated 

Al layer as the cycling test proceeded. The formation of SEI at multiple interfaces may also 

cause the resistance to increase. At 5 C, the microbattery possesses a volumetric energy 

density of 2.7 μWhcm-2μm-1. We notice that in charging, a larger storage energy density of 

3.8 μWhcm-2μm-1 is obtained. The Coulombic efficiency of the process started at 80.4% 

and later stabilized at 88.7% (Figure 3.13b). We suspect that the efficiency deviation from 

100% may result from a minor leaking current. XPS measurement confirmed that after 

copolymer coating, surface elements changed from Li, Mn, O to C, N, O, indicating full 

coverage with a separator thickness exceeding the electron tunneling length and direct 

shorting may be avoided. But the electrodes may still interact through either “soft contact” 

as a result of separator dimension change or overlapping of the electrodes’ electrical double 

layers when they are in close proximity. This issue may be solved by optimizing the coating 

strategy to ensure coating conformality and thickness control. We exclude the possibility 

of side reactions from the differential curve shown in Figure 3.12d, as no peaks 

corresponding to side reactions can be observed. Figure 3.12e shows the voltage profiles 

of microbattery charged at 5 C and discharged at different current densities. At 10 C 
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discharging, the microbattery shows little capacity decay, demonstrating an almost 

overlapped voltage profile and an energy density of 2.6 μWhcm-2μm-1. Notably, the voltage 

profiles from 5 C to 100 C all demonstrate distinct plateaus, indicating good diffusion-

reaction kinetics. At 300 C, the battery still retains 28.8% of its 5 C energy (equivalent of 

40% capacity retention) and generates a power density as high as 855.5 μWcm-2μm-1. 

Figure 3.12f presents the normalized discharge capacities at varied C rates as a function of 

cycle numbers. The microbattery exhibits strong rate capability and almost full capacity 

retention when going back to lower rate discharging, indicative of robust cycling ability.  

 

Figure 3.13 (a) EIS of full microbattery after 5 times and 100 times cycling tests. (b) 

Volumetric capacity and Coulombic efficiency as a function of cycle number. 

The Ragone plot in Figure 3.14 compares the volumetric energy and power density 

of our microbattery with other micro energy-storage devices reported from recent 

literatures.[89, 123, 126-127, 154-158] It can be clearly seen that microbatteries generally have 

higher energy density but suffer from drastic energy fading as power goes up. On the 

contrary, microsupercapacitors are able to generate high power and good capacity retention 

but provide much smaller energy density. The microbattery presented in this work is among 

some of the rare reports of micro energy storage systems that possess battery-level energy 
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density and high-power density comparable to some of the best supercapacitors. We 

believe that the high-power performance of the microbattery is attributed to the synergetic 

effects from delicate preparation of electrode nanoparticles, the 3D engineering of 

imprinted electrodes, the unique copolymer gel electrolyte and its intimate contact with the 

electrodes.  

 

Figure 3.14 Comparison of volumetric energy and power densities of this work to reported 

micro energy storage devices (microbatteries and microsupercapacitors) from recent 

literatures in a Ragone plot. 

3.4 Conclusions and Future Work 

In summary, we have demonstrated a 3D lithium-ion microbattery based on 

imprinted microelectrodes and integrated through layer-by-layer stacking. The delicate size 

of LMO, LTO nanocrystals, together with the well-engineered device architecture, enables 

the battery to display supercapacitor-like power density. A remaining challenge as 

discussed, is the conformal coating of a solid/gel electrolyte on 3D electrode which 

effectively avoids electrode contact and facilitates fast ionic transport at the same time. 

This calls for further investigation in the materials selection and coating strategy. In 

addition, the energy density of microbattery may be improved further by imprinting with 
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molds of even higher aspect ratios, and denser microarrays. The facile fabrication of 

electrodes and layer-by-layer integration described here can be potentially extended to 

other electrochemical systems.   
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CHAPTER 4 

4. INITIATED CHEMICAL VAPOR DEPOSITION OF COPOLYMER THIN 

FILMS AS MICROBATTERY ELECTROLYTES 

4.1 Introduction 

Microbatteries based on 3D electrode architectures have potential to serve as 

integrated power sources for autonomous microscale devices. Nonplanar electrode 

geometries enable high active material loadings and large surface-to-volume ratios, 

resulting in simultaneously enhanced energy and power densities.[78, 159-160] Over the years, 

3D electrodes of different forms have been reported, including vertically aligned 

nanowires/pillars,[88] multilayered stacks,[137] and nanoporous monoliths.[32] However, the 

long-standing challenge of conformal, defect-free coating of nanoscale electrolytes with 

good ionic conductivities onto 3D electrodes renders the successful integration of 

microbattery full cells elusive. Both the coating strategy and the choice of materials must 

be addressed to meet this challenge.  

Polymer films can be converted into gel and solid-state ionic conductors for 

lithium-ion batteries by solution-based doping with lithium salts.[161] Successful 

demonstrations have been reported using stepwise strategies of applying a polymer coating 

that is subsequently doped. For example, poly(methyl methacrylate) (PMMA) and SU-8 

based gel polymer electrolytes (GPEs) on micropillar/line arrays were achieved with 

cleanroom lithographic techniques.[162-163] Solution casting of polymer electrolytes 

functionalized with hydroxyl groups are also shown as a viable route to achieve complete 

coverage on 3D electrode architectures.[80, 160] To realize form factor-free deposition of 

polymers onto arbitrary 3D geometries, poly(phenylene oxide) (PPO) and a poly(1,3,5-
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trivinyl-1,3,5-trimethylcyclotrisiloxane) (PV3D3) were electrodeposited to achieve self-

limiting coatings on porous electrodes,[84, 164-165] but the moderate ionic conductivity (10-10 

S cm-1) leaves significant space for further improvement. In the realm of conformal 

polymer coatings, initiated chemical vapor deposition (iCVD) has attracted attention as a 

platform deposition technique because of its precise control of film thickness, low-

temperature operation, and compatibility with a wide range of functional monomers.[23] 

Previously, Gleason and co-workers reported an ultrathin, poly(1,3,5,7-trtravinyl-1,3,5,7-

tetramethylcyclotetrasiloxane) (PV4D4) based SPE from iCVD with ionic conductivities 

in the order of 10-8-10-7 S cm-1.[152, 166] 

To date, the field has almost exclusively studied homopolymer matrices for use in 

nanoscale SPEs, which imposes rigorous requirements on one monomer species to meet 

challenges from both coating and ionic conduction. These requirements limit the choice of 

monomers and narrow the tunability window of the resultant polymer matrices with respect 

to the cross-linking density, polarity, and chain mobility. For macroscopic SPEs, polymer 

blends, e.g. PEO/PMMA and poly(acrylonitrile) (PAN)/polyethylene imine, were shown 

to improve conductivity significantly from their single component matrix counterparts.[73-

74, 167] Inspired by this result, we utilized the iCVD method to fabricate a class of 3D 

conformally coated, nanoscale SPEs based on a series of copolymer thin films with LiTFSI 

doping. Our design principles are that one monomer is multifunctional providing the 

necessary cross-links to stabilize the copolymer films during solution doping, while a 

second monomer is systematically incorporated to fine-tune the chemical and physical 

properties and, consequently, ionic conductivity.  
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Here, we selected ethylene glycol diacrylate (EGDA) as the cross-linker due to its 

well-studied reaction kinetics in iCVD and more importantly,[168-169] its chemical similarity 

to some of the benchmark precursors used in SPEs and GPEs, such as trimethylolpropane 

ethoxylate triacrylate (ETPTA).[170-171] The low volatility of ETPTA prevents its use in 

iCVD directly. Hydroxyethyl methacrylate (HEMA) is used as the comonomer to decrease 

the film cross-linking density. In addition, the presence of the hydroxyl groups promotes 

strong interaction with anions, thus enhancing the dissociation of lithium salts.[167] 

Utilizing copolymer matrices enables decoupling the cross-linking agent from the 

comonomer that tunes the chemical composition and physical properties, which ultimately 

optimizes ionic conduction in nanoscale SPEs.    

4.2 Experimental Section 

4.2.1 Initiated Chemical Vapor Deposition of Copolymer Thin Films 

Copolymer thin films were deposited using a custom-built iCVD chamber (GVD 

Corp.). Substrates were placed on a temperature-controlled stage, maintained at 26 ℃. All 

chemicals, i.e. tert-butyl peroxide initiator (Sigma-Aldrich, 98%), HEMA (Acros Organics, 

97%) and EGDA (Acros Organics, 90%), were used as received without purification. 

Deposition conditions including precursor flow rates, reactor pressure, and the 

corresponding deposition rate are specified in Table 4.1. The temperature of the heating 

filament array was maintained at approximately 200 ℃, and the deposition thickness was 

monitored by in-situ interferometry.  
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Table 4.1. iCVD deposition conditions for poly(HEMA-co-EGDA). 

sample HEMA 

(mol%) 

fTBPO 

(sccm) 

fHEMA 

(sccm) 

fEGDA 

(sccm) 

P 

(mTorr) 

PHEMA/Psat PEGDA/Psat dep. rate 

(nm/min) 

CP10 9.0±1.8 1.0 0.8 2.8 120 0.15 0.72 30 

CP40 37.0±5.7 0.8 0.8 2.0 120 0.20 0.65 18 

CP55 55.7±3.5 1.2 2.3 2.2 80 0.24 0.30 12 

CP85 85.9±3.9 1.0 2.0 1.1 80 0.29 0.21 14 

CP95 95.3±4.2 1.0 2.5 0.8 80 0.34 0.14 13 

 

4.2.2 Imprinting of TiO2 Based 3D Nanostructures 

The fabrication of TiO2 3D structures was reported by us previously.[102] In brief, a 

commercial TiO2 (US Research Nanomaterials, Inc) dispersion with 15 nm nanoparticles 

in 1,2-propanediol was first diluted with additional 1,2-propanediol and methanol in a 1:1:5 

weight ratio to achieve approximately a 3.0 wt% solid concentration. The diluted ink was 

spin coated onto cleaned silicon wafer, followed by molding with a poly(dimethyl siloxane) 

(PDMS) stamp with predesigned patterns, e.g., the reverse patterns of nanopore, nanoposts, 

etc. After a short-time soft baking to remove residual solvent, the 3D patterns were 

obtained upon demolding.      

4.2.3 Physical Characterization   

FT-IR analysis was performed on copolymer collected from the iCVD deposition 

chamber using a PerkinElmer FT-IR spectrometer with a universal ATR sampling 

accessory. Surface morphologies of the CP and CSE series were imaged by a Dimension 

3100 AFM. Cross-sectional imaging and EDX analysis of CSE films were carried out on 

a Magellan 400 SEM facility. Film thickness was measured with a Dektak 150 surface 

profiler. TGA was performed between room temperature and 600 ℃  under nitrogen 

(ramping rate at 10 ℃ min-1) and the DSC analysis was conducted between -60 ℃ and 150 

℃ (scanning rate 10 ℃ min-1). The dielectric constant was measured with an impedance 
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meter (Keithley Inc.) between 102 to 105 Hz, with an AC amplitude of 50 mV in a N2 filled 

glovebox. Electronic conductivities of the copolymer thin films were measured on a 

CHI660 electrochemical workstation by a cyclic voltage scan between 0.1 V and -0.1 V.  

4.2.4 Preparation and characterization copolymer solid-state electrolytes 

Copolymer films with different composition that were deposited on ITO substrates 

were dried overnight at 85 ℃ under vacuum. Gold electrodes (50 nm thickness) with 

shadow mask-defined contact area (6 mm2) were thermally evaporated (1-2 nm min-1) onto 

the polymer films. These samples were then transferred into an Argon-filled glove box and 

soaked in a LiTFSI solution (0.3 M in acetonitrile) overnight to induce salt doping. Thin 

film solid-state electrolytes were obtained after drying the film on a hot plate (120 ℃, 1 h) 

to remove any residual solvent. Electrochemical impedance spectroscopy (EIS) was 

performed on a Gamry 600 electrochemical test station between 106 Hz to 1 Hz, with AC 

amplitude of 50 mV and 0 V bias.  

4.3 Results and Discussion 

The fabrication of copolymer electrolytes is depicted in Figure 4.1a. Indium tin 

oxide (ITO) coated glass and imprinted TiO2 3D electrodes are placed together in the iCVD 

chamber to produce 2D and 3D coated thin films. Experimental details for imprinting 3D 

substrates and depositing the copolymer thin films via iCVD are described in the 

Supporting Information. The copolymer film composition was systematically varied by 

adjusting deposition parameters in the iCVD process. As documented previously, 

deposition rate depends on monomer adsorption to the substrate surface, which can be 

described by the ratio of the monomer partial pressure to the saturated pressure (PM/Psat).[24] 

The copolymer composition was systematically varied by tuning the PM/Psat values of 
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HEMA and EGDA (Table 4.1). FT-IR spectra of copolymer films with different 

composition are shown in Figure 4.1b. Characteristic absorption peaks indicate the 

retention of hydroxyl groups (3400 cm-1) in HEMA and carbonyl groups (1710 cm-1) 

present in both HEMA and EGDA.[168] The concentration of HEMA was calculated based 

on the absorption peak areas (A) using Equation 4.1: 

 

Figure 4.1(a) Schematic illustration of solid-state copolymer electrolytes preparation and 

the conformal coating of copolymers on 3D substrates. (b) FT-IR absorbance spectra of 

poly(HEMA-co-EGDA) films with different compositions. The wide band centered at 

3400 cm-1 and the sharp peak at 1710 cm-1 correspond to O-H and C=O stretching 

respectively. (c) HEMA concentration in deposited copolymer films as a function of PM/Psat 

for HEMA and for EGDA. The red and blue projections specify the compositional change 

with PHEMA/Psat and PEGDA/Psat, respectively. 

[HEMA]

[HEMA]+[EGDA]
=

rAO−H

rAO−H+(AC=O−rAO−H)/2
                                 (4.1)                                                    
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where r is defined as AC=O/AO-H in homopolymer poly(HEMA). We obtained a series of 

copolymer films, containing 9.0 ± 1.8, 37.0±5.7, 55.7±3.5, 85.9±3.9 and 95.3±4.2 mol% 

HEMA, referred to as CP10, CP40, CP55, CP85 and CP95, respectively (Figure 1c). TGA 

analysis of the copolymer series provides additional evidence for compositional change 

(Figure 4.2) as the onset decomposition temperature gradually decreases from 350 to 200 

℃ with increasing HEMA concentration.    

 

Figure 4.2 TGA traces of the copolymer series. All experiments were conducted under N2 

purge between 30 and 600 ℃. 

To demonstrate the 3D conformal coating capability, we show SEM images of the 

copolymer films on a variety of 3D geometries in Figure 4.3. For demonstration purposes, 

only copolymers with composition at the two ends of the composition range (CP10 and 

CP95) were used. The surface texture changed distinctly from the relatively rough metal 

oxide surface to a much smoother polymer surface. The root-mean-square roughness (Rrms) 

for as-deposited copolymer films on a silicon wafer is 0.63 nm, confirmed by AFM analysis. 

We achieved conformal, nanoscale coating onto a broad spectrum of geometries with 
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different dimensions and aspect ratios, including nanopillars, nanopores, nanolines and 

microline arrays. Precise thickness control from 30 to 300 nm can be achieved, with 

minimal thickness variation across the substrate. Energy-dispersive X-ray spectroscopy 

(EDX) mapping of carbon and titanium further confirms the conformal deposition of the 

copolymer on 3D microstructures (Figure 4.4). These results suggest the materials are 

promising polymer separators for 3D microbattery architectures.  

 

Figure 4.3 SEM images of TiO2 nanopillars (a) before and (b) after CSE95 deposition, 

TiO2 nanopores (c) before and (d) after CSE10 deposition and CSE10 coated (e) microline 

and (f) nanoline arrays. 

Without lithium salt doping, all of the pristine copolymer films showed typical 

dielectric behavior as indicated by a vertical line in the Nyquist plot (Figure 4.5a). A phase 
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angle of 89° persisted over a wide frequency range between 1 × 105 to 1 × 102 Hz as 

shown in the Bode plot (Figure 4.5a, inset). This indicates that there are no mobile charges 

within the films before ion doping. The electronic conductivity (σe) of CP00 and CP95 

were measured by applying a small voltage bias between -100 mV to +100 mV. In both 

cases, reversible and ohmic responses were observed. The σe (CP00) and σe (CP95) were 

calculated to be  7.8 × 10−13 S cm-1 and  8.9 × 10−11 Scm-1. 

 

Figure 4.4 EDX mapping of carbon and titanium of a 400 nm CP95 coated TiO2 micro-

line array, confirming the conformal coating of copolymer on 3D surfaces. 

Such small values indicate the electrically insulating feature of our deposited films 

at all compositions, which is a prerequisite for nanoscale electrolytes to prevent shorts. We 

noticed that CP95 possesses a larger σe than homopolymer poly(EGDA) (CP00), which 

may be due to the presence of polarizable -OH groups in HEMA. In addition to high 

electronic resistance, the thin copolymer films must be able to withstand the significant 

electrical field between the electrodes to prevent electrical breakdown.[172] The dielectric 

strength of poly(EGDA) is measured to be 3.9 × 105 V cm-1 (Figure 4.6a), indicating that 

a minimum film thickness of 102.6 nm is needed to prevent electrical breakdown in a 4 V-

operated battery. In the following ionic conductivity measurements, deposited copolymer 

films of all compositions are approximately 300 nm, which far exceeds the threshold 

thickness. 
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Figure 4.5 (a) Impedance spectroscopy of the CP95 copolymer. Bode plot and the model 

circuit are shown in the inset. (b) dc current-voltage curves of CP00 and CP95. Data were 

taken at 2 mV s-1. (c) AFM height (left) and phase (right) images of a CSE95 film on silicon 

wafer prepared using 0.3 M LiTFSI solution. (d) Cross-sectional SEM and EDX elemental 

mapping of a CSE95 film. 

Lithium ions are introduced into the film by overnight soaking in LiTFSI solution. 

Here, we denote the lithiated copolymer solid-state electrolytes as CSE10 to CSE95. A 

layer of salt remains on the surface of the films after doping in 1 M LiTFSI solution if not 

subsequently rinsed.[164] As the poly(HEMA-co-EGDA) network swells easily in polar 

solvents, excessive rinsing may cause extraction of lithium salt from the film and increase 

sample variation; therefore, we decreased the concentration of doping solution from 1 to 

0.3 M in order to obtain solid electrolyte films without rinsing (Figure 4.5c). After doping, 

the CSE95 film thickness increased by 40.2% relative to the original CP95 film, consistent 

with the incorporation of lithium salt into the film. To better visualize the salt distribution 

throughout the film thickness, we converted an extra thick (650 nm) CP95 film into CSE95, 
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which exhibited a similar 44.5% thickness expansion, approaching 1 μm. Cross-sectional 

EDX clearly shows that fluorine and sulfur, characteristic of the TFSI anions, are 

distributed uniformly throughout the film (Figure 4.5d). While densely cross-linked 

polymers have previously shown that salt primarily resides in the top layer of 

depositions,[152] we have achieved a more uniform salt distribution in lithiated 

poly(HEMA-co-EGDA) films. FT-IR analysis confirms the removal of solvent from thin 

films (Figure 4.6b and 4.6c).   

 

Figure 4.6 (a) Breakdown voltage measurement of a poly(EGDA) film. (b) The absence 

of absorption peaks between 2220 cm-1 to 2260 cm-1, corresponding to C≡N stretching, 

confirms that solvent residue concentration is below the FTIR detection limit. (c) 

Additional drying does not change the IR profile. 

The impedance behaviors of the CSE series were characterized by electrochemical 

impedance spectroscopy (EIS), and the results are shown in Figure 4.7a. For sample CSE10, 

with the lowest HEMA concentration and the highest cross-linking density, both the 

Nyquist and Bode profiles are identical to its pristine counterpart, representing negligible 

conductivity. The poor performance is likely a result of not incorporating enough salt into 

this densely cross-linked system, as evidenced by a much smaller thickness change of 2.9% 

after doping. With increasing concentration of HEMA, the impedance profiles clearly show 

conducting behavior in CSE55 and CSE95. In both cases, a suppressed semicircle at high 

frequencies is observed, followed by a sharp increase in the imaginary part of impedance 
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at lower frequencies, coupled with double-layer formation on the ITO and gold blocking 

electrodes. An equivalent circuit model was fit to the data (Figure 4.7a inset). The circuit 

contains three sets of RC parallel circuits in series to account for the flattened semicircular 

shape at high frequencies and a constant phase element to model the Warburg-like blocking 

behavior at lower frequencies. The additional RC components takes into consideration of 

any resistive layer at the ITO|CSE and CSE|Au interfaces induced by surface 

heterogeneities or metal evaporation.[173] The ionic resistance (Ri) is the sum of the fitted 

values for R2, R3, and R4 and the ionic conductivity is calculated on the basis of Equation 

4.2: 

                                                                        σ =
L

Ri∙A
                                                        (4.2)                                                                  

where L is the film thickness after doping and A is the tested film area (6 mm2).  Increasing 

the HEMA content from 55% to 95% resulted in a shrinkage of the high-frequency 

semicircle that is consistent with the Bode plot where the peak frequency (f) shifts from 

2.53 ×103 Hz to 3.16 ×104 Hz. This indicates a decrease in the conductivity relaxation 

time (𝜏𝜎), defined as 1/f. The ionic conductivity at room temperature for CSE55 and CSE95 

is  (3.2 ± 0.9) × 10-8 S cm-1 and (6.1 ± 2.7) × 10-6 S cm-1, respectively. Impedance 

profiles of individual samples are provided in Figure 4.8 and fitting results are summarized 

in Table 4.2 and Table 4.3. The ionic conductivities are more than 4 orders of magnitude 

larger than their respective electronic conductivities, confirming that conduction is 

primarily due to the doped ions. Although our CSEs still possess lower ionic conductivities 

compared to the best performing macroscopic SPEs, the capability of conformal deposition 

at the nanoscale makes them promising for miniature power source fabrication.  
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Figure 4.7 (a) Impedance spectroscopy of the doped CSE10, CSE55 and CSE95 films 

using ITO and gold as blocking electrodes. Magnified view of CSE95 Nyquist plot and the 

equivalent circuit model are shown in the inset. (b) Bode plots of CSE10, CSE55 and 

CSE95. (c) DSC traces (heating scan at 10 ℃ min-1) of CP55, CP95 polymer networks and 

CSE55, CSE95 electrolytes. (d) Dielectric constants measurement of the copolymer series 

between 1 × 102 to 1 × 105 Hz at room temperature.   

To better understand the ionic conduction in the CSEs, we measured the glass 

transition temperature (Tg) of the CP55 and CP95 matrices as well as their respective doped 

counterparts (Figure 4.7c) to confirm if the polymer structural relaxation is involved in 

ionic conduction. The Tg of CP95 network (104.1 ℃) falls into the general Tg range for 

poly(HEMA) between 40 and 110 ℃. Because of the topological constraints of cross-links, 

the Tg of CP55 (109.9 ℃) is higher than CP95. Interestingly, salt doping lowers Tg in both 

systems, as opposed to conventional polyether-based electrolytes, where Tg increases 

because of the formation of ionic cross-links from polymer-salt coordination. The observed 
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behavior of the poly(HEMA-co-EGDA) CSEs is consistent with “polymer-in-salt” 

systems,[174] in which high salt loading screens strong dipole-dipole interactions in polar 

polymer matrices with Li+ coordinated interactions, resulting in an increase of free volume 

in the system. The Tg values of CSE55 (53.3 ℃) and CSE95 (33.7 ℃) are still above room 

temperature, indicating that both samples are at a glassy state when ionic conductivities are 

measured. As the segmental motion of polymer chains is not significant in this condition, 

we surmise that the conducting mechanism is dominated by ion hopping through the 

percolated ionic clusters as in “polymer-in-salt” electrolytes. Additional TGA analysis 

(Figure 4.9) confirms that salt loading in doped copolymers exceeds 60 wt%, which is 

much higher than conventional PEO-based SPEs. As the ionic conduction relies on ionic 

aggregates rather than long range segmental motion of polymer chains, these electrolytes, 

or else denoted as conducting polymer glasses,[175] display ionic conduction at temperatures 

near and even below their respective Tg values due to the decoupling of ion transport and 

matrix structural relaxation. Here we calculated the approximated decoupling index (Rτ), 

defined as the ratio of structural relaxation time 𝜏𝑠 to 𝜏𝜎, using Equation 4.3:[176]  

                                                      logRτ ≈ 14.3 + logσ(Tg)                                           (4.3)                                                        

For CSE55 and CSE95, log Rτ  are 6.8 and 9.1 using room-temperature 

conductivities; the values will increase if ionic conductivities at Tg are applied. The high 

Rτ value indicates that the conductivity is highly decoupled from the segmental motion of 

polymer chains. This estimation compares well with previously reported strongly-coupled 

systems, such as PEO/LiTFSI (log Rτ =0.3) and strongly-decoupled system as in 

PMMA/EMITFSI (log Rτ =7.3).[177] In fact, MacFarlane et. al. observed a similar 

decoupling behavior in bulk poly(HEMA)/LiCF3SO3 solid electrolyte, as confirmed by 
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strong ionic conduction at sub-Tg temperature and the Arrhenius-like correlation of ionic 

conductivity to temperature.[175]  

 

Figure 4.8 Nyquist plots of individual tests for different samples of (a) CSE95 and (b) 

CSE55. Sample variation may be induced during the solution doping process. All 

impedance profiles can be fitted into the same equivalent circuit model as shown in the 

inset. We found it necessary to modify the EC with additional components in order to get 

good fits. In thin film systems, impacts from interfaces become much more important. We 

hypothesize that the complication is very likely due to the presence of additional resistive 

layers at the ITO|CSE and CSE|Au interfaces. This could be induced by salt precipitation 

upon solvent evaporation (interface heterogeneities). Gold evaporation to polymer surfaces 

may also cause surface property change. 
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Table 4.1 Fitting results of impedance values for CSE95. 

sample R1(Ω) R2(Ω) R3(Ω) R4(Ω) Ri=R1+R2+R3 

1 55.35 123.7 158.8 152.0 434.50 

2 60.54 91.36 151.8 88.10 331.26 

3 102.8 53.60 18.08 38.76 110.44 

4 59.92 32.36 77.85 37.29 147.70 

5 49.87 11.35 3.032 4.425 18.807 

 

Table 4.2 Fitting results of impedance values for CSE55.   

sample R1(Ω) R2(Ω) R3(Ω) R4(Ω) Ri=R1+R2+R3 

1 87.24 672.3 3745 4558 8975.1 

2 43.75 453.4 6548 19550 26551.4 

3 69.29 734.6 9482 22440 32656.6 

 

It is interesting to note that CSE95 has a much higher conductivity relative to 

CSE55, although both systems have a comparable thickness change after salt doping. This 

indicates that the lithium salt uptake is not the only parameter that impacts ionic 

conductivity in our CSEs. Similar behaviors were observed in poly(phenylene oxide),[164] 

where moderate conductivity on the order of 10-10 S cm-1 was obtained even though the 

film thickness doubled after doping. As shown in recent studies, the polarity of the polymer 

matrix contributes to the dissociation of salt, which improves ionic conductivities.[178] For 

conducting polymer glasses, salt dissociation is crucial to enable the Li+ to screen the 

interactions between polymer chains. Increasing the HEMA concentration from 10 to 95 

mol% increased the dielectric constant from 𝜀 =3.6 to 𝜀 =8.4 (at 1 kHz) representing an 

increase in the polarity of the network due to the stronger presence of polar hydroxyl groups. 

It is important to note that the general range for dielectric constants of polymers are from 

2 to 4, e.g. 𝜀(PEO)=2.8 at room temperature. The dielectric constant of the CP95 matrix (𝜀 

=8.4) is even higher than polar polymer like PAN (𝜀=4.1) and molten PEO (𝜀=7.7),[179] 

which we believe allows the high solubility of salt and facilitates ion dissociation and 
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transport in the CSEs. This may also contribute to the conductivity difference between 

CSE55 and CSE95.   

 

Figure 4.9 TGA analysis of CP55/CSE55 and CP95/CSE55. Since the decomposition 

temperatures of the copolymer and the salt slightly overlap, we use 420 ℃ as the threshold 

temperature at which most polymer has decomposed while the salt is still at the beginning 

of decomposition. With this approximation, salt loading in CSE55 and CSE95 are 66% and 

71%, respectively.   

 

4.4 Conclusions and Future Work 

In summary, we demonstrated a novel design strategy to fabricate conformal, 

nanoscale SPEs for 3D battery architectures. By using iCVD as a synthesis platform, we 

systematically varied the compositions and polarity of the copolymer network to enable 

high salt loading and fast ionic transport in the electrolytes. These results offer significant 

advantages for use in 3D miniature power source fabrication. As iCVD is compatible with 

a variety of vinyl and acrylate monomers, CSEs with enhanced properties, e.g. higher 

breakdown strength and lower electronic conductivity, can be expected. In particular, 
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fluorinated monomer may generate interesting result due to their unique dielectric 

properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 
 

CHAPTER 5 

5. ORDERED NANOPOROUS CARBON ELECTRODES FROM 

BOTTLEBRUSH BLOCK COPOLYMER TEMPLATED SYNTHESIS 

5.1 Introduction 

Ordered porous materials demonstrate great potential for applications including  in 

separation,[180-181] catalysis,[29, 182] energy storage[183-186] and photonics,[187-191]. Preparation 

of these materials using organic templates, either surfactants or polymers that guide the 

assembly of precursor films[192] or assembles of crosslinked polymer spheres that serves as 

mechanical frameworks for precursor infiltration,[193-195] is especially attractive as it avoids 

the necessity of etching in synthetic routes that employ inorganic templates, such as silica 

beads.[196]  The use of soft templates represents a green and highly tunable “bottom up” 

method.[197]  Access to the full spectrum of pore sizes, from micro- (1-2 nm), meso- (2-50 

nm) to macropores (50 nm and above), is of urgent demand to enable the versatility of 

ordered porous materials. Soft templating via the assembly of small molecule surfactants 

and linear block copolymers (BCPs) has been successfully employed to prepare  

mesoporous carbons with pore sixes between approximately 2 nm and 35 nm.[41, 193, 198-199] 

Access to larger pore sizes by using linear block copolymers is typically limited by kinetic 

challenges to forming ordered precursor films with high molecular weight templates, which 

can be partially mitigated by the addition of pore swelling agents. On the other hand, very 

large pores can be accessed by infiltrating assemblies of polystyrene (PS) beads with 

carbon precursors followed by removal of the beads during carbonization. This physical 

templating approach leads to porous carbons with pore sizes of hundreds-of-nanometers. 

[195, 200-202] While both techniques are useful and widely applied, there remains an apparent 
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and wide gap in accessible pore sizes in a critical regime between about 35 and 150 

nanometers. In this work, we demonstrate that a series of amphiphilic bottlebrush block 

copolymers with precisely controlled molecular weights used as soft templates can 

generate porous carbons with spherical domain sizes ranging from 18 nm to 150 nm, 

effectively bridging meso- and macropores using a single class of template (see Figure 5.1a 

and 5.1b) 

Bottlebrush block copolymers (BBCPs) are comb-like macromolecules with 

densely grafted side chains of distinct chemical functionalities.[49-51, 203-204] One major 

advantage of BBCPs are their significantly reduced chain entanglements by comparison 

with  the linear analogs, leading to lower energy barriers for structural reorganization and 

rapid assembly, as shown by Grubbs[205] and others[56, 206]. Previously, the lamellae 

morphologies have been extensively studied, with respect to the bottlebrush molecular 

structures, lamellae dimensions and assembly kinetics.[30, 51, 203, 205, 207-208] These results 

offered significant advantages for the rapid fabrication of photonic crystals, by using 

BBCPs directly or using BBCPs as soft templates to accurately align functional 

nanoparticles into layered hybrid nanostructures;[30, 207, 209] BBCPs composites with 

ZrO2,[206] Au[56] and CdSe[55] nanoparticles have been successfully demonstrated to obtain 

Bragg mirrors and nonlinear photonic devices. Further exploration of diverse morphologies 

of BBCPs, for example, cylindrical and spherical morphologies, would be highly beneficial 

toward the rapid fabrication of nanoporous materials. By introducing strong asymmetry 

into polystyrene-block-polylactide (PS-b-PLA) BBCPs side chains and inducing interfacial 

curvature, Rzayev and coworkers achieved cylindrical morphologies;[210] additional 

removal of PLA phase resulted in nanoporous PS monoliths. However, reports on 
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systematic research for realization of spherical morphologies of BBCPs are still rare. The 

extended poly(norbornene) backbone and the densely grafted, stiff side chains present 

energy barriers to the formation of high-curvature spherical morphologies. Although 

BBCP spherical micelles in dilute aqueous environment have been achieved,[211] the rapid 

formation of such morphologies in the bulk is of demand for one-step templated synthesis 

of functional materials. 

We have recently shown that BBCPs with soft poly(dimethylsiloxane) (PDMS) 

side chains possess additional flexibility relative to their counterparts with stiff side 

chains.[204] This reduces energy penalties to the formation of  high-curvature morphologies. 

By incorporating a hydrophilic poly(ethylene oxide) (PEO) block that exhibits selective 

interaction to hydrogen bond donors, we report here the additive-driven assembly of 

BBCPs composites with well-ordered spherical morphologies. Specifically, blends 

comprised of PDMS-b-PEO BBCP templates and phenol-formaldehyde resin (resol) were 

prepared. We then converted the precursor blend into nanoporous carbon with 

interconnected hierarchical pores by carbonization and pyrolysis (Figure 5.1a). The 

nanoporous carbon films are shown to possess superior charge storage capability for 

supercapacitor applications, as a combined result of high surface area and ordered, 

connected pathways for rapid electrolyte diffusion. 

One step further, we harness the facile fabrication strategy and add a third 

component to the hybrid precursor to enhance the charge storage capacity of the porous 

electrodes. Here we chose Fe2O3 nanoparticle, an anode material in lithium-ion batteries 

known for high specific capacity above 900 mAhg-1.[212] It is worth mentioning that Fe2O3 

is photothermally active, which enables rapid carbonization via intense flash lamp 
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radiation, instead of prolonged tube furnace pyrolysis. This offers significant advantages 

to large-scale, low-cost fabrication of composite electrodes.    

5.2 Experimental Section 

5.2.1 Materials  

Hydroxyl-terminated polydimethylsiloxane (PDMS-OH, Mw = 4.7 kg mol-1), and 

poly(ethylene glycol) methyl ether (PEO-OH, Mw = 5.0 kg mol-1) were purchased from 

Sigma-Aldrich. They were heated at 120 °C for 4 h under nitrogen flow to remove moisture 

before usage. Grubbs 3rd generation catalyst, exo-5-norbornenecarboxylic acid, N,N’-

dicyclohexylcarbodiimide (DCC, >99.0%), and 4-dimethylaminopyridine (DMAP, >99%) 

were purchased from Sigma-Aldrich, and used without further purification. Anhydrous 

dichloromethane (DCM), and anhydrous tetrahydrofuran (THF, 99.9%) were purchased 

from Acros Organics. The phenolic resin was synthesized in the lab following previous 

literature.[193] 
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Figure 5.1 (a) Schematic illustration of additive-driven BBCP assembly and subsequent 

pyrolysis leading to nanoporous carbon. (b) Pore sizes tunable breadth with different 

organic templates. 

5.2.2 Synthesis of PDMS-b-PEO brush block copolymers (BBCPs) 

The macromonomers PDMS capped with norbornene (PDMS-NB, Mw = 4.8 kg 

mol-1 ) and PEO-NB (Mw = 5.0 kg mol-1) were synthesized according to the reported 

method.[203, 213] The PDMS-b-PEO BBCPs were synthesized through sequential ring 

opening metathesis polymerization (ROMP). In a typical synthesis, 200 mg of each 

macromonomer was added to separate reaction flasks in a N2 filled glove box, followed by 

the desired amount of anhydrous DCM. The concentration of the macromonomer was 

varied between 0.05 M and 0.1 M. At room temperature, the polymerization of PEO-NB 

was initiated by adding desired amount of 3rd generation Grubbs catalyst solution in DCM. 

After the first macromonomer (PEO-NB) polymerized (approximately 15 min), the 

solution of the second macromonomer (PDMS-NB) was added to the reaction mixture. The 

obtained solution was stirred for an additional 2-3 hours to ensure complete polymerization 

and then the reaction was terminated with ethyl vinyl ether. The obtained PDMS-b-PEO 
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BBCP was characterized by 1H NMR spectrum. The molecular weight of PDMS-b-PEO 

BBCP was controlled by tuning the molar ratio of macromonomers to catalyst. GPC 

MALLS trace of all the prepared samples displayed monomodal peak with narrow 

molecular weight distribution. The obtained BBCPs with different Mw are denoted as 

BBCP-210k, BBCP-250k, BBCP-394k, BBCP-640k and BBCP-1800k.  

5.2.3 Preparation of precursor and porous carbon 

The PDMS-b-PEO BBCPs and resol were dissolved separately into THF with a 

concentration of 20 mg mL-1. 1.0 mL PDMS-b-PEO solution was mixed with 1.5 mL 

phenolic resin solution; excess solvent was evaporated by blowing nitrogen until the 

concentration reached approximately 100 mg mL-1 was obtained. Then 50 μL mixture 

solution was drop casted on silicon wafers or stainless steel sheets. After solvent 

evaporation at room temperature, the precursor was subsequently crosslinked by heating 

up in an oven at 150 ℃ for 2 hours. To prepare the nanoporous carbon, the crosslinked 

precursor was further pyrolyzed in a tube furnace at 700 oC for 30 min under a nitrogen 

flow (120 mL min-1) with a heating rate of 10 ℃  min-1. The average thickness of 

nanoporous film is ~15 μm, and the mass loading is ~1.0 mg cm-2. 

Following a similar procedure, the precursor films containing iron/iron oxide 

nanoparticles can be prepared using a mixture of PS-b-PEO brush BCP (50 mg), iron oxide 

NPs (100 mg) and phenol resol (80 mg) in dimethylformamide (1.4 mL). PS-b-PEO was 

synthesized based on the group’s previous report.[56] A rod with a gap size of 35 

micrometers was used for the preparation of the coating films, resulting in dried films on 

nickel foils with average thicknesses of approximately 2.0 μm. The iron/iron oxide NPs 
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were synthesized according to our reported procedure, and ligand exchange was carried 

out to graft 4-hydroxybenzoic acid onto the NP surface.[214] 

The photothermal processing was carried out on a Novacentrix Pulseforge 1300 

photonic curing system. The light intensity was tunable via changing applied voltage and/or 

pulse duration time. For the preparation of carbon/iron oxide membranes on aluminumthe 

pulse duration time was fixed at 0.6 milliseconds and the voltage at 610 V was applied 

affording an optimal light energy at 6572 mJ/cm2. Different light exposures (4, 8, and 12) 

were performed with a time interval of one second. 

5.2.4 Characterization and measurements 

Gel permeation chromatography (GPC) of the BBCPs was carried out in THF with 

1.0 vol% triethylamine (TEA) on two PLgel 10 µm mixed-B LS columns (Polymer 

Laboratories) connected in series with a Wyatt Technologies DAWN EOS multi-angle 

laser light scattering (MALLS) detector and RI detector at a flow rate of 1.0 mL min-1. No 

calibration standards were used for the BBCPs as direct dn/dc values were obtained for 

each injection by assuming 100% mass elution from the columns. Fourier-transform 

infrared spectroscopy (FTIR) measurements were carried out on a PerkinElmer FTIR 

spectrometer equipped with a universal ATR sampling accessory. Small-angle X-ray 

scattering (SAXS) measurements were performed on a Ganesha SAXS-LAB using 0.154 

nm (Cu-Kα radiation), and X-ray beam area of approximately 0.04 mm2 and a Linkam 

HFS600E-P temperature stage. Transmission electron microscopy (TEM) measurements 

were conducted with a JEOL 2000FX TEM operated at an accelerating voltage of 200 kV. 

Thin sections of approximately 30 nm in thickness were prepared using a Leica Ultracut 

UCT microtome equipped with a Leica EM FCS cryogenic sample S2 chamber operated 
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at T = −160 °C. Tomography was carried out using a JEOL JEM-2200FS at 200 kV 

acceleration voltage and a probe size of 1.5 nm. Scanning transmission electron 

microscopy in high angle annular dark field imaging mode (STEM-HAADF) was used. 

Image series of 121 images for tomography reconstruction were recorded at 1° steps from 

−60° to + 60° tilt angles. Three-dimensional reconstructions were generated using the 

filtered back projection algorithm in Etomo (part of the IMOD software package, UC 

Boulder). Volume and iso surface rendering were performed using Chimera (UCSF) 

software. Field emission scanning electron microscopy (FESEM) measurements were 

carried out on a FEI Magellan 400 FESEM. Raman spectrum were collected on Reinshaw 

RAMAN spectrometer with 632.8 nm excitation wavelength. Nitrogen 

adsorption/desorption measurements were conducted on an Autosorb-1 system at liquid 

nitrogen temperature (77K). The specific surface area was calculated by using the 

Brunauer-Emmett-Teller (BET) method. Electrochemical measurements, includeing cyclic 

voltammetry (CV), galvanostatic charge−discharge (GCD) and cycling test were carried 

out in a three-electrode cell with a Pt wire counter electrode and Ag/AgCl reference 

electrode with a CHI660E electrochemical workstation (CH Instruments Inc.). 

Electrochemical tests were conducted in 6 M KOH at ambient temperature with aqueous 

potentials referenced against Ag/AgCl. The CV curves were obtained at various scan rates 

from 10 to 1000 mV s-1 in the range of −1.0 to −0.2 V. GCD curves were obtained at various 

current densities from 2 to 100 A g-1 in the range of −1.0 to − 0.2 V. All LIB tests were 

performed on Maccor 4304 electrochemical station, in the half-cell configuration, where a 

piece of lithium metal served as both the counter and reference electrode. 1M LiClO4 

dissolved in a 1:1 ratio of ethylene carbonate and dimethyl carbonate by volume served as 
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the electrolyte. The galvanostatic cycling was performed within a voltage window of 

0.01V-3.0V. Specific capacity calculation was based on the total mass of the hybrid 

material measured by the microbalance (Cahn C-31). All tests were conducted in an argon 

atmosphere.  

 

5.3 Results and Discussion 

In this study, we synthesized PDMS-b-PEO BBCPs with constant PDMS and PEO 

side chain lengths (PDMS 4.8 kg mol-1, PEO 5.0 kg mol-1) and mass fraction f(PDMS) = 

50%, but varied backbone repeating units, as shown in Figure 5.2. We denote the polymers 

as BBCP-Mw, where Mw is the total molecular weight of the macromolecules sampling 210, 

250, 394, 640 and 1800 kg mol-1.  

 

Figure 5.2 Schematic illustration of PDMS-b-PEO BBCP synthesized in this work. 

 

To understand the morphology transition of PDMS-b-PEO BBCPs, BBCP-210k is 

discussed here in detail. Small angle X-ray scattering (SAXS) profile of neat BBCP-210k 

(Figure 5.3a) after annealing at 80oC for 6 hours shows little evidence of microphase 

separation. It indicates that PDMS and PEO exhibit a low 𝜒 that is insufficient to drive 
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phase separation at room temperature. However, strong indication of microphase 

separation appeared with the addition of small amount (5-25 wt%) of additives that can 

hydrogen bond to the PEO block.  The concept of additive driven assembly resulting from 

the addition of components that can hydrogen bond selectively to one block of a BCP was 

demonstrated using PEO containing polymers with small and large molecular weight 

additives by Tirumala[215-216] and Daga[217-218].   We utilized 4-hydroxybenzoic acid (HBA), 

an extensively studied hydrogen bond donor for additive-driven assembly. It can be 

surmised that the selective hydrogen bonding of HBA to PEO side chains leads to an 

increase of χ between PDMS and PEO/HBA hybrid, enabling the formation of well-ordered 

morphologies.[219] The q* position ratio of 1:3:5 indicates that PDMS-b-PEO BBCP 

mixture with 5 wt% HBA exhibits symmetric lamellae morphology with d spacing (2π/q*) 

of 36.3 nm. This value increased to 39.2 nm as the amount of HBA increased to 15 wt%, 

which is likely due to the increasing volume fraction of PEO/HBA domain. When the 

additive amount exceeded 25 wt%, we observed an interesting order-to-order transition 

from lamellae to body center cubic (BCC) packing spherical morphology, as evidenced by 

the q* position ratio of 1:√3.[220] The formation of uniform spherical morphology was 

further confirmed by transmission electron microscopy (TEM) (Figure 5.3b), where the 

light and dark domains correspond to PEO/HBA and PDMS respectively due to the 

difference of C and Si nuclear masses. The phase transition from lamellae to spheres could 

be ascribed to the additive induced volume fraction asymmetry in PDMS and PEO/HBA. 

The result is promising in that PDMS-b-PEO BBCPs can be used as soft templates for 

hydrophilic precursors that demonstrate strong hydrogen bonding with PEO side chains to 

form porous functional materials. 



88 
 

 

Figure 5.3 (a) SAXS profiles of BBCP-210 K mixture with different amount of small 

molecule 4-hydroxybenzoic acid (HBA). (b) Bright field TEM image of BBCP-210 K with 

25 wt% HBA. 

To extend the strategy to other additives, phenol-formaldehyde resin, or 

“resol”(thermally curable prepolymer with Mw ~ 500 g mol-1) was selected as a hydrogen 

bond donor and a carbon precursor.[193] As expected, strong microphase separation 

appeared after blending in resol (Figure 3a). In all hybrid samples, resol to BBCP weight 

ratio maintained at 1.5:1 to ensure spherical morphology formation. In fact, lamellae 

morphologies appear when the ratio was between 0.25:1 and 0.5:1 (Figure 5.5). After 

thermal curing, the morphologies of the organic hybrids were imaged by TEM and are 

shown in Figure 5.4b to 5.4f. Uniform, well-ordered spherical morphologies are evident in 

all samples templated by BBCPs with increasing Mw. The diameter of PDMS spheres 

significantly increase from 18 nm to 150 nm as the Mw of BBCP increases from 210k to 

1800k (Table 5.1). SAXS profiles (Figure 5.4a) provide additional evidence to conclude 

the formation of spherical morphologies, indicated by the scattering peak position ratios of 

1: √3: √7. For BBCP-1800k, the scattering peak intensity is weak because q* was too small 

and the position too close to the beam stop. The d-spacings (2π/q*) increased accordingly 

as the Mw of BBCPs increased, as listed in Table 5.1. 
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Figure 5.4 (a) SAXS profiles of neat PDMS-b-PEO BBCPs and the BBCPs blend with 

resol. TEM images of organic hybrids 1~5 (b,c,d,e,f) showing well-ordered spherical 

morphologies. 

Table 5.1 PDMS sphere diameters in BBCPs with different molecular weight. 

Samples Mw (kg mol-1) ᴆ Sphere diameters 

(nm) 

BBCP-210k 210 1.15 18.6 ± 3.2 

BBCP-250k 250 1.16 23.8 ± 3.0 

BBCP-394k 394 1.20 34.5 ± 4.1 

 BBCP-640k 640 1.23 57.3 ± 5.8 

BBCP-1800k 1800 1.28 149.7 ± 18.1 

 

A simplified mathematical relationship between PDMS sphere diameter (D) and 

Mw of BBCPs is present in Equation (5.2), based on an assumption that the PDMS sphere 

surface area equals to the sum of individual PDMS-b-PEO brush interfacial area (A), as 

illustrated in Figure 5.6a.  

D =
6fPDMS

AρPDMSNA
Mw                                                           (5.2)                   

Here fPDMS and NA are mass fraction of PDMS block and Avogadro constant. From 

Equation (5.2), D follows a linear relationship with Mw, which is consistent with our 
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experimental observations (Figure 5.6b). It is worth noting that from the slope in Figure 

5.6b, the interfacial area of individual BBCP molecule is calculated to be A = 61.7 nm2, 

and a resultant radius of R = 4.4 nm. This value is very comparable to the end-to-end 

distance of PDMS side chains (R= 4.7 nm) that was calculated from previous literature.[213, 

221-222]. The consistency provides confidence for our proposed model of spherical 

morphology formation.  

 

Figure 5.5 Cross-sectional FESEM image of carbon from the precursors with less resol, a) 

resol : BBCP = 0.25:1 by weight, exhibiting lamellar morphology and b) 0.5:1 exhibits 

coexistence of lamellar (top) and spherical (bottom) morphologies. 

Table 5.2 The dn/dc values of GPC MALLS test and d-spacing (2π/q*) from SAXS 

Samples dn/dc d-spacing (nm) 

BBCP-210k 0.034 41 

BBCP-250k 0.037 50 

BBCP-394k 0.035 60 

 BBCP-640k 0.036 79 

BBCP-1800k 0.035 - 

 

The conversion of as-prepared organic hybrids into nanoporous carbon was 

conducted by tube furnace pyrolysis in an inert atmosphere (Figure 5.7a). PDMS is 

reported to go through multistep degradations into a series of volatile, oligomeric cyclic 
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siloxanes around 420 ℃  [223-224](Figure 5.7b). As different cyclic siloxanes possess 

different boiling points, the degradation is relatively mild, preventing the structure from 

being cracked by rapid gas evolution during template degradation. After carbonization, 

only 2.7% silicon remained, indicating that the PDMS domain completely decomposed 

with minimal doping, confirmed by FTIR (Figure 5.8a) and XPS (Figure 5.8a). A 

representative porous carbon film templated from BBCP-1800k is shown in Figure 5.7c. 

Uniformly large pores of approximately 100 nm demonstrated hexagonally packing after 

pyrolysis. Moreover, the high magnification SEM image (Figure 5.7c inset) clearly shows 

the smaller meso- and micropores on the carbon walls due to template degradation, 

resulting in a hierarchical porous structure. 

 

Figure 5.6 (a) The illustration of PDMS-b-PEO BBCP self-assembly into spherical 

morphologies. (b) the linear relationship between the BBCP molecular weight and 
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spherical diameter. (c) sizes of the calculated counter length (red) and measured radius of 

spheres. 

 

Figure 5.7 (a) Scheme of preparing of well-ordered interconnected porous carbon. (b) the 

degradation of PDMS at high temperature. (c) FESEM image of typically porous carbon 

(PC-5) after carbonization, the insert image size is 250×250 nm. 

As shown in Figure 5.9a to 5.9e, the pore size gradually increased from 15.7, 22.1, 

32.7, 49.0 to 107.7 nm as the Mw of BBCP templates increased from 210 to 1800 kg mol-1. 

We denote these carbonized samples as PC-1 to PC-5. The broader tunability window of 

pore sizes from mesopore to macropores by BBCPs is impressive compared to that of using 

linear block copolymers.[45, 47, 181, 192, 225] It is worth noting that in addition to pore size 

control, interconnected porous structures are clearly observed by TEM shown in Figure 

5.9f to 5.9k.  
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Figure 5.8 (a) FT-IR spectrum of hybrid precursor and nanoporous carbon. (b) XPS 

analysis of   obtained nanoporous carbon. (c) C1s XPS spectrum. The black line is 

experimental data that can be deconvoluted into several synthetic peaks (dashed curves). 

The red solid curve is the summation of all the synthetic peaks. Percentages of different 

carbon species are evaluated based on area of synthetic peaks. 

 

Figure 5.9 The pore sizes are well controlled by molecular weight of BBCPs. (a-e) 

FESEM images of nanoporous carbon with different pore size. (f-j) Bright filed TEM 

images of nanoporous carbon with different pore sizes. The scale bar is 200 nm. (k)The 

tomography of selected nanoporous sample (l) SAXS profiles of all the porous carbon, 

from bottom to top the pore sizes are increased. (m) the linear relationship between pore 

size and molecular weight of BBCPs. 

 



94 
 

SAXS profiles (Figure 5.9l) of PC-1 to PC-4 all maintained strong high order peaks, with 

peak position ratio q* equals to 1: √3 or 1: √3: √7. The linear relationship (R2 = 0.961) 

between the pore size and molecular weight of BBCPs (Figure 5.9m) indicates that the 

ordered spherical morphologies were well maintained after pyrolysis. The slope of 6.35 × 

10-5 is slightly smaller than that of the organic hybrid (slope = 8.41 × 10-5), as a result of 

the volume shrinkage during pyrolysis.  

Several features make the nanoporous carbon promising candidates for 

supercapacitor applications. Raman spectroscopy (Figure 5.10) shows G band at 1580 cm-

1 and higher order 2G band at 2700 cm-1, with an intensity ratio I(G)/I(D)) of 1.17, indicating 

a considerable degree of graphitization. The electrical conductivity is approximately 150 S 

m-1, which is significantly higher than that of commercial activated carbon (~ 50 S m-1).[183] 

In addition, the nanoporous carbon surface was found to have oxygen-containing 

functionalities, as confirmed by the strong oxygen signal in X-ray photoelectron 

spectroscopy (XPS) (Figure 5.8c). It has been reported that oxygen functionalities can 

increase the wettability of carbon materials and ease the electrolyte permeation into the 

porous structure.[226] The interconnected, ordered nanopores provide lower tortuosity for 

electrolyte diffusion relative to that in randomly distributed pores, as in commercial 

activated carbon.[186, 197] The nanoporous carbon films on stainless steel were tested as 

electrodes without any post-modification, e.g. KOH activation.[227-228] For demonstration 

purposes, PC-2 (average pore size 22 nm) and PC-5 (average pore size 107 nm) were 

selected for further physical and electrochemical characterizations. 

Figure 5.11a shows the nitrogen absorption-desorption isotherms of PC-2 and PC-

5. The steep increase in the amount of nitrogen absorbed at low relative pressure (p/p0 < 
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0.1) indicates the existence of micropores and capillary condensation.[229] The hysteresis 

loop located at 0.4<p/p0<1.0 suggests the presence of small mesopores. The formation of 

micropores and smaller mesopores is likely due to gas evolution during the pyrolysis, 

consistent with our prior discussion. In fact, these hierarchical pores generated from gas 

evolution improve the interconnectivity of the structure and increase the total surface area 

of the nanoporous carbon (Figure 5.11b). PC-2 and PC-5 showed considerably high surface 

areas of 573 and 508 m2 g-1 respectively (Table 5.3).  

The electrochemical performances of PC-2 and PC-5 films were investigated in a 

three-electrode electrolytic cell filled with 6 M aqueous KOH electrolyte. The cyclic 

voltammetry (CV) scans for PC-5 at varied scan rates are shown in Figure 5.11c. Quasi-

rectangular shape of the CV curves are well-maintained for scan rates up to 1000 mV/s. 

Galvanostatic charge/discharge (GCD) profiles in a potential range between −1.0 and −0.2 

V under different current densities for PC-5 were shown in Figure 5.11d. The isosceles 

triangular shaped GCD profiles collected at large current densities indicate that PC-5 has 

nearly ideal capacitive performance and efficient ion transfer.[183, 186] The specific 

capacitance (Cg) of PC-5 was found to be 211 F g-1 at a current density of 2 A g-1. Moreover, 

the electrode possesses strong capacity retention, remaining 59.2% of the capacitance (125 

F g-1) at a high current density of 100 A g-1 (Figure 5.11e). This result compares favorably 

among electrostatic double layer capacitors (EDLCs).[183, 186] PC-2 exhibits comparable but 

slightly higher specific capacitance (254 F g-1 at a current density of 2 A g-1) than PC-5 

(Figure 5.11e).  
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Figure 5.10 Raman spectrum of PC-5 nanoporous carbon. 

Electrochemical impedance spectroscopy (EIS) (Figure 5.12a) revealed that PC-5 

possessed combined series resistance (Rs) as small as 0.21Ω, and a negligibly small charge 

transfer resistance (Rct < 0.5 Ω). Further analysis of the Bode plot (Figure 5.12b) discloses 

that the characteristic time constant (𝜏0) equals to 0.16 s, which is smaller than most carbon 

based materials.[183] The small 𝜏0 of PC-5 is in agreement with the good rate capability. In 

addition, PC-5 demonstrated stable electrochemical cycling with 97% retention after 10000 

cycles (Figure 5.11f). These results confirm that the BBCP templated nanoporous carbon 

generates exceptional EDLC supercapacitor performance. 

 

Table 5.3 BET results of PC-2 and PC-5 

Samples BET surface 

area (m2/g) 

Micro pore surface 

area (m2/g)  

Total pore volume 

(cm3/g)a 

Micro pore volume 

(cm3/g)b 

PC-2 573 314 1.001 0.150 

PC-5 508 284 0.585 0.136 

a DFT absorption cumulative volume. b t-plot micropore volume. 
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Figure 5.11 (a) Nitrogen absorption-desorption isotherms of PC-2 and PC-5 collected at 

liquid nitrogen temperature (77k). (b) The micro and meso pore size distribution of PC-5 

calculated from absorption-desorption isotherms using DFT method. (c) Cyclic 

voltammograms collected at various scan rates of PC-5. (d) GCD profiles collected at 

various current densities of PC-5. e) Gravimetric capacitance measured at different current 

densities. (e) The capacitance stability of PC-5 after 10000 cycle. 
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Figure 5.12 The electrochemical test of PC-5. (a) Nyquist plot collected at open circuit 

potential from 0.1 to 105 Hz with a perturbation of 5 mV. Inset shows the high frequency 

region. (b) Bode phase plot. Dashed line highlights the characteristic frequency f0 (1/𝜏0) at 

the phase angle of -45o. 

The fabrication approach described here is compatible with a variety of precursors 

toward functional porous solids. Adding electrochemically active nanoparticles into the 

hybrid precursor leads to composite electrodes with nanoparticles embedded in porous 

carbon matrices. In order to improve the electrode capacity, we chose iron oxide, an anode 

material in LIBs known for its high specific capacity (> 900 mAhg-1). Recent studies have 

shown that the capacity of carbon-based anodes can be improved dramatically by the 

inclusion of Si, Sn or metal oxides including iron oxide.[230-233] Preparation of hybrid 

precursor films comprising BBCP template, resol and iron oxide nanoparticles followed a 

similar procedure as specified in sector 5.2.3. It is worth mentioning that iron oxide is 

photothermally active to convert light irradiation into heat. Previously, our group reported 

using gold nanoparticles to photothermally convert polyhedral oligomeric silsesquioxane 

into porous silica.[53] Photothermal processing of the composite under ambient conditions 

was conducted using a xenon flash lamp with light emission over a large range of 

wavelengths from approximately 200 nm to 1000 nm. Typical pulse durations were 0.3 
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millisecond and a typical process sequence employed 6-10 pulses. The light energy density 

is tunable through the variation of voltage and/or pulse duration time. The iron oxide 

nanoparticles absorb strongly in the emission band of the flash lamp; the local heating 

converts resol to amorphous carbon and pyrolyzes the BBCP template, removing it from 

the film. This resulted in nanoporous carbon films decorated with iron oxide nanoparticles. 

The carbon matrix serves as a conductive network to support the Fe2O3 conversion in LIB 

cycling tests.      

The performance of the carbon/Fe2O3 composite anode is shown in Figure 5.13.  

The distinct lithiation plateau at 0.8 V (vs Li/Li+) indicates the good reactivity of iron oxide. 

Under the current of 200 mAg-1, the composite electrode exhibited specific capacity as high 

as 1550 mAhg-1 for the 1st discharge. This high capacity, together with the relatively low 

Columbic efficiency (Figure 5.12b), indicate the high surface area of the porous composite 

and the resultant parasitic irreversible reactions at the interfaces. These reactions include 

the solid electrolyte interface (SEI) formation, and possibly the corrosion-like reactions of 

the carbon matrix [234-235]. The capacity of composite electrode gradually stabilized after 

several lithiation/delithiation cycles and generated a specific capacity approximately 900 

mAhg-1, which is comparable to some of the best performing ferrite containing 

electrodes.[212] As current density increased to 300 mAg-1 and 400 mAg-1, the electrode 

demonstrated capacities of 600 mAhg-1 and 450 mAhg-1.   
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Figure 5.13 Galvanostatic charge/discharge performance of the mesoporous 

carbon/iron/iron oxide electrode within a potential window from 0.01V to 3V. (a)Profiles 

of the 1st, 10th discharge and the 10th charge under the current density of 200 mAg-1.(b)Rate 

performance and Coulombic efficiency for the first 50 cycles of charge/discharge under 

varied cycling currents. The sample tested was made by 8 light pulses. 

 

5.4 Conclusions and Future Work 

In summary, we explored the additive-driven assembly of PDMS-b-PEO BBCPs 

into spherical morphologies. Using resol as hydrogen bond donor, we achieved precise 

control of the spherical domain sizes over a large range (18-150 nm) by varying the Mw of 

BBCPs templates. Upon pyrolysis, nanoporous carbon films with pore sizes from 16 to 107 

nanometers were readily obtained, serving as promising electrode materials for high-rate 

EDLCs. This strategy enables the completion of full access to the size spectrum of 

nanopores by using organic templates. We believe that the strategy can be extended to other 

systems, such as well-ordered porous silica and metal oxides. 

The addition of photothermally active Fe2O3 not only improves charge storage 

capacities, but also allows the rapid photothermal pyrolysis to obtain the composite 

electrodes. Compared to other electrode materials that can be produced in large scale, the 

capacity of carbon/iron oxide composite prepared via photothermal processing is 

compelling and the method reported here provides an effective route to industrial scale 
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production of high-performance, binder-free anode for lithium ion batteries and beyond. 

Future studies will include texturing the anode via direct imprinting to increase anode 

surface area to provide pathways to increased charge-rate performance. 
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6. APPENDIX: ORGANIC CATHODE WORK 

In this appendix, we document our progress in the development of a class of organic 

cathode materials. We have demonstrated a proof-of-concept that stepwise crosslinked 

hydroquinone-formaldehyde polymers can be used as cathodes in LIBs, and hybrid inks 

comprising the hydroquinone-formaldehyde oligomer and carbon nanotubes/graphene 

nanoflakes can be readily imprinted into 3D microelectrodes. This part, although may still 

require some future work, represent a critical aspect of our effort in developing novel 

electrode materials to enable high-performance power sources. 

6.1 Introduction 

Organic electrodes based on quinone-containing polymers for secondary batteries 

received increasing attention in recent years due to their high theoretical capacities (300-

600 mAhg-1 for lithium-ion batteries),[236] versatile chemical structures from earth-

abundant elements,[237] and greener synthesis relative to ceramic electrode materials. 

Despite these advantages, one common issue for quinones are their high solubility in 

organic electrolytes, leading to unstable electrochemical cycling performances. Methods 

to mitigate the solubility issue include forming quinone salts, polymerization of high-

molecular weight macromolecules,[238] and applying solid-state or gel electrolytes.[239] 

Alternatively, inspired by the completely insoluble polymeric networks like elastomers and 

thermosets, crosslinking quinone-containing monomers and oligomers are promising 

routes to stabilize the electrode structures. Previously, hyper-crosslinked poly-

pillar[5]quinone was reported to combine cycling stability and electrochemical 

reactivity.[240] Although the monomers possess high theoretical capacity (above 400 mAhg-

1) and the oligomeric (4 and 5 monomer units) counterparts have been demonstrated as 
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high-performance cathodes,[241] the material utilization efficiency of the crosslinked form 

was lower than expected. This is because on one hand, the micron-size crosslinked quinone 

particles lack the electronic conductivity to make full use of the materials buried inside 

(electronic pathways); on the other hand, the dense crosslinks prevent access of electrolyte 

to all active materials (ionic pathways). To address these challenges, in this work, we 

explore using quinone precursors that go through stepwise crosslinking- the oligomer 

forms are still soluble to allow the formation of hybrids; the second-step thermal 

crosslinking prevent the dissolution of active materials in the battery tests. Methods to 

further improve the electrolyte access, e.g. blending in plasticizers, were also explored.    

Hybridizing with high-surface area carbon additives, e.g. graphene and carbon 

nanotubes (CNTs) in the solution phase is effective to improve the electronic conductivity 

of the hybrid electrode materials. For example, self-polymerization of dopamine with the 

presence of CNTs in water resulted in hybrid electrodes with robust, conformal coating of 

polydopamine on the surfaces of CNTs.[242] The assembly of the dissolved quinone 

precursors-either monomers or oligomers, with carbon additives in the solution phase, 

allows better contact of the precursor to the conductive carbon networks, relative to their 

fully cured particle forms.  

Base-catalyzed phenol-formaldehyde oligomer (Mw~ 500-2000 g mol-1), or else 

termed as “resol”, is a widely used prepolymer to create phenolic thermosets. Similarly, 

hydroquinone is expected to go through polycondensation with formaldehyde to form 

network structures. In fact, Pirnat et al reported hydrochloric acid catalyzed, one-step 

crosslinking of nanoporous quinone-formaldehyde particles that demonstrated 

electrochemical reactivity in lithium-ion batteries (LIBs).[243] Here we report the 
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preparation of quinone-formaldehyde oligomers (Mw< 2000 g mol-1) in basic environment. 

These oligomers demonstrate solubility in a variety of organic solvents including ethanol, 

dimethylformamide (DMF) and N-methyl pyrrolidone (NMP), enabling molecularly 

mixing with graphene nanosheets in solvent. Further thermal treatment induces complete 

crosslinking of quinone-formaldehyde resin on the surfaces of graphene sheets. This report 

presents simple, solution-processable quinone electrode preparation based on common 

monomers, which holds potential for large-scale fabrication.        

6.2 Experimental Section 

6.2.1 Synthesis of Quinone-Formaldehyde Oligomers 

The synthesis followed a modified preparation procedure for phenol-formaldehyde 

prepolymers. In a typical synthesis, 6.6 g phenol, 0.5 g sodium hydroxide were dissolved 

in a mixture solvent (25 ml) comprising ethanol and water (1:4) and was stirred at 60℃ oil 

bath till the mixture turned a homogeneous dark solution. 9.0 g formalin (30 wt% of 

formaldehyde in water) was added dropwise within 10 min and the mixture was kept at 

78℃ for approximately 30 min. Subsequently, 50 ml of N-methyl pyrrolidone (NMP) was 

added and the mixture was neutralized with 2 M HCl. The residual water and ethanol were 

removed under a nitrogen flow; NaCl precipitated due to poor solubility in NMP and was 

removed by subsequent filtration.     

6.2.2 Synthesis of Copolymer Plasticizer 

Dopamine acrylamide (DMA) and poly(dopamine acrylamide)-co-poly(ethylene 

glycol) methyl ether methacrylate (PDMA-co-PEG950) were synthesized and purified by 

following reported methods. In a typical synthesis, poly(ethylene glycol) methyl ether 

methacrylate (PEG950, Mw=950 gmol-1, Sigma-Aldrich) was purified using basic Al2O3 
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column to remove the inhibitor. DMA (1.1 g), PEG950 (5.0 g) and azobisisobutyronitrile 

(AIBN, 0.11 g) were dissolved in 15 ml DMF in a 50 ml Schlenk flask. The system was 

degassed through three freeze-pump-thaw cycles and stirred overnight at 60 ℃ . The 

polymer was precipitated in ethyl ether three times before dried in oven.  

6.2.3 Preparation of Hybrid Electrodes 

Composition of the electrodes are specified in Table X. In a typical preparation, 

appropriate amount of copolymer plasticizer, quinone prepolymer and graphene nanoflakes 

were dispersed in NMP and assisted with a speed mixer (2500 rpm, 10 min). The resultant 

dispersion was poured into an aluminum pan and dried at room temperature under nitrogen 

flow with subsequent curing at 120℃ for 2 hours. 

Table 6.1 Quinone-formaldehyde composite electrode sample composition  

sample copolymer 

plasticizer (mg) 

quinone 

prepolymer (mg) 

graphene 

nanoflakes (mg)  

polymer weight 

percent (%)  

A1 10 50 140 30 

A2 20 40 140 30 

A3 40 20 140 30 

B1 10 50 60 50 

B2 20 40 60 50 

B3 40 20 60 50 

 

6.2.4 Physical and Electrochemical Characterizations of Hybrid Electrodes  

FTIR measurements were carried out using a PerkinElmer spectrometer with 

universal ATR sampling accessory. Surface morphology of polymer blends were 

characterized by Dimension 3100 AFM. Field effect scanning electron microscopy 

(FESEM) were conducted on Magellan 400. Electrochemical measurements were 
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conducted in Swagelok cells assembled in an argon filled glove box. LiTFSI (1M, in 1,3-

dioxolane/dimethoxyethane=1/1 by volume) was used as the liquid electrolyte. A piece of 

lithium metal served as both the counter and reference electrode. Galvanostatic charge and 

discharge were measured on a Maccor 4304 electrochemical workstation. Cyclic 

voltammetry was conducted on CHI660 workstation. Impedance spectroscopy was 

conducted using a Gamry600 potentiostat.  

6.2.5 Imprinting of Hybrid Electrodes 

Silicon master mold with a grid pattern of 2 μm  (width)-5  μm  (height)-10 μm 

(pitch) was used to transfer pattern to PDMS stamps based on Sylgard 184 (Dow Corning). 

Hybrid ink comprising appropriate amount of quinone prepolymer and carbon nanofiber 

was drop cast onto the substrate at 600 rpm for 10 s, followed with PDMS stamp embossing. 

After that, samples were soft baked at 70 ℃ for approximately 30 min and heated at 120 

℃ for 10 min in an oven before demolding. Finally, the imprints were further cured at 120 

℃ for 2 hours.  

6.3 Results and Discussion 

6.3.1 Synthesis of Quinone-Formaldehyde Oligomers 

The synthesis of quinone-formaldehyde prepolymer is illustrated in Figure 6.1a. 

The molecular weight of the prepolymer is approximately 1500 gmol-1, as confirmed by 

gel permeation chromatography (GPC). Further crosslinking at elevated temperature 

oxidized hydroquinone to quinone, supported by the appearance of distinct carbonyl IR 

absorption at 1660 cm-1 and the decreased -OH stretching absorption in the fully cured 

quinone-formaldehyde polymer (Figure 6.1b). The oligomer has good solubility in organic 

solvent like NMP while after crosslinking, the network structure has minimal solubility in 
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a variety of solvents including dimethylformamide (DMF), propylene carbonate (PC) and 

dimethyl carbonate (DMC), as shown in Figure 6.1c. The solubility change offers 

significant advantages for solution processing of oligomers and the stable electrochemical 

cycling after curing.    

 

Figure 6.1 (a) Synthesis procedure of quinone-formaldehyde polymers. (b) FTIR traces of 

oligomeric and fully crosslinked quinone-formaldehydes. (c) photographs showing 

solubility difference of the polymer before and after crosslinking in various solvents.  

 

6.3.2 Hybrid Electrodes and Electrochemical Performance 

We first characterized the electrochemical reactivity of quinone-formaldehyde 

oligomer using galvanostatic charge and discharge measurement (Figure 6.2a). The 

oligomer showed reversible capacity of 291.8 mAhg-1 with Coulombic efficiency over 98%. 

The high capacity is consistent with our expectation as the oligomer contains high portion 

of the active quinone functionalities. Without full crosslinking, the composite electrode 

suffered from gradual capacity loss as quinone-formaldehyde oligomer has high solubility 

in the organic electrolyte. Using the same preparation method, heating the electrode at 

elevated temperature before electrochemical tests enabled further crosslinking of the 
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molecules. However, as shown in Figure 6.2b, we observed distinct capacity decrease from 

the oligomer state to the cured network state. We surmise that high crosslinking density 

and the resultant low free volume prevents electrolyte to have access to the bulk quinone-

formaldehyde. The appearance of high overpotential during charging supports our 

hypothesis; the densely crosslinked network caused the sluggish electrolyte diffusion and 

the premature ending of delithiation.       

 

Figure 6.2 (a) Charge and discharge profiles oligomeric quinone-formaldehyde between 

1.5V and 3.5 V vs. Li/Li+ at a current density of 6mAg-1. (b) Charge profiles of quinone-

formaldehyde before and after crosslinking without adding copolymer plasticizers.   

 

To mitigate the effect from free volume loss, we synthesized a random copolymer 

PDMA-co-PEG950 as a plasticizer. The dopamine containing monomer help with the 

mixing with quinone-formaldehyde due to chemical similarity. The short-chain PEO 

containing monomer will have favorable interaction with the LiTFSI electrolyte, serving 

as an embedded gel electrolyte (after complexing with LiTFSI liquid electrolyte) in the 

hybrid electrode. Phase graphs from atomic force microscopy measurement (Figure 6.3) 

show that mixing copolymer plasticizer with quinone-formaldehyde by various ratios (1:5, 

1:2 and 2:1 plasticizer/quinone by weight) all leads to mixtures with small domain size of 
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a few tens of nanometers. Cyclic voltammetry of electrode after blending in 33% plasticizer 

(sample A2) is shown in Figure 6.3a. Distinct anodic peak at 2.8 V and cathodic peak at 

2.7 V are consistent with previous literature on quinone based cathode materials. The 

broadening of the peaks indicates the existence of different chemical environment of 

carbonyl groups. The scan rate dependence of anodic and cathodic peak intensities shows 

scaling factors of 0.7 and 0.69 respectively (Figure 6.4b), suggesting that the 

electrochemical process is a mixture of diffusion- and surface-controlled processes. We 

surmise that the graphene nanoflakes also contribute to the capacity via capacitive charge 

storage.         

 

Figure 6.3 AFM imaging of quinone-formaldehyde blending with PDMA-co-PEG950 

plasticizer with a ratio of 1:5, 1:2 and 2:1 by weight.      
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Figure 6.4 (a) Cyclic voltammetry of sample A2 at scan rates of 0.5, 1, 3, 6 and 12 mVs-1. 

(b) scaling factors for anodic and cathodic processes.    

 

EIS measurement of the composite electrode is shown in Figure 6.5a. In 

comparison with the Randles equivalent circuit model, we modified the capacitor 

components to be constant phase elements (CPEs) to account for the distributed activation 

energies in the electrochemical system. The fitted charge transfer resistance is 

approximately 850 Ω ; the relatively large value is a result of the crosslinking and is 

consistent with our prior discussion. From the Warburg resistance (Figure 6.5b), 

corresponding to the impedance response in the middle frequencies, we can calculate the 

Warburg coefficient (890.2 Ωs-1/2) corresponding to the diffusion of electrolyte in the bulk 

electrode. Future work in this end includes the full EIS measurement of all the six samples 

and compare the Warburg coefficient values. It is reasonable to expect that increasing 

plasticizer loading decreases the coefficient.    
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Figure 6.5 (a) EIS Nyquist plot of sample A2 and the equivalent circuit model (inset). (b) 

Relationship and linear fit of Z’ and 𝜔 -1/2. The slope corresponds to the Warburg 

coefficient. (c) Cycling profile of sample A2 at 5 μA.  

 

The charge and discharge profiles of sample A2 are shown in Figure 6.5c. Distinct plateaus 

at 2.8 V can be seen with small overpotential, which is consistent with the cyclic 

voltammetry measurement. The calculated specific capacity (normalized to the mass of 

quinone-formaldehyde polymer only) is approximately 118 mAhg-1, and the overall 

capacity of composite electrode is 35.4 mAhg-1. Future work in this end includes the full 

galvanostatic measurement of all the 6 samples to find the best performing specific capacity 

for active materials only and for the composite electrode. In fact, the relatively small 

loading of active materials is a common challenge in the field of study. As quinone based 

polymer cathodes have much lower electronic conductivities than their inorganic 

counterpart, they rely heavily on carbon based additives; the method of sample preparation, 

and the quality of contact between polymer and conductive additives are critical to the 

battery performance.       

6.3.3 Compatibility with Micropatterning 

We have previously shown that imprinting electrode precursors into 

microelectrodes with high surface-to-volume ratio improves the materials utilization 
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efficiency, leading to higher specific capacity. For demonstration purposes, we created 

microline array of quinone-formaldehyde polymer using imprint lithography as shown in 

Figure 6.3. The imprints possess good structure integrity with approximately 1 μm in width, 

3.8 μm in height and 10 μm in pitch, reaching an aspect ratio of 3.8. It is reasonable to 

believe that the precursor is also compatible with the larger scale coating and patterning 

techniques, including the roll-to-roll coating and screen printing. If targeting at smaller 

feature sizes, the resolution limit is dependent on the dimensions of the carbon additives. 

In this demonstration, we found challenges of reaching nanoscale pattern or patterning 

hybrid precursors with a high loading of carbon nanofibers. However, by using better 

dispersed additives, e.g., graphene nanosheets, carbon nanoparticles and carbon nanotubes, 

smaller feature patterning is possible.   

 

Figure 6.6 SEM imaging of imprinted quinone-formaldehyde electrodes. 

 

6.4 Conclusions and Future Work 

In summary, we utilized simple chemicals, i.e., hydroquinone and formaldehyde, to 

obtain quinone-formaldehyde oligomers. By hybridizing the oligomer with graphene 

nanoflakes, the composite electrode demonstrated high specific capacity of approximately 

300 mAhg-1. Crosslinking induced capacity decay due to loss of free volume can be 
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mitigated by using a copolymer plasticizer, leading to specific capacity above 100 mAhg-

1, which is comparable with benchmark cathode materials, e.g., LiMn2O4 (110 mAhg-1), 

LiCoO2 (140 mAhg-1) and LiFePO4 (170 mAhg-1). The precursor can be readily patterned 

into microscale features, demonstrating potentials for applications in light-weight power 

sources with small form factors. Future works include more detailed electrochemical 

characterizations of composite electrode samples with different active materials loading.  
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