


 

  



Electrode Suspensions with Tailored Flow Behavior and  

Electrochemical Performance for Multiscale Lithium Ion Batteries 

 

 

A dissertation presented 

 

by 

 

Teng-Sing Wei 

 

to 

 

The John A. Paulson School of Engineering and Applied Sciences 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

 in the subject of 

Applied Physics 

 

 

 

Harvard University 

Cambridge, Massachusetts 

May 2017 

  



	 ii	

 

 

 

 

 

 

 

 

 

© 2017 Teng-Sing Wei 

All rights reserved. 

  

	



	 iii	

Dissertation Advisor: Jennifer A. Lewis               Teng-Sing Wei 
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Electrochemical Performance for Multiscale Lithium Ion Batteries 

 

Abstract 

 Rechargeable Li-ion batteries (LIBs) are widely used in applications ranging from 

portable electronics to electric vehicles. They are also being explored for grid-scale energy 

storage. To date, commercial LIBs have been confined to coin, cylinder, prismatic and 

pouch cells, which are composed of thin electrode layers (20-100 µm thick). However, the 

growing demand for LIBs with higher capacity, faster charge-discharge rates, lower cost, 

and customized form factors underscores the need for new electrode materials, battery 

architectures, and fabrication methods. 

 My Ph.D. dissertation focuses on fabricating high energy density Li-ion batteries 

with ultrathick (up to 1.5 mm), biphasic, semisolid electrodes for use in applications 

ranging from customized Li-ion microbatteries to semisolid flow cells.  As an initial 

demonstration, we printed Li-ion microbatteries (< 1 mm3 in volume) in the form of 

interdigitated, high aspect ratio LFP/LTO electrodes on patterned gold current collectors, 

which deliver an areal capacity of ~1.5 mAh cm-2 at a discharge rate below 5C.  

 To improve their electronic transport and area capacity, we created biphasic 

semisolid electrode inks that are electrolyte-infused for printing LIBs with ultrathick 

electrodes (~ 1 mm).  Specifically, the interactions between the active particles, LFP or 

LTO, are rendered repulsive, while those between the conductive carbon particles are 

attractive. Our biphasic ink design enables high solids loading of active materials within 
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a percolative network of conductive carbon particles, which gives rise to electrodes that 

simultaneously exhibit good flowability, charge transport, and high energy density. These 

fully 3D printed and packaged LIBs exhibit an areal capacity more than an order of 

magnitude higher than the micro-LIBs with exceptional cycling performance.   

 As a final demonstration, we used these biphasic electrode suspensions in 

semisolid flow batteries. Their quick and efficient charge transport reduces overpotential 

during cell cycling using 1.5 mm thick semisolid electrodes.  Based on these measured 

properties, we also developed an analytical model that predicts the pressure drop required 

for a given target current.  These efficient and scalable biphasic semisolid flow cells offer 

a promising approach for grid-scale energy storage.    
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Chapter 1 

Introduction 

 Li-ion batteries (LIBs) (Figure 1.1) have been adopted for applications ranging 

from portable electronics to electric automobile. They are also being explored for grid-

scale storage due to their exceptional energy efficiency, high energy density, and low self-

discharge characteristics compared to other secondary batteries[1] (Figure 1.2a). To date, 

Li-ion battery technology has achieved a 3-fold increase in energy density and a 10-fold 

reduction in cost[1] (Figure 1.2b).  

 

 

Figure 1.1: Schematic representation and operating principles of Li-ion batteries. 
Adapted from: [2] 

 

 



	 -	2	-	

 

Figure 1.2: (a) History of the development of the energy density of secondary batteries 
based on different chemistries. The dashed line shows the progress of the past 80 years, 
and the solid line shows the progress in Li-ion batteries from commercialization in 1991 
to 2010. Adapted from: [1] (b) Development of lithium batteries during the period of 1970–
2015, showing the cost (blue, left axis) and gravimetric energy density (red, right axis) of 
Li-ion batteries following their commercialization by Sony in 1991. The gravimetric 
energy densities of Li- or LiAl-metal anode batteries against four cathodes, 
commercialized in the years indicated and withdrawn from the market for reasons of 
safety or market appeal, are shown in gray and refer to the right axis. Adapted from: [1] 

a) 

b) 
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LIBs used in personal electronics are available in a limited number of form factors, 

including cylindrical, coin, prismatic and pouch cells. As these devices become smaller, 

there will be a need for creating microscale LIBs in customized sizes and shapes (Figure 

1.3). At a much larger scale, the growing adoption of renewable energy technologies, e.g., 

wind and solar, have created a pressing need for alternatives to geographically-limited 

pumped hydro-electric systems[3] (Figure 1.4). LIBs are one of the front runners to fulfill 

the promise of grid-scale energy storage systems. It is worth noting that LIBs are also the 

top choice of the electric vehicle sector, which has contributed to the rapidly falling cost 

of LIB packs. [4]  

 

 

 

Figure 1.3: Schematic showing the shape and components of the common Li-ion cell 
configurations: a) cylindrical, b) coin, c) prismatic, and d) pouch. Adapted from: [2] 
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Figure 1.4: Schematic showing a pumped hydro-electric system. Adapted from: [5] 
 

 

Looking ahead, it is clear that LIBs will play a major role for micro- to macro-scale 

energy storage applications. Hence, further improvement in their energy and power 

density is a top priority. The energy density of LIBs is generally determined by the areal 

capacity of its electrodes [6], hence recent efforts have focused on optimizing electrode 

composition to achieve fast ionic and electronic transport in batteries with ultrathick 

electrodes. My Ph.D. dissertation focuses on developing electrode suspensions with 

tailored flow behavior and electrochemical performance for both micro-LIBs in 

customized form factors and semisolid flow batteries.  

 

1.1 Dissertation Scope 

 The first aim of my dissertation is to fabricate Li-ion microbatteries composed of 

high aspect ratio, interdigitated electrodes via 3D printing. The second aim of my research 

is to expand these capabilities to fabricate fully 3D-printed LIBs composed of ultrathick 

semisolid biphasic electrodes. Finally, the third aim is to use these semisolid biphasic LIB 

electrodes in flow batteries, specifically in semisolid flow cells (SSFCs).[7]  
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 Towards those objectives, the principle outcome of my dissertation is to develop 

electrode suspensions with tailored flow behavior and electrochemical performance for 

Li-ion batteries with high areal capacity. In one embodiment, two 3D-printable aqueous 

composed of LiFePO4 (LFP, cathode) or Li4Ti5O12 (LTO, anode) nanoparticles were 

created and sequentially printed in the form of 3D interdigitated electrode 

microarchitectures. We successfully fabricated high aspect ratio electrodes (width: 60 µm, 

height: 200 ~400 µm), which vastly exceed commercial thicknesses of 20 ~ 100 µm [8]. 

The energy and power densities of this 3D printed Li-ion microbattery are amongst the 

best values reported for microbatteries in the literature. To further enhance battery 

performance, we developed a new class of semisolid electrode inks based on biphasic 

mixtures of active LFP or LTO combined with electronically conductive carbon particles 

that are infused with electrolyte. We also developed printable UV-curable packaging and 

separator composite inks. Using a custom-designed environment-controlled 3D printer, 

LIBs were fabricated in arbitrary designs with ultrathick (1 mm) electrodes. As the first 

fully 3D-printed LIB, these packaged batteries deliver energy and power densities that are 

comparable to other high areal capacity batteries reported in the literature. Finally, we 

implemented these semisolid biphasic electrodes in flow batteries. Since the biphasic 

electrodes simultaneously possess high energy density, fast charge transport, and good 

flowability, they are ideally suited for semisolid flow cells. Specifically, we demonstrated 

a lab-scale flow battery with 1.5 mm thick electrodes with an energy density roughly five-

fold higher than the state-of-the-art, all-vanadium flow batteries [9]. 
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1.2 Dissertation Organization 

 In Chapter 2, the relevant literature is reviewed with an emphasis on Li-ion 

batteries, composed of LFP and LTO, 3D printing methods, biphasic suspensions, and 

flow batteries. In Chapter 3, 3D-printed interdigitated Li-ion microbattery electrode 

architectures are discussed, including electrode ink rheology, printing behavior, and 

battery electrochemical performance. In Chapter 4, fully 3D-printed Li-ion batteries are 

discussed, including biphasic electrode suspension design, flow behavior, and 

electrochemical performance along with separator and packaging inks. In Chapter 5, the 

use of biphasic electrode suspensions for semisolid flow cells is discussed, including 

suspension rheology, conductivity, and flow behavior as well as electrochemical 

properties. Finally, the conclusions of this dissertation are provided in Chapter 6. 
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Chapter 2 

Literature Review 

2.1 Introduction 

Microscale devices, such as micro electromechanical systems (MEMS), [10] 

biomedical sensors, [11,12] wireless sensors, [13] and actuators [14], require rechargeable 

energy dense Li-ion batteries in customized form factors. While macroscale batteries are 

needed due to the growing adoption of renewable energy. Li-ion flow batteries offer a 

promising solution for grid scale storage, required to overcome the intermittency 

associated with solar and wind energy.[15,16] In this chapter, we review the field of LIBs. 

First, the key challenges and prior research efforts in creating high areal capacity Li-ion 

batteries will be described. Second, we will introduce LiFePO4 (LFP, cathode) and 

Li4Ti5O12 (LTO, anode) as the electrochemical couple of interest for my dissertation. Next, 

we will describe 3D printing technology and the design of colloidal inks. Finally, we will 

discuss recent efforts to use high-performance Li-ion semisolid electrodes in flow 

batteries for grid-scale applications. 

 

2.2 Lithium Ion Batteries 

Since SONY first commercialized the Li-ion technologies in 1991 [17] with a LiCoO2 

(LCO)/graphite electrochemical couple (Figure 2.1), significant advancements have led 

to continual improvements in their electrochemical performance, safety, and reliability. 

[2,18-26] In addition to new electrochemical materials, advances in separator and electrolyte 

research have also been reported. [27-30] Beyond materials, efforts have also focused on 
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transforming layered (current collector - electrode-separator - electrode - current 

collector) designs widely used in coin, cylindrical, prismatic, and pouch cell 

configurations [2] (Figure 1.2) to other motifs, including flexible and bendable wire-type 

batteries [31-33], stretchable and foldable batteries [34-37], and unique Li-ion flow batteries 

for grid-scale applications [7,38-40]. 

 

 

Figure 2.1: Schematic of a LCO/graphite Li-ion battery showing the energy levels 
involved. a) Architecture of a typical cell with composite electrodes. b) Illustration of the 
energy levels involved in a Li-ion electrochemical cell. The dashed red, blue, and green 
lines correspond to the chemical potential of Li in the negative electrode, the chemical 
potential of Li in the positive electrode, and a typical placement for the voltage window of 
the electrolyte, respectively. Voc, open-circuit voltage of the cell; µ, chemical potential. 
Adapted from: [17] 
 

2.2.1 Lithium Iron Phosphate/Lithium Titanium Oxide 

 Several issues associated with Li-ion batteries composed of LCO/graphite 

electrodes have led to the use of alternative materials, despite the high theoretical specific 

capacity (274 mAh g-1), low self-discharge, high discharge voltage (3.8 V vs. Li/Li+), and 
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good cyclability of LCO. The biggest disadvantages of using LCO are its high cost, low 

thermal and chemical stability, and fast capacity fade at high C-rates or deep cycling. [41] 

For example, the infamous LIB malfunction of Boeing 787 airplanes in 2013 resulted from 

thermal runaway. Deep cycling LCO also induces lattice distortion that deteriorates 

cycling performance, limiting the full utilization of their theoretical capacity. [41] Low-cost 

graphite anodes exhibit high lithium diffusivity, high electronic conductivity, and little 

volume change upon lithiation and delithiation. However, graphitic carbon suffers two 

major problems. First, it exfoliates in propylene carbonate (PC)-based electrolytes, which 

are widely used in LIBs. [41] Second, unstable SEI layer formation occurs and leads to poor 

cycle life. [41]  

 

 

Figure 2.2: Availability of elements that may host Li as electrodes. Elements with 
abundance (as fraction of Earth’s crust) below 10-5 are slightly faded, and elements below 
10-7 are faded further. Prices are approximate 5-year ranges of metal prices (except Ge, 
which is a 3 year range). Gravimetric and volumetric capacities are theoretical values 
calculated based on delithiated mass and lithiated volume. Adapted from: [17] 
 

 In the search for better cathode materials, several candidates have been explored. 

For reference, Figure 2.2 shows the availability and cost of elements suitable for Li-
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based electrodes. [17] One alternative cathode material is LiNiO2 (LNO), which has 

comparable energy density, but poorer thermal stability. [41] Partial substitution of LNO 

has improved its stability, leading to Panasonic’s use of LiNi0.8Co0.15Al0.05O2 (NCA) for 

Tesla’s electric vehicles. NCA has high usable discharge capacity (200 mAh g-1), low self-

discharge, but its capacity fades at modest temperatures (40~70 °C) is quite severe. [41] 

LiMnO2 (LMO) has also been studied since manganese is far cheaper and less toxic than 

cobalt or nickel. [41] Unfortunately, LMO is chemically unstable (Mn dissolution), which 

leads to poor cycling performance. LiNi0.33Co0.33Mn0.33O2 (NMC, 3.7 V vs. Li/Li+) is the 

most successful transition metal oxide cathode material developed to date, leveraging the 

ability to precisely control the level of cation substitution to achieve optimized capacity 

(Ni), voltage (Co), and safety (Mn). [41] 

To further improve safety, another class of intercalation cathode material: olivine 

compounds with polyanions was recently developed, i.e., LFP. LFP is known for its 

superior thermal stability, high power capability, low volume change upon cycling (elinear 

= 2.2%) [42], and minimal cycling memory effect [43]. However, LFP also has slightly lower 

average potential (3.4 V vs. Li/Li+), lower theoretical capacity (170 mAh g-1), and lower 

intrinsic electrical and ionic conductivities. Figure 2.3 nicely summarizes the pros and 

cons of several cathode materials and clearly show LFP’s superior safety, lifetime and 

stability, recyclability, and low synthesis losses. [44-46] To realize the potential of high 

power LFP batteries, researchers have used LFP nanoparticles [41,44,46] coated with carbon 

to improve their conductivity, leading to improved rate capability (Figure 2.4). [47-51].  
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Figure 2.3: Common cathode materials for Li-ion batteries. Nanoarchitectured 
materials are given by a circle. Background colors reflect characteristics of bulk materials. 
Green denotes relative strength, red relative weakness, yellow intermediate 
characteristics and white no data. Absence of circle indicates no data for the nanomaterial. 
The grey background denotes the ‘baseline’ material. NCA, lithium nickel cobalt 
aluminum oxide; NMC, lithium nickel manganese cobalt oxide; LCO, lithium cobalt oxide; 
LMR, lithium/manganese rich transition metal oxide; LFP, lithium iron phosphate; LVP, 
lithium vanadyl phosphate; LMO, lithium manganese oxide. Adapted from: [44] 
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Figure 2.4: Effective methods to improve cycling performance of LFP, towards high 
power Li-ion battery. a) Nano-sized LFP particles. Adapted from: [46] b) Carbon-coated 
LFP particles. Adapted from: [47] 
 

 Researchers have also explored alternative anode materials to overcome the 

exfoliation and unstable SEI issues associated with graphite anodes. Lithium metal is 

often referred to as the “Holy Grail” due to its high theoretical capacity (3860 mAh g-1), 

low density (0.59 g cc-1), and the lowest negative electrochemical potential (-3.040 V) 

versus standard hydrogen electrode (SHE). However, Li dendrite growth and low 

Coulombic efficiency have limited its application. [52] Hard carbon, which is composed of 

small graphitic grains with disordered orientation, is also of interest, since it is less 

susceptible to exfoliation and the nanovoids between grains provide excess capacity (372 

mAh g-1). [41] However, hard carbons exhibit poor coulombic efficiency, and are therefore 

unsuitable for practical use.  

Similar to LFP cathodes the intercalation anode LTO has been successfully 

commercialized due to its high thermal stability, high rate, zero strain intercalation 

mechanism (elinear = 0.07%) [53], minimal cycling memory, long cycle life, efficient 

hydrothermal synthesis [44], and relatively high volumetric capacity (600 mAh cm-3). [41,54] 

b) a) 
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LTO does have its disadvantages, namely, the relatively low capacity (175 mAh g-1), higher 

cost of Ti than C (Figure 2.2), the reduced cell voltage (1.55 V vs. Li/Li+). [41,55] The higher 

equilibrium potential (>1 V) and minimal volume change allow LTO to form extremely 

stable SEI, which extends battery life and improves efficiency. LTO is also very safe, with 

no Li dendrite formation, even at high cycling rates. [41] With the use of nano-sized LTO 

particles (Figure 2.5a), high-rate LIBs can be prepared, despite LTO’s low intrinsic Li 

and electronic conductivity. [41,54,56,57] To further improve battery life, carbon-coated LTO 

(Figure 2.5b) is often used to suppress gassing due to unwanted reaction between the 

electrolyte and the LTO particles. [41,58,59] In my dissertation, we chose to use LFP and LTO 

electrodes to create Li-ion batteries with good performance and safety. Figure 2.6 shows 

the typical charge and discharge curves of a LFP/LTO full cell, a LFP/Li half-cell, and a 

LTO/Li half-cell. The LFP/LTO full cell have an equilibrium discharge potential of 1.85 V 

(3.4 V – 1.55 V) and a theoretical discharge capacity of 170 mAh g-1. 

 

 

Figure 2.5: Effective methods to improve cycling performance of LTO, towards high 
power Li-ion battery. a) Nano-sized LTO particles. Adapted from: [54] b) Carbon-coated 
LTO particles. Adapted from: [58] 
  

 

b) a) 
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Figure 2.6: Typical charge and discharge curves of a) LFP/LTO full cell (adapted from: 
[60]), b) LFP/Li half cell (adapted from: [45]), and c) LTO/Li half cell (adapted from: [58]). 
 

b) 

c) 

a) 
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2.2.2 Thick Electrode Li-ion Batteries 

One can vastly improve the areal capacity of LIBs by increasing the electrode 

thickness. However, several challenges are often encountered, including delamination [61] 

and cracking [35,62-64] (Figure 2.11). The critical cracking thickness (hmax) of particulate-

based LIB electrode layers is given by [65]: 

 ℎ"#$ = 0.64 *+,-./01

23

4/2 23
6789: 0

;/2
 (Equation: 2.1) 

where G is the shear modulus of the particles, M is the coordination number, frcp is the 

particle volume fraction at random close packing, R is the particle radius, g is the solvent-

air interfacial tension, and Pmax is the maximum capillary pressure beyond which the 

liquid menisci recede into the porous film, limiting the deformation of the film. [65] When 

a thin film of colloidal suspension dried on a substrate, particles consolidate into closed 

packed array as solvent evaporates. Upon further drying, capillary stresses develop as the 

liquid menisci form. [65,66] To minimize cracking and delamination, one can increase the 

adhesion between particles, control drying by increasing humidity or using supercritical 

drying methods, or modifying substrate properties to provide a slip-inducing interface 

between the film and substrate. [62]  
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Figure 2.11: (a) Schematic showing compression force formation of a colloidal thin film, 
as a result of solvent evaporation and condensed particle packing. Adapted from: [65] (b) 
Interconnected crack network formed in a ~500 nm thin film of 22.5% silica due to drying. 
(c) Zoomed-in view of the (b). Adapted from: [67] 
 

Thick LIB electrodes also exhibit poor power density, largely due to their poor ionic 

and electronic conductivity. [68-70] Figure 2.12 shows inhomogeneous state of charge 

(SOC) and depth of discharge (DOD) at the anode and cathode, respectively, and lowered 

specific capacity of a NCM (LiNi1/3Co1/3Mn1/3O2) electrode with increasing electrode 

thickness, which led to specific energy of  thicker electrodes to drop much faster as power 

increases (faster discharge rate). [68] However, Hasan et. al. showed that when the 

b) c) 

a) 
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electrode porosity is high, there is ample electrolyte surrounding active particles, which 

prevents local depletion of Li. [71] 

As electrode thickness increases, the internal resistance in electronic transport also 

increases, causing shortened cycle life (worsened capacity retention) due to increased 

voltage polarization, uneven heat distribution, and inhomogeneity in SOC or DOD 

(Figure 2.13). Improving electronic conductivity by engineering efficient conductive 

pathway throughout the electrodes is an effective way to reduce internal resistance and 

voltage polarization. Because ohmic heat is more serious for high current applications, 

batteries with thicker electrodes are best suited for low-power applications, with high 

energy, intermittent discharge cycles, and infrequent recharge cycles. 
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Figure 2.12: a) Time-variation of SOC in anode and DOD in cathode showing 
inhomogeneity as a result of slow ion diffusion in thick electrodes. Adapted from: [69] b) 
Comparison of discharge curves for the NCM electrode at the same current density of 5C. 
Adapted from: [68] c) Ragone plot for the NCM cathodes at different electrode thicknesses. 
Adapted from: [68]  

b) 

c) 

a) 
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Figure 2.13: a) Increasing weight specific impedance of NCM and LFP electrodes with 
increasing electrode thickness. Adapted from: [68] b) Worsened capacity retention of with 
increasing electrode thickness of LFP cathodes. Adapted from: [68] c) Temperature curves 
of cell 1 (thick electrodes) and cell 2 (thin electrodes) acquired from experiments and 
simulations under 1C discharge rate. Adapted from: [70]  
 

Finally, thick electrodes often suffer from incomplete electrolyte infiltration, forming 

inactive regions that lower capacity utilization and thus energy density. [72] This is due to 

the poor wettability of the tortuous electrode porosity with deep penetration distance, 

which can be improved by increasing porosity and surface chemistry of the particle 

surface to promote wetting. [72] During the drying process, microstructural inhomogeneity 

a) 

b) c) 
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may arise due to differences in local particle rearrangement or binder migration (Figure 

2.14). [61,73,74] Such phenomena also lead to shortened battery life due to variation in SOC 

and DOD, and inferior mechanical stability especially for active materials with large 

volume change upon lithiation and delithiation. Methods to improve microstructural 

homogeneity include decreasing solids content and using high molecular weight 

polymeric binder with lower mobility. 

 

Figure 2.14: a) Schematic and SEM image showing inhomogeneous graphite 
rearrangement and binder migration of as solvent evaporates during drying. Adapted 
from: [61] b) Inhomogeneity of graphite particles in dried LiCoO2 electrode sheets (1500 
µm thick), deviating from the as-mixed (dotted-line) uniform graphite distribution. 
Adapted from: [74] c) Inhomogeneity of binder distribution in dried LiCoO2 electrode 
sheets (1500 µm thick), deviating from the as-mixed (dotted-line) uniform binder 
distribution. Adapted from: [74] 

 

a) 

b) c) 
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Owing to those challenges, commercial electrode thicknesses are typically 20 µm 

to 100 µm [8], which greatly lowers the ratio of active/inactive materials, and hence leads 

to low energy density. However, several strategies have been introduced for creating high 

areal capacity LIBs using thick electrodes. [8,20,35,75,76] Figure 2.15 shows a mechanically 

robust thick Li2S cathode electrode made by stacking multiple layers of free-standing 

flexible electrode sheets to prevent cracking and delamination. [35] Their free-standing 

flexible electrode is prepared by carbonizing low-cost cellulose-based porous polymer 

sheets into conductive 3D porous carbon sheets, followed by infiltrating active sulfur 

particles into the pores. [35] Areal capacity is increased simply by increasing the number 

of layers of the free-standing flexible electrodes. Stacked multi-layer electrodes [35,62] are 

effective in avoiding cracks and delamination, but still suffer from the other problems 

described previously. 
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Figure 2.15: a) The fabrication process of the free-standing flexible electrode of 
conductive porous carbon sheet infiltrated with active sulfur. Adapted from: [35] b) 
Mechanical flexibility comparison of a conventionally produced thick electrode (left panel) 
vs. an electrode produced by stacking thin free-standing electrode sheets (right panel) 
showing no cracks or delamination forming for the stacked electrodes. Adapted from: [35] 

 

Increasing the electronic conductivity of thicker electrodes is an effective way to 

reduce their internal resistance. One popular method is to replace traditional conductive 

particles with thick conductive 3D porous current collectors, as shown in Figure 2.16a. 

[8,77,78]  

b) 

a) 
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Figure 2.16: a) Schematic of 3D porous current collectors filled with battery electrode 
materials. Adapted from: [77] b) SEM image of a 3D porous conductive CNT textile as a 
current collector. Adapted from: [77] c) SEM shows the interface between LiFePO4, 
conductive additive Super-P, and conductive 3D porous CNT current collector. Adapted 
from: [77] d) SEM image of a 3D porous conductive Ni metal foam as a current collector. 
Adapted from: [8] e) SEM image of LFP-filled 3D porous conductive Ni metal foam as a 
cathode. Adapted from: [8] 
 

By utilizing a 3D porous conductive carbon nanotube (CNT) textile as current collectors, 

Hu et. al. created 600 µm (areal loading = 170 mg cm-2) LFP cathodes delivering areal 

a) 

b) c) 

d) e) 
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capacities as high as 23.2 mAh cm-2 at 2.3 mA cm-2 (Figure 2.16b,c). [77] Similarly, Yang 

et al. also created high performance LFP cathodes as thick as ~0.6 mm (areal loading = 

56.3 mg cm-2) by using 3D porous metal foam current collectors. These LIBs delivered a 

high areal capacity of 8.8 mAh cm-2 at 1 mA cm-2 (Figure 2.16d,e). [8] The use of 

conductive 3D porous current collector has been shown to effectively improve electronic 

conductivity and thus cycling performance, however, the infiltration of active materials 

often requires several coating sequences and inhomogeneous electrolyte wetting remains 

an issue. [72] 

 To improve their ionic conductivity, Shen et. al. created anisotropic, conductive 3D 

carbon current anodes for sodium ion batteries (SIBs) and LIBs capable of reaching areal 

capacity of 13.6 mAh cm-2 at 0.55 mA cm-2 with a 850 µm thick (55 mg cm-2) anode 

(Figure 2.17). [20] The mesoporous carbon anodes are binder-free, current collector-free, 

have low-tortuosity to improve ionic conductivity, and are created inexpensively by 

directly carbonizing wood. [20] The unique mesoporous and large straight channels 

contributed greatly to the high ionic conductivity while the carbon walls provided an 

efficient electronic conductive pathway. [20] This is a promising technique as it bypasses 

all of the thick electrode problems discussed in the previous section. Carbon, however, 

has poor cycling stability, as described earlier. 
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Figure 2.17: a) Schematic to show the unique anisotropic natural wood with well-
defined channels along the tree growth direction. Adapted from: [20] b) Schematic 
showing ion transporting from the cathode across the separator then into the anode 
structure through the mesoporous structure with straight channels. The low tortuosity 
along the channel direction allows fast ion transport. Adapted from: [20] c) Top-viewed 
SEM image of a wood slab after carbonization showing the directional channels. Adapted 
from: [20] 

 

Another strategy to increase active material packing is to pattern and sinter 

electrodes.[75,76] Sander et al. recently achieved an areal capacity ~12 mAh cm-2 at 0.64 

mA cm-2 with a sintered, 310 µm thick LCO cathode (Figure 2.18a,b) that contains 

a) 

b) c) 
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directional pore channels to facilitate ion transport. [75] The aligned pore channels were 

created by magnetically aligning sacrificial microrods or emulsion droplets that are 

removed during the drying and sintering process. However, the sintered LCO electrodes 

have porosities ~ 40%, [75] which are still quite high. The use of sintered electrodes is also 

reported demonstrated by Lai et. al. (Figure 2.18c), where thick sintered electrodes (0.8 

mm) as dense as 87% were prepared, delivering an impressive 49 mAh cm-2, albeit at low 

(C/50) rates. [76] Sintered electrodes are certainly effective in increasing areal capacity, 

however ionic and electronic transport becomes even more challenging as the pore 

content decreases.  

 

Figure 2.18: a) Electrode fabrication using magnetic alignment of sacrificial emulsion 
droplets. The droplets are mixed with a suspension of electrode-active particles and 
aligned with an external magnetic field. The red arrows indicate the direction of the 
magnetic field. Adapted from: [75] b) Cross-section of a sintered LiCoO2 electrode with 
aligned pore channels templated by magnetically chained emulsions (scale bar = 100 µm). 
Adapted from: [75] c) SEM image of a 660 µm thick, sintered monolithic cathode (inset) 

a) 

b) c) 
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and cross section of a fracture surface from a 74% dense sintered cathode (scale bar = 10 
µm). Adapted from: [76] 

In this dissertation, we use direct ink writing (DIW), an extrusion-based 3DP 

technique to create LIBs with structured, thick electrodes. In the following section, we 

discuss the basics of this 3D printing process.  

 

2.3 Direct ink writing Li-ion Batteries with Thick Electrodes 

 3D printing transforms computer-aided designs (CAD) into physical 3D objects, 

without the need for expensive molds, dies, or lithographic masks. [79] It enables a wide 

range of objects to be rapidly fabricated with customizable designs and minimal material 

waste (Figure 2.19a,b). [80] Direct ink writing (DIW) uses a computer-controlled robotic 

building platform to deposit inks in a layer-by-layer manner (Figure 2.19c). [80] Since DIW 

is an extrusion-based 3DP method, it has the ability to print a wide range of materials 

compared to other 3DP techniques. [80] To date, DIW has been used to create metallic 

electrodes [81-88], bio-inspired composites [89-93], optical architectures [94-96], soft robots 

[79,84,97], and even vascularized human tissues [98-103]. Pivotal to DIW’s success is the 

development of functional inks, whose rheological properties are optimized for DIW. [79] 
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Figure 2.19: Additive vs. subtractive manufacturing. a) In subtractive manufacturing, a 
block of material is processed by material-removing machines with a large amount of 
residual material. Adapted from: [80] b) In additive manufacturing, a starting material is 
processed by a 3D-printing machine, which deposits just the required amount of material 
in a layer-by- layer fashion, with minimal residual material. Adapted from: [80] c) A 
schematic of direct ink writing with a material dispenser connected to a computer-
controlled robotic building platform, depositing the ink material in a layer-by-layer 
manner. Adapted from: [80] 

 

 To create high areal capacity LIBs via DIW, thick electrodes must be printed. The 

electrode inks should contain a high loading of active material as well as provide 

electronic and ionic transport pathways for efficient electrochemical reactions. My Ph.D. 

research focuses on meeting these objectives to enable 3DP of high-performance LIBs in 

customized form factors.  

 

 

 

 

a) 

b) 

c) 
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Colloidal inks developed for DIW must exhibit both shear thinning and yield-stress 

behaviors (Figure 2.20). [104] Shear thinning behavior enables these inks to flow readily 

through fine nozzles during the printing process, while yield-stress behavior enables the 

ink to rapidly (re)solidify upon exiting the nozzle to retain its filamentary form. When the 

applied shear stress (t) exceeds the yield stress (ty), the ink yields into a liquid-like (G˝ > 

G´), flowable state, to enable ink deposition. Once the ink exits the printhead and the 

shear stress returns to zero, it returns to a solid-like (G´ > G˝), rigid state. Shape retention 

of the printed 3D structure relies on this rapid dynamic recovery of shear elastic 

modulus.[105] 

 

 

Figure 2.20: Shear thinning and viscoelasticity. a) Log–log plot of viscosity as a function 
of shear rate; b) log–log plot of shear elastic (filled symbols) and loss (open symbols) 
moduli as a function of shear stress for a non-3D printable ink (red, Ormo-Clear) and a 
3D printable ink (blue, aqueous Pluronic F127). Adapted from: [96] 

 

a) b) 
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More specifically, a viscoelastic ink flows through the deposition nozzle when the shear 

stress (t) at the nozzle wall developed by the pressure drop DP exceeds the yield stress 

(ty)[105]:  

<= =
=∆7
2?

    (Equation 2.2) 

where r is the radial position (r = R at the nozzle wall) and l is the length of the nozzle. 

Once the ink is yielded (< > <A), many DIW inks exhibit shear thinning behavior that can 

be described by the Herschel Bulkley equation[105]: 

< = <A + CDE       (Equation 2.3) 

where n is the shear thinning exponent (<1), K is the viscosity parameter, and D is the 

shear rate.  

Concentrated colloidal inks with suitable rheological properties are especially 

relevant for 3D printed LIBs, since it is desirable to have high loading of active materials 

to maximize energy density and areal capacity. Unfortunately, as one increases the solids 

loading, the suspension viscosity increases, as described by the Krieger-Dougherty model:  

F=G? = 1 − ,
,89:

6J,89:
  (Equation 2.4) 

where hrel is the relative viscosity, which is equal to apparent viscosity divided by solution 

viscosity (h/ho), f is the volume fraction of colloidal particles in suspension, fmax is the 

maximum volume fraction of colloidal particles in suspension (fmax =0.6~0.64 for 

monomodal systems), and K = 2.5 for monodisperse spheres. [105] As f approaches fmax, 

hrel increases dramatically, greatly reducing flowability.  
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 To achieve good flowability at high solids content, concentrated colloidal 

suspensions must be prepared in the dispersed state. One must therefore control 

interparticle forces to introduce a significant repulsive barrier >> kbT (between colloidal 

particles) (Figure 2.21). [105]  

 

 

Figure 2.21: Schematic illustration of the relationship between the total interparticle 
potential energy and the resulting suspension structure. Adapted from: [105] 
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The total interparticle potential energy, Vtotal:  

KLML#? = KNOP + KG?GQL + KRLG=SQ (Equation 2.5) 

where VvdW is the attractive potential energy resulting from the long-range van der Waals 

interactions between particles, Velect is the repulsive potential energy resulting from the 

electrostatic interactions between like-charged particle surfaces, and Vsteric is the 

repulsive potential energy resulting from steric interactions between particle surfaces 

coated with polymeric species. The first two terms, VvdW and Velect, constitute the well-

known DLVO theory developed by Derjaguin, Landau, Verwey, and Overbeek. [105] Since 

Vvdw is always negative (attractive), stable suspensions can only be formed when the 

repulsive interparticle potential energies (Velec, Vsteric) are high enough to overcome the 

particle’s tendency to flocculate. (Figure 2.22) 

 Electrostatically stabilized colloidal suspensions are kinetically stable, relying on 

the repulsive surface potential induced on the interacting colloidal particles and the 

dielectric properties of the intervening medium. [105] However, it may be difficult to 

effectively design stable suspensions based solely on electrostatic stabilization in practice 

since the suitable pH or range or ionic strength are often narrowly limited. The effect on 

high ionic strength is especially of interest for Li-ion batteries as the electrolyte used often 

have high ionic strength (≥ 1 M), forcing the Debye-Hückel screening length (1/k) to 

shorten due to charge screening. [105] k is described as:  

U = VW XYZY
W

Y
[-[\]^

4/2
   (Equation 2.6) 
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where F is the Faraday constant, Ni and Zi are the number density and valence of the 

counterions of type i, er is the dielectric constant of the solvent, e0 is the permittivity of 

vacuum, k is the Boltzmann constant, and T is temperature in Kelvin.  

 

  

Figure 2.22: Schematic illustration of the interaction potential energy and relevant 
length scales for a) electrostatic, and b) steric, where k-1 is the effective double-layer 
thickness, d is the adlayer thickness. Adapted from: [105] 

 

 By contrast, steric stabilization is effective in both aqueous and non-aqueous 

colloidal systems. The thickness and adsorption density of the polymeric molecules 

forming the adlayer on particle surfaces are key to steric stabilization. As particles 

a) 

b) 



	 -	34	-	

approach one another, the adsorbed polymer chains first interpenetrate, then compress 

to induce a repulsive force that prevents particles from coming into contact. [105] A few 

typical polymer architectures used for steric stabilization is shown in Figure 2.23, 

including homopolymers, diblock and comb copolymers, and short-chain dispersants.  

 

 

Figure 2.23: Schematics of common types of polymer architectures used in steric 
stabilization: a) homopolymer, consisting of tails, loops, and train configuration; b) 
diblock copolymer, consisting of short anchor block and extended chain block; c) 
comblike copolymer, consisting of extended segments attached to anchored backbone; 
and d) functional, short-chain dispersant, consisting of anchoring head group and 
extended tail. Adapted from: [105] 

 

By carefully selecting the type of polymer to provide steric stabilization, concentrated Li-

ion electrode suspensions can be prepared, even in high ionic strength non-aqueous 

a) b) 

c) d) 
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electrolyte (i.e. 1M LiTFSI/PC). Because of its versatility, steric stabilization is used to 

prepare electrode inks in this dissertation.  

 

 

Figure 2.24: Schematics of LIB electrodes. a) The electrode with a favorable morphology, 
active material particles are dispersed, conductive carbon particles surrounding them as 
continuous electronic transport pathway, and the binder is adequately spreads across the 
material. b) A poorly prepared electrode, active material and conductive additive particles 
are agglomerated. Adapted from: [106] 

 

 Commercial Li-ion electrode suspensions consist of active material particles, 

conductive particles, binder, and electrolyte. Figure 2.24a nicely illustrates the highly 

preferable particle distribution, where the active material particles are well-dispersed and 

a) 

b) 
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are surrounded by a network of percolating conductive particles, enabling quick and 

efficient charge transport for improved electrochemical performance. While efficient 

morphology is key to creating high performing Li-ion batteries, it has been proven 

difficult to attain. [106] One promising strategy for creating tailored electrode suspensions 

is to develop biphasic systems. This concept is illustrated in Figure 2.25, in which two 

populations of silica, one stabilized with a cationic homopolymer, 

poly(trimethylammonium iodide ethyl methacrylate) (PTMAM), and the otherstabilized 

with PTMAM comb-polymer with uncharged poly(ethylene glycol) (PEG) teeth are 

suspended in DMSO/water [107] . Since the comb-polymer stabilized silica particles are 

non-ionic, they remain stable even when ionic strength is increased, whereas the silica 

particles stabilized with cationic homopolymer become attractive and undergo rapid 

flocculation [107].  

 

Figure 2.25: Confocal images of PTMAM-PEG (green) and PTMAM (red) stabilized 
silica particles showing a repulsive and an attractive particle interactions as ionic strength 
is increased. (scale bar = 5 µm for all images) Adapted from: [107] 
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Using biphasic mixtures of repulsive and attractive particles, Rhodes et. al. [108] 

investigated their microstructural evolution as a function of the ratio of the two particle 

population. Importantly, they found that an attractive particle network forms, whose 

interconnectivity can be tuned with increasing repulsive colloid volume fraction (Figure 

2.26). [109] This critical finding is relevant for the biphasic Li-ion electrode suspensions, 

since we desire high active material loading (repulsive phase) with an interconnected 

network of electronically conductive particles (attractive phase), see Chapter 4. Notably, 

this same biphasic electrode design is also relevant for grid-scale battery applications, as 

reported in Chapter 5. 

 

Figure 2.26: 3D reconstructions of PTMAM-PEG (green) and PTMAM (red) stabilized 
silica particles within biphasic mixtures with increasing repulsive particle content at fixed 
attractive particle content. Adapted from: [108] 
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2.4 Semisolid Flow Cells for Gird-Scale Energy Storage 

Flow batteries are of particular interest for grid-scale storage applications due to 

their decoupled energy and power densities.[110-112] However, many flow battery 

chemistries suffer from limited solubility and low nominal voltage, resulting in low energy 

densities.[113] The previously mentioned SSFCs [7] replace traditional liquid catholytes by 

flowing energy dense Li-ion battery electrode suspensions instead. This design combines 

the scalability of flow battery with the high performance of Li-ion batteries, making SSFCs 

a strong candidate for large-scale energy storage applications.  

 

 

Figure 2.27: Schematic of a semisolid flow cell (SSFC) with the charged and discharged 
cathode and anode electrode suspensions stored in separate storage tanks. The 
suspensions are pumped through a reaction zone where electrochemical reactions 
undergo to store or supply energy. Adapted and modified from: [114] 
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Figure 2.27 shows how a typical SSFC operates, with four storage tanks that house 

charged and discharged cathode and anode suspensions, and a reaction zone where 

electrochemical reactions occur. The energy density of a SSFC scale with tank size, 

whereas the power density of a SSFC can be increased by stacking multiple reaction 

chambers together.  

 

Figure 2.28: Flow battery performance as a function of Bingham number showing the 
corresponding flow velocity, showing the plug-flow scenario delivers the best 
performance regardless of the battery chemistry. a) charge capacity, b) average 
polarization, c) discharge energy, d) energetic efficiency and e) critical aliquot factor. 
Adapted from: [115] 
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To realize the full potential of SSFCs, flowing electrodes must have high active 

material content coupled with an adequate conductive filler network to overcome the 

resistive nature inherent to most electrochemically active Li-ion compounds. The 

simultaneous need for high solids content, efficiently distributed conductive fillers, and 

good flowability point to use of biphasic electrode suspensions for SSFCs. Additionally, 

the viscoelastic nature of biphasic electrode suspensions leads to nearly plug-flow 

behavior during operation, which is very desirable for achieving high capacity utilization, 

low voltage polarization, high energy density, and high energy efficiency [115] (Figure 

2.28). The improved performance of plug-flow electrodes is associated with the more 

defined charge and discharge aliquots, with suspensions in different SOC or DOD well 

separated.  

In summary, as the need for better energy storage increases across multiple scales, 

high areal capacity Li-ion batteries will be in ever greater demand. By combining novel 

electrode designs with additive manufacturing and flow cell architecture, further 

advances in performance and customizability can be achieved.  
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Chapter 3 

 
3D Printing of Interdigitated Li-Ion Microbattery Architectures 

 
 
This chapter has been adapted from the publication: 

K. Sun, T.-S. Wei, B. Y. Ahn, J. Y. Seo, S. J. Dillon, J. A. Lewis, “3D Printing of 

Interdigitated Li-Ion Microbattery Architectures” Adv. Mater. 25, 4539 (2013). 

 

3.1 Introduction 

The proliferation of microscale devices, such as micro electromechanical systems 

(MEMS), [10] biomedical sensors, [11,12] wireless sensors, [13] and actuators [14] drives 

demand for power sources with commensurate form factors. 3D micro-battery designs 

based on micro- and nanostructured architectures [116-120] could potentially double the 

energy density by fully utilizing the limited space available. To date, such architectures 

have been produced in planar and 3D motifs by conventional lithography, [121-123] and 

colloidal templating methods, [124] respectively.  

In this chapter, we will report the first demonstration of 3D printed Li-ion 

microbattery composed of high-aspect ratio anode and cathode micro-arrays that are 

interdigitated on a sub-millimeter scale, which exhibit amongst the highest areal energy 

and power densities in its class. The facile 3D printing technique allows functional inks to 

be precisely patterned in filamentary form over areas ranging from 100’s µm2 to 1 m2 with 

minimum feature sizes as small as 1 µm. [105,125-128] We harness these capabilities to 

fabricate 3D interdigitated microbattery architectures (3D-IMA) composed of Li4Ti5O12 

(LTO) and LiFePO4 (LFP), which serve as the anode and cathode materials, respectively 
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(Figure 3.1). These active materials exhibit minimal volumetric expansion, i.e., LTO 

(elinear ~ 0%) [129] and LFP (elinear 2.2%), [42] thereby reducing the requirement for 

compliance in the electrode to accommodate strain that accompanies charge and 

discharge processes.  To create 3D-IMA, we first designed and optimized concentrated 

cathode and anode inks.  We then printed interdigitated electrodes, packaged, and 

electrochemically characterized the 3D Li-ion microbattery.   

 

 

Figure 3.1 Schematic illustration of 3D interdigitated microbattery architectures (3D-
IMA) fabricated on (a) gold current collector by printing (b) Li4Ti5O12 (LTO) and (c) 
LiFePO4 (LFP) inks through 30 µm nozzles, followed by sintering and (d) packaging. 
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3.2 Experimental Methods 

3.2.1 Ink Synthesis 

To syntheisze the 3D Printable cathode and anode inks, we purchased Li4Ti5O12 

(LTO, anode) powder (mean diameter = 50 nm, specific surface area = 32.6 m2 g-1, density 

= 3.539 g cm-3) from Sigma Aldrich and synthezied LiFePO4 (LFP, cathode) powder 

(particle size < 300 nm, density = 2.947 g cm-3) with a solid-state reaction as described by 

Kang et al. [46] Highly concentrated LTO (57 wt% solids) and LFP (60 wt% solids) inks 

were prepared by first dispersing 4.5 g of LTO nanoparticles in 110 ml of deionized (DI) 

water and 40 ml of ethylene glycol (EG, Fisher Scientific) and 3.0 g of LFP nanoparticles 

in 80 ml of DI water and 40 ml of EG. These suspensions were ball milled for 24 h at room 

temperature and then classified by a two-step centrifugation process. The suspensions 

were first centrifuged at 4000 rpm for 5 min to eliminate large agglomerates, followed by 

centrifugation at 3500 rpm for 2 h to collect fine particles (mean diameter of 180 nm). 

The collected nanoparticles were re-dispersed with appropriate addition of glycerol 

(Fisher Scientific), 3.5 wt% aqueous hydroxypropyl cellulose (HPC, Sigma Aldrich, 

Mw~100,000) solution, and 3 wt% aqueous hydroxyethyl cellulose (HEC, Sigma Aldrich, 

binder) solution.  

The resultant homogenized LTO mixture is composed of (relative to their solids 

content) 27 wt% Glycerol, 20~30 wt% EG, 9 wt% HPC, 1 wt% HEC, and DI water; whereas 

the LFP contained 20 wt% glycerol, 20~30 wt% EG, 8 wt% HPC, 2 wt% HEC, and DI 

water. Through solvent evaporation at room temperature, their final solids loading 

(nanoparticles and cellulose) was optimized to be 55 - 65 wt%.  
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3.2.2 Ink Rheology Characterization 

Ink rheology was measured in both shear viscometry and oscillatory modes using 

a controlled-stress rheometer (C-VOR, Malvern Instruments, Malvern, UK) equipped 

with C14 cup and bob at 25°C in the presence of a solvent trap to prevent evaporation. 

The apparent viscosity (η) was acquired as a function of shear rate (0.01 - 500 s-1) in a 

logarithmically ascending series. The shear storage (G′) and viscous loss (G′′) moduli 

were measured in an oscillatory mode as a function of controlled shear stress (10 - 10,000 

Pa) at a frequency of 1 Hz with increasing amplitude sweep. 

 

3.2.3 Battery Fabrication: 3D Printing 

Before printing, interdigitated gold current collector patterns (960 ´ 800 µm2, 

digit width = 70 µm, digit spacing = 50 µm) were patterned on glass substrates by a 

combination of lithographic patterning and e-beam deposition. The LFP and LTO inks 

were then printed sequencially using a 3-axis micropositioning stage (ABL 900010, 

Aerotech Inc., Pittsburgh, PA), whose motion was controlled by computer-aided design 

software (RoboCAD, 3D Inks, Stillwater, OK). The LFP and LTO inks were housed in 

separate syringes (3 mL barrel, EFD Inc., East Providence, RI), which were attached by 

luer-lok to a borosilicate micronozzle (30 µm in diameter produced using a P-2000 

micropipette puller, Sutter Instrument Co., Novato, CA). An air-powered fluid dispenser 

(800 ultra dispensing system, EFD Inc.) was used to pressurize the barrel and control the 

ink flow rate. The typical printing speed for both LTO and LFP inks by a 30-µm nozzle 

was ~ 250 µm s-1 at 600 psi.  
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After printing, the structures were annealed at 600oC for 2 h in argon gas using a tube 

furnace. Their microstructures were characterized using SEM (Hitach S-4700).  The 

calculated active mass of the printed LFP and LTO electrodes are 15 and 16 µg per layer, 

respectively, based on their filament geometry and the measured solids loading of each 

ink. To package the battery, a thin-walled poly(methyl methacrylate) (PMMA) preform 

was laser cut and placed around the microbattery and sealed with PDMS gel (Sylgard 184, 

Dow Corning, Inc.), cured at 150oC. The assembly was filled with liquid electrolyte and 

sealed with small glass cover using additional PDMS. 

 

3.2.4 Battery Performance Characterization 

All electrochemical characterization measurements were carried out in an argon-

filled glovebox (Mbraun labstar), and electrochemical data was collected with a 

commercial potentiostat (SP200, Biologic Co.). For the half-cell test, the 3D printed LFP 

and LTO electrodes were immersed in a highly conductive nonaqueous electrolyte (1M 

LiClO4 in 1:1 ratio of ethylene carbonate:dimethyl carbonate by volume). [130] A piece of 

lithium metal served as both the counter and reference electrodes. Cyclic voltammetry 

and galvanic charge/discharge were performed to check the electrochemical reactivity 

and rate capability. For the rate test, the charge rate was maintained at C/2, and discharge 

rates were varied from 1 C to 10 C. The cycling life was also measured in constant current, 

and both the charge and discharge rates were fixed at 1 C. For the full cell tests in liquid 

electrolyte, the same tests were performed again, where LFP and LTO served as the 

cathode and anode, respectively. 
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3.3 Results & Discussions 

3.3.1 3D Printable LFP & LTO Inks 

To print high aspect ratio electrode architectures, the composition and rheology of 

each ink must be optimized to ensure reliable flow through fine deposition nozzles, 

promote adhesion between the printed features, and provide the structural integrity 

needed to withstand drying and sintering without delamination or distortion.  

Concentrated anode and cathode inks are prepared by suspending LFP and LTO 

nanoparticles in a solution composed of deionized water (environmentally friendly), 

humectants (ethylene glycol, glycerol), and cellulose-based viscosifier via multi-step 

process that involves particle dispersion, centrifugation, and homogenization 

(experimental methods). The nanoparticles were selected as they excel in high power 

applications compared to larger microparticles. [57] This is due to the higher specific 

surface area and shortened diffusion length from the surface to the core of the active 

particles. This ties in well with the interdigitated electrode architecture aimed to improve 

power performance with the 2-sided diffusion direction from each tooth. Each ink was 

centrifuged to remove particulates above 300 nm in diameter to minimize ink clogging 

during printing.  This filtration step ensures uniformly small active particles, not only 

critical to reliable 3D printing [126] but also for superior electrochemical performance. [131] 

We produced LTO and LFP inks of varying solids loading and found that those with 

respective solids loadings of 57 wt% and 60 wt% exhibited the desired rheological and 

printing behavior (Figures 3.2a).   
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Figure 3.2 (a) Optical images of LTO and LFP inks. (b) Apparent ink viscosity as a 
function of shear rate. (c) Storage modulus as a function of shear stress for each ink. (d) 
Optical image of LFP ink (60 wt% solids) deposition through a 30 µm nozzle to yield 
multilayer structure. (e) SEM images, top (left) and side views (right), of the printed and 
dried multilayer LFP structure. (f) Height and width of printed features as a function of 
the number of printed layers (30 µm nozzle diameter). [Note: Red and blue symbols 
correspond to data obtained on LTO and LFP inks, respectively.] 
 

Figure 3.2b shows their apparent viscosity as a function of shear rate. Each ink 

exhibits highly shear thinning behavior with respective apparent viscosities ranging from 

103 – 104 Pa·s at 1 s-1. Figure 3.2c shows their storage modulus (G´) as a function of 

shear stress. The plateau modulus of each ink is ~106 Pa, while their shear yield stress (ty) 

ranges from 102 – 103 Pa, respectively. The magnitude of these key rheological parameters 

are in good agreement with those reported for other colloidal inks designed for 3D 

filamentary printing. [105,127,128] Shear thinning is a favorable property for ink-based 3DP 

since it allows super-linear flow rate increase with increasing applied pressure. 

Viscoelasticity is another highly desired coveted property as it enables 3D features to be 
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printed by shearing such ink beyond their yield stress to transition into a liquid-like 

(G˝>G´), flowable state but return back to a solid-like (G´>G˝), self-supporting state once 

exited from the printhead (zero shear). 

 

3.3.2 3D Printing of Interdigitated Li-Ion Microbattery Architectures 

We printed high aspect ratio, multilayer electrodes onto a glass substrate by 

depositing these inks through 30 µm tapered nozzles for reduced pressure drop (Figure 

3.2d). To control ink solidification and adhesion during patterning, a graded volatility 

solvent system is used in which water (boiling point, b.p. 100oC) evaporation during 

printing induces partial solidification of the printed features ensuring their structural 

integrity, while ethylene glycol (b.p. 197.3oC) and glycerol (b.p. 290oC) serve as 

humectants that promote bonding between individual layers (Figure 3.2e).  The 

presence of humectants also prevents inks from drying out at the nozzle tip, thus avoiding 

clogging of the nozzles. Printed features with aspect ratios (h/w, where h is height and w 

is width) of ~ 0.8 are obtained in a single pass with a minimum width of ~ 30 µm and 

high-aspect ratio features are readily obtained through a layer-by-layer printing sequence 

(Figure 3.2e). The 0.8 aspect ratio of the filament was selected for its balanced inter-layer 

adhesion and build-time. This is supported by the SEM images which reveal the interfaces 

of the printed layers are well bonded to one another. Figure 3.2f shows the height and 

width of LTO and LFP structures as a function of the number of printed layers. Notably, 

their height increases linearly with layer number, while their width is nearly constant. The 

aspect ratios of the patterned microelectrodes range from ~ 0.8 to 11 for single to 16-layer 

high aspect ratio walls. This is only possible with our rheologically engineered viscoelastic 
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inks with high yield stresses and elastic modulus sufficient to support its own weight 

without collapsing. 

          After printing, the dried LTO and LFP microelectrode arrays are heated to 600oC in 

inert gas for 4 h to remove the organic additives and promote nanoparticle sintering. 

Thermal gravimetric analysis (TGA) reveals that the organic species are largely removed 

by ~ 300°C (Figure 3.3).  

 

 

Figure 3.3 Thermal gravimetric analysis (TGA) of LFP and LTO inks heated at a ramp 
of 2°C min-1 in N2 
 

The electrical resistivities of the annealed LTO and LFP films measured by four-

point probe are 2.1 ́  105 W•cm, 2.3 ́  103 W•cm, respectively. These values are significantly 

lower than their intrinsic electrical resistivities (~109 W•cm). [45,132] We speculate that such 

differences may arise from residual conductive amorphous carbon formed by 

decomposing the polymeric additives in an inert atmosphere (Figure 3.4). [48] The 

carbon layer at the particle surface forms a continuous electronic conductive pathway that 

is enabling for our high aspect ratio electrodes to work. [49] At higher temperatures, the 
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LTO and LFP particles undergo initial stage sintering leading to neck formation at 

particle-particle contacts. This annealed structures help connect the diffusion pathway 

along the particle surfaces, but remain desirably porous for better electrolyte penetration 

to ensure electrochemical reations can take place without suffering local electrolyte 

depletion (Figure 3.5). [69] 

 

 

Figure 3.4 Carbon mapping of annealed (a) LTO and (b) LFP electrode structures. The 
bright contrast indicates regions with higher carbon distribution. TEM images of 
annealed (c) LTO and (d) LFP electrode structures.  
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Figure 3.5 SEM images of (a) printed and (b) annealed LTO structures. SEM images of 
(c) printed and (d) annealed LFP structures. [Annealed at 600°C for 2 h in Ar gas] 
 

3.3.3 Electrochemical Characterization of 3D-IMA 

To investigate their electrochemical performance, we printed 8-layer and 16-layer 

3D-IMA (960 ´ 800 µm2, electrode width = 60 µm, spacing = 50 µm) on glass substrates 

(Figure 3.6a) followed by drying and annealing at 600oC for 2h in an inert atmosphere 

(Figure 3.6b). The final test structures exhibited minor distortion, but no sign of 

shorting via contact between adjacent electrodes or delamination from the substrate. We 

first measured discharge properties for half-cells composed of LFP (Figure 3.6c) and 

LTO (Figure 3.6d) electrodes at varying C rates. The specific capacities for these 8-layer 

structures at 1 C are calculated to be 160 and 131 mAh g-1, respectively, in good agreement 

with their respective theoretical values of 170 [45] and 175 [58] mAh g-1. A common feature 

of both data is the non-monotonic variation in discharge capacity with electrode volume 

a b 

c d 
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between the 8-layer structures and the 16-layers structures at the lowest rate (1 C). The 

results indicate that the height of the structure will constrain the kinetics of the reaction.  

Electronic transport is the only height dependent property in the system, and likely limits 

the functional height of the 3D-IMA in its current incarnation. At 5 C and 10 C, the 16-

layer and 8-layer LFP electrodes exhibit the same current density of 8.33 mA cm-2. The 

complete overlap in these data supports the hypothesis that electronic conduction limits 

their rate capability, as the total contribution to the capacity results from the same 

depletion region in both electrodes.  Strategies to enhance electronic transport, e.g., 

through the inclusion of conductive fillers, to overcome the longer diffusion length of the 

thicker electrodes will be explored in Chapter 4.   

 

 

Figure 3.6 (a) Optical and (b) SEM images of printed and annealed 16-layer 
interdigitated LTO-LFP electrode architectures, respectively. Half-cell voltage as a 
function of areal capacity for (c) LFP and (d) LTO electrodes. (e) Full-cell voltage as a 
function of areal capacity for an 8-layer electrode structure. (f) Areal capacity of full cell 
composed of an 8-layer electrode structure measured over 30 cycles. 
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          Figure 3.6e depicts the areal capacity of an 8-layer LTO-LFP 3D-IMA as a function 

of C rate. The battery delivers ~1.5 mAh cm-2 at a desirable stable working voltage of 1.8 

V when discharged below 5C. The result corresponds well with the LFP and LTO half-cell 

results. Figure 3.6f demonstrates the cycle life of the 3D-IMA. Minimum decay in 

capacity occurs up to 30 cycles. LFP and LTO both exhibit good cycle life due to their low-

strain topotactic reactions that take place at relatively low and high voltages, respectively.  

 

3.3.4 Electrochemical Characterization of Packaged 3D-IMA 

          Figure 3.7 shows a packaged 3D-IMA. A small plastic case (inner dimensions: 2.1 

mm ´ 2.1 mm ´ 1.5 mm) fabricated by laser machining contains the microbattery and 

liquid electrolyte (Figure 3.7a). The case dimensions far exceed those needed, and may be 

reduced by directly printing the polymeric case and liquid (or gel) electrolyte. Cyclic 

voltammetry performed on the packaged 3D-IMA between 1.0 and 2.5 V at a scan rate of 

5 mV s-1 is shown in Figure 3.7b. Stable oxidation and reduction peaks occur at 1.3 V and 

2.4 V. After cyclic voltammetry, galvanostatic charge and discharge was conducted at a 

rate of 0.5 C (Figure 3.7c). The capacity of the packaged 3D-IMA is 1.2 mAh cm-2, 

normalized to the area of the current collector. The packaged battery does not exhibit 

long-term cyclability due to lack of hermeticity. Effectively packaging microbatteries (<1 

mm3) that contain liquid (or gel) electrolyte is quite challenging and few examples of 

stable packaged microbatteries have been reported to date. [76]  Further optimization of 

microbattery packaging is explored in Chapter 4. 
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Figure 3.7 (a) Optical image of 3D-IMA composed of LTO-LFP electrodes after 
packaging. (b) Cyclic voltammetry of the packaged 3D-IMA. (c) Charge and discharge 
curve of the packaged 3D-IMA. 
 

3.3.5 Battery Performance Comparison 

          The Ragone plot in Figure 3.8a compares the areal energy and power densities of 

our 3D-IMA with other relevant data recently reported in the literature.[76,120,123,133-143] As 

a power source storing energy, the best rechareable battery will be desirably positioned at 

the upper right corner of the Ragone plot. This indicates high energy density that 

translates into minimal battery size and longer single-charge battery life, and high power 

density which corresponds to being a high wattage power source. A Ragone plot that 

compares their performance in terms of volumetric energy and power density is provided 

in Figure 3.8b.  We do not include data for the fully packaged 3D-IMA in either plot due 

to the excessively large, non-optimized package dimensions.  The printed 3D-IMA 

compares favorably against its rechargeable counterparts in terms of both areal energy 

and power density. The excellent performance results from the fabrication of high-aspect 

structures that occupy a small areal footprint, while maintaining reasonably small 

transport length scales to facilitate facile ion and electron transport during charging and 

discharging processes.  While the low voltage electrochemical couple demonstrated here 

limits the volumetric energy density, our approach can readily be extended to other 
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commercial lithium ion chemistries, such as LiCoO2/graphite, to yield volumetric energy 

densities competitive with those reported elsewhere. [76,143] 

 

Figure 3.8 Ragone plots comparison of the areal (a) and volumetric (b) energy and power 
densities of our printed, unpackaged 3D interdigitated microbattery architectures (3D-IMA) 
to reported literature values.  
 

Since 3D printing is an additive manufacturing technique, one could envision 

fabricating Li-ion batteries directly on top of an electronic device. As a proof of concept, 

Figure 3.9a and Figure 3.9b show a 2D-array of 3D printed LTO electrodes and one 

printed directed on the side of a pencil, respectively. 

 

 

Figure 3.9 (a) A 2D-array of 3D printed LTO electrodes and (b) one fabricated directly on 
the side of a pencil are shown to demonstrate the versatility of 3D printing  

a) b) 

a) b) 
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 To realize the full potential of 3DP Li-ion batteries, several issues must be 

addressed (see Chapter 4). First, the packaging process must be improved to enable better 

hermetic sealing. Second, the inactive area, volume and weight of the packaged battery 

must be minimized to enhance the energy and power densities. Third, in the current 

approach, the overall yield is low due to electrode drying and sintering defects [66] such as 

cracking and delamination. Finally, conductive fillers must be incorporated into the 

electrode inks to enhance electronic transport and overcome the longer diffusion length 

of the thicker electrodes. This advance will further improve areal energy and power 

densities, while also voltage polarization and increase energy efficiency. 

 

3.4 Conclusion 

          In summary, we have printed novel 3D microbatteries composed of high-aspect 

ratio electrodes in interdigited architectures. Careful design of concentrated LFP and LTO 

viscoelastic inks enabled printing of these thin-walled anode and cathode structures. 

Using this LFP-LTO chemistry, we have demonstrated 3D-IMA with a high areal energy 

density of 9.7 J cm-2 at a power density of 2.7 mW cm-2. These devices may find potential 

application in autonomously powered microelectronics and medical micro-implants. By 

further leveraging the versatility of 3D printing, one could envision Li-ion batteries be 

fabricated in parallel or series arrays to tailor the battery’s performance to the current or 

voltage requirements.  
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Chapter 4 

 
3D Printed Li-ion Batteries with Ultrathick Electrodes 

 
 
This chapter has been adapted from the publication: 

T.-S. Wei, B. Y. Ahn, J. Grotto, J. A. Lewis, “ 3D Printed Li-ion Batteries with Ultrathick 

Electrodes” in preparation (2017). 

 

4.1 Introduction  

Rechargeable Li-ion batteries (LIBs) are widely used in applications ranging from 

portable electronics[1]  to electric vehicles[4].  Commercial LIBs are limited to simple 

shapes (e.g., coin, cylinder, prismatic and pouch cells) composed of repeating electrode 

stacks of relatively thin electrodes (20 µm - 100 µm thick) separated by a polymer or 

polymer-ceramic film and sandwiched between two current collecting (metal) foils.[2] 

However, the growing demand for LIBs with higher capacity, faster charge-discharge 

rates, and lower cost underscores the need for new electrode materials, battery 

architectures, and fabrication methods [8,20,75,104,143,144].  For example, high capacity 

anodes based on silicon[145] have been studied extensively, yet challenges remain in 

controlling their pronounced volumetric changes during lithiation/delithiation cycles.  

More recently, 3D battery architectures templated from colloidal crystals or 

holographically defined polymer lattices have been reported, which exhibit high 

charge/discharge rates [124,143]. However, their energy capacity is limited by both the 
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interconnected porosity required for electrolysis deposition as well as the resulting thin 

conformal electrodes deposited onto these 3D structured current collectors.   

A promising alternative approach is to create 3D LIBs with thick electrode 

architectures. [8,63,73,76,146]  The volumetric ratio of active/inactive materials within LIBs, 

and, hence their energy density, scales linearly with electrode thickness for a given areal 

footprint.  However, ion and electronic transport through thick electrodes is more 

difficult, which limits their power density [68-70]. To enhance ion transport, researchers 

have recently focused on fabricating Li-based cathodes with internal open channels 

oriented orthogonally to current collector surfaces [75].  Using magnetic-field induced 

alignment of anisotropic porogens composed of either magnetic particle-coated polymer 

rods or particle-stabilized emulsion droplets, sintered LiCoO2 (LCO) cathodes (310 µm 

thick) were created with an impressive areal capacity of ~12 mAh cm-2 at a 0.1 C rate[75]  

To enhance electronic transport, highly porous metal foams were employed as 3D current 

collectors to create high performance LiFePO4 (LFP) cathodes (540 µm thick) with an 

areal capacity of 8.8 mAh cm-2 at a current density of 1 mA cm-2.[8]  The use of thicker 

electrodes also lead to inherent processing challenges, including binder migration, 

cracking and delamination during drying [62] and incomplete electrolyte infiltration [72], 

which  lead to microstructural inhomogeneity.  

We recently demonstrated the fabrication of LIBs microbatteries by 3D printing 

cathode, LiFePO4 (LFP), and anode, Li4Ti5O12 (LTO), inks in the form of interdigitated 

electrodes [104]. Specifically, high aspect ratio LFP and LTO electrodes were printed with 

a wall thickness of ~ 60 µm and height between ~ 200-400 µm onto a glass substrate 

patterned with gold current collectors.  These micro-LIBs (total volume < 1 mm3) 
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delivered an areal capacity of ~1.5 mAh cm-2 when discharged at a rate below 5C.  

However, due to electronic transport limitations, LFP electrodes at 8 layers (~ 240 µm 

thick) exhibited the same current density as those with 16 layers (~ 480 µm thick).   It was 

also difficult to hermetically package these microbatteries. 

Here, we report the design, fabrication, and electrochemical performance of 3D printed 

LIBs composed of ultrathick, biphasic semisolid electrodes with ten-fold higher areal 

capacity compared our prior microbattery design.  Specifically, [38] by mixing well 

dispersed, active electrode particles (LFP or LTO) with attractive conductive carbon 

particles that form a percolative network in an lithium-based electrolyte solution, we 

create biphasic electrodes with tailored rheological, printing, and electronic/ionic 

transport behavior. We also produced packaging and separator inks composed of 

ceramic-filled polymer composites that can be UV cured upon 3D printing.  Together, 

these four inks are used to create fully 3D printed LIBs with ultrathick electrodes 

patterned in arbitrary geometries that are encased between two glassy carbon current 

collectors (Figure 4.1). Our additive manufacturing appoach eliminates the need for 

drying, electrolyte-infilling, calendering, clamping, and heat-sealing processes typically 

associated with conventional LIB manufacturing.   
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Figure 4.1. a) Schematic representation (exploded view) of the fully 3D printed Li-ion 
battery demonstrated in this work. The cell size is 1 cm × 1 cm × 2.5 mm with a 6 mm × 
6 mm through hole at the center. b) Digital photographs and schematics showing the 
extrusion of the four functional inks. The substrate, anode, separator, cathode, lid, seal, 
and packaging are 0.18 mm, 1 mm, 0.1~0.15 mm, 1 mm, 0.18 mm, 0.1 mm, and 2.4 mm 
thick, respectively. 
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4.2 Experimental Methods 

4.2.1 Ink Synthesis 

The materials used to synthesis the four functional inks include carbon-coated 

LiFePO4 (LFP) (M121, Advanced Lithium Electrochemistry Co., Ltd., Taoyuan, Taiwan) 

and carbon-coated Li4Ti5O12 (LTO) (LTO-1, BTR NanoTech Co., Shenzhen, China) active 

particles, and Ketjenblack (KB) (EC-600JD, Azko Nobel Polymer Chemicals LLC, 

Chicago, USA) conductive particles. Propylene carbonate (PC) (anhydrous, 99.7%), 

polyvinylpyrrolidone (PVP) (Mw = 40kg mol-1), Triton X-100 (TX-100) (laboratory 

grade), ETPTA (Mw = 428, trivalent acrylate monomer), HMPP (2-hydroxy-2-methyl-1- 

phenyl-1-propanon, photo-initiator) are acquired from Sigma-Aldrich. The Lithium 

bis(trifluoromethane)sulfonamide (LiTFSI) is provided by BASF. The fumed SiO2 used in 

the packaging ink is supplied by Cabot (CAB-O-SIL TS-720). The Al2O3 used in the 

separator ink is provided by Sumitomo Chemical (AKP-30). The UV-curing epoxy is 

obtained from Electronics Materials Inc. (Optocast 3553-40k). 

Biphasic electrode suspensions are prepared in an argon-filled glovebox with 

moisture and oxygen content maintained under 0.5 ppm. All dry materials are heated at 

120°C overnight under vacuum to remove moisture. First, 250 mL HDPE bottles are filled 

with 5 mm (250 g) and 0.5 mm (150 g) yttrium stabilized zirconia (YSZ) milling beads. 

Next, PC (50 g), PVP (0.1 g), and LFP or LTO powder (10 g) are added. The bottles are 

sealed and the suspensions are ball-milled (US Stoneware) under ambient conditions for 

24 h. The suspensions are then filtered through 20 µm stainless steel sieves in the argon-

filled glovebox. The filtered suspensions are sealed in the glovebox and centrifuged 

(Beckman Avanti J-25 I) at 12,500 g for 30 min to collect the dispersed particles. After 
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removing the supernatant, the dense sediment (typically 65 wt% solids content) is 

collected and homogenized using a planetary mixer (Thinky AR-100). Additional PC is 

then added and mixed, followed by LiTFSI to achieve 1 M electrolyte concentration. 

Finally, KB powder is added and homogenized. The final ink compositions are 30 vol% 

LFP with 1.25 vol% KB for the cathode and 30 vol% LTO with 1.35 vol% KB for the anode 

in 1M LiTFSI/PC with 1 wt% PVP% (with respect to LFP or LTO) to transition LFP and 

LTO into repulsive particles. 

The separator ink is prepared by ball milling, filtering, and centrifuging a Al2O3 

suspension the same way as with the biphasic electrode suspensions, but using starting 

materials composed of PC (50 g), TX-100 (1 g), and Al2O3 powder (20 g). Once the dense 

sediment (typically 78 wt% solids) is collected in a UV-protected scintillation vial and 

homogenized, appropriate amount of 2% HMMP solution (ETPTA:HMMP = 100:1) and 

1M LiTFSI/PC are added and Thinky-mixed. Finally, ETPTA is added and the vial is 

sealed and vortex-mixed for 30 min at 1500 rpm followed by 1min Thinky-mix to avoid 

partial curing from overheating. Packaging ink is prepared by mixing 4 vol% of fumed 

SiO2 into UV-curing epoxy through multiple cycles of Thinky-homogenization in a UV-

protected scintillation vial. 

 

4.2.2 Rheology & Microscopy Characterization 

Rheology is performed at 22°C on a TA Instrument AR-2000EX rheometer using 

smooth surface finish stainless steel parallel plates or cone & plate geometries with the 

appropriate diameter (20, 40, or 60 mm) at the appropriate gap heights (0.5 to 1.5 mm) 
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gap height. Small diameter parallel plates are used for high viscosity samples with larger 

gap heights to prevent the wall-slip effects. Solvent trap is added not only to prevent 

evaporation, but to block UV-light when testing separator and packaging inks. Oscillatory 

measurements (G´, G˝) were done at fixed frequency (10 rad/s). All samples are pre-

sheared at 1 s-1 for 60 s prior to measurement and left to equilibrate until the normal force 

relaxes (~60 s). 

Micrographs of KB suspensions are taken using an inverted optical microscope 

(OLYMPUS IX71). The repulsive SiO2 particles are dispersed with PVP and imaged using 

index-matched water-glycerol solution. Suspensions are sandwiched between two cover 

slides for imaging. 

 

4.2.3 Electrochemical & Conductivity Characterization 

All electrochemical experiments are performed using the Biologic VMP-3 

potentiostat. A standard galvanostatic cycling setup includes a two-electrode Swagelok 

cell [38] with a porous polymer separator film (Celgard) soaked in electrolyte (1M 

LiTFSI/PC), stainless steel current collectors, and PTFE spacers to define the electrode 

thickness (area = 0.5 cm2). Glassy carbon and composite separator characterization are 

performed with circular cutout of them placed appropriately to replace the Celgard 

separator or stainless steel current collectors.  

Electronic conductivities of the biphasic electrode inks are measured by the DC 

method, where the voltage is swept from 0 to 100 mV (Biologic VMP-3). The test cell used 
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is a modified Swagelok cell with a cylindrical volume for the material of interest, 

sandwiched by two stainless steel electrodes [38]. 

AC Impedance study is performed with fully assembled Swagelok LFP/LTO cells 

at amplitude of 10 mV and frequency range of 0.1 Hz to 0.3 MHz for the 1.0 mm 

electrodes, and 1 Hz to 0.2 MHz for the 0.1 mm electrodes. CV study is also performed 

with fully assembled Swagelok cells from 0.5 to 3.0 V at various scan rates. 

Self-discharge test is done by first fully charging a LFP/LTO battery to 2.5 V at 0.2 

mA cm-2, then holding it at 2.5 V for 24 h prior to recording the open circuit voltage (OCV) 

over 20 days. 

 

4.2.4 3D printed LIBs with Ultrathick Electrodes 

LIBs are fabricated using a custom-made 3D printer that was assembled and 

operated inside of an Ar-filled glovebox consisting of a 3-axis micropositioning stage 

(Sherline 5400) motorized by stepper motors (CNC4PC, CS4EA4-1Rev1), controlled by 

computer-aided milling software (Mach3). The cathode, anode, separator, and packaging 

inks are housed in separate 3ml syringes (UV-protected ones for separator and packaging) 

and attached by luer-loks to appropriately sized (as small as 100 µm) metal tips (EFD 

Inc.). An Ar-powered fluid dispenser (HP3cc, EFD Inc.) is used to pressurize the barrel 

up to 700 psi to control the flow rate. The pressure is analog-controlled and its Mach3-

macro (written by Mr. Koseki Kobayashi) enabled control over pressure change and stage 

movement via g-code. 
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First, the packaging ink is printed onto the laser-cut (Photonics Industries, 

DC150H-355) glassy carbon substrate (Goodfellow, Vitreous 1000C, thickness = 0.18 mm) 

to 2.5 mm tall followed by 60 min of UV-curing (UVL-21, 365 nm, 4W, by UVP). Next, the 

anode ink is next printed onto the glassy carbon substrate within the packaging walls to 1 

mm tall. The separator is then printed onto the anode to form a thin separator film, 

followed by 30 min of UV-curing. The cathode ink is then printed onto the separator with 

a thickness of 1.0 mm. The glassy carbon lid is then carefully placed on top of the cathode. 

Lastly, packaging ink is printed on top of the lid to seal/bond it to the UV-cured packaging 

walls. A final UV-curing step (~30 min) is carried out to finish the battery fabrication. We 

would like to note the UV curing steps could be shortened significantly if a higher wattage 

UV lamp is used. The substrate, anode, separator, cathode, lid, seal, and packaging are 

0.18 mm, 1 mm, 0.1~0.15 mm, 1 mm, 0.18 mm, 0.1 mm, and 2.4 mm thick, respectively. 

 

4.2.5 Electrochemical Characterization of 3D Printed LIBs 

 The 3D printed LIBs are tested by attaching copper leads to the glassy carbon 

current collectors with conductive silver paste (kindly provided by Mr. Alex Valentine) to 

avoid excessive clamping force with the usual alligator clamps. The cycling tests were 

performed at a current density of 0.14 mA cm-2, with the entire area occupied of the 

battery properly considered.  

 

 

 

 

 



	 -	66	-	

4.3 Results & Discussions 

4.3.1 Biphasic Electrode, Packaging, and Separator Inks 

We first created biphasic, semisolid electrode inks based on LFP (cathode) and 

LTO (anode), respectively.  The LFP/LTO electrochemical couple is chosen due to its low 

volumetric change [42,53] upon cycling and exceptional thermal stability, [45,54] which are 

especially important for fabricating ultrathick electrodes. [68] Ketjenblack (KB) carbon 

particles are incorporated as a second phase due to their high electronic conductivity and 

low percolation threshold. [147] To create biphasic electrode inks, these two particle 

populations are suspended and mixed sequentially in a 1M lithium bis(trifluoromethane) 

sulfonamide (LiTFSI)/ propylene carbonate (PC) solution, which has an ionic 

conductivity of 5 mS cm-1. [148] Without additives, each particle population rapidly 

flocculates due to van der Waals interactions under such high ionic strength conditions. 

[149] To selectively stabilize electrode inks composed of 30 volume % LFP (or LTO) 

particles, we added a non-ionic dispersant, polyvinylpyrrolidone (PVP), at a 

concentration of 1 wt% with respect to the active material content (Figure 4.2). Notably, 

PVP-coated LFP and LTO particles remain stable at high (1M) salt concentrations during 

electrochemical charging and discharging. [38] However, under these conditions, the KB 

carbon particles (1.25 - 1.30 vol%) present in suspension remain attractive and form a 

percolative network. [150-153]  
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Figure 4.2: Attractive-to-repulsive transition PVP% for a) LFP (1%), b) LTO (1%), and c) 
KB (300%) in 1M LiTFSI/PC. d) Apparent viscosity vs. shear rate highlighting the 
effectiveness of PVP in sterically stabilizing LFP particles at high ionic strength (1M 
LiTFSI) 
 
 

The effectiveness of PVP’s steric stabilization is shown in Figure 4.3, where 2 vol% of KB 

carbon particles gradually transition from attractive (flocculated) to repulsive (dispersed) 

with increasing addition of PVP. The corresponding viscosity data (Figure 4.3f) shows the 

transition PVP% recorded the lowest viscosity values, matching the onset of dispersed KB 

carbon particles (Figure 4.3c). 

b) 

d) c) 

a) 
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Figure 4.3: Micrographs of 2 vol% of KB nanoparticles in water showing the 
effectiveness of PVP steric stabilization at a) 0 wt% b) 40 wt% c) 80 wt% d) 120 wt% and 
e) 200 wt% (MPVP/MKB) with 80% identified as the attractive-to-repulsive transition 
PVP%. f) Apparent viscosity vs. shear rate of the respective KB suspensions showing 
supporting 80 wt% PVP as the transition concentration, leading to the lowest viscosity 
measured. [scale bars: 20 µm] 
 
 

a)  

b)  

c)  

d)  
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To optimize their performance, biphasic electrode inks must contain a high active 

material content coupled with an adequate conductive filler network to overcome the 

resistive nature of most electrochemically active Li-ion compounds.  These electrode inks 

must also be tailored to exhibit the viscoelastic response required for direct ink writing.  

Their measured flow curves along with their shear elastic and loss moduli are shown in 

Figure 4.4a-b, respectively.  These electrode inks are strongly shear thinning, which 

facilitates their flow through fine deposition nozzles (≥ 100 µm in diameter).  At a 

characteristic (printing) shear rate of 1 sec-1, the apparent viscosity for LFP and LTO are 

6.27 kPa·s and 1.75 kPa·s, respectively.   The corresponding viscoelastic storage (G´) and 

loss moduli (G˝) are provided in Figure 4.3b. We find that both electrode inks behave 

predominantly as elastic solids (G´>>G˝) with respective G´ values of 1.59 MPa and 1.25 

MPa, and shear yield stress (ty) values of 3.96 kPa and 1.33 kPa for LFP and LTO inks 

indicating that a percolated network of carbon particles exists within each system.  Hence, 

once these inks exit the nozzle and return to a zero-shear condition, they rapidly solidify 

and retain their filamentary shape.  
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Figure 4.4: a) Apparent viscosity as a function of shear rate and b) elastic (G´) and loss 
(G˝) moduli of the four functional inks: cathode, anode, packaging, and separator. 
 

Next, we explored the effects of active material content on the electrical conductivity and 

microstructure of these biphasic electrode inks.  To facilitate imaging, a model biphasic 

ink is created with varying volume fraction of repulsive silica particles, frepulsive of 0 to 0.3, 

at a fixed volume fraction of attractive conductive carbon particles, fattractive of 0.015.  As 

observed in Figures 4.5, the presence of repulsive particles alters the structure of the 

attractive carbon particle network.  In the absence of repulsive particles, the attractive 

network consists of large, dense clusters that surround open regions filled with solvent 

and salt species. Upon adding repulsive particles, the attractive carbon particle network 

becomes more homogenous, favoring the formation of more tenuous, linear chains with 

fewer bonds between carbon particles. Essentially, the repulsive particles frustrate the 

formation of attractive particle bonds thereby yielding aggregated systems that are 

kinetically trapped in a more structurally uniform state.[107,109,154] The concomitant rise in 

electronic conductivity with increasing frepulsive reflects the observed microstructural 

evolution within these biphasic inks (Fig. 4.5a).  As the conductive network becomes more 

a) b) 
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homogeneous at a fixed fattractive, there are more pathways for transporting electronic 

current within the biphasic electrode suspensions.    

 

 
 
 
Figure 4.5: a) Electronic conductivity data [inset: proposed aggregation phase diagram 
for the attractive particles in a biphasic system] and b) micrographs of attractive KB (1.5 
vol% in water-glycerol solution) suspension as a function of increasing vol% (0 à30) of 
repulsive, PVP-stabilized SiO2 particles (index-matched) [scale bars: 20 µm] 
 
 

0 vol% repulsive particles 10 vol% repulsive particles 

20 vol% repulsive particles 30 vol% repulsive particles 

a) 

b) 
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  To facilitate the fabrication of fully 3D printed LIBs, we produced UV-curable 

composite inks that serves as the packaging and separator materials.[155]  Both of these 

inks are tailored to exhibit the desired shear thinning and viscoelastic responses required 

for direct writing (Fig. 4.4a-b).  The packaging ink is composed of a UV-curable epoxy-

SiO2 (4 vol%), which must bond to the current collector and itself during the printing 

process. After UV curing, it must provide a protective shield to the active electrodes within 

printed LIBs.  The separator ink is composed of UV-curable ethoxylated 

trimethylolpropane triacrylate (ETPTA), Al2O3 particles, electrolyte (1M LiTFSI/PC) and 

photo-initiator.[155] The Al2O3 nanoparticles are dispersed using a nonionic dispersant, 

Triton X-100 (TX-100).  Since a thin separator layer is desired, this ink possesses an 

apparent viscosity and shear elastic modulus that is several orders of magnitude lower 

than the electrode inks. 

 

4.3.2 Electrochemical Performance of Ultrathick Electrodes 

 To investigate electrode thickness effects, we carried out AC impedance 

measurements on LFP/LTO Swagelok cells with thin (0.1 mm) and ultrathick (1 mm) 

electrodes.  As expected, their bulk (x-intercept) and charge transfer (semi-circle size) 

resistances are higher for the thick electrodes (Figure 4.6a). [8] At low frequencies, the 

ultrathick electrodes also exhibit a lower slope, where diffusion is limited by mass-

transfer. Based on DC ohmic measurements, the cathode and anode electrodes exhibit an 

electronic conductivity of 13 and 12 mS cm-1, respectively (Figure 4.6), which is more 

than two-fold higher [156] than the ionic conductivity of the electrolyte (5 mS cm-1 for 1M 
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LiTFSI/PC) [148]. Their high electronic conductivities are achieved at low carbon particle 

volume fraction due to their efficient microstructural distribution (Figure 4.5).  

 

Figure 4.6: a) AC impedance data comparing LFP/LTO Swagelok cells with 0.1 and 1.0 
mm electrodes showing thicker electrodes having higher impedance. Sufficiently high 
electronic conductivity of the 3D printable cathode (LFP) and anode (LTO) inks measured 
through DC characterization. b) Low KB percolation threshold showing power-law 
increase in elastic modulus and electronic conductivity from volume fraction as low as 
0.005. 

 

Cyclic voltammetry measurements reveal that these ultrathick electrodes exhibit a 

much higher (~10x at low scan rate) peak current, albeit with broader redox peaks and 

peak-to-peak potential-differences, owing to slower reaction kinetics (Figure 4.7). [157]  

a) 

b) c) 
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Figure 4.7: Cyclic voltammetry data of a) thick (1.0 mm) and b) thin (0.1 mm) electrodes 
at varying scan rates (0.1 mV s-1 à 1.0 mV s-1) showing thicker electrodes having higher 
current responses. 

 

Both thin and ultrathick electrodes exhibit excellent Coulombic efficiencies (near unity) 

and satisfactory areal capacities over several months of continuous cycling (Figure 

4.8a,b). While the ultrathick electrodes delivered more than 10x the areal capacity 

compared to their thin counterparts, their energy efficiency falls off considerably with 

increasing cycle number, matching well to their increasing voltage polarization (Figure 

4.8d).  Hence, LIBs with ultrathick electrodes are better suited for applications that 

require less charge/discharge cycling.   

 

a) b) 
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Figure 4.8: Cycle Life of LFP/LTO Swagelok cells at 0.2 mA cm-2 with a) thin (0.1 mm) 
and b) thick (1.0 mm) electrodes showing steadily high Coulombic efficiencies for both 
electrode thicknesses, but steadily declining energy efficiency for the thick electrode test 
cell. Cycling curves at selected cycles for c) 0.1 mm and d) 1.0 mm electrodes 
 

Self-discharge characteristics are also important especially for intermittent, low 

power applications. The open circuit voltage for a full LFP/LTO cell with 1 mm electrodes 

is plotted as a function of extent of discharge at a current density of 0.2 mA cm-2 (Figure 

4.9). After 20 days, we observed a 0.9% drop in capacity due to self-discharge, which 

suggests that these LIBs have a shelf life of roughly 6 years (100% capacity loss).   

a) b) 

d) c) 
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Figure 4.9: a) Self-discharge data measured over 20 days of a LFP/LTO Swagelok cell 
with 1.0 mm electrodes showing the battery would last 6 years before the battery 
completely die out. b) Zoomed-in version of the self-discharge curve for the recorded 20 
days. [the galvanostatic discharge curve used for comparison in the self-discharge plot is 
1 mm thick LFP/LTO Swagelok cell discharged at 0.2 mA cm-2] 
 

Next, we carried out rigorous galvanostatic cycling tests with Swagelok cells using 

standardized stainless steel current collectors with thin Celgard separator films (25 µm) 

to assess the impact of electrode thickness from 50 µm (represents commercial LIBs [63]) 

to 1 mm on cycling performance at current densities varying from 0.2 to 2.0 mA cm-2. 

Figure 4.10a shows the expected trend of increasing areal capacity with increasing 

electrode thickness at 0.2 mA cm-2, with the 50 µm and 1 mm cells (LFP loading of 108 

mg/cm2) delivering ~1 mAh cm-2 and ~14.5 mAh cm-2, respectively. The superior areal 

capacity of ultrathick electrodes is also observed at 2.0 mA cm-2 (Figure 4.10b).  

a) b) 
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Figure 4.10: Areal capacity data of LFP/LTO Swagelok cells showing thicker electrodes 
delivering higher areal capacities at both a) low (0.2 mA cm-2), and b) high (2.0 mA cm-2) 
current densities. 

 

Similar trends are observed at other current densities (Figure 4.11), suggesting 1 mm 

electrodes deliver the highest areal capacity over the thickness range investigated, except 

above 1.8 mA cm-2, where 800 µm thick electrodes perform best. 

 

a) b) 
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Figure 4.11: Areal capacity at varying electrode thicknesses (0.05 mm à 1.00 mm) at 
current densities a) 0.4 mA cm-2, b) 0.6 mA cm-2, c) 0.8 mA cm-2, d) 1.0 mA cm-2, e) 1.2 
mA cm-2, f) 1.4 mA cm-2, g) 1.6 mA cm-2, and h) 1.8 mA cm-2 showing thicker electrodes 
deliver higher areal capacity at all the current densities experimented. 

a) 

c) 

e) 

g) 

b) 

d) 

f) 

h) 
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The high-rate performance of thick electrodes [8,69] is notoriously poor due to 

longer ion diffusion distances and accelerated local depletion of Li ions at the electrolyte-

active particle interfaces. However, we find that the normalized capacity 

(Qdischarge/Qtheoretical) as a function of current density exhibited nearly the same trend 

independent of electrode thickness (Figure 4.12a). We attribute this observation to both 

the efficient distribution of active and conductive particles within these 

electrodes[106,158,159] as well as their high electrolyte content. [63,69,71] From the cycling data, 

electrodes of varying thickness exhibit a Coulombic efficiency of nearly unity regardless 

of the cycling rate (Figure 4.12b).  The observed energy loss (Figure 4.12c) is primarily 

due to the increased overpotential from chemical polarization and heat generation, [8,17,70] 

which is expected for ultrathick electrodes due to their inherently slower diffusion kinetics 

and increased bulk resistance. The Ragone plot, shown in Figure 4.12d, clearly indicates 

that full LFP/LTO cells ultrathick electrodes exhibit superior areal energy density, while 

largely retaining the areal power density of thin electrodes.   
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Figure 4.12: a) Normalized capacity vs. current density at varying electrode thicknesses 
(0.05 mm à 1.00 mm) showing similar rate of decay. b) Coulombic efficiency, c) energy 
efficiency, and d) energy density (Ragone plot) as a function of power density at varying 
electrode thicknesses (0.05 mm à 1.00 mm) showing consistently high Coulombic 
efficiency with all electrode thicknesses, more significant energy efficiency decay for the 
thicker electrodes, and higher areal energy density for the thicker electrodes. 
 

 

 

 

 

c) d) 

a) b) 



	 -	81	-	

4.3.3 Electrochemical Performance of Fully 3D Printed and Packaged LIBs 

 To further explore their electrochemical performance, we created fully 3D printed 

and packaged LIB with ultrathick electrodes (1 mm) in a customized design.  Specifically, 

square donut cells were produced with an outer border (L = 10 mm, W = 10 mm, H = 2.5 

mm) that surrounds an inner, open region (L = 6 mm, W = 6 mm, H = 2.5 mm) (Figure 

4.13a-b). The volumetric and gravimetric electrode content within these printed LIBs are 

54 vol% and 63 wt%, respectively (Figure 4.13c-d). They are capped on the top and 

bottom with current collectors that are laser-cut into the desired geometry from a thin 

glassy carbon sheet.  To our knowledge, this is the first time that glassy carbon is used as 

current collector despite its high electrical (3.5×10-3 W•cm) and thermal (~17.5 W m-1 k-1) 

conductivity, lightweight and low gas permeability. [160]  In addition, these laser-cut glassy 

carbon current collectors remain flat, ensuring uniform contact with the printed electrode 

inks. 
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Figure 4.13: a) Schematic and b) digital photograph of the 3DP LIB (1 cm × 1 cm × 2.5 
mm with a 6 mm × 6 mm through hole at the center). [scale bar = 1 cm] c) Volumetric 
and d) Gravimetric distribution of components of the 3DP LIB.  

  

Prior to characterizing the performance of fully printed and packaged LIBs, we 

collected continuous cycling data for a LFP/LTO Swagelok cell with 0.1 mm electrodes 

using glassy carbon as the current collectors (Figure 4.14).  This full LFP/LTO cell 

exhibited excellent cycle life with high Coulombic efficiency.  

c) 

d) 

a) 

b) 
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Figure 4.14: a) Areal capacity vs. cycle number and b) cycling curves of selected cycles 
of cycle life characterization of LFP/LTO Swagelok cell with glassy carbon current 
collectors with 0.1 mm electrodes cycled at 0.2 mA/cm2.  

 

Next, we cast and UV cured a 100 µm layer of the composite separator from which a 

circular disk is punched (Figure 4.15a).  We then replaced the commercial Celgard 

separator used in all previous cycling experiments with our printable composite 

separator. Again, the cycling performance of a LFP/LTO Swagelok cell with 100 µm 

electrodes indicates that satisfactory capacity, Coulombic and energy efficiencies are 

achieved with minimal capacity fade over 20+ cycles (Figure 4.15c-d). 

 

b) a) 
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Figure 4.15: a) Digital photographs of a disk of UV-cured, casted separator film in 
neutral (top) and bent (bottom) configurations. b) Areal capacity vs. cycle number and c) 
cycling curves of selected cycles of cycle life characterization of LFP/LTO Swagelok cell 
with UV-cured composite separator with 0.1 mm electrodes cycled at 0.2 mA cm-2.  

 

 As a final step, we characterized the electrochemical performance of fully 3D 

printed and packaged LIBs composed of ultrathick LFP/LTO electrodes, customized 

separator and packaging materials, and glassy carbon current collectors.  These LIBs   

deliver an areal capacity of 4.45 mAh cm-2 at a current density of 0.14 mA cm-2, with the 

entire area occupied of the battery properly considered. [161] (Figure 4.16a) The Ragone 

plot shows that our 3DP LIBs and 1 mm biphasic LFP/LTO Swagelok cell data compare 

favorably to values reported for other cell configurations (e.g., coin, Swagelok, and beaker 

cells) (Figure 4.16b).[8,37,73,75-78,104,146,162-166] Moreover, the fully 3DP and packaged LIB 

delivers impressive areal capacity, albeit lower than our unpackaged cell, which exceeds 

the values of several other (unpackaged) batteries.  As one example, these LIBs exhibit a 

four-fold increase in performance over our unpackaged interdigitated electrode Li-ion 

microbattery reported previously[104].  Figure 4.17 shows the 1.8V readout of a 3DP LIB 

in ambient conditions and a demonstration of it powering a red LED light. Given the lower 

a) 

Neutral 

Bent 

b) c) 
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normalized capacity (43.35%), Coulombic efficiency (89%) and energy efficiency (67.7%) 

of these fully 3DP and packaged LIBs, further optimization is required to realize their full 

potential.   

 

 
 

Figure 4.16: a) Cycling curves of the 2nd cycle at 0.14 mA cm-2 of the 3DP LIB with 
biphasic LFP and LTO electrodes, UV-cured composite separator, UV-cured composite 
packaging, and glassy carbon current collectors. b) Ragone plot comparing areal capacity 
vs current density of our LFP/LTO Swagelok cell with 1 mm electrodes and the fully 
packaged 3DP LIBs to reported literature values. [open symbol denotes reports 
demonstrated test cells with per-electrode areal capacity values; closed symbol denotes 
reports demonstrated fully packaged batteries with per battery areal capacity values] 

 

a) b) 
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Figure 4.17: a) Voltage readout at 1.8V of a 3DP LIB in ambient condition. A red LED 
light b) disconnected (off) and c) connected (on) to a 3DP LIB. 

 

 

 

 

 

 

 

 

 

  

b) c) 

a) 
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4.4 Conclusions 

In summary, we have demonstrated a new generation of 3D printed and packaged 

Li ion batteries with ultrathick, biphasic electrodes with high areal capacities in 

customized form factors.  These packaged LIBs have areal capacities of 4.45 mAh cm-2 at 

0.14 mA cm-2, which corresponding full (unpackaged) cells can deliver 14.5 mAh cm-2 at 

0.2 mA cm-2 (energy density ~20 mWh cm-2 at ~1 mW cm-2).  The ability to fabricate high 

performance LIBs in nearly arbitrary form factors opens up new avenues for designing 

wearable electronics, sensors, and other devices, in which batteries are directly integrated 

within functional elements, such as eyeglass frames, watch bands, or rings.    
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Chapter 5 

Biphasic Electrode Suspensions for Li-Ion Semisolid Flow Batteries 

 

This chapter has been adapted from the publication:  

T.-S. Wei, F. Y. Fan, A. Helal, K. C. Smith, G. H. McKinley, Y.-M. Chiang, J. A. Lewis, 

“Biphasic Electrode Suspensions for Li-Ion Semi-Solid Flow Batteries with High Energy 

Density, Fast Charge Transport, and Low-Dissipation Flow” Adv. Energy Mater. 5, 

1500535 (2015). 

 

5.1 Introduction 

The rapidly increasing deployment of wind and solar energy has resulted in an 

urgent need for a smarter, more efficient and reliable electric grid for load balancing.[15,16] 

Currently, the vast majority of energy storage occurs via pumped hydro installations,[3] a 

technology that is mature, cost effective, and efficient, but limited in applicability by 

geographic constraints.[3] Alternative modes of energy storage that can be deployed in a 

distributed manner include batteries, compressed air, thermochemical energy, and 

flywheels;[3] but today only a small fraction of the world’s energy storage uses these 

technologies. 

Flow batteries are of particular interest due to their decoupled energy and power, 

providing design flexibility especially at large scales.[110-112] Many flow battery chemistries, 

however, suffer from limited solubility and low nominal voltage, resulting in low energy 
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densities.[113] To overcome this, Duduta et al. developed the semisolid flow cell (SSFC),[7] 

in which traditional liquid catholytes and anolytes are replaced by attractive colloidal 

suspensions composed of Li-ion compounds. They also replaced traditional stationary 

current collectors with conductive carbon nanoparticle networks within the flowing 

suspensions. These suspensions, which take advantage of Li-ion battery’s high energy 

density with flow battery’s design flexibility, have been investigated both 

experimentally[7,40,167-169] and computationally.[40,115,170] Similar concepts have recently 

emerged for electrochemical flow capacitors[114] and  polysulfide flow batteries.[39]  

To fully optimize SSFCs, the flowing electrodes must have high active material 

content coupled with an adequate conductive filler network to overcome the resistive 

nature of most electrochemically active Li-ion compounds. However, as their solids 

content increases, their ability to flow readily dramatically decreases. The key to 

maximizing active material content while retaining satisfactory flowability and 

conductivity is to simultaneously tailor the respective interactions between all particle 

populations within these electrodes suspensions.[171] 

In this chapter, we report the design and characterization of biphasic SSFC 

electrode suspensions with high energy density, fast charge transport, and low-

dissipation flow.  To create these biphasic mixtures[107,109] we specifically tailored the 

interactions between the active particles, LiFePO4 (LFP), to be repulsive, the interactions 

between the conductive particles, Ketjenblack EC-600JD (KB), to be attractive, and the 

cross-interactions between LFP-KB to also be repulsive, similar to the procedures 

described in Chapter 4. These two particle populations are suspended and mixed 

sequentially in propylene carbonate (PC) with 1M of lithium 

bis(trifluoromethane)sulfonamide (LiTFSI).  It is well known that colloidal particles will 



	 -	90	-	

rapidly aggregate when suspended in polar solvents under high ionic strength conditions 

due to van der Waals interactions.[149] Hence, we first introduce a non-ionic dispersant, 

polyvinylpyrrolidone (PVP), with appropriate amount to selectively stabilize the LFP 

particles fully, but not the KB particles. PVP has been shown to sterically stabilize colloidal 

particles in both aqueous[150-152] and non-aqueous[153] media leading to well dispersed 

suspensions. PVP is especially useful for SSFC electrodes as it confers stability even in 

systems with high (1M) salt concentrations that undergo electrochemical charging and 

discharging. We chose LFP due to its low volume expansion ( εlinear  � 2.2%)[42] when 

charged or discharged.  We then added KB particles to the suspension, which form a 

conductive network at a low percolation threshold.[147,172]  

We investigated the effects of biphasic suspension composition on the 

microstructure, flow behavior, and electrochemical performance of these SSFC electrodes. 

We show that well-dispersed (repulsive) LFP particles, surrounded by a percolating 

(attractive) KB network, enable quick and efficient charge transport that reduces 

overpotential during cell cycling.  For comparison, we also create purely attractive LFP-

KB suspensions in the absence of PVP and investigate their performance.  Finally, we 

develop an analytical model that predicts the pressure drop needed for a given target 

current, based on these measured properties.  

 

5.2 Experimental Methods 

5.2.1 Biphasic Suspension Preparation 

The active materials consist of a carbon-coated LiFePO4 (LFP) powder (M121, 

Advanced Lithium Electrochemistry Co., Ltd., Taoyuan, Taiwan) with a mean particle size 

of 4 µm, a specific surface area of 13 m2 g-1, and a density of 3.551 g cm-3 and carbon-
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coated Li4Ti5O12 (LTO) powder (LTO-1, BTR NanoTech Co., Shenzhen, China) with a 

mean particle size of 1.1µm, a specific surface area of 10.68 m2 g-1, and a density of 3.539 

g cm-3.  The conductive material consists of a Ketjenblack (KB) powder (EC-600JD, Azko 

Nobel Polymer Chemicals LLC (Chicago, USA) with a mean particle size ranging from 30 

– 100 nm, a specific surface area of 1400 m2 g-1, and a density of 2.479 g cm-3. SEM images 

in Figure 5.1 show the size and morphology of the LFP, LTO, and KB particles. Lithium 

bis(trifluoromethane)sulfonamide (LiTFSI), propylene carbonate (PC) and 

polyvinylpyrrolidone (MW = 40,000 g mol-1) are acquired from Sigma Aldrich. 

 

 

Figure 5.1 SEM images of (a) LFP (b) LTO and (c) KB particles 
 

 

Electrode suspensions are prepared in argon-filled glovebox with moisture and 

oxygen content maintained under 0.5 ppm. All dry materials are heated at 120°C 

overnight under vacuum to remove moisture. First, 250 ml HDPE bottles are filled with 

5 mm (200 g) and 0.5 mm (100 g) yttrium stabilized zirconia (YSZ) milling beads. Next, 

PC (50 g), PVP (0.3 g), and LFP or LTO powder (10 g) are added.  The bottles are sealed 

and the suspensions are ball-milled under ambient conditions for 24 h.  The suspensions 

are then filtered through 20 µm stainless steel sieve in the argon-filled glovebox. The 

filtered suspensions are then sealed and centrifuged at 12,500 g in the glove box for 

a) b) c) 



	 -	92	-	

approximately 1 h to collect the dispersed particles. After removing the supernatant, the 

dense sediment (typically 70 wt% solids) is collected and homogenized using a planetary 

mixer (Thinky AR-100). Additional PC and 1% PVP/PC solution are added, followed by 

ultra-sonication and homogenization. LiTFSI is then added to achieve a 1M electrolyte 

concentration. Finally, KB powder is added and homogenized. Suspensions containing 

either 0 or 0.1 PVP% are too flocculated to pass through a 20 µm sieve.  Hence, those 

samples are prepared by planetary mixing of PC with PVP, followed by adding LiTFSI, 

then active material, and, finally KB.  

 

5.2.2 Rheological Characterization 

Rheological measurements are carried out on electrode suspensions of varying 

composition using a torsional rheometer (Malvern Kinexus Pro) enclosed in an argon-

filled glove box. Both steady shear viscometry and oscillatory shear tests are performed 

using the smooth parallel plate geometry (diameter of 20 mm; mean roughness Rq of 0.36 

µm). All tests are performed at 25 °C, as regulated by a Peltier plate system. All samples 

are pre-sheared at 100 s-1 for 5 s prior to measurement and left to equilibrate until the 

normal force relaxes (~15 min). Steady shear viscometry tests are performed with 

decreasing applied shear rates, as described by Ovarlez et al.,[173] to ensure the existence 

of a simple yield stress for the material and to avoid possible transient shear banding. 

Following Yoshimura and Prud’Homme,[174] the same sample is tested at three different 

gap heights to probe and correct for slip effects. If the flow curves at different gap 

distances superimpose, the material does not slip. If gap-dependent rheology is observed, 

a correction is applied to extract the true shear rate applied on the sample at each value 
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of the applied stress. Oscillatory strain amplitude sweep tests are performed at a fixed 

frequency ω =  1 rad s-1 and used to extract their plateau shear elastic modulus.  

 

5.2.3 Electronic Conductivity Characterization 

Electronic conductivity is measured by the DC method, where the voltage is swept 

from 0 V to 0.15 V (Biologic VMP-3). The test cell used is a modified Swagelok cell with a 

cylindrical test geometry (6.35 mm wide, 200 µm thick) sandwiched by two stainless steel 

electrodes. Contact resistance between suspension and current collector is neglected in 

these measurements. 

 

5.2.4 Static Cell Characterization 

Static galvanostatic cycling measurements are performed in two-electrode 

Swagelok-type cells, using lithium metal foil (Alfa Aesar) as a counter electrode. Electrode 

suspensions are placed in a stainless steel rod with a 0.5 mm deep well, which is sputter-

coated with gold. A porous polymer separator (Celgard) soaked with electrolyte is 

sandwiched between the electrodes. All electrochemical tests are performed using a 

Biologic VMP-3 potentiostat. 

 

5.2.5 Flow Cell Characterization 

The electrode suspensions are tested in a lab-scale half flow cell, with both the 

positive and negative sides consisting of a 1.5 mm x 1.5 mm x 20 mm electroactive region 

machined into a PVDF body. This region is metallized by sputter-coating with gold on the 

positive side. A lithium metal negative electrode is inserted into the region on the negative 

side, and the two halves are bolted together with a Celgard separator wetted with 
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electrolyte in between. Pumping is performed using syringe pumps (Cetoni) with glass 

syringes (Hamilton Co.), at a flow rate of 30 µL s-1. A syringe is connected to each end of 

the flow channel; during flow, the suspension is pushed from one syringe, while 

simultaneously pulled into the other. Flow cell tests are performed in “intermittent flow” 

mode[115] in which the material in the electroactive region is fully charged or discharged, 

before another suspension aliquot in pumped in.  

 

5.3 Results & Discussions 

5.3.1 Microstructure of Electrode Suspensions 

We first characterized the microstructure of both biphasic and purely attractive 

LFP electrode suspensions using nanoscale-computed tomography (nano-CT).  The 3D 

reconstructed images and 2D slices of both systems are provided in Figure 5.2. Their 

respective compositions are 20LFP/1.25KB/0.3PVP and 20LFP/1.25KB/0PVP, where 

the numbers denote the volume percent of LFP and KB particles and weight percent of 

PVP (in solution) in each suspension. In the biphasic mixtures, which contain PVP-

stabilized LFP particles (white) and KB particles (grey), the two particle populations are 

clearly more homogeneously distributed than their purely attractive counterparts, which 

do not contain PVP. These observations are in excellent agreement with prior findings, in 

which the repulsive particle population within model biphasic mixtures led to a more 

homogeneous attractive particle network composed of smaller clusters and voids.[107,109]  

 



	 -	95	-	

 

Figure 5.2 3D reconstructions (top) and 2D (x-y) slices (bottom) of nano-CT scans 
acquired on (a) biphasic (0.3wt% PVP) and (b) purely attractive (0 wt% PVP) electrode 
suspensions composed of 20 vol% LFP and 1.25 vol% KB. 

 

5.3.2 Flow Behavior of Electrode Suspensions 

To explore dispersant effects on flow behavior, we carried out both shear 

viscometry and oscillatory measurements on biphasic and purely attractive LFP electrode 

suspensions with the same compositions described above. Their measured flow curves 

and shear elastic and loss moduli are shown in Figure 5.3a-b, respectively.  
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Figure 5.3 (a) Log-log plot of shear stress as a function of shear rate and (b) shear elastic 
storage (G´) and loss (G˝) moduli for biphasic (0.3 wt% PVP) and purely attractive (0 wt% 
PVP) electrode suspensions composed of 20 vol% LFP and 1.25 vol% KB. [Note: The lines 
in (a) represent fits of the Herschel-Bulkley model to the experimental data.] 
 

  

 

Figure 5.4 (a) Flow curves for the (a) biphasic LFP suspension (20LFP/1.25KB/ 0.3PVP) 
measured at 25 °C using different rheometer plate gaps (H = 0.8, 0.6 and 0.4 mm) against 
a smooth stainless steel surface. The overlapping results indicate no-slip boundary 
conditions at the surface. (b) Apparent viscosity as a function of shear rate for the biphasic 
(20LFP/1.25KB/ 0.3PVP) and purely attractive (20LFP/1.25KB/0PVP) LFP suspensions 
and [Note: The flow curves for the biphasic suspensions are slip-corrected, while those 
reported for the purely attractive suspensions are acquired at a rheometer plate gap of 0.8 
mm.  The latter data provide a lower bound on the true flow curves for these suspensions]. 
 

a) b) 
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Concentrated colloidal suspensions are prone to wall slip effects during 

measurements.[174-177] The flow curves for biphasic LFP suspensions, which are slip-

corrected[174], exhibit nearly identical behavior over multiple gap heights (Figure 5.4a). 

The inhomogeneity of the purely attractive electrode suspensions makes slip correction 

difficult. Their flow curve, which represents a lower bound, is acquired at the gap height 

of 0.8 mm. Both the biphasic and purely attractive suspensions exhibit a shearing 

thinning response (Figure 5.4b) and a shear yield stress (Figure 5.3a). However, the 

apparent viscosity of the biphasic system is nearly an order of magnitude lower than its 

purely attractive counterpart at a given shear rate.  The same trend is observed for shear 

yield stress, which is an order of magnitude lower for the biphasic LFP suspension. Fits 

to the Herschel-Bulkley model[178]: 

τ = τ y +K !γ
n       (1) 

where τ  is the shear stress, τ y  is the shear yield stress, K  is the consistency, !γ  is the 

shear rate, and n is the power law index, are shown in Figure 3a and regression to the 

experimental data gives an extrapolated yield stress of 0.6 kPa and 5.5 kPa for the biphasic 

and purely attractive LFP suspensions, respectively.  

The corresponding storage ( !G ) and loss moduli ( !!G ) are provided in Figure 5.3b 

for the same biphasic and purely attractive LFP electrode suspensions. We find that both 

suspensions behave predominantly as elastic solids !G >> !!G( ) , indicating percolated 

network of attractive KB particles exist within each system. However, once again, we find 

that the biphasic suspensions exhibit an order of magnitude lower stiffness (0.145 MPa) 

than the purely attractive counterparts (2.46 MPa). We note that the design of electrolyte 

suspensions that exhibit a shear thinning response, a shear yield stress, and viscoelastic 
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behavior is advantageous for SSFC applications, because it reduces particle sedimentation, 

phase segregation, and unwanted mixing of charged and discharged regions.  

This strategy can be readily applied to other active materials, such as lithium 

titanate (LTO).  To demonstrate this, we created both biphasic and purely attractive LTO 

electrode suspensions with compositions of 20LTO/1.5KB/0.3PVP and 

20LTO/1.5KB/0PVP, respectively. The slip-corrected flow curves for the biphasic LTO 

suspension (Figure 5.5a) exhibit nearly identical behavior over multiple gap heights. 

Both LTO suspensions exhibit a shear thinning response (Figure 5.5b), a shear yield 

stress, and viscoelastic behavior (Figure 5.6). However, akin to the biphasic LFP 

suspensions, the apparent viscosity (at a given shear rate), shear yield stress and shear 

elastic modulus of the biphasic LTO suspensions are nearly an order of magnitude lower 

than their purely attractive counterparts. Moreover, Herschel-Bulkley fits give 

extrapolated shear yield stress values of 360 Pa and 4,100 Pa for the biphasic and purely 

attractive LTO suspensions, respectively.  
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Figure 5.5 (a) Flow curves for the (a) biphasic LTO suspension (20LTO/1.5KB/0.3PVP) 
measured at 25 °C using different rheometer plate gaps (H = 0.8, 0.6 and 0.4 mm) against 
a smooth stainless steel surface. The overlapping results indicate no-slip boundary 
conditions at the surface. (b) Apparent viscosity as a function of shear rate for the biphasic 
(20LTO/1.5KB/0.3PVP) and purely attractive (20LTO/1.5KB/0.3PVP) LTO suspensions 
and [Note: The flow curves for the biphasic suspensions are slip-corrected, while those 
reported for the purely attractive suspensions are acquired at a rheometer plate gap of 0.8 
mm.  The latter data provide a lower bound on the true flow curves for these suspensions]. 
 

 

 

Figure 5.6 (a) Log-log plot of shear stress as a function of shear rate and (b) shear elastic 
storage (G´) and loss (G˝) moduli for biphasic (0.3 wt% PVP) and purely attractive (0 wt% 
PVP) electrode suspensions composed of 20 vol% LTO and 1.5 vol% KB. [Note: The lines 
in (a) represent fits of the Herschel-Bulkley model to the experimental data.] 
 

 

a) b) 

a) b) 
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5.3.3 Electronic Conductivity Measurements 

 To broadly explore the effects of suspension composition, we carried out electronic 

conductivity and oscillatory measurements on biphasic electrode suspensions of varying 

LFP, KB, and PVP content (Figure 5.7).   

 

 

Figure 5.7 Plots of shear elastic modulus and electronic conductivity as a function of 
varying (a) KB (at 20 vol% LFP, 0.3 wt% PVP), (b) LFP (at 1.5 vol% KB, 0.3 wt% PVP), 
and (c) PVP (at 20 vol% LFP, 1.5 vol% KB) contents showing positive correlation between 
the two properties. 
 

 

We first characterized biphasic suspensions with varying KB vol% composed of 

LFP (20 vol%) and PVP (0.3 wt%) (Figure 5.7a). We consistently observed a positive 

correlation between their electronic conductivity, shear elastic modulus, and KB content.  

Even at the lowest KB content (1 vol%) explored, these particles form a percolating 

network that gives rise to a measurable electronic conductivity and shear elastic modulus.  

However, upon increasing to 2 vol% KB, there is a power law growth in both electronic 

conductivity and shear elastic modulus (Figure 5.7a), indicating that that the 

interparticle bonds within this percolating particle network has dramatically increased.  

Next, we fixed the KB (1.5 vol%) and PVP (0.3 wt%) contents and explored the effects of 
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LFP (from 0 vol% to 25 vol%) on the electronic conductivity and shear elastic modulus of 

these biphasic electrode suspensions (Figure 5.7b).  As observed in Figure 5.2 as well 

as reported previously for model biphasic suspensions,[107,109] the presence of repulsive 

LFP particles alters both the long-range and local structure of the attractive KB network.  

In the absence of LFP particle, the attractive KB particle network consists of large, dense 

clusters that surround open regions filled with solvent and salt species. Upon adding 

repulsive LFP particles, the attractive KB particle network becomes more homogenous, 

favoring the formation of more tenuous, linear chains with fewer bonds between KB 

particles.  The repulsive particles have significantly slower mobility than solvent 

molecules or ionic species.  When randomly distributed amongst a population of 

attractive particles, the repulsive particles inhibit the formation of attractive particle 

bonds thereby yielding aggregated systems that are kinetically trapped in a more 

structurally uniform state.[107,109,154] The concomitant rise in both electronic conductivity 

and shear elastic modulus with increasing LFP content reflects this microstructural 

evolution within these biphasic suspensions (Figure 5.7b).  Simply put, as the 

conductive network becomes more homogeneous at a fixed number density of attractive 

KB particles, there are more pathways for transporting electronic current within the 

electrode suspensions and the shear elastic modulus increases.   We note that in the 

absence of attractive KB particles, the shear elastic modulus is indeed quite small (1.2 Pa), 

indicative of a structure-less liquid state expected for well-dispersed LFP suspension (20 

vol% LFP, 0.3 wt% PVP). Finally, we fixed both the LFP (20 vol%) and KB (1.5 vol%) 

contents and varied the amount of PVP from 0 to 0.5 wt% to determine its effects on 

performance.  Results show that once a critical amount of PVP (0.3 wt%) is introduced to 

the suspension to stabilize the particles, both electronic conductivity and shear elastic 
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modulus vary minimally with further addition of PVP (Figure 5.7c). The above data 

reveal that optimizing biphasic electrode suspensions for use in semisolid flow cell 

batteries is not straightforward.  Both their ability to charge/discharge efficiently and flow 

readily through the flow cell is important.  These criteria are often in conflict, since the 

KB network gives rise to both the desired electronic conductivity (which facilitates charge 

transfer) and a yield stress (which increases pumping pressure).[147,172] 

 

5.3.4 Analytical Model 

 To identify suitable SSFC suspension compositions, we developed an electrode-

scale model that incorporates efficiency and flowability criteria.  To impose a constant 

electrochemical performance criterion, we require that all suspensions have the same 

round-trip voltage efficiency between charge and discharge. In all cases, the modeled cell 

is subjected to a current density i  of 10 mA cm-2 with a current-collector length Lcc  of 20 

mm.  For each suspension, the electrode thickness w  is treated as an adjustable 

parameter that produces a voltage efficiency ηV  of 90%, where ηV  is defined as: 

ηV = φ eq −ΔΦ( ) φ eq +ΔΦ( )       (2) 

where φ eq  is the average open-circuit voltage of the cell, and ΔΦ  is the average 

polarization.  We assume that the electrochemical reactions propagate via a planar front 

through the electrode’s thickness, producing an average polarization that decreases as the 

effective electronic conductivity σ eff  and effective ionic conductivity κeff increase: 

ΔΦ = iw κeff +σ eff( ) 2κeffσ eff( )    (3) 
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This model for polarization accounts for the series arrangement of ionic and electronic 

resistance in porous electrodes (see schematic in Figure 5.8a), and we have shown 

previously[13] that similar models approximate the time-averaged polarization incurred 

during the intermittent-flow mode (and provide a lower bound on polarization incurred 

during the continuous-flow mode), as predicted by more accurate flowing, porous-

electrode models in the same work. This trend is shown in Figure 5.8b for suspensions 

with various loading levels of LFP. 
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Figure 5.8 (a) A schematic showing the 
series arrangement of ionic and 
electronic resistance in porous electrodes 
used in the model (b) Analytical 
predictions of the electrode thickness, C-
rate, and mean velocity as a function of 
electronic conductivity for biphasic and 
purely attractive LFP suspensions of 
varying composition, under the 
constraint of constant 90% voltage 
efficiency between charge and discharge 
(c) predicted pressure drop contours for 
suspensions with 20 vol% (solid lines) 
and 5 vol% LFP (dotted lines). [Note: The 
effective ionic conductivity is calculated 
for 1 mol L-1 LiTFSI in PC solvent, which 
has a viscosity of 8 mPa-s.[148] Contours 
of electronic transference number, 
defined as  T =σ eff σ eff +κeff( ) , where 
σ eff  and κeff  are effective electronic and 
ionic conductivity of the suspension, are 
also shown. (d) Surfaces of constant 
pressure-drop in the three-dimensional 
space of active-material loading, shear 
yield-stress, and electronic conductivity. 
The six data points represent the biphasic 
LFP suspension 
(20LFP/1.25KB/0.3PVP), the purely 
attractive LFP suspension (20LFP/ 
1.25KB/0PVP), the biphasic LTO 
suspension (20LTO/1.5KB/0.3PVP), and 
the purely attractive LTO suspension 
(20LTO/1.5KB/0PVP) along with two 
reference samples reported by Duduta et 
al. (22.4LCO/0.6KB)[7] and by Madec et 
al. (7.9LTO/2.2KB).[167]  
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The model couples charge-transfer and rheology properties by accounting for the 

high flow velocities required to cycle thin electrodes at a given current density.  The mean 

flow-velocity required to maintain stoichiometric conditions (where state-of-charge is 

consumed in one flow pass) increases as the electrode thickness decreases: 

u = iLcc qw( )       (4) 

q  is the volumetric charge-capacity of the suspension, which depends on the type and 

loading of electroactive material used. Because electrode thickness decreases with 

decreasing electronic conductivity, the mean velocity increases as electronic conductivity 

decreases.  A Bingham-plastic rheology[179]: 

      τ = τ y +µp !γ      (5) 

where µp is the plastic viscosity, is assumed to estimate the corresponding pressure drop 

ΔP , which increases with the flow’s dimensionless Bingham number: 

    ΔPw
2τ 0Lcc

= 2Bn 24Bn+ 9Bn2 +144 −Bn−12( )   (6) 

The Bingham number (a characteristic ratio of elastic-to-viscous stresses in the flow) is 

defined in terms of the fluid’s yield stress τ y  and plastic viscosity µP : 

      Bn = τ yw 2µPu( )      (7) 

With the variables defined, the model provides a contour plot as shown in Figure 

5.8c, where the pressure drops can be estimated for suspensions according to their 

charge-transfer and rheology properties. By inserting in the measured electronic 

conductivity and shear yield stress values for our biphasic and attractive suspensions, it 

is found that the attractive suspensions require roughly ten-times the pressure drop. The 

predicted pressure drops for the biphasic suspensions (~1-10 psi) are similar to those 
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reported previously by Duduta et al.[7] and Madec et al.,[167] for suspension compositions 

of 22.4LCO/0.6KB and 7.9LTO/2.2KB, respectively. However, our biphasic LFP and LTO 

electrode suspensions exhibit electronic conductivities that are nearly two orders of 

magnitude higher, which allows for roughly 25 times thicker electrodes according to 

Figure 5.8b, greatly reducing the time-average pumping rate. Our biphasic suspensions 

also lead to higher areal capacities compared to suspensions with lower electronic 

conductivity or active material content, enabling longer discharge time at the same 

current density. Furthermore, the biphasic suspensions possess nearly optimal electronic 

transference numbers (Figure 5.8c), where electronic and ionic conductivities are of 

similar magnitude. These properties are ideal for maximizing cell cycling rates, while 

minimizing the shunt currents between multiple cells in a stack. [39,180] By contrast, the 

low electronic conductivities measured by Duduta et al.[7] and Madec et al.[167] would give 

rise to dramatic ionic shunt currents owing to their low transference numbers as show in 

Figure 5.8c, if electrodes of moderate thickness are employed (e.g. 100 µm ~ 1 mm). 

Figure 5.8d shows the surfaces of constant pressure-drop in the three-dimensional 

material-selection space defined active-material loading, shear yield-stress, and 

electronic conductivity; data points on the plot show the properties of materials developed 

in the present and previous works.  Because volumetric charge-storage capacity is 

proportional to the loading of active material in semisolid suspensions, the vertical axis 

is a surrogate scale for energy-density.  The plot reveals that biphasic suspensions are the 

only electrodes reported to date that simultaneously exhibit high energy density (i.e., high 

active-material loading), fast charge transfer (i.e., high electronic conductivity), and low-

dissipation flow (i.e., low pressure drop). 
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5.3.5 Electrochemical Performance of Static Cells 

To test electrochemical performance, a biphasic LFP suspension 

(20LFP/1.5KB/0.3PVP) is first cycled in non-flowing configuration in a modified 

Swagelok cell (Figure 5.9).  

 

 

Figure 5.9 3D CAD images of the electrochemical measurement cells used for (a) 
electronic conductivity testing, (b) static galvanostatic cycling cell 
 

 

The initial specific capacity of 129 mAh g-1 is obtained at a rate of C/8 (i.e. one 

complete charge or discharge in 8 hours), which is similar to prior results for semisolid 

flow electrodes.[7,40,181] Their capacity is stable for 100 cycles, with a capacity of 115 mAh 

g-1 on the 100th cycle, or a loss of 0.1% per cycle (Figure 5.10a). Capacity is roughly the 

same at a rate of C/4, but drops significantly at C/2. Notably, the biphasic suspensions 

have a two-fold higher LFP content compared to prior reported systems (typically ~10 

vol%[40,168]).  Hence, a C-rate of C/4 for a 20 vol% suspension represents a current 
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equivalent to C/2 with a 10 vol% suspension, or 1C with a 5 vol% suspension. Figure 

5.10b reveals that polarization increases with cycle number, as given by the voltage 

differences between the galvanostatic charge and discharge curves, indicating that the 

capacity loss is due to impedance growth, rather than true capacity fading. Coulombic 

efficiency is consistently over 99% for the biphasic LFP suspension 

(20LFP/1.5KB/0.3PVP). We carried out similar measurements for a biphasic LTO 

electrode suspension (25LTO/2KB/0.8PVP) and measured a capacity up to 170 mAh g-1 

at a rate of C/8, with Coulombic efficiencies exceeding 99% (Figure 5.10c,d). We would 

like to point out the performance of those biphasic electrode suspensions are not fully 

realized in this flow battery application since their solids loadings (20 vol% LFP, 25 vol% 

LTO) are intentionally held low to limit the pressure drop under 10 psi during flow 

operation (Figure 5.8d). In Chapter 4, biphasic electrode inks with solids loading as high 

as 30 vol% are developed for 3D printing of Li-ion battery electrodes with superior 

electrochemical performance.  
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Figure 5.10 (a) Capacity and Coulombic efficiency as a function of cycle number for a 
biphasic LFP suspension (20LFP/1.5KB/0.3PVP) galvanostatically cycled vs. Li metal 
anode in a non-flowing Swagelok cell. (b) Selected cycles obtained for the same LFP. 
Cycles 1 and 90 are performed at C/8; Cycle 6 is performed at C/4. (c) A biphasic LTO 
suspension (25LTO/2KB/ 0.8PVP) cycled galvanostatically between 2.5 V and 1.0 V, with 
the first cycle at C/5 and subsequent cycles at C/8 rate and (d) Selected cycles for 
galvanostatic cycling of the same suspension: cycle 1 is performed at C/5, while the other 
cycles are performed at C/8. 
 

5.3.6 Electrochemical Performance of Flow Cells 

To further investigate their performance, the optimized biphasic LFP suspensions 

are tested in a lab-scale half-flow cell (Figure 5.11a) against a Li metal negative electrode, 

using the intermittent flow mode. In this approach, the volume of material inside the 

a) b) 

c) d) 
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electroactive region, referred to as an aliquot,[115] is fully charged or discharged under 

non-flowing condition, and then the aliquot is quickly replaced with a fresh one using 

computer-controlled syringe pumps. This protocol is known to reduce inefficiency due to 

pumping[170]  and electrochemical[115]  losses. In this test, an amount of suspension equal 

to twice the channel volume is charged and discharged (Figure 5.11b).  

 

 

Figure 5.11 (a) Intermittent-flow cycling of the biphasic LFP suspension 
(20LFP/1.25KB/0.3PVP) in a lab-scale flow cell. Two consecutive aliquots are first 
charged, then the second one is discharged, and finally the first aliquot is discharged. The 
flow channel is 20mm long and has a 1.5 mm x 1.5 mm square cross-section. (b) 3D CAD 
image of the flow galvanostatic cycling cell.  
 
 

An overall Coulombic efficiency of 72.3% and energetic efficiency of 63.1% are 

obtained, as compared to first cycle Coulombic efficiency of 91% in the static cell. To our 

knowledge, this is the highest LFP concentration used in a semisolid flow battery 

electrodes, and additional performance improvements are expected upon further 

optimizing flow conditions.[115] The overall capacity of LFP in the suspension is 131 mAh 

g-1 (equivalent to 93 Wh L-1), at a current density of 1.67 mA cm-2, or a rate of C/9 per 

a) b) 
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aliquot. During the charge and discharge processes, the capacity of the first aliquot is 

larger than that of the second one, which may be due to electroactive zone extension,[115,180]  

in which the catholyte’s high electronic conductivity allows material slightly outside the 

channel to be cycled. 

To further improve the performance of SSFCs, we suggest replacing the non-ionic 

surfactant PVP with Triton X-100 (TX100)[167] for better long term cyclability. We suspect 

PVP degrades and is consumed during cycling, as suggested by the 3-electrode cyclic 

voltammetry experiments performed (Figure 5.12) on pure 1M LiTFSI/PC electrolyte, 

one with 10 wt% PVP added, and one with 10 wt% TX-100 added.  

 

 

Figure 5.12  (a) 3-electrode cyclic voltammetry data of pure 1M LiTFISI in PC electrolyte 
compared to one with 10 wt% PVP added and one with 10 wt% TX-100 added. (b) a 
zoomed in view comparing the pure electrolyte and the one with TX-100 added. 
 
 

Within the relevant voltage range (1 ~ 4V vs. Li+/Li), PVP degradation translates into 

excess current as shown in Figure 5.12a, whereas the electrolyte with TX-100 added 

showed a nearly identical CV curve to the pure electrolyte sample (Figure 5.12b). Since 

a) b) 
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the presence of finely tuned addition of surfactant is critically responsible to biphasic 

suspensions, PVP degradation can be detrimental to the suspension’s flowability and 

homogeneity, potentially rendering the flow battery non-operational.  

Quite recently, Hopkins et. al. have reported a cost and performance model that 

compares static and flow batteries. [182] They find the cost advantage of SSFC versus static 

Li-ion batteries diminishes from ~25% to ~10% when suspension loading increases from 

~10 vol% to 40 vol%. Since SSFCs require high solids loading to provide superior energy 

density compared to traditional flow batteries, there is less incentive to deploy scalable 

flow battery infrastructure over commercial Li-ion batteries. Moreover, Li-ion batteries 

are becoming less expensive every year due to their growing use renewable energy 

storage[1], electric vehicles[4], and portable electronic devices.  

Further challenges associated with SSFCs include state of charge (SOC)-dependent 

rheological and electrochemical properties, since the ionic strength , hence, flowability 

are expected to change with SOC, as will the electronic conductivity of LTO.[183] Looking 

ahead, rheo-electrical studies[147,184] coupled with real-time tomography [185-188] would 

allow one to better understand how shear-induced disruption of the attractive KB particle 

network[189] influences electrical conductivity. 
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5.4 Conclusion 

In summary, we have created a new class of biphasic electrode suspensions for 

semisolid flow cell batteries that possess high active material content, yet simultaneously 

exhibit improved flow behavior and electronic conductivity. The ability to independently 

tune the stability of two (or more) particle populations enables one to engineer 

concentrated suspensions that exhibit flow behavior akin to that observed for purely 

attractive electrode systems, while achieving far higher electronic conductivities.  Given 

their enhanced performance, thicker electrodes can be used leading to more desirable 

transference numbers and higher theoretical areal energy densities.  Our approach, which 

has been demonstrated for both LFP and LTO suspensions, opens news avenues for 

tailoring composite suspensions, including other mixtures of electrochemically active and 

electronically conductive species.  
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Chapter 6 

Conclusions 

My Ph.D. dissertation describes the design, fabrication and characterization of 

high energy density Li-ion batteries with ultrathick electrodes (up to 1.5 mm) for use in 

applications ranging from customized microbatteries to semisolid flow cells. Specifically, 

we developed concentrated electrode suspensions based on LiFePO4 (cathode) and 

Li4Ti5O12 (anode) in the absence and presence of a conductive carbon particle network.  

We carefully tailored flow behavior and electrochemical performance of the semisolid 

electrodes for both 3D printed LIBs and flow cell batteries. By controlling interparticle 

interactions, we created high areal capacity Li-ion batteries (LIBs) for applications across 

multiple scales. The ability to fabricate 3D-printed LIBs in arbitrary form factors opens 

new avenues for electronic device design. In addition, the efficient and scalable biphasic 

semisolid flow cells offer a promising approach for grid-scale energy storage.   

The principal findings of my Ph.D. research are summarized below: 

I. Li-ion Microbatteries 

§ LFP and LTO Inks 

We developed concentrated (~20 vol%) LFP and LTO inks that readily flow 

through fine nozzles (30 µm). The inks are prepared by suspending LFP and LTO 

nanoparticles in a solution composed of deionized water, humectants, and 

cellulose-based viscosifier via multi-step process that involves particle dispersion, 

centrifugation, and homogenization. In addition to their shear thinning and yield-

stress behavior required for DIW, these viscoelastic inks show excellent shape 
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retention in their printed features, owing to rapid (re)solidification, high yield 

stress and shear elastic modulus.  

§ 3D Printed Interdigitated Electrode Architectures 

We created Li-ion microbatteries by direct writing of concentrated LFP and LTO 

inks in the form of interdigitated, high aspect ratio electrodes on patterned gold 

current collectors. The printed electrodes (width ~ 60 µm and height ≤ 400 µm), 

whose total volume is below 1 mm3, were slightly sintered to form amorphous 

carbon to improve electronic conductivity. To demonstrate the versatility of 3DP, 

we printed a 2D-array of LTO electrodes and one directed on the side of a pencil. 

§ Electrochemical Performance 

The printed microbatteries delivered amongst the highest areal energy density (9.7 

J cm-2) and power density (2.7 mW cm-2) reported to date. Half-cells with printed 

LFP or LTO electrodes showed specific discharge capacities of 160 and 131 mAh/g 

(1 C), whereas the full-cell delivered areal capacity of ~1.5 mAh cm-2 at a stable 

working voltage of 1.8 V when discharged below 5C. Cycle life study (30 cycles) also 

showed minimal capacity decay. Packaged full-cell recorded stable oxidation and 

reduction peaks at 1.3 V and 2.4 V, and delivered 1.2 mAh cm-2 at 0.5 C, but did not 

exhibit long-term cyclability.  

§ Limitations and Future Directions 

Several issues must be addressed to further improve the performance of Li-ion 

microbatteries. First, the packaging process must enable better hermetic sealing. 

Second, the inactive area, volume and weight of the packaged battery must be 

minimized to enhance the energy and power densities. Third, the overall yield must 

be improved by overcoming electrode drying and sintering defects such as cracking 
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and delamination. Finally, conductive fillers must be incorporated into the 

electrode inks to enhance electronic transport and overcome the longer diffusion 

length of the thicker electrodes.  

II. Li-ion Batteries with Ultrathick Electrodes 

§ Biphasic LFP and LTO Ink Design and Flow Behavior 

We created biphasic semisolid electrode inks that are electrolyte-infused (1M 

LiTFSI/PC) for direct writing of LIBs with ultrathick electrodes (~ 1 mm).  

Specifically, the interactions between the active particles, LFP or LTO, are 

rendered repulsive by sterically stabilizing them with a non-ionic dispersant, PVP 

while those between negligibly-coated conductive carbon particles are attractive. 

Notably, their cross-interactions (LFP-carbon or LTO-carbon) are also repulsive. 

We found both electronic conductivity and suspension homogeneity improve with 

increasing content of repulsive active particles. The biphasic inks also exhibit shear 

thinning and yield stress flow behavior required for DIW, and rapid 

(re)solidification for shape-retention. Our biphasic ink design enables high solids 

loading of active materials within a percolative network of conductive carbon 

particles, which gives rise to electrodes that simultaneously exhibit good 

flowability, fast charge transport (12 mS/cm), and high energy density (30 vol%). 

§ Packaging and Separator Ink Design and Flow Behavior 

We synthesized UV-curable packaging and separator inks to fully 3D print 

customizable Li-ion batteries. The packaging ink is a composite of hermetic-

sealing UV-curing epoxy with fumed SiO2 nanoparticles added as strengthening 

fillers. The separator ink is a composite of UV-curable ETPTA matrix with 

stabilized Al2O3 microparticles, infused with electrolyte (1M LiTFSI/PC). While 
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both inks exhibit shear-thinning and yield-stress behaviors, the packaging ink was 

designed to be mechanically strong for creating high aspect-ratio (width~0.250 

mm, height~2.3 mm) casing, whereas the separator was tailored to be a soft gel for 

creating robust separators (100 µm) with high electrolyte content (50 vol%).  

§ Electrochemical Performance of Biphasic Electrode Inks 

We performed rigorous cycling tests at various electrode thicknesses (0.05~1 mm) 

and current densities (0.2 ~ 2 mA cm-2) which show that our biphasic electrodes 

are capable of delivering areal capacities up to 14.5 mAh/cm2 at 0.2 mA/cm2 with 

1 mm thick electrodes. Self-discharge study of a LFP/LTO full battery with 1 mm 

thick electrodes revealed 0.9% loss in capacity over 20 days, translating into a shelf 

life of 6 years. Repeated cycling (up to 250 days) revealed while Coulombic 

efficiency of thicker electrodes remain nominally 1 with only slight capacity decay, 

their energy and voltage efficiencies were found inferior to thinner electrodes. 

With 1 mm LFP/LTO electrodes, high areal energy density (~20 mWh/cm2) at ~1 

mW/cm2 was achieved.  

§ Glassy Carbon Current Collectors & Composite Separator 

We utilized glassy carbon as current collectors to achieve excellent cycling 

performance with boosted energy efficiency (~90%), improved capacity retention 

over 160 cycles, while delivering areal capacity of 1.8 mAh/cm2 at 0.2 mA/cm2 with 

thin 100 µm thick electrodes. Coulombic efficiency is nominally one. Repeated 

cycling data (20+ cycles) using UV-cured composite separator film (thickness~100 

µm) showed satisfactory performance albeit poorer energy efficiency (~80%) and 
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areal capacity (~1.2 mAh/cm2) at 0.2 mA/cm2 compared to using a commercially 

available Celgard separator (thickness~20 µm). 

§ Fully 3D Printed Open Square LIBs 

We created 1 cm2 open square LIBs (center through-hole: 0.36 cm2) with high 

active electrode content (54 vol%, 63 wt%) and low inactive packaging content (29 

vol%, 23 wt%). This battery is fully 3D printed by first depositing packaging ink 

onto glassy carbon substrate (0.18 mm), followed by sequential printing of anode 

(1 mm), separator (0.1 mm), and cathode (1 mm) inks. A current collector lid (0.18 

mm) capped off the printed structure and sealed with a thin layer of packaging ink 

(0.1 mm). The packaging and separator materials are UV-cured directly on the 

print platform.  

§ Packaged Cell Performance & Future Directions 

The fully 3D printed packaged open square LIBs delivered areal capacity of 4.45 

mAh/cm2 at a current density of 0.14 mA/cm2, which is ~3 times higher than the 

previous unpackaged Li-ion microbattery.  The low normalized capacity (43.35%), 

Coulombic efficiency (89%) and energy efficiency (67.7%) of the 3DP LIBs suggest 

improvements are required, including viscosifying the separator ink to improve 

film flatness, adopting a scraping mechanism for cleaner ink interfaces, and 

employing a pressure foot system to ensure firm interlayer contact. 

III. Li-ion Semisolid Flow Batteries 

§ Biphasic vs. Attractive LFP and LTO inks 

We compared biphasic electrode suspensions (PVP-stabilized) with purely 

attractive electrode suspensions (without PVP) and found the former exhibit more 

homogenized particle distribution, lower yield-stress, and lower apparent viscosity. 
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The improved flowability of the biphasic electrode suspensions along with 

adequate active material loading (20 vol%) and uniformly distributed conductive 

carbon network (>10 mS/cm) make them highly suitable for semisolid flow cells.  

§ Analytical Model Predictions 

We developed an analytical model with a target current density of 10 mA cm-2 and 

voltage efficiency of 90% to find biphasic suspensions the only electrodes reported 

to date that simultaneously exhibit high energy density (i.e., high active-material 

loading), fast charge transfer (i.e., high electronic conductivity), and low-

dissipation flow (i.e., low pressure drop). The model predicted pressure drop for 

the biphasic suspensions similar to those reported previously (1~10 psi), but 

exhibit electronic conductivities that are nearly two orders of magnitude higher, 

which allows for roughly 25 times thicker electrodes, therefore much higher areal 

capacities. The biphasic suspensions also possess nearly optimal electronic 

transference numbers (≥ 0.5).  

§ Electrochemical Performance of Static Cells 

Half-cell static cycling test with a 0.5 mm thick LFP electrode showed initial 

specific capacity of 129 mAh g-1 at a rate of C/8. The capacity is stable for 100 cycles, 

with a capacity of 115 mAh g-1 on the 100th cycle, or a loss of 0.1% per cycle. 

Capacity is roughly the same at a rate of C/4, but drops significantly at C/2. 

Coulombic efficiency is consistently over 99% for the biphasic LFP suspension. 

Half-cell static cycling test with a 0.5 mm thick LTO electrode showed capacity up 

to 170 mAh g-1 at a rate of C/8, with Coulombic efficiencies exceeding 99%.  
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§ Electrochemical Performance of Flow Cells & Future Directions 

We tested biphasic LFP electrode suspension in a lab-scale half-flow cell against a 

Li metal negative electrode, using the intermittent flow mode. Two aliquots of 

suspensions were pumped through the electroactive region (1.5 mm x 1.5 mm x 20 

mm) for charging and discharging. An overall Coulombic efficiency of 72.3%, 

energetic efficiency of 63.1%, capacity of 131 mAh g-1 (equivalent to 93 Wh L-1) were 

achieved at a current density of 1.67 mA cm-2. The potential of semisolid flow cell 

could be further realized by replacing the non-ionic surfactant PVP with Triton X-

100 (TX100) for better long term cyclability, and analyzing state of charge-

dependency of rheological and electrochemical properties. 
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