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Abstract  

 

Hierarchical porous structures are ubiquitously around us (e.g., bamboo, wood, bone, bird 

wings). They exhibit many exceptional properties such as light weight, large surface area, and 

multi-functionality. It would be desirable to artificially replicate such bio-inspired structures. 

Depending on the specific material, the method to fabricate porous three-dimensional structure 

varies. Most of the basic idea is indirectly using a second-phase as template to replicate their 

porous structure. Among them, freeze casting is one that uses ice as template, thus, making it a 

versatile, low cost and environmentally friendly process. However, conventional freeze casting 

process can only fabricate porous objects with simple geometries such as cylinder, rectangle, based 

on the shape of the mold to hold the slurry or colloids. Additive manufacturing (AM), or three-

dimensional (3D) printing, with the capability to fabricate a part directly from a computer aided 

design (CAD) model, can probably bridge this gap. Thus, this dissertation aims to investigate a 

novel fabrication approach to produce porous objects with arbitrary shapes based on the integration 

of disruptive 3D printing technology and freeze casting into one seamless freeze nano printing 

system. To this end, the research question is: can 3D printing be used to fabricate hierarchical, 

functional porous material? If yes, how to realize multiscale and multifunctional part fabrication? 

This research question is tentatively answered by the hypothesis:  inkjet printing of aqueous 

nanomaterial integrating with ice templating followed by freeze drying process can fabricate 3D 

functional porous materials. 

To validate the hypothesis, a 3D printing system, which is based on fused deposition modeling 

(FDM) printer with custom-made inkjet printing dispensing system, is developed and the platform 

is built based on a simplified freeze casting system. The first porous materials used to validate the 

hypothesis are porous ceramics. Ceramic inks containing 13.6 vol. % silica particles, 15 vol. % 
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alumina particles, and 15 vol. % hydroxyapatite (HAP) are successively developed and used as 

prototype materials for inkjet printing of ceramic inks.  The fabricated porous silica shows good 

thermal resistance, and the mechanical property of the printed honeycomb alumina structure can 

be tuned by balancing the ink concentration, sintering temperature, shrinkage and thus porosity, 

ultimately the mechanical property. More importantly, we show that the pore size can be adjusted 

by setting different cold plate temperature and the pore morphology depends on the ceramic types 

and additives mixed in the ceramic suspension. 

Next, a kind of special porous carbon material which is known as graphene aerogel is 

investigated. Graphene oxide inks with 2 mg/ml, 4 mg/ml, 6 mg/ml, 8 mg/ml and 10 mg/ml are 

used to print graphene oxide ice structure of various 2.5D and truly 3D structures (i.e., with 

overhang structures). After freeze drying and thermal reduction, the graphene aerogels are 

successfully fabricated. The printed graphene aerogel, inheriting the exceptional properties of 

graphene material, shows great compressibility with up to 50% as well as good electrical properties.  

To resolve the challenge of printing accuracy in the freeze nano printing process, process 

parameters such as nozzle travelling velocity, dispensing frequency, valve duty cycle, and applied 

pressure are investigated using printing of graphene oxide as an example. Experimental results 

show that through accurately mapping the setting values of filament and actual measured values 

of the frozen printing line, high accuracy geometry can be obtained. 

To further explore the multi-functionality, the graphene aerogel was used as the electrode for 

supercapacitor. The 3D printed periodic graphene aerogel electrode shows exceptional 

electrochemical performance that is otherwise impossible to realize through traditional methods. 

Experimental results show that the graphene aerogel possesses the function to work as an electrode 

for electrochemical energy storage devices. The capacitance of the printed pure reduced graphene 
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oxide (rGO) aerogel electrode exhibits a capacitance of 83.8 F/g.  

It is suggested freeze nano printing by integrating material deposition and freeze casting 

provides a viable approach to fabricate porous materials with multiscale structures and 

multifunctional properties. Further research could be undertaken to promote the print resolution 

by investigating the multiphysics involved in coupling particle-laden inkjet droplets and cold plate 

ice templating. 
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Chapter 1 Introduction  

 

1.1 Research Background and Motivation 

1.1.1 Additive Manufacturing 

Additive manufacturing (AM), also known as three-dimensional (3D) printing, or solid 

freeform fabrication (SFF), refers to a variety of techniques that fabricate an object layer by layer 

directly from a computer aided design (CAD) model without part-specific tooling.  The reason 

why it is called additive manufacturing is that a 3D object is fabricated in bottom-up manner, as 

opposed to traditional manufacturing methods such as milling, drilling, cutting etc. where objects 

are produced subtractive in top-down manner [1]. An illustration to demonstrate the difference 

between traditional, subtractive manufacturing and additive manufacturing is shown in Figure 1.1. 

 

Figure 1.1 Additive vs. subtractive manufacturing 

It is clear that two of the most apparent advantages of additive manufacturing comparing to 
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subtractive manufacturing are: (1) more complex geometry of fabricated object, (2) less material 

waste. Although there are many derivative forms of additive manufacturing, the basic processes 

underlying these technologies are similar: as illustrated in Figure 1.2, to begin print, a 3D model 

firstly needs to be created, this model can be created from Computer Aided Design (CAD) software 

such as SolidWorks (Dassault Systèmes Inc.), 3DMax (Autodesk Inc.), and SketchUp (Google Inc.) 

etc., or it can be got from an existing object by digital technologies like 3D scanning and computed 

tomography (CT). Next, in most common situations, the model is converted into the 

STereoLithography (STL) file format, which is created by Chuck Hull (founder of 3D Systems 

Corporation) in the mid 1980’s along with his stereolithography 3D printing method. After the 

STL file is sliced into a set of two-dimensional (2D) layers through advanced computation 

algorithms, the 3D object can be fabricated layer-by-layer. 

 

Figure 1.2 General process for additive manufacturing 

AM technologies can be categorized into the following seven types according to ASTM 

International [2]: (1) material extrusion (e.g., direct ink writing (DIW), fused deposition modeling 

(FDM®)), (2) powder bed fusion (e.g., selective laser sintering (SLS), direct metal laser sintering 

(DMLS)), (3) vat photopolymerization (e.g., stereolithography (SLA®) ), (4) material jetting (e.g., 

PolyJet™, and other inkjet printing (IJP) related processes), (5) binder jetting (3DP™), (6) sheet 
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lamination (e.g., laminated object manufacturing (LOM™)) , and (7) directed energy deposition 

(e.g., laser net shape engineering (LENS)). Due to these versatile processes, 3D printing possess 

the potential to print electronics [3, 4], energy storage devices [5, 6], ceramics and glasses [7-9], 

automotive and aircraft components [10, 11], artificial ears [12], prosthetic limbs [13], 

metamaterials [14, 15] and food [16], to name a few. Each AM technology can be viewed to be a 

couple of specific process and material. For example, SLA to photopolymers, FDM to filament, 

LOM to laminate, DIW to paste, IJP to Newtonian fluid ink. Figure 1.3 depicts the corresponding 

relationship between the process and material, and their belonging categories. 

 

Figure 1.3 Relationship between the process and material of existing 3D printing technologies 

Even though the input material of AM processes are versatile (e.g., liquid, paste, solid filament, 

solid laminate, and powders), the outcome forms of AM techniques are relatively barren. Table 

1.1 summarizes the typical AM processes in terms of their input materials and output materials. It 

can be seen that most of the product by AM techniques are hard solid. Hard solid objects are the 
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mainstream products of our daily life. Firm, strong structures without unwanted voids are the final 

goal of many AM processes. However, in certain situations, porous materials can be of high 

importance. Some prominent examples include biomedical scaffolds, energy storage, heat 

exchange, catalysis, and filtration technologies. In these situations, porous structures are beneficial 

for the functional liquid and gas to transport through. Moreover, many natural material such as 

bone tissue, bamboo, or wood owe their exceptional mechanical properties to their hierarchical 

porous structure. The goal of this research is to investigate a universal AM process that can be used 

to print various materials resulting in a porous object with tailored geometry shape. 

Among the existing AM techniques, 3DP is one of the major processes that can yield a porous 

object. In this process, inkjet-printed binders are deposited onto plaster-based powder bed to define 

a cross-sectional 2D image of an object. Once a layer is printed, the piston platform that holds the 

object moves down by one layer thickness, a new powder layer is spread over the already printed 

part. This process repeats until the full object is built. Due to the powder bed nature of this process, 

the built parts are normally porous and lack of mechanical strength as these pores are not 

intendedly formed. Thus, polymers printed by 3DP are typically infiltrated with a second phase to 

enhance the mechanical strength, while metals and ceramics printed are densified and strengthened 

via sintering. The pores are largely eliminated in such post processes.  Apparently, an AM method 

that can fabricate tailored porous object is missing in this area.  

By further review of the input material requirement in Table 1.1, it is not difficult to see that 

material deposition based AM processes (i.e., inkjet printing, direct ink writing) have the least 

restriction on material morphology. The only requirement of inkjet printing based AM process is 

to formulate an ink of Newtonian fluid. Thus, any polymer, ceramic, metal and their composite 

that can be dissolved or dispersed in a solvent to form such fluid can be printed using inkjet 
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technology. Similarly, ink for DIW process only needs to be paste with shear thinning behavior. It 

is not material specific (e.g., polymer, ceramic, or metal). Compared to IJP, the solid loading of 

the ink using DIW process can be much higher.  Eventually, IJP and DIW together cover a wide 

variety of materials that can be used for 3D printing. Additionally, as the material is deposited from 

the nozzle, multi-material or composite structures can be readily fabricated if more than one 

nozzles are used. 

Finally, the objective of this research is to develop a novel AM method based on IJP or DIW 

that can produce versatile, hierarchical porous structures.  

Table 1.1 Material feedstock requirement for 3D printing processes 

 

1.1.2 IJP and DIW based Additive Manufacturing 

Inkjet printing and direct writing are two very important technologies among the 3D printing 

processes. They can be ascribed to material extrusion and material jetting respectively. Although 

these two processes are similar in that materials are deposited out of a well-defined nozzle, there 

are big differences in terms of physical devices and material morphology. Figure 1.4 shows the 

simplified schemes of IJP and DIW respectively. It can be seen from the figure, in the IJP 

Processes Input material Output material 
Multi-material 

capability 

Inkjet printing 
Low viscosity Newtonian 

liquid 
Film/solid Very good 

Direct writing 
High viscosity non-

Newtonian paste 
Varies Good 

SLA Photosensitive resin Mainly hard solid Challenging 

FDM ABS or PLA filament  Hard solid Good 

LOM 
Paper, plastic or metal 

laminates 
Flexible/hard solid Challenging 

SLM Metal powders Hard solid Very challenging 

3DP 
Powders (ceramics, polymer, 

metal) 
Porous hard solid Very challenging 
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technology, nozzle and substrate is separated by the droplet, so normally IJP is called non-contact 

deposition technology. While in the DIW process, the nozzle and substrate is connected through 

extruded filament, thus, it is continuous. 

 

Figure 1.4 Schematic view of: (a) inkjet printing and (b) Direct ink writing [17] 

The ink that can be used by IJP is low-viscosity Newtonian liquid, where the viscosity of ink 

is a constant. The shear stress is directly proportional to the shear rate, and the slope is constant. 

However, in DIW process the ink must possess shear thinning properties, which means the 

viscosity decreases as the shear rate increases.  A typical shear stress - shear rate relation for 

Newtonian and non-Newtonian liquids is shown in Figure 1.5.  
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Figure 1.5 Typical shear stress - rate relation for Newtonian and non-Newtonian liquids 

1.1.2.1 Inkjet printing 

Inkjet printing is a droplet-based material deposition process originally used for graphic or 

document printing in 2D space. As a promising technique, inkjet is capable of producing complex 

patterns with high-resolution and multi-material capability. It has been developed as a non-contact 

direct-writing technology for various applications from electrical to biomedical [18]. In the field 

of 3D printing, inkjet printing is developed into a polymer jetting and binder jetting process. In the 

polymer jetting process, the inkjet print head deposits photosensitive polymer that is cured by a 

light source upon landing onto the substrate; whereas in the binder jetting process, the binder is 

selectively deposited onto a powder bed to form a cross section of the object, which is known as 

3DP. 

Depending on how the ink is processed and the continuity of drop flow, inkjet printing can be 

divided into continuous and drop-on-demand mode (CIJ and DOD). As shown in Figure 1.6, in 

CIJ a constant stream of droplets are produced through the drop generator. This stream of droplets 

are then selectively charged to decide if a specific droplet is deposited onto the substrate or 
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recycled through the gutter.  In DOD, droplets are generated only as needed. The droplets thus are 

not continuously exited from the drop generator (e.g., piezoelectric or thermal resistor).Continuous 

jetting allows large area to be patterned at relatively high speeds, whereas the drop-on-demand 

method is better suited for depositing small and controlled quantities of material [19].  

 

Figure 1.6 Schematic diagram of (a) continuous and (b) drop-on-demand inkjet printing [20] 

To achieve good printing quality, ink viscosity and surface tension are the two most important 

rheological parameters. High surface tension can prevent jetting out from the print head and cause 

it to clog, while low surface tension causes incorrect ink release, so that it streams out of nozzle or 

form unstable drops [21]. Typically, to prepare the ink, active material (e.g., pigment, ceramic 

particles, and other functional nanomaterial) is dispersed into an aqueous or organic solvent. The 

formation of the final material used for inkjet printing should be in a diluted liquid form. The ink 
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for inkjet printing must be well formulated without any agglomerate in order to avoid possible 

clogging during printing. Also, the active material loading in the ink cannot be high, otherwise the 

required ink with particular fluid behavior cannot be obtained. In general, the ink characteristics 

such as viscosity 𝜇 , surface tension 𝜎  and density ρ, must be within certain ranges and satisfy 

certain rules for a fixed nozzle diameter d to allow the inkjet process work properly [22]. The 

inverse Ohnesorge number Z is commonly used to predict if a stable inkjet drop will be formed: 

𝑍 = 1/𝑂ℎ = √𝜌𝑑𝜎/𝜇. Only if 1< Z<10, can the ink be expected to produce stable droplets. Table 

1.2 summarizes the three dimensional number that can be used to evaluate the printability of the 

ink. 

Table 1.2 Typical fluidic parameters for inkjet printing 

Dimensionless numbers Equations Notes 

Weber number 
𝑊𝑒 =

𝜌𝜈2𝑎

𝛾
 

𝑎: character length (i.e.,, 

nozzle diameter) 

𝜂: viscosity 

𝛾: surface tension 

𝜌: density 

𝜈: velocity 

Reynolds number 𝑅𝑒 =
𝜈𝑎𝜌

𝜂
 

Ohnesorge number 
𝑂ℎ =

𝑊𝑒1/2

𝑅𝑒
=

𝜂

√𝛾𝜌𝑎
 

Z 
𝑍 =

1

𝑂ℎ
 

 

The formation of droplets through DOD is a complex process involving multi-physics process 

from the droplet ejection to droplet landing onto a substrate. Except for the above mentioned 

dimensionless numbers, a minimum velocity needs to be satisfied  for a successful droplet ejection 

[22, 23]: 

𝑣𝑚𝑖𝑛 = (
4𝛾

𝜌𝑎
)

1/2

 (1.1) 

Substituting this equation into the weber number, we can infer that the Weber number needs to 
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have a minimum value of 4. 

After the droplets are ejected from the nozzle, they will land onto the substrate as shown in 

Figure 1.7. The droplet will spread and solidify on the substrate. Depending on the substrate 

condition, the solvent will sublimate and dry out soon after, or the solvent can experience a phase 

change through external excitation (e.g., cure upon shinning with light, or freeze with a substrate 

temperature lower than the solvent’s melting point).  The drop should spread properly to leave a 

single isolated drop without extra splash drops. The rest diameter of the drop can be forecasted by 

the following equation [17, 24, 25]: 

𝑟𝑚𝑎𝑥

𝑟
= (

𝑊𝑒2 + 12

3(1 − 𝑐𝑜𝑠𝜃) + 4𝑊𝑒2/𝑅𝑒1/2
)

1
2 (1.2) 

Where 𝑟𝑚𝑎𝑥 is the maximum radius of spreading, 𝜃 is the equilibrium contact angle of the droplet 

on the substrate. 

The splash parameter K is a function of Weber number and Reynolds number: 

𝐾 = 𝑊𝑒
1
2𝑅𝑒

1
4 (1.3) 

To avoid the splash of drops, the splash parameter needs to satisfy: 

𝐾 > f(R) (1.4) 

Where f(R) is a function of surface roughness, for a smooth, flat surface, this value is estimated 

to be around 50. 

Volumetric droplet delivery rate: 𝑄 = 𝑓
4

3
𝜋𝑟3, where f is the drop generation frequency, and r 

is the radius of the drop. 
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Figure 1.7 Illustration of inkjet printing of nanomaterial 

1.1.2.2 Direct ink writing (DIW) 

DIW or Robocasting is another 3D printing technique that utilizes direct material deposition. 

The ink, however, is quite different from that can be used in inkjet printing. It is based on the 

extrusion of a paste-like ink with shear thinning behavior. The inks must exhibit a sufficiently high 

yield stress and storage modulus to allow for shape retention of the extruded lines as well as 

distortion-free bridging of spanning filaments. This process allows for the computer-aided build-

up of consecutive layers typically into a pile-like structure. To formulate a well printable ink, the 

resultant paste should exhibit a yield stress 𝜏𝑦 >100 Pa and storage modulus G’ > 104 Pa [26, 27].  
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1.1.3 Porous Ceramics 

Porous ceramics is one of the most promising type of porous materials due to its combination 

of two seemingly contrary physical properties of material, namely lightweight but tough. Thus, the 

first material investigated in this research is ceramics. We will bring up a 3D printing strategy that 

can fabricate porous ceramics with arbitrary shape which potentially has diverse applications from 

biomedical engineering to energy storage components. 

1.1.3.1 Application of porous ceramics 

One of the most promising applications of porous ceramics is in biomedical engineering. For 

instance, the synthetic hydroxyapatite (HAP) bone scaffold can be used to repair segmental defect 

in long bones [28].  Especially, bone engineering is space limited and aesthetic favored since the 

bone shape and structure of each individual is different. Thus, 3D printing of porous HAP structure 

potentially offers a good solution for this application. To permit tissue in-growth and function, an 

open porosity of ~50% is required, and the pore size needs to be at least 100 μm [28, 29]. However, 

subsequent studies shows that better osteogenesis can be achieved with pores greater than 300 μm. 

This pore size can easily be realized through many 3D printing technologies such as SLA, direct 

ink writing, inkjet printing, and binder jetting not to mention the universal methods in traditional 

processing routes. It is important to couple porosity, pore size and mechanical properties. While 

large pores are favored by direct osteogenesis, there is a limitation for the total porosity of the 

structure to grant it for load-bearing bones. Lin et al. proposed the homogenization-based topology 

optimization algorithm that can provide precise control over scaffold architecture design to achieve 

desired mechanical properties, the topology optimization result is represented as a voxel image 

model [30]. The voxel representation then can be converted to STL format and 3D printed. The 

design prototype was realized by 3D inkjet printing techniques (Sanders ModelMaker2). The 



13 

 

advances of computational topology design and 3D printing technologies offers the possibility to 

create scaffolds with controlled architecture [31]. 

 

Figure 1.8 Structure of a long bone [32] 

1.1.3.2 Freeze casting method 

Freeze casting, also known as ice templating, is a fabrication method to produce porous 

structure using ice as the template. The first observation of cellular structures resulting from the 

freezing of water can date back to more than a century ago [33]. However, it wasn’t until 2001, 

when Fukasawa created directionally porous alumina castings [34], that the idea of using freeze-

casting as a means of creating novel porous structures really set sail. Since then, research has 

grown considerably in this area. Originally in this process, a ceramic suspension or slurry, with 

generally low solids loading, is first frozen to form vehicle ice crystals, which often connect with 

each other in dendritic shapes, surrounded by repelled ceramic particles. After freeze drying, a 
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process that sublimates the solidified phase from the solid to the gas state under reduced pressure, 

channels are created replicating the shape of the interconnected ice crystals. The microstructure of 

the porous object can be tuned by slurry concentration, slurry composition, particle size and 

freezing conditions. Freeze casting has been used to fabricate metal/ceramic and model 

polymer/ceramic (poly(methyl methacrylate); PMMA)/alumina and, more recently, PMMA/SiC 

hybrid materials with fine lamellar or brick-and-mortar architectures [35-39].  

Freeze casting is a complicated physical process with critical process conditions. In order to 

trigger the occurrence of ice templating, the ceramic particles in the suspension must be pushed by 

the ice front and trapped between the growing ice crystals. For a particle to be rejected, 

thermodynamically the free energy of the system must satisfy [40, 41]: 

∆𝜎 = 𝜎𝑝𝑠 − (𝜎𝑝𝑙 + 𝜎𝑠𝑙) > 0 (1.5) 

Where 𝜎𝑝𝑠, 𝜎𝑝𝑙 and 𝜎𝑠𝑙 are the interfacial free energies associated with the particle-solid, particle-

liquid, and solid-liquid, respectively (Figure 1.9).  

Additionally, the ice front should not exceed a critical velocity that can be derived from the 

equilibrium of repulsive force and attractive force that act on the particles. Above the following 

critical velocity 𝑣𝑐 , the thin liquid film will be not enough to maintain the necessary flow of 

molecules to keep the crystal growing. 

 𝑣𝑐 =
∆𝜎𝑑

3𝜂𝑅
(
𝑎0

𝑑
)𝑛 (1.6) 

Where 𝑅 is the particle radius, 𝑎0 is the mean distance between the molecules, 𝑑 is the liquid film 

thickness that between the particle and the solid, 𝜂 is the solution viscosity, and 𝑛 is an exponent 

for correction to the repulsive forces that act on the particle. 
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Figure 1.9  Schematic diagram of particle-freezing front interactions [40] 

Next, the pore width in the porous material can be predicted by the Mullins-Sekerka instability 

wavelength. Linear stability analysis yields the following expression [42]: 

�̇�

𝛿
=

𝑉𝜔 {−2𝑇𝑚Γ𝜔2 [𝜔∗ −
𝑉
𝐷

(1 − 𝑘)] − 2𝐺 [𝜔∗ −
𝑉
𝐷

(1 − 𝐾)] + 2𝑚𝐺𝐶 [𝜔∗ −
𝑉
𝐷

]}

2𝐺 (
𝑘𝑠 − 𝑘1

𝑘𝑠 + 𝑘1
) [𝜔∗ −

𝑉
𝐷 (1 − 𝐾)] + 2𝜔𝑚𝐺𝐶

 

𝜔∗ =
𝑉

2𝐷
+ [(

𝑉

2𝐷
)

2

+ 𝜔2]

1/2

 

Glossary of Terms 

𝛿 the growth rate of a perturbation 

�̇� magnitude 

2𝜋/𝜔 instability wavelength 
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𝜔 frequency 

𝑚 slope of liquidus line 

𝑉 growth velocity 

𝑇𝑚 equilibrium melting point 

Γ ratio of the surface energy and the latent het of fusion 

𝐷 diffusion coefficient 

𝑘 partition coefficient 

𝐺 temperature gradient 

𝐺𝐶 solute concentration gradient at the interface 

𝑘𝑠 thermal conductivity of ice 

𝑘1 thermal conductivity of solution 

 

By substitution in the appropriate diffusion coefficient and crystal growth velocity, the 

wavelength can be calculated. 

1.1.4 Graphene Aerogel 

The other porous material to be studied in this research is carbon material. It also belongs to 

non-metal inorganic material like ceramics. Porous carbon materials are especially favorable in 

multiple fields of energy storage thanks to their abundant pores that can be used for mass storage 

(e.g., electrons, ions). Since Novoselov et al. reported their successful fabrication of one atom thick 

graphene Nano sheet in 2004 [43], graphene has aroused extensive attentions in both scientific and 

engineering fields. In particular, graphene possesses properties such as   extremely high thermal 

conductivity (3000~5000 Wm-1K-1) [44], remarkably large charge carrier mobility (~10,000 cm2V-

1s-1 at room temperature and 200,000 at low temperature) [45], huge theoretical specific surface 

area (2630 m2g-1) [46], excellent optical transparency (~97.7%) [47], extraordinary elastic property 

and intrinsic strength (1.0 TPa Young’s modulus, 125 GPa fracture strength) [48]. These 
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exceptional properties of graphene offer them with a range of applications from energy storage 

devices [46] to biocompatible, conductive biomaterials for drug delivery, tissue engineering and 

regeneration [49, 50]. However, to harness these distinguished properties of single layer graphene 

for macroscopic applications, it must be suitably packaged in a 3D volume in order to be used in 

a practical device [51].  

Currently, multiple synthesis methods for 3D graphene have been reported, including template 

guided methods such as chemical vapor deposition on metallic foams [52], dip-coating with 

melamine skeleton [53, 54], template-free approaches by self-assembly or gelation of the graphene 

oxide (GO) suspension through hydrothermal [55], cross-linking [56], ice-templating  [57, 58], 

and hybrid process by combining 3D printing with cross-linking [59], responsive polymer [60], 

and ice templating [61]. Among them, ice templating offers a very promising approach. In this 

method, aqueous GO or pre-reduced GO via hydrothermal is solidified by ice templating, and then 

processed through freeze drying to form porous GO aerogels or rGO aerogels. The GO/rGO 

aerogels are then converted to graphene aerogels by further thermal reduction under inert gas 

environment. Figure 1.10 shows the general process of graphene aerogel formation via freeze 

casting. 
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Figure 1.10 Schematic illustration of freeze casting of GO suspension 

1.2 Problem Identification 

As discussed above, objects with hierarchical porous structures are desirable for us. It is known 

that inkjet printing can produce high-accuracy 2D features and freeze casting can fabricate porous 

materials. However, as shown in Figure 1.11a, in conventional inkjet printing process, the solvent 

of the ink evaporates by Marangoni flow, leaving a thin layer of solute particles. The first 

intuitional problem is how to combine inkjet printing with ice templating. Next, supposing it is 

possible to form a frozen line by the moving inkjet nozzle, how to guarantee the part accuracy in 

terms of geometry shape and dimension. As indicated in Figure 1.11b, if we have a rectangular 

shape model, how to build up the sessile drops to precisely form the target shape. Moreover, taking 

porous bio-ceramics in application of bone engineering as an example, as presented in Figure 1.11 

c and explained in previous section, a long bone consists of compact bone and sponge bone that 

represents dense part and porous part separately. The long bone also has an overall specific shape, 

and the bone also has to bear certain strength. The problem is, therefore, how can we synthetically 
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fabricate such a multiscale, multifunctional porous object?  Last, but not least, how can the 

microstructure be controlled? As shown in Figure 1.11d, is the microstructure of the porous part 

controllable in terms of pore size and pore shape? In a special case where different microstructures 

are required in two different zones in a single part, is it realizable through 3D printing techniques? 

All these problems come up if we want to artificially synthesize a hierarchical functional porous 

object such as bone. And the objective of this research is to seek a solution to these challenging 

problems and research into it herein after. 

 

Figure 1.11 Problem identification. (a) how to combine inkjet printing with ice templating, (b) 

how to guarantee the printing accuracy, (c-d) how to realize multiscale multifunctional by 3D 

printing 

1.3 Hypothesis and Contribution 

As discussed in previous sections, the main goal of this work is to develop an additive 

manufacturing strategy that can fabricate tailored porous object that possess properties of 
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multiscale and multi-functionality. 

The primary research questions of this dissertation are stated as follows: 

Question 1: Can 3D printing technology be used to fabricate hierarchical, functional porous 

materials? 

Question 2: How to realize multiscale and multifunctional part fabrication by 3D printing process? 

To answer the above two primary research questions, the following two hypotheses are made, 

these two hypotheses compose the main methodology employed in the fabrication of multiscale 

and multifunctional porous objects. Figure 1.12 shows an illustration of the hypothesis. 

Hypothesis 1: Inkjet printing of aqueous nanomaterial integrating with ice templating and a post 

freeze drying process can fabricate 3D functional porous materials. 

Hypothesis 2: Multiscale part can be fabricated by inkjet printing the macroscopic architecture 

with micro structure be formed using ice templating, and multifunctional can be realized at the 

same time by using multiple functional feedstocks for inkjet printing (e.g., ceramics, graphene.) 

 

Figure 1.12 Schematic diagram of freeze nano printing 
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The two general hypotheses just roughly answer the main questions, these two hypotheses each 

brings up two new sub-questions. For hypothesis 1, the following two sub-questions need to be 

resolved: 

Question 1.1: How can the inkjet printing be coupled with ice templating? 

Question 1.2: How to guarantee the printing accuracy of freeze nano printing? 

 

Two corresponding hypotheses are given to answer each of the above two sub-questions for 

Hypothesis 1: 

Hypothesis 1.1: The droplet with nanomaterial loadings can be deposited onto a cold substrate, 

and a droplet-wise ice templating can be triggered. 

Hypothesis 1.2: The printing accuracy and quality of the part can be maintained by matching the 

parameters to the actual measurement of the printing line (e.g., width and thickness). 

In conventional ice templating process, the suspension with nanomaterial loading is poured 

into a Teflon mold which is placed above a cold finger for the freeze casting process. To integrate 

ice templating with 3D printing, aqueous nanomaterial loaded ink can be deposited onto a cold 

plate through material deposition based 3D printing process (e.g., inkjet printing in our hypothesis). 

A droplet-wise ice templating is expected to be initiated.  

When nano ink is deposited to the cold plate with a specified trajectory, a line scanning based 

freeze nano printing process is formed. To guarantee the quality of the print, the parameter can be 

controlled so that the setting values can match the actual print measurement. This forms a new 3D 

printing technology that has similar tool path planning as FDM. We call it freeze nano printing 

throughout this dissertation.   

According to Hypothesis 2, multiscale and multifunctional part can be fabricated by inkjet 

printing functional nano ink onto cold plate to trigger ice templating with a post freeze drying 
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process. If the ink formulation and freezing kinetic are changed, the microstructure of the printed 

part will be controlled accordingly. By integrating this with the excellent macro structure 

patterning capability of inkjet printing, parts with multiscale structure can be fabricated. Moreover, 

the function of ink material used will be translated into the macroscopic devices, enabling a part 

with multiscale structure and multi-functionality. Thus, the following two sub-questions are 

brought up for Hypotheses 2 and the corresponding hypothesis are given as: 

Question 2.1: How to realize printing of part with multiscale structure that is controllable both in 

the micro scale and macro scale? 

Question 2.2: How to realize printing of part with multi-functionality that exhibits multiscale 

feature? 

 

 

Hypothesis 2.1: The macro scale structure can be controlled by designed printing models, inkjet 

printing can produce high-resolution 3D parts with features as small as tens of microns, and the 

micro scale structure can be tuned by freezing kinetic during ice templating and by different ink 

formulations. 

Hypothesis 2.2: Inkjet printing using functional nano material can translate the properties of these 

nano materials into resulting macroscopic devices with hierarchical multiscale structure and novel 

functionalities. 

The related chapters or specific sections to each of the questions and hypothesis given above 

are shown in Figure 1.13. 
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Figure 1.13 Related chapters to research questions and hypotheses 

1.4 Outline of this research 

The overall objective of this research is to present a novel fabrication method of porous objects 

using material jetting or material extrusion based additive manufacture processes integrated with 

freeze casting.   More specifically, the following research goals are defined: 

(1) Develop a freeze nano 3D printing process that is capable of fabricating universal porous 

materials and structures; 

(2) Study to employ the innovative freeze nano printing (FNP) technology in fabricating 

porous ceramics; 

(3) Study to utilize the proposed method in fabricating of porous carbon material (i.e., 
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graphene aerogel); 

(4) Investigate the associated process parameters that affect the quality and integrity of the 

print; 

(5) Employ the printed porous carbon material in the application of electrochemical energy 

storage as porous electrode. 

Figure 1.14 gives an overview of all chapters in the dissertation.  After the introduction in this 

Chapter 1, literature reviews for 3D printing of porous ceramics and electrochemical energy 

storage devices are provided in chapter 2.  

Chapter 3 presents the printing of porous ceramics utilizing quenching based freeze nano 

printing. Three different ceramic inks were studied including silica, alumina and HAP. The printed 

silica shows engineered thermal insulation capability, while the printed alumina honeycomb 

structures show exceptional mechanical strength.  

Chapters 4 demonstrates 3D printing of graphene aerogel with aqueous GO ink. GO inks of 

different concentration are printed. 2.5D as well as 3D objects with overhang features are printed.  

We investigate the mechanical, electrical properties of as-fabricated hierarchical graphene aerogels. 

Chapters 5 investigates the parameters that will affect the quality of frozen GO structure. The 

parameters from material jesting devices and the modified 3D printer are studied.  

Chapter 6 demonstrates the application of graphene aerogel by using it as supercapacitor 

electrodes. Different ink formulations are investigated, and the GAE formed using these ink are 

compared with their bulk counterpart. 

Chapter 7 summarizes the dissertation and directs the possible research area for future study. 
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Three Dimensional Printing of 
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· Apply the graphene aerogel in the application 

of electrochemical energy storage

· Compare the performance of graphene aerogel 
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GAE and 3D printing GAE
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technology to fabricate graphene aerogel
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Figure 1.14 Overview of the dissertation 
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Chapter 2 Literature Review 

 

2.1 3D printing of Porous ceramics 

Porous ceramics, integrating the advantages of ceramic material and cellular structure, can find 

many applications in the field of tissue engineering [62-64], catalyst support, high temperature 

filtering membrane, and energy applications [65]. Conventional methods to fabricate porous 

ceramics include replica, sacrificial template, direct foaming, gel casting, and freeze casting etc. 

[66-68]. However, most of these processes are either complicated in procedure or not able to 

fabricate porous ceramic with arbitrarily desired geometry. In recent years, 3D printing has 

emerged as a novel approach to build complex shaped ceramic parts. This includes 

stereolithography (SLA) [69, 70], selective laser sintering (SLS) [71, 72], fused deposition 

ceramics (FDC) [73], laminated object manufacturing (LOM) [74, 75] and binder jetting (3DP) 

[76, 77]. However, the literature about printing hierarchical porous ceramics are very limited and 

not well studied (e.g., micropores creation in the printed feature of macropores as shown in Figure 

2.1b). Thus, the purpose of this section is to investigate the state-of-the-art 3D printing 

technologies that are used to fabricate porous ceramics with special architecture designs. 

Porous materials can be divided into: macroporous, mesoporous and microporous materials 

based on the pore size according to International Union of Pure and Applied Chemistry (IUPAC). 

Typically, pores less than 2 nm are defined as micropores, pores in the range of 2 nm - 50 nm are 

attributed to mesopores, and macropores are those with size more than 50 nm.  Depending on the 

particular applications, different pore size may be desired. For instance, microporous ceramics are 

useful in high temperature filtration, refractories, catalyst supports and bone tissue engineering. 

However, such divided micro-, meso- pores are extremely challenging to replicate in real world 

and the application of these micro pores are unclear. So, here we re-define the pores to large pores 
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(d>100μm), medium pores (1μm <d<100μm), and small pores (d<1μm). The pores can be formed 

by 3D printing as well as by traditional process routes such as replica, direct foaming, sacrificial 

templating, freeze casting etc. [66]. Among them, 3D printing can be utilized to fabricate synthetic 

template for conventional replica processing route, and freeze casting can be regarded as sacrificial 

templating where ice crystals are used as templates. The pore size of each process is dependent on 

several particular factors in the process. For instance, the pore size of the replica fabricated porous 

ceramics strongly depends on the pores in the original matrix, while the pore size by 3D printing 

are defined by the parameters of the printing process and resolution limitation of the specific 

printing technology. Although most of the previous researches on ceramic 3D printing put focus 

on fabrication of dense ceramic parts or scaffold with dense struts, the promising aspect is that 3D 

printing can be integrated with direct foaming [26, 78], sacrificial templating and freeze casting 

[79] to fabricate hierarchical porous ceramic structures. 

Additionally, porous ceramics can be sorted into open porous ceramics and closed porous 

ceramics in the view of whether the pores are interconnected or independently separated by pore 

walls. Open porous ceramics are critical in the situations where the pores are used to transport 

masses, nutrients and other applications where pores need to be accessible. In contrast, the pores 

in closed porous ceramics are not accessible, and the gas phase is confined within the pore walls. 

These closed pores can significantly enhance the insulation capability of the structure. 

In this section we conduct a comprehensive literature review of fabrication of porous ceramics 

by innovative 3D printing technologies. The scope of this review targets to those studies that are 

intended to obtain a porous ceramic structure. Those literatures that do not intend to fabricate a 

porous ceramics are out of the scope in this review. Particularly, the printed porous ceramics are 

reviewed in terms of their pore type, pore size, density and resultant properties.  
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Figure 2.1 Porous materials with (a) regular periodic pores that can be 3D printed, (b) hierarchical 

pores with periodic pores and stochastic pores in the pore wall/column of periodic pores 

2.1.1 Binder Jetting (3DP) 

Initial attempts to produce porous ceramics employing 3D printing technology are binder 

jetting based. To fabricate shaped porous ceramics, 3DP is a very intuitive method. As in 3DP, the 

powder bed is porous in nature. However, the resulting structure and the corresponding properties 

of the porous ceramic will significantly depend on the characteristic of the powder such as particle 

size, shape and distribution [80]. For example, larger ceramic particles have lower surface-volume 

ratio and larger pores, thus resulting in a more homogeneous ceramic part. 3DP has been applied 

to print porous ceramic scaffolds for bone tissue engineering [64, 81, 82]. The medium pore size 

is in the range of 10-30 µm, while the printing can realize the large pores in ~300-500 µm. Figure 

2.2 shows a typical 3DP printed porous ceramic part. The dimensions of the channels range 

between 447 ± 37 µm in the z direction and 569 ± 33 µm in the x direction. As indicated, one of 

the prominent feature of 3DP printed part is the very rough surface due to the porosity in case large 

particle powder is used.  SiOC ceramics with ordered porosity were also reported using preceramic 

polymers (PPs) as precursor [83, 84]. The polymer powder was glued together by binder jetting, 

and later fired to form ceramics. In the work of (CaSiO3)-based silicate bioceramic parts printed, 
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the binder plays a dual role as both non-sacrificial binder and reactants with the powder to produce 

bioceramic phase. The fabrication of porous ceramics by indirectly using PPs offers an innovative 

strategy with multiple advantages including the ease of polymer process.  PPs can be converted to 

ceramic by a controlled heat treatment [85]. The organic elements in the precursors are eliminated 

through pyrolysis. During the pyrolysis, C-H bonds break with the release of gases such as H2, 

CH4 etc., leaving an inorganic, amorphous phase with carbon-free phase. 

 

Figure 2.2 3DP printed HAP scaffold [64] 

2.1.2 Stereolithography (SLA) 

SLA is a 3D printing technology in which photocurable resin is polymerized by light layer by 

layer. SLA can be divided into laser scanning SLA, mask projection SLA (MPSL), and two photon 

polymerization (TPP). In these processes, MPSL can cure a layer in one exposure, thus, is much 

faster than other two processes. TPP fabricates the most delicate part, and the feature printed can 

be as small as sub-micro meter. 

Doping ceramic particles into photo-curable resin could be a way to fabricate porous ceramics. 

Chen’s group has developed an integrated SLA/tape casting process to fabricate ceramic parts [86]. 

Dielectric capacitor printed using commercial photocurable resin Flex mixed with silver decorated 

Pb(Zr,Ti)O3 (PZT) nanoparticles can reach a capacitance of 63 F/g at the current density of 0.5 
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F/g. In another project, they printed piezoelectric element for ultrasonic sensing using a composite 

of BaTiO3 powder and photocurable resin, the resin was then burned out with gradually elevated 

debinding temperatures (at a rate of 1°C/min, and held for 30 minutes respectively at 200°C, 300°C, 

400°C and 500°C). After debinding, irregular and interconnected pores were formed. The 

debinded part can be further sintered upon needs. 

TPP was used to fabricate delicate polymer template and then coated with alumina (Al2O3) 

layers of different thicknesses using atomic layer deposition (ALD) [87, 88]. In this process, micro 

lattice structures were first printed using two-photon stereolithorgraphy, the pores in the lattice can 

be as small as sub-micron. After printing, the micro lattice was coated with a thin alumina film by 

ALD. The thickness of the ALD coating can be adjusted from 5 nm to 60 nm, leading to different 

relative density and yield strength. Then the polymer was etched away in O2 plasma, yielding a 

micro ceramic lattice composed of hollow ceramic tubes [89]. Figure 2.3 presents modeled and 

printed truss structures as well as shape optimized honeycombs. It is shown that the strut of printed 

truss structure is only ~1 μm thick. The trusses can reach compressive strength of 55 MPa for a 

density of ~0.42 g/cm3. The optimized honeycomb exhibits 280 MPa for a density of ~0.81 g/cm3. 

This impressive compressive strength exceeds all natural and engineering materials with a density 

below 1 g/cm3 (density of water). 
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Figure 2.3 Computer-aided design models (Upper) and SEM images (Lower) of Two-photon 

cellular microarchitectures (scale bars: 10 μm) [87] 

3D printing of photopolymerizable preceramic resins is another technique that can be used to 

fabricate macroscopic porous structure [90, 91].  In this technique, photocurable resins are used to 

print the structure as normally used in the conventional stereolithography. Unlike traditional resin, 

this specific resin can be pyrolysis later at high temperature to convert the polymer into ceramic.  

As shown in Figure 2.4, the preceramic polymer is filled in a vat for the typical projection based 

stereolithography process: a) the moving stage is lowered to a gap height corresponding to the 

height of the layer to be cured and b) moves upward to release the component from the vat, before 

lowering again to continue the layer-by-layer fabrication. c) when the 3D component is completed, 

it is removed from the moving stage. d) the SiOC ceramic microcomponent (black in figure) is 

obtained after pyrolysis at 1000 °C of the preceramic 3D component (gray in figure). The lateral 

resolution of the print is as small as 40 μm, and the z-axis resolution is 25 μm. Almost at the same 

time in another work [90], stereolithography printed SiOC honeycomb structure exhibits a 

compressive failure strength of 163 MPa  with a density of  0.8 g/cm. It proves that the periodic 
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printed ceramic architectures are inherently more mechanically efficient than a random ceramic 

foam. 

 

Figure 2.4 Additive manufacturing of the preceramic photopolymer [91] 

2.1.3 Direct Ink Writing (DIW) 

Direct ink writing, or robocasting is a 3D printing technique to extrude paste like, non-

Newtonian fluidic material with shear thinning material. The critical condition using this process 

is to form a printable ink with required storage modulus and loss modulus. The ink is extruded 

from the deposition nozzle at high shear stresses and needs to self-support when lands onto the 

substrate. DIW of macro-porous ceramics are widely investigated [17, 92, 93]. The pore sizes 

within the printed scaffolds are defined by the parameters of the printing process such as diameter 

of the extrusion nozzle, span between extrusion lines, and the printing path planning [26]. The 

focus of the review in this section will not be those porous ceramics with pores formed by the 

extrusion lines. Rather, we explore DIW of porous ceramics using novel material and DIW of 

hierarchical porous ceramics (e.g., ones with pores that are also formed in the extrusion line). 



33 

 

Recently, DIW of preceramic polymers was also reported [94]. A silicone resin pre-ceramic 

polymer was used, and a metal catalyst was used to help the resin cross linking process. Graphene 

oxide (GO) was added to the ink to reduce the shrinkage of preceramic polymer during pyrolysis. 

Porous scaffolds with strut diameter as slim as ~120 µm were fabricated. The compression strength 

of the resulting scaffolds with the addition of 0.1 wt. % graphene oxide is of ~3.1 MPa for a total 

porosity of ~64 vol. %.  

2.1.3.1 Freeze casting based DIW 
 

DIW can integrate with freeze casting to print 3D porous ceramics. Moon et al. developed a 

alumina/camphene ink using an oligomeric polyester as dispersant, and extruded through a 

reduction die with a diameter of 1mm [79]. The solvent camphene was later sublimated through 

the freeze drying process. Since camphene is used as solvent, the ink needs to keep molten when 

encapsulated in the syringe. However, it can be solidified and sublimated at room temperature. By 

integrating DIW with freeze casting, hierarchical porous structured can be obtained. First, the large 

pores can be realized through printing. Second, the filament itself is also porous because of the 

solvent templating, and the template can be easily removed by sublimation in the air under room 

temperature. Since the pores are formed due to solvent sublimation, this process yields hierarchical 

open pores. The large pores are interconnected with pore sizes > ~150 µm by 600 µm, while the 

medium-small pores are in the range of 1-20 µm, 0.3-5 µm, and 0.3-4 µm respectively with 

corresponding alumina contents of 15 vol.%,  20 vol.%,  and 25 vol.%. The compressive strength 

increase from 9.5 MPa to 29.3 MPa accordingly. 
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Figure 2.5 3D co-extrusion of porous ceramic scaffolds with camphene [79] 

2.1.3.2 Emulsion based DIW 
 

Emulsion and foam templating is a traditional porous ceramics fabrication approach. In this 

process, an oil-water/ceramic emulsion suspension is formulated. After the foam is dried, a porous 

ceramic object can be obtained. Emulsion has been used to combine with 3D printing to prepare 

hierarchical porous structures. Mina et al. demonstrated the printing of hierarchical porous 

ceramics by DIW of an emulsion/foam alumina ink [26]. The mm-sized pores are controlled 

through the printing process while the µm-sized pores can be tuned by the emulsification process 

parameters. The types of pores (i.e., open porosity or closed porosity) can also be controlled by 

adjusting the constitution of ink. For example, the PVA-containing emulsion-templated structure 

exhibits open porosity, while the emulsion-templated structure without addition of PVA shows 

closed porosity. The ability to tailor the size and types of pores allow the emulsion based DIW 

porous ceramic fabrication approach to be adopted in a vast range of applications from thermal 

insulation which favors closed porosity to tissue engineering which prefers open porosity that can 

facilitate the transport of nutrition. Moreover, the printed structures show exceptionally high 

compressive strength with relatively low densities. By introducing 60% closed porosity within the 

filaments, the overall relative density decreased by 10% but the strength of the overall lattice kept 

unchanged. The research also discovered that the printed samples with open porous filament with 
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interconnected pores achieved the best performance under compression. 

 

Figure 2.6 DIW of hierarchical porous ceramics by emulsion/foam templating [26] 

2.1.4 3D Printing based Templating method 

Another approach to produce porous ceramic is based on indirect utilizing 3D printed molds 

as templates [95, 96]. Schumacher et al. impregnated ink-jet printed wax molds with calcium 

phosphate (CaP-) ceramic slurry to prepare macroscopic porous ceramics of various pore patterns.  

The wax inkjet printing allows to fabricate CaP-ceramic into scaffolds with high geometry 

accuracy, and adjustable mechanical strength by different ceramic materials and pore geometries 

[97]. Sabree et al. fabricated highly porous ceramic scaffolds from a 70% SiO2–30%  CaO glass 

powder using stereolithography based template, which served as the loss-mold for gel-casting. The 

mould was burned out in air at 550 °C for 2 h. Tu et al. used FDM printed PVA material as mold 

template to gelcast high-loading of SiC [98]. After the SiC was gelled, the PVA template was 

removed by liquid drying using a PEG aqueous solution. The benefit of using 3D printed molds to 

replicate the ceramic parts lies in that it alleviates the challenge of formulating proper ceramic inks 
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for 3D printing, because the preparation of a ceramic slurry that can be used for gel-casting or 

other kinds of casting is much easier compared to that can be viable for 3D printing. 

 

Figure 2.7 Liquid drying process of gelled silicon carbide green body [98] 

2.1.5 Laminated Object Manufacturing (LOM) 

Recently, LOM has also been used to fabricate porous ceramics by integrating with freeze 

casting. As shown in Figure 2.8 [99], the laser beam is used to cut and gasify the contour of the 

frozen slurry layer. In this way, the cross-section of the object can be formed. After the part printing 

is finished, it is placed for freeze drying. It is worth to mention that, the compressive strength in Z 

direction (layer stacking direction) of the sintered parts made by layer-by-layer freezing is much 

higher than that of holistic freezing (e.g., freeze casting ceramic suspensions in a Teflon mold as 

a whole). This is due to the much smaller ice templates formed in layer-by-layer freezing. 

Table 2.1 summarizes the properties of various 3D printed porous ceramics in terms of their 

pore types, pore sizes, porosity, structure and mechanical strength. 
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Figure 2.8 Diagram of the manufacturing steps of FS-LOM [99] 

Table 2.1 Properties summary of 3D printed porous ceramics 

Ref. Printing 

techniques 
Pore types Pore sizes Porosity 

Compressive 

strength 
Structure 

[26] 
DIW+ 

emulsion 

Open/closed 

hierarchical 

pores 

Several 

μm to mm 
~83.4% ~15 MPa 

3D 

woodpile 

[100] DIW+ 

Capillary 

suspension 

Open 

hierarchical 

pores 

Several 

μm to mm 
~81% 

~1.75 MPa 

(in-plane) 
honeycomb 

[94] DIW+ 

Preceramic 

polymer 

Open porous 
Several 

mm 
~64% 

~2.51 MPa 

(SiOC out-

of-plane) 

Scaffold 

[87] 
TPP Open porous 

Several 

μm 
~80% 280 MPa 

3D 

honeycomb 

[89] 
TPP Open porous 1~2 μm ~91.5% ~36.5 MPa 

3D 

nanolattices 

[82] 

3DP 

Open 

hierarchical 

pores 

Tens of 

μm to mm 
~74% 

~1.1 MPa 

(BCP) 
3D scaffold 

[90] 

Stereolithography 

Preceramic 

polymer 

Open porous 
Several 

mm 
~81.9% ~30 MPa 

3D 

Microlattice 

Open porous 
Several 

mm 
~84.6% 

~47.6 MPa 

(SiOC) 
honeycomb 

[99] 
LOM+ 

Freeze casting 
Open porous - ~58% ~16 MPa - 

[97] 
Wax inkjet 

printing 
Open porous ~340 μm 

~48.7% 

(Open 

porosity) 

~9.9 MPa 

(BCP) 

 

3D 

Scaffold 
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2.2 3D Printing of Electrochemical Energy Storage devices 

Electrochemical energy storage (EES) devices such as batteries and supercapacitors play a key 

role in our society [101-104]. In the past two decades, the development of energy storage devices 

has attracted increasing interests among industry and academia. However, most of the academic 

research has been focused on the exploration of new electrode materials [105] and new electrolytes 

[106]; not enough attention has been paid to the fabrication process, which is the bridge to transfer 

materials to devices. While scientific discovery and materials innovation are important, process 

engineering on how to put these pieces of building block together plays a crucial, often determining 

role in real world devices [107-110].  

The expanding of 3D printing in the area of EES motivates energy specialist to rethink about 

batteries and supercapacitors design and fabrication. Compared to conventional EES fabrication 

methods, 3D printing offers several advantages:  

(1) 3D printing demonstrates excellent process flexibility and geometry controllability. 3D 

printing covers a wide spectrum of material from liquid solution, powder, filament, and 

laminate. These versatile forms could well facilitate the doping of favorable nanomaterials 

from zero-dimensional (0D) such as carbon coated nanoparticles, to one-dimensional (1D) 

such as carbon nanotubes, and to two-dimensional (2D) such as graphene. Very complex 

shaped devices can be readily realized by 3D printing. The complexity can be in planar and 

also in three dimensional (3D) space. Favorable interdigital patterns that require great effort to 

produce in conventional methods have been easily realized in a variety of 3D printing 

approaches [5, 111]. Particular space architectures with periodic or aligned pores enable fast 

ion transport which is beneficial for fast charge/discharge, and increased active material 

loading in the third dimension would greatly promote the energy storage.  
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(2) 3D printing can well control the thickness of electrodes because of the layer by layer additive 

manufacturing nature of 3D printing technology. Thin-film energy devices can be fabricated 

by just depositing material over a few layers, which are applicable for flexible, wearable 

devices. Very thick electrodes can also be printed, which can acquire promoted energy density 

per foot area. In general, the precise layer-wise assembly feature of 3D printing allows the 

electrode thickness to be well controlled out of plane.  

(3) The performance of 3D printed energy device typically outweighs their bulk counterparts. For 

instance, the areal energy and power density of the 3D micro battery is much higher than its 

rechargeable counterparts due to the direct writing technology used that enables the capability 

to fabricate high aspect structures within a small areal footprint [5]. Thanks to the 3D-printed 

macro-architecture that facilitates fast ion diffusion through the thick electrode, the rate 

capability of the printed three-dimensional, hierarchical graphene aerogel based supercapacitor 

electrode is among the highest compared to other reported carbon-based electrodes [6].  

(4) 3D printing is cost effective and environment friendly. This is attributed to the much simplified 

process that enables one-step fabrication. 3D printing adopts the additive manufacturing 

strategy, meaning material is deposited on demand. This characteristic maximally eliminates 

material wastage, making it much more energy-conservative and environment-friendly than 

conventional methods.  

Overall, 3D printing offers a completely new bottom-up manufacturing strategy to fabricate 

EES devices. In this section, we focus on reviewing various state-of-the-art 3D printing approaches 

to fabricate EES devices and their components.  

2.2.1 Inkjet Printing (IJP) 

2.2.1.1 Inkjet-printed supercapacitor 
 

Currently, electrode materials for supercapacitors include carbonaceous material, conductive 
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polymers, and metal oxide. Carbon materials, such as activated carbons (ACs), carbon nanotubes 

(CNTs), and graphene, are mainly used as electrode material for electric double-layer capacitors 

(EDLC). Conductive polymer and metal composites are pseudocapacitance materials. Carbon-

based material, due to its low cost, variety of forms, and excellent electrochemical stability [112], 

have been extensively utilized as an active material for supercapacitor electrode. However, as most 

carbon-based material is not hydrophilic, specific surfactant needs to be selected for the proper 

dispersion of active material in order to use them for IJP. In the case of CNTs, sodium dodecyl 

sulfate (SDS) and sodium dodecylbenzene sulfonate (SDBS) are commonly used [113-115].  

ACs is one of the most popular electrode materials due to the large specific surface area (SSA) 

and good electrical property. ACs ink was used to fabricate interdigitated micro-supercapacitors 

using inkjet printing [116]. The ink was prescribed by mixing activated carbon powder with a 

polytetrafluoroethylene (PTFE) polymer binder in ethylene glycol, and stabilized with a Triton 

X100 surfactant. The well prescribed ink was then deposited onto photolithography patterned Au 

interdigital current collectors, which were vapor deposited on a silica based substrate. Figure 2.9b 

shows a micro-supercapacitor inkjet printed with 20 fingers, 40 µm wide, and interspaced by 40 

µm.  

CNTs are also favorable electrode material due to their excellent electrical conductivity and 

mechanical stability. Supercapacitors with inkjet-printed single-walled carbon nanotube (SWCNT) 

thin film electrodes were reported as well [113]. Due to the integration of ruthenium oxide 

nanowires, the knee frequency of the hybrid thin film is much higher than that of bare SWNT 

electrode and the electrochemical performance was also significantly improved. Recently, a fully 

printable supercapacitor was demonstrated using a commercial desktop inkjet printer [115]. The 

supercapacitor, which was composed of activated carbon/ CNTs as electrodes and an ionic 
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liquid/ultraviolet-cured triacrylate polymer-based solid-state electrolyte, could be printed into 

artistic patterns and connected in parallel to enhance the capacitance. This work represents the first 

fully printed, all-solid-state supercapacitor using inkjet printing, as all components including 

electrode, electrolyte, current collector, and even substrate are inkjet-printed.  

Due to the abundant oxygen-containing functional groups [117], graphene oxide (GO) and 

partially reduced GO (rGO) can be readily dispersed with water, and then used for inkjet printing. 

The aqueous GO solution is an ideal candidate material for inkjet based 3D printing processes 

[118-120]. After printing, the GO structure can be thermally reduced to obtain conductive graphene 

electrode [121]. Doping pseudocapacitance material into EDLC material could potentially elevate 

the total capacitance of device as explained previously. Conductive polymer is commonly used as 

electrode material for Pseudocapacitors. The most popularly used conductive polymers include 

polypyrrole (PPy), poly (3, 4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS), and 

polyaniline (PANI). To promote the capacitance, nano graphene platelets/polyaniline (NGP/PANI) 

hybrid ink was formulated to prepare thin-film electrodes [122]. An inkjet-printed flexible all-

solid-state symmetric supercapacitor based on GH−PANI/GP electrode and gel electrolyte was 

also reported [123]. As shown in Figure 2.9c, the GO ink was first deposited onto a paper substrate 

to form the GO based paper substrate (GOP). The well prescribed graphene hydrogel/PANI ink 

was then deposited onto the GOP substrate to obtain the electrode structure. The assembled 

supercapacitor using gel electrolytes exhibited remarkable mechanical flexibility, high cycling 

performance.  

Apart from the above mentioned carbon-based materials, researchers also explored other 

materials for inkjet printing of supercapacitors. For example, lamellar potassium cobalt phosphate 

hydrate nanocrystal whiskers was used to print the first flexible all-solid-state asymmetric micro-
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supercapacitor [124]. The micro device showed excellent mechanical and electrical properties due 

to the highly-interconnected layer structure. Inkjet-printed polyimide films could work as 

dielectric materials for microelectronic applications [58]. The film was formed with poly(amic) 

acid printed on to a hot substrate (around 160 oC) to initialize a rapid thermal imidization.  

In short, inkjet printing enables to deposit a variety of carbon-based material for EDLC 

fabrication with designed pattern directly from a CAD file. This process only requires the suitable 

Newtonian fluid ink to be well defined. However, since most processes have the solvent removed 

in an evaporation manner, the capability to print very thick electrode is limited by the elevated 

built time. 

2.2.1.2 Inkjet-printed Battery 
 

Lithium-ion batteries (LIBs) play a critical role in the consumer rechargeable battery market. 

Some pioneering work using inkjet printing to fabricate lithium-ion thin film electrode involves 

various metal oxide inks. MnO2, SnO2, and LiCoO2 (LCO) thin film electrodes were printed using 

inkjet technologies [125-127]. Recently, inkjet printing of carbon coated LiFePO4 (LFP) material 

were also demonstrated [128, 129]. The coated carbon on LFP could greatly improve the 

conductivity of electrodes. Due to the high porosity and thin film characteristics of electrodes 

realized by inkjet printing, very high rate capability is achieved. However, it remains unknown 

how the high porosity is achieved through inkjet printing.  

Ho et al. reported the first inkjet-printed zinc-silver 3D microbattery using 

electrohydrodynamic (EHD) technology [130]. The EHD technique utilized allows the droplets to 

be as small as one femtoliter, which enables producing of lateral feature sizes in the sub-micron 

scale. The electrode was prepared by printing sparse silver pillars on silver pads, and then 

submerged into KOH with dissolved ZnO powder. The patterned sliver array 3D electrodes 

acquired an energy density of 3.95 mWh/cm2, which is much higher than the planar counterpart. 
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It is interesting to know that only 2.5% of the electrode footprint area was used for patterning 

pillars. We believe that with a much denser array of pillars and higher aspect ratio, much higher 

capacities could be obtained.  

Recently, inkjet-printed Lithium-sulfur (Li-S) batteries have also been reported. To prepare the 

ink, SWCNT with 95% metallic content was infused with sulfur, and dispersed in Cumene 

hydroperoxide (CHP). Compared to a Li-ion battery, Li-S batteries could achieve much higher 

specific energy [131]. The fabricated battery delivered a capacity of 850 mAh/g-sulfur which was 

the highest among the inkjet printing fabricated batteries so far [132].  It should be noted that the 

concentration of active material used for inkjet printing is only 0.2 mg/ml. We believe that with a 

much higher material loading, the performance would be further improved.  

In conclusion, owing to the high precision patterning capability and rich material selections, 

inkjet offers great potential to engineer the structure of electrode in very accurate manner, which 

can improve the rate capability and areal energy density of batteries. Table 2.2 summarizes the 

various ink prescriptions in the literatures and the inkjet printer used for each specific work. 
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Figure 2.9. Inkjet printing of supercapacitors [133] 

Table 2.2 Various inkjet printing ink prescriptions and the printer used 

Ref Ink type Active material 
Additives  

(includes solvent) 
3D Printer   

[114] 

Conductive 

patterns 

200 mg MWCNT, 160 

mg Ag 

200 mg SDBS,40 ml 

distilled water 

HP Deskjet 1010 

inkjet printer 

S
u

p
erca

p
a

cito
r
 

Anode 
MnO2, 200 mg 

MWCNT, 160 mg Ag, 

200 mg SDBS,40 ml 

distilled water 

HP Deskjet 1010 

inkjet printer 

[118] Electrode 2mg/ml GO  DMP 2800, Dimatix 

[121] Electrode 2mg/ml GO  DMP 2800, Dimatix 
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[119] Electrode GO  
sciFLEXARRAYER 

DW, Scienion, 

Germany 

[124] 

Current 

collector 
Silver ink  DMP 3000, Dimatix 

Positive 

electrode 

0.5 g/L 

K2Co3(P2O7)2·2H2O 

nanocrystal whiskers 

Dispersant: ethanol DMP 3000, Dimatix 

Negative 

electrode 

2.25 g/L graphene 

nanosheets 
Dispersant: ethanol DMP 3000, Dimatix 

[113] 

Semi-

finished 

electrode 

0.2 mg/ml SWNTs 

with moderate lengths 

(0.5–1.5 μm) 

1 wt.% aqueous SDS in 

DI water 

Epson Artisan 50 

piezoelectric 

printer 

[116] Electrode AC 

5wt.% PTFE, ethylene 

glycol solvent, Triton 

X100 

AltaDrop® 

equipment from 

Altatech 

[122] Electrode 
NGP powder (200 mg), 

PANI (200 mg) 

SDBS (200 mg) and H2O 

(100 mL) 

Single piezoelectric 

nozzle 

[115] 

Electrode 
AC powders (50 nm), 

SWNTs 
1.0 wt.% SDBS HP Deskjet 1010 

Current 

collector 
Ag Nanowire Water/IPA, 1/1 (v/v) HP Deskjet 1010 

Substrate 
CNF suspension 0.1–

1.0 mg/mL 
 HP Deskjet 1010 

Electrolyte IL: ([BMIM][BF4]) 

ETPTA (1.0 wt.% HMPP 

as photoinitiator), solvent 

(ethanol or water) 

HP Deskjet 1010 

[134] Electrode AC EG, Triton X100,PTFE N/A 

[123] 

Electrode GO 10 mg/mL  DMP 2800, Dimatix 

Electrode 
GH−PANI 

nanocomposite 
Water and ethanol 1:1 DMP 2800, Dimatix 

[129] Electrolyte PYR13-Li-TFSI  DMP 2800, Dimatix 

L
IB

 

[126] Anode SnO2 

AB, Hyperdispersant 

(CH10B, CH10B),  

distilled water/absolute 

ethanol/diethylene 

glycol/triethanolamine/IP

A in 56:18:5:1:1 

Canon BJC-1000sp 

printer 

[125] Cathode LiCoO2 

Surfactant-Lomar D, 

carbon black, PH adjust- 

monoethanolamine, 

binder- CMC sodium 

Canon BJC-1000sp 

printer 

[128] Cathode carbon black, LFP CMC, Triton X-100 
Piezoelectric ink-jet 

printer 

[135] Cathode 
LFP coated with 2% 

carbon 
 Aerosol deposition 

apparatus 

[136] Electrolyte Li1.3 Al0.3Ti1.7(PO4)3  Aerosol deposition 

apparatus 

[132] Cathode 
Sulfur infused SWNT-

MET 
CHP DMP 2800, Dimatix 

L
i-S

u
lfu

r 
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[127] Electrode 75 wt.% MnO2 
25 wt.% PVDF-HFP,  

THF, 2MNH4Cl 
Lexmark 3200 

M
an

g
an

ese 

b
atteries 

[130] Electrode Silver nanopaste n-tetradecane 
Customized super 

ink jet printing 

zin
c–

silv
er 

[58] Dielectrics (PAA) solution 
aromatic hydrocarbon, 

NMP 
DMP 2830, Dimatix  

 

Multiwall carbon nanotubes (MWCNT); graphene oxide (GO); polyaniline (PANI); Deionized 

water (DI water); sodium dodecyl sulfate (SDS); isopropylalcohol (IPA); ionic liquid (IL);  

polytetrafluoroethylene (PTFE);  carboxymethyl cellulose (CMC); tetrahydrofuran (THF);  

ethylene glycol (EG); acetylene black (AB); carbon black (CB); activated carbon (AC); LiFePO4 

(LFP) ;  Li4Ti5O12 (LTO); cumene hydroperoxide (CHP); poly(amic) acid (PAA).  

2.2.2 Direct Ink Writing (DIW) 

2.2.2.1 Direct ink writing of supercapacitor 
 

Similar to inkjet printing, hydrophilic GO is also favorable in the direct ink writing of 

supercapacitors. Compared to the GO suspension used in inkjet printing, the GO ink used for direct 

writing can have very high concentration. After showing their capability to print graphene aerogel 

using direct-ink writing technique, Zhu et al. further reported the utilization of this technology in 

supercapacitor application [6, 59]. The electrode was composed of 3D-printed graphene composite 

aerogels, which was derived from supercritical drying of the as-printed 3D hierarchical structure. 

The GO-GNP ink used for the printing was synthesized by mixing GO suspension with graphene 

nanoplatelets. The self-supporting electrodes tested with the 3M KOH aqueous electrolytes can 

reach a specific capacitance of 63.6 F/g at a current density of 10 A/g. The quasi-solid-state, 

symmetric supercapacitor fabricated using two electrodes with lithium hydroxide 

(LiOH)/polyvinyl alcohol (PVA) gel electrolyte exhibited a maximum gravimetric capacitance of 

4.76 F/g at a current density of 0.4 A/g. In addition, due to the hierarchical porous structure realized 
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by 3D printing and supercritical drying, the rate capability of the printed three-dimensional 

hierarchical graphene aerogel supercapacitor electrode is among the highest compared to other 

reported carbon-based electrodes. The electrode fabrication process and ink rheology are shown 

in Figure 2.10b. In another work, DIW of pristine graphene based supercapacitor electrode using 

special solvents was demonstrated [51]. Instead of using aqueous feedstock, the research used 

room temperature volatile camphene as the solvent. This strategy allows porous electrode structure 

to be formed under room temperature. The electrode materials used contains pristine graphene 

flake (PG) mixed with multiwall carbon nanotube (MWCNT), and rGO mixed with MWCNT. The 

addition of MWCNT, greatly increases the mechanical strength of formed aerogel, as well as 

effectively eliminated the restacking and aggregating of PG and rGO.  

Direct ink writing has been shown to be one of the most promising 3D printing techniques for 

EES devices. It allows high material loading to be patterned in a controlled thickness. Yet, more 

materials are to be developed for supercapacitor applications. Table 2.3 shows various types of ink 

prescribed for direct writing and the related writing devices. 

2.2.2.2 Direct ink writing of battery 
 

Recently, Kun et al. pioneered a 3D interdigitated microbattery architecture (3D-IMA) printed 

using LTO (Li4Ti5O12) as an anode material and LFP (LiFePO4) as the cathode material [111]. LTO 

and LFP inks were well designed by adding deionized water, ethylene glycol, glycerol and 

cellulose-based viscofiers. Prior to printing, interdigitated Au current collector patterns were 

prepared by a combination of lithographic patterning and e-beam deposition. The LTO and LFP 

inks were then deposited onto a pattern to form multilayer electrodes respectively. After the 

printing was finished and the electrodes were dried, the LTO and LFP interdigital structure were 

heated to 600°C in inert gas to remove the organic additives to advance the nanoparticle sintering. 

Finally the 3D-IMA was packaged in a small plastic case with liquid electrolyte entrapped inside. 
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The packaged micro-battery showed a capacity of 1.2 mAh/cm2 at a rate of 0.5 C, and exhibited a 

high areal energy density of 9.7 J/cm2 at a power density of 2.7 mW/cm2. The areal energy and 

power density of the 3D micro battery is much higher than its rechargeable counterparts due to the 

direct writing technology used, which enables the capability to fabricate high aspect structures 

within a small areal footprint. The schematic illustration of this innovative work is shown in Figure 

2.10a. The bottom pane of the figure shows the paste-like ink and their rheological properties. With 

the same concept of direct-ink writing LIB, all component 3D-printed LIB was also presented 

using GO as electrode material and solid-state electrolyte inks [111]. LFP and LTO nanoparticles 

were added to highly concentrated GO ink to prepare the cathode and anode inks, respectively. 

After freeze drying and thermal reduction, the channels between the two interdigitated electrodes 

were filled with a polymer composite ink, which served as a separator as well as the gel polymer 

electrolyte. The introduction of rGO in the electrode material could greatly improve the electrical 

conductivity of the electrode and promote better battery electrochemical performance. In addition, 

only water is used as solvent for the ink. This effectively removes the necessity of high temperature 

burning out of organic additives as needed in previous work. More recently, carbon coated 

LiMn0.21Fe0.79PO4 (LMFP) nanocrystal was used to print cathodes using DIW reaching both high 

rate capability and high capacity [6]. Due to the higher working voltage than that of pure LFP, a 

higher energy density can be achieved. With the convenient control of layer thickness achieved by 

DIW, the relationship between the electrode material layer thickness and the relative rate 

performance was investigated.  
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Figure 2.10. Direct ink writing of: (a) battery and (b) supercapacitor [133] 

Table 2.3 Various direct writing ink prescriptions and the printer used 

Ref Ink type Active material 
Additives  

(includes solvent) 
3D Printer  

[5] 

Anode 55 – 65 wt.% LTO 

27 wt.% Glycerol, 20 ∼ 30 

wt.% EG, 9 wt.% HPC, 1 

wt.% HEC, and DI water 

ABL 900010, 

Aerotech Inc. 

L
IB

 

Cathode 55 – 65 wt.% LFP  
20 wt.% glycerol, 20 ∼ 30 

wt.% EG, 8 wt.% HPC, 2 

wt.% HEC, and DI water 

ABL 900010, 

Aerotech Inc. 

[111] 

Anode LTO: GO 7:3  Fisnar F4200n 

Cathode LFP: GO 7:3  Fisnar F4200n 

Polymer ink for 

electrolyte 

PVDF-co-HFP : 

Al2O3 1:10 
NMP Fisnar F4200n 

[137] Cathode 80 wt.% LTO 
10 wt.% AB, 10 wt.% 

PVDF,  50 wt.% NMP  

Self-built 3D micro 

patterning 

[6] Cathode 
LiMn0.21Fe0.79 PO4  

(LMFP)  
XC-72 CB, PVDF 

self-built based on 

movable stage 

[138] 

Cathode  80 wt.% LFP  
10 wt.% CB, 10 wt.% 

PVDF, NMP 

Self-built robot 

system 

Anode  80 wt.% graphite 
10 wt.% CB, 10 wt.% 

PVDF, NMP 

Self-built robot 

system 

[139] Cathode 
85.5 wt.% LMO 

powder (13 μm)  

6.5 wt.% CB, 8 wt.% 

PVDF, NMP 

Self-built Extrusion 

Freeform Fabrication 

(EFF) system 

[140] 

Current 

collector-Zn Air 

methylcellulose with 

Ag powder 1:1 
 Self-built gantry 

robot 

Z
n

 A
ir Anode-Zn Air 

65% Zn and 35% 8M 

KOH 
 Self-built gantry 

robot 

Figure 12 (a) Schematic illustration of 3D interdigitated microbattery architectures (3D-IMA) fabricated on gold current collector

by printing Li4Ti5O12 (LTO) LiFePO4 (LFP) inks through 30 µm nozzles, followed by sintering and packaging. Reproduced with

permission from [*] (b) Schematic of the 3D-printed interdigitated electrodes. LTO/GO ink used to fabricate the anode via layer-by-

layer printing. LFP/GO ink used to print the cathode structure. The printed cathode and anode electrodes create the interdigitated

architecture. The composite ink is injected in the channel between the annealed electrodes. Reproduced with permission from [*] (c)

Supercapacitors Based on Three-Dimensional Hierarchical Graphene Aerogels with Periodic Macropores. Reproduced with

permission from [*]. (d) Schematic of the Room-temperature freeze gelation process with direct writing that has potential to work

as a supercapacitor electrode. The solvents used are phenol and camphene. Reproduced with permission from [*].

(b)

(a)
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Separator-Zn 

Air 

Rescor insulating 

foam  
Un-reported surfactant 

Self-built gantry 

robot 

Catalyst 
50% MnO2, 44% 8M 

KOH, and 6 % CB 
 Self-built gantry 

robot 

[141] 

Zn electrode 95 wt.% zinc powder  5 wt.% PVDF-HFP 
Self-built  printing 

system Z
n

 B
a

ttery
 

MnO2 electrode 
90 wt.% activated 

MnO2 powder  

6 wt.% AB conductive 

filler, 4 wt.% PVDF-HFP 

Self-built printing 

system 

Electrolyte 

1:1 mixture of 

PVDF-HFP, 0.5 M 

Zn+Tf− salt dissolved 

in BMIM+Tf− IL 

 
Self-built "drop-

based" printing 

system 

[51] Electrode 100 mg of graphene  5 mL phenol or camphene Fisnar I&J7300-LF 

S
u

p
erca

p
a
cito

rs 

[6] Electrode 
3.6 g 40 mg/cm3 GO 

suspensions 

2 g R-F solution, 0.3 g 

GNP, and 0.9 g fumed 

silica  

 

ABL 9000, Aerotech 

[142] 

Electrode 

Highly Concentrated 

TRGO (thermally 

reduced GO) 

isopropanol (15 g /L ) 
3D Bioplotter 

(Envisiontec) 

Electrode 80% of AC  

10% of additive carbon, 

10% CMC, IPA and 

distilled water 

3D Bioplotter 

(Envisiontec) 

[143] Electrode 20 mg/ml GO   
Self-built 3D 

micro-extrusion 

system 

[144] Electrode 
6, 7, and 8 wt.% 

CNTs  

IPA, 30 wt. % dispersion 

agent, and EG 

Self-built 3-axis 

positioning stage 

 

Graphene nanoplatelets (GNP); hydroxypropyl cellulose (HPC); hydroxyethyl cellulose (HEC); 

Polyvinylidene fluoride (PVDF); hexafluoropropylene (HFP); resorcinol−formaldehyde (R-F).  

For other abbreviations please refer to Table 2.2. 

2.2.3 Freeze Nano Printing (FNP) 

Recently, inkjet printing and DIW techniques have been combined with conventional freeze 

casting process to define complex shaped graphene aerogels (GA) [58-60]. Our group reported the 

first inkjet-printed GA by directly printing aqueous GO inks onto a freezing substrate [58]. Herein 

we name this technology as Freeze Nano Printing (FNP).  Hierarchical pore structures balancing 

mass transport, ion diffusion, and the diffusion length, could enable higher capacities and rate 

capability [131]. The importance of specific pore size to match particular ion size has been 

demonstrated by Chmiola et al. [145-147]. Aerogel is a synthetic porous material derived from a 

gel in which the liquid component was substituted by a gas phase. Aerogel can be facilely prepared 
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by freeze casting (also known as ice templating) technique. The pore size and pore distributions 

can be tuned by using different freezing conditions, ink or slurry of different concentrations, or 

even by adding different additives [67, 148, 149]. GA, constructed from well-interconnected 

graphene sheets through freeze drying or supercritical drying, offers an innovative approach to 

fabricate 3D, porous graphene monolith that can work as an electrode [150].  

FNP process provides great potential to achieve both high specific energy because of the 

increased material loading with high specific surface area and high specific power due to the 

hierarchical porous structure. In this process, the GO droplets of various concentrations were 

frozen immediately upon landing on the chilling substrate which is as low as -25 °C. The pure 

aqueous ink used for inkjet printing removes the necessity of undesirable fillers as only water was 

used as the dispersant for GO. The ingenious integrating of inkjet based freeze printing with freeze 

casting technology enable the very comfortable realization of 3D complex-shape aerogels. Figure 

2.11 demonstrates the process of inkjet based freeze printing of 3D GA. It is worthwhile to mention 

that, as inkjet technology is used, concentration of GO ink as low as 0.5 mg/ml can be utilized to 

print GO ice structure. The successful freeze drying of such low concentration GO structure and 

postprocess reduction of GO enable it to be identified by the Guinness World Records as the “least 

dense 3D-printed structure” yet made. 
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Figure 2.11. 3D printing of graphene aerogel (GA) [133] 

Even though combining DIW or inkjet printing with freeze casting offers great promise to 

produce hierarchical porous structure that could achieve high performance, the material loading 

and freezing condition should be optimized to increase the accessibility of micropores to the ions. 

It is well worth noting that the capacitance of a material is not necessarily proportional to its SSA. 

Pore size distribution can also affect the performance. It tends to support that only micropores in 

nanometer scale are favorable for ions to enhance the capacitance. This is very challenging if not 

impossible for most inkjet printing devices. It can be addressed by adjusting the freeze casting 

parameters, such as using extreme freezing conditions and cyroprotective additives to remove the 

growth of large ice crystals. 
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2.2.4 Stereolithography (SLA) 

SLA is a 3D printing process based on solidifying photocurable resin using light. Original SLA 

process utilizes a fine laser spot through a focused beam or lamp to scan over the photo curable 

resin, which induced a photo-polymerization and accordingly, solidification. By improving the 

focus of the laser spot, very fine structures can be produced by utilizing the SLA technique. 

Variants of the traditional SLA process include mask projection SLA (MPSL) and two-photon SLA. 

For the latter process, very fine features can be achieved (1 µm or less). However, the building 

speed of two-photon and laser scan based SLA is relatively low due to the line-wise scanning. 

MPSL can be much faster by curing a layer in one exposure. Figure 2.12a and Figure 2.12b show 

a bottom-up MPSL process and an original laser scanning SLA process respectively. The materials 

used in the SLA process are photocurable polymers. The main ingredients in photopolymers are 

photoinitiators and liquid monomers. Upon shinning the resin with light (UV or visible), the 

photoinitiators undergo a chemical transformation and become “reactive” with the liquid 

monomers to start a polymer chain, which is usually called “curing”. Most of the commercially 

available photopolymers are developed for prototyping use, thus, are not equipped for functionality. 

Nevertheless, by engineering the photopolymer with other functional material such as GO [151], 

ceramics [90], new potential in functional usage would be possible. A number of printed 

polymer/ceramic dielectric capacitors were shown by integrating stereolithography 3D printing 

technique with a conventional tape casting ceramic fabrication approach [152].  To prepare the ink, 

commercial photocurable resin Flex was mixed with Ag decorated Pb(Zr,Ti)O3 (PZT) 

nanoparticles, which was denoted as PZT@Ag (Figure 2.12c right pane shows the TEM image). 

The Ag could enhance the dielectric permittivity.  Au electrodes were sputtered on both sides of 

different types of 3D printed Flex/PZT@Ag parts to act as the top and bottom electrodes 
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respectively. The 3D printed capacitor showed a capacitance of about 63 F/g at the current density 

of 0.5 A/g. Figure 2.12c shows various capacitors printed by the hybrid process and their 

corresponding specific capacitance. This work provided an approach to fabricate the ceramic based 

dielectric layer in common dielectric capacitors. However, as the PZT ceramic occupied only a 

small portion of the composite material, and this work did not report a sintering process, it remains 

unclear how the photopolymer would affect the performance of the capacitors.  

 

Figure 2.12. Stereographic printing of capacitors [133] 

Compared to traditional EES fabrication methods, SLA can be readily used to replace 

photolithography based processes as photoresists in traditional photolithography are essentially 
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one-layer SL. Conventionally, photolithography techniques were used to pattern interdigital 

current collectors in traditional processes where a finger-like interdigitated pattern is extremely 

luxurious [153, 154]. Particularly, photolithography is developed to a technique called carbon 

micro-electromechanical system(C-MEMS), in which patterned photoresist is pyrolyzed in an 

inert environment at high temperature [155].  The porosity of the pyrolyzed carbon structures can 

be controlled through the calcination condition or different activation methods. The C-MEMS may 

provide guidance for researchers to exploit SLA to print precise, truly 3-dimensional (3D) structure, 

and then carbonize it similarly like in C-MEMS to develop hierarchical porous 3D carbon 

structures which have high potential to work as electrochemical electrodes for EES devices.  

2.2.5 Fused Deposition Modeling (FDM) 

FDM is a 3D printing technique that creates 3D objects layer-by-layer by depositing filament 

shaped thermoplastic materials that are heated to their glass transit state. Once extruded from a 

brass nozzle and lands onto the substrate, the material solidifies to get a cross section of the objects 

created (Figure 2.13a). Common materials used in this technique are acrylonitrile–butadiene–

styrene (ABS) and poly (lactic acid) (PLA) filaments. In order to use FDM printed parts as 

electrodes, conductive active materials must be incorporated into the ABS or PLA matrix. Both 

ABS and PLA have been modified to function with graphene for conductivity investigation that 

have potential for electrode applications [156, 157]. More recently, the composite of ABS/carbon 

black is also investigated [158].  

The engineering of thermoplastic material with conductive fillers is nontrivial [156]. For the 

first step, the GO sheets and ABS were dispersed in an N-Methylpyrolidone (NMP) medium 

respectively. The two solutions were then mixed together and reduced by hydrazine hydrate. By 

adding water and centrifuge process, the graphene-ABS composites were separated from NMP. 
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The different states of the prescription are shown in Figure 2.13b. These graphene-polymer 

composites were then further thermally extruded into 1.75 mm diameter filaments to fit the 

commercialized 3D printer. Compared to ABS, PLA is much more environmentally friendly as it 

is biodegradable. The usage of PLA/graphene composite filaments to produce conductive wire 

shows promising result (Figure 2.13c) [157]. To fabricate the filaments, the GO was first 

chemically reduced by 4-iodoaniline, and then thermally reduced in a tube furnace at 1050 °C for 

1 hour under the argon atmosphere. To synthesize the composite filament, the original PLA was 

first smashed by a pulverizer, and then homogeneously mixed with rGO by melt blending, after 

which graphene could be well dispersed into the PLA. Finally, the composites were processed to 

fabricate the composite filament with a diameter of 1.75 mm. The conductivity of the composite 

filaments with 6 wt. % rGO reaches 476 S/m. The printed 3D structure showed excellent 

mechanical properties in terms of bending, stretching and bonding. However, the leading role of 

PLA in the composite material greatly plagued the conductivity of pure rGO, which is 60000 S/m. 

To overcome this problem, one strategy would be to further increase the ratio of active material 

through particular type of surfactant, while another approach is to remove the ABS or PLA through 

post-process such as calcination and etching.   
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Figure 2.13. Fused Deposition Modeling of graphene conductive patterns [133] 

2.2.6 Binder Jetting (3DP) 

3DP is a powder bed based 3D printing process, wherein powder binder is inkjet deposited 

onto the powder bed to form a cross section of the object. Upon finishing, porous plaster-based 

objects can be obtained. The weak green part can be infiltrated with a second phase material to 

form a composite material part. A carbon nanofiber (CNF) impregnated plaster-based block was 

fabricated using 3DP printing technology [159]. To enable the infiltration of CNF, the CNF was 

first dispersed in an epoxy-based infiltrant with less than 4 wt. % carbon content in the resin. A 

surface resistivity of below 800 Ω/sq has been acquired for the fabricated prototype. The materials 

of 3DP come from two portions, one is the plaster in the powder bed, while the other is the binder 

that is deposited onto the plaster to “glue” them together. The fabricated part from the 3DP process 

is normally a porous, hard solid after burning out of the binder. Because of the high porosity, it is 

possible to infiltrate with a second phase to form a functional composite part like what has been 

(a)

(b)

(c)
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done in the literature above. However, the carbon content in the infiltrant is low and the 

conductivity of the printed part is insufficient for any practical application. 3DP may not be a good 

approach for applications in the EES area. Nevertheless, potential may arise, for example, by using 

metal oxide powders with conductive binders; an electrode may be fabricated. By using carbon-

based, metal oxide powders with multiple nozzles printing of conductive and electrolyte-like 

binders, a promising device can be fabricated. Figure 2.14 shows a 3DP process to fabricate 3D 

printed electrode using thermally reduced graphene oxide as powder bed [160]. 

 

Figure 2.14.  Binder-jetting 3D printing process for supercapacitor [133] 

2.2.7 Laminated Object Manufacturing (LOM) 

LOM is a 3D printing process in which layers of adhesive paper, metal, or plastic laminates 

are successively glued or welded together with a laminating roller. In LOM process, first a laminate 

of material is fed onto a stage with a material supply roll, a cross-section of the printed object is 

then formed with a knife or laser cutter. After the cut, sheets are recycled by a waste take-up roll. 

The process is repeated layer-by-layer until the entire object is created.  A micro-electrode in 
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conventional mold manufacturing was fabricated using LOM [161]. 100-μm-thick Cu foils were 

cut by wire-electrical discharge machining (WEDM) to obtain a cross section of the electrode 3D 

model. Then these 2D slices were stacked together to acquire the 3D micro-electrode through 

vacuum pressure thermal diffusion welding. The application of using LOM to produce an electrode 

for EDM can potentially guide researchers to use this technique to print the electrode for EES 

devices. Furthermore, due to the material feedstock being a laminate, this 3D printing process 

could be potentially used to fabricate thin-film EES given the appropriate material is developed. 

2.2.8 3D-printed Metal Scaffold for Active material loading 

Metal 3D printing is an important branch of the 3D printing technologies due to the practical 

implication of metal components in fields such as aerospace, automobile and biomedical areas. 

Metal 3D printing can mainly be categorized into one of the following four types: laser engineered 

net shaping (LENS), direct metal laser sintering (DMLS), selective laser melting (SLM), and 

electron beam melting (EBM). Among these processes, SLM is a process that uses a high-power 

laser beam as an energy source to create three-dimensional metal parts by fusing fine metal 

powders together. Very dense metal parts can be fabricated using this process. SLM technology 

was used to fabricate 3D titanium interdigitated electrode scaffold as shown in Figure 2.15a [162]. 

The as-fabricated support was electrochemically coated with PPy to form the final electrodes. 

Supercapacitors were assembled using the fabricated electrodes with H3PO4/PVA solid gel 

electrolyte. The as-assembled, solid-state supercapacitor with pseudocapacitive behavior achieved 

a volumetric capacitance of 2.4 F/cm3 at a current density of 3.74 mA/cm3, and a power density of 

15.0 kW/m3 at 37.4 mA/cm3. This result is comparable to the 3D electrodes fabricated by 

traditional lithography processes. Due to the increased surface area realized by patterned micro-

pillars, the areal energy density is much higher than previously reported planar electrodes of the 
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same material.  

Recently, DMLS was also used to produce metal scaffolds with controllable porosity which 

are then adapted with a co-electrodeposition of MnO2, Mn2O3, and doped PEDOT:PSS as 

electroactive material Figure 2.15b [163]. Unlike SLM process where metal powder is fully melted, 

DMLS process only bonds the molecules at their contact points. The printed stainless steel 

scaffolds consisted of a porous upper layer of 0.1mm and a fully dense supporting layer of 0.2mm. 

To demonstrate the effect of different current collector morphology, the performance of electrodes 

using different stainless steel scaffolds as current collector are compared. The electrochemical 

performance increases from dense plates to porous plates and porous plate to porous plate-array 

scaffolds. This means 3D-printed structural energy devices are of great benefit to the performance 

due to the higher surface area. In addition, by limiting the effects of the volumetric expansion 

experienced by the pseudocapacitive material using metal printed porous scaffolds of high 

mechanical strength, this approach offers great opportunities for hierarchical energy storage 

devices with improved electrochemical performance and better lifetime characteristics.  

In short, metal 3D printing provides a facile way to fabricate conductive 3D support that can 

anchor thin layer of pseudo-capacitive materials. These artificial 3D structures not only create 

paths for electrolyte penetration, but also serve as current collectors that facilitate the transport of 

electrons. Figure 2.15a clearly shows this intent. 
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Figure 2.15. Metal 3D printing for electrochemical energy storage [133] 

2.3 Summary 

In this chapter, we reviewed the major AM technologies that have been employed to fabricate 

porous ceramics and electrochemical energy storage devices. Compared to traditional fabrication 

techniques, 3D printing enables the printing of porous ceramics with periodic pores and 

hierarchical porous structure. This capability can further grant the fabrication of functional porous 

ceramics with designed mechanical properties. Almost all of 3D printing technologies can be used 

to fabricate ultra large porous ceramics (>500μm), including SLS, FDC, DIW, IJP, SLA, LOM and 

3DP. Although most 3D printing processes can mainly be used to produce large pores (>100μm), 

certain medium even small pores can be fabricated using stereolithography based 3D printing. By 

combining 3D printing with conventional porous ceramics fabrication routes, it is also possible to 



62 

 

fabricate hierarchical porous structures, such as by integrating freeze casting with DIW, combining 

direct foaming with DIW, and coupling sacrificial templating with DIW. 

In the review of 3D printing for electrochemical energy storage devices, 3D printing shows 

several advantages in terms of performance, environmental factors, cost, and scalability compared 

to traditional fabrication techniques. The most pronounced benefit of using 3D printing comes 

from its excellent patterning capability. This advantage allows 3D printing to pattern complex 

shaped 2D structures as well as hierarchical 3D architectures. During this review, we find that the 

hierarchical porous 3D structure can benefit to increase of active material loading as well as 

facilitates fast ion transport through the porous structure realized by 3D printing, thus 

simultaneously leading to high specific energy and power densities.  

To the best of our knowledge, an AM process that is targeted to fabricate porous materials has 

not been reported. The pores generated because of the nature of powder bed in 3DP are commonly 

regarded as drawbacks and unwanted, either because of the availability of material that can be 

used, or because of the poor capability to manipulate the pore structures (e.g., the pore size, shape, 

and distribution). Thus, the invention of freeze nano printing technology provides a universal 

method that can be used to fabricate porous materials with arbitrary shape, triggering multiple 

applications where hierarchical pores are important (e.g., bone engineering, energy storage).  
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Chapter 3 Three-Dimensional Printing of Porous Ceramics 

 

3.1 Introduction 

Porous ceramics offers integrated merits of ceramic material and cellular structure such as low 

cost, high-temperature resistance, environmental stability, extreme hardness, low coefficient of 

friction, corrosion resistance and low density with large surface area [35, 164, 165]. These 

properties lend them to a large variety of applications (Figure 3.1) such as tissue engineering [62-

64, 93, 166-168], energy storage and conversions [65], medical and sensor applications [169], 

piezoelectrics [170], insulators [171], and filters [172]. Conventional methods to fabricate porous 

ceramics include replica, sacrificial template, direct foaming, gel-casting, and paste extrusion etc. 

[66, 165]. However, most of these processes are complex in procedures, expensive in cost, difficult 

in controlling accuracy and integrity, and not environment friendly. Recently, many researchers 

have used freeze casting technique to produce porous ceramics. In this process, a ceramic 

suspension or slurry, with moderate solids loading (i.e., 10-40 vol. %), is first frozen to form 

vehicle ice crystals, which often connect with each other in dendritic shapes, surrounded by 

repelled ceramic particles. After freeze drying, a process that sublimates the solidified phase from 

the solid to the gas state under reduced pressure, channels are created replicating the shape of the 

interconnected ice crystals. The resultant green part is then sintered in a programmed furnace to 

obtain the porous ceramics [35, 67]. Though effective, the common freeze casting technique has 

limited controllability on the external geometry and internal structure which are highly restricted 

by the molds used in this process. This defect greatly limits its applications in the field where 

aesthetic and space constraint are important such as bone tissue engineering. 
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Figure 3.1 Typical applications of porous ceramics 

Due to the capability to fabricate complex geometries without part-specific tools or molds, 

several 3D printing techniques have been utilized to fabricate ceramics, such as stereolithography 

(SLA) [69, 70], selective laser sintering (SLS) [71, 72], fused deposition ceramics (FDC) [73], 

laminated object manufacturing(LOM) [74, 75] and binder jetting (3DP) [76, 77]. 3D printing 

approaches offer fully automated, rapid, modeless desktop forming of ceramic parts. A number of 

research groups have used inkjet printing (IJP) and direct ink writing (DIW) techniques to produce 

ceramics. For instance, IJP has been developed to print low viscosity ceramics suspensions with 

both evaporation and phase-change approaches for solidification. In the case of solvent 

evaporation method, volatile aqueous/organic ceramic suspensions are used [173-179]. However, 
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the size of the ceramic part is limited by the slow solvent evaporation process. Thus,  Derby et al. 

used wax-based hot melting inkjet printing to produce ceramics [180, 181], in which ceramics is 

mixed with certain kind of wax such as camphene with temperature above the melting point of 

solvent. The using of wax as solvent allows the drying process to be accelerated with greater height 

than conventional inks. Other groups used direct writing method to assemble ceramics from 

colloidal inks [17, 92]. However, none of these approaches are motivated to produce porous 

ceramics. Recently, Moon et al. reported a strategy to fabricate porous ceramics using 

ceramic/camphene-based extrusion [79, 182]. By integrating emulsion template method and direct 

writing, Minas et al. reported a novel and versatile approach for the fabrication of hierarchical 

porous ceramics [26]. Similar material engineering and printing technique were also reported to 

print honeycomb structures [78, 100]. However, these filamentary based 3D printing approaches 

can mostly print parts with structures in the shape of log-piles, or in plane pattern with one writing 

stroke, and the actual printed parts matches poorly with the CAD model. 

Here, we present a novel method to fabricate porous ceramics with tailorable microstructure, 

global geometry and functionality (i.e., mechanical strength, thermal property) by seamlessly 

integrating drop-on-demand inkjet printing, ice templating and freeze drying. Our prior work 

shows that this is a promising method to fabricate complex shaped cellular object with controllable 

multiscale porous structure [58]. Specifically, inkjet droplets of ceramic ink are selectively 

deposited onto a freezing plate. The fluid lines experience an in situ ice templating with ceramic 

particles repelled by the ice crystals to form interconnected ceramic walls. As the following 

droplets are landed, they spread to fill the void and frozen to form a uniform, integrated structure. 

By intricately design the components of ceramic ink, inkjet parameters, and freezing kinetics, the 

microstructure (e.g., porosity, pore size, and pore shape) of the print can be controlled in multiple 
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approaches. The pores at millimeter scale to micron scale is realized by 3D printing. The pores in 

the strut which is micrometer scale to nanometer can be tuned by the freezing temperature and 

properties of the ceramic ink. More importantly, the green porous ceramic body can be fired at 

multiple sintering conditions to achieve tunable porosity satisfying diverse function of the material 

from high temperature thermal insulator to bioinspired, load-bearing, and biological materials. 

3.2 Experimental Methods 

3.2.1 Ceramic Ink Preparation 

The constituent of the silica ceramic ink includes as-purchased silica suspension, a binder and 

a humectant (Fisher chemical). Silica suspension (30 wt. %, LUDOX HS-30 silica colloids, 

average particle size = 15nm) and Polyvinyl alcohol (PVA, 9000~10000 g/mol, 80% hydrolysed) 

were purchased from Sigma Aldrich. PVA is a commonly used binder in ceramic suspension to 

hold the particles together for convenient handling of the green part before sintering [42].  Though 

it is burned out during the sintering process, the freeze dried green part would collapse without 

addition of PVA as the binder. Glycerol  is selected to serve as humectant in the composition to 

avoid frequent clogging because of ink drying at the orifice of nozzle during the printing process 

[21] . It is also known as a cryoprotectant to prevent the growth of large ice crystals and freezing 

defects [183]. For a specific ink species, 8 wt.% glycerol is directly added into the as-purchased 

silica suspension, and the mix is ultrasonicated for 1 hour together with 5 wt.% PVA solved in 

minimum possible DI water (e.g., 0.85 g PVA in 1.6 g water). After stabilized for 3 hours by laying 

the mix solution aside, the PVA binder is added into the previous solution, and ultrasonicated for 

another half hour. The ink with all additives mixed finally was filtered using a 41 µm Nylon filter 

(Millipore). For Alumina ink, aluminum oxide (α-Al2O3) particles (0.5-1 µm, 1-2 µm) were 

obtained from Inframat Advanced Materials. 10~15 vol. % α-Al2O3 alumina inks were formulated 
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by mixing DI water (85~90 vol.% ) with a small amount of ammonium polymethacrylate anionic 

dispersant (1~3 wt.% of the powder) and PVA (2 wt.% of the powder). The hydroxyapatite (HAP) 

ink is prepared similarly to that of alumina ink. 

3.2.2 Ink Rheology Characterization 

The Brookfiled DV-II+Pro Viscometer is used to measure the viscosity of the ink prescribed. 

A CPE-40 spindle is used; the work range of the spindle is from 0.15cP to 3065cP. The speed is 

set at 30RPM, and test temperature is maintained at 24.5 °C. 

Surface tension is approximately measured by immersing a capillary glass tube with a diameter 

of 0.3mm into the suspension, and measuring the capillary rise [184]. Each test spicy is measured 

five times, and the mean value is used for calculation. The surface tension is calculated using the 

following formula: 

γ =
1

2
𝑟ℎ𝜌 (3.1) 

 

Where r is the radius of the capillary tube, h is the fluid height in the tube, and ρ is the density of 

the fluid. 

3.2.3 3D Freeze Printing of Ceramic Ink 

A fused deposition modeling (FDM) 3D printer is modified to adapt the inkjet printing nozzles. 

The original heat extrusion assembly was removed. Thus, the tool path of the customized FNP 

process is similar to FDM printer. According to the information from supplier, the XY positioning 

precision of the printer is 12 microns, and Z positioning precision is 5 microns. A simplified freeze 

casting device is used as the cold plate and placed on the platform of original printer to move up 

one layer each time during printing. A piezoelectric single nozzle head of 120 µm (Microfab Co.) 

is mounted on a fixture that can move along XY axis to travel along designed path in the printing 

process. Prior to print, the aqueous ceramic suspension was mixed with several additives to be 
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suitable for inkjet printing. The well prescribed ceramic ink was then observed under a 

stroboscopic system. The freeze printing of nanoscale ceramic suspensions was realized using a 

cold plate. As shown in Figure 3.2, the droplet was deposited onto the substrate and immediately 

solidified under the harsh chilling condition. The freezing temperature was controlled by infilling 

the substrate with cold medium of different temperature (e.g., dry ice, liquid nitrogen) with 

different volume. A thermal couple provides close-loop feedback of the substrate temperature to 

determine whether more cold-medium is needed or heat is to be applied. 

 

Figure 3.2 Schematic diagram of the simplified freeze casting platform for freeze nano printing 

3.2.4 Freeze Drying 

Freeze drying is a complicated physical process, in which the material is cooled below its triple 

point (Figure 3.3 shows the phase diagram of water), a point where the solid, liquid and gas phases 

of the material can coexist. Under high vacuum, the material will sublimate rather than melt. 
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Figure 3.3 Illustration of triple point for water 

The as-prepared sample was placed in a freeze dry system (FreeZone Triad Model 74000 Series, 

LABCONCO) to remove the water by freezing and vacuum drying for around 24 hours. A typical 

3-segment program as suggested by the supplier of freeze drier was shown in Figure 3.4. 

Specifically, the sample was further frozen at -30 °C for 6 hours under vacuum as low as 0.018 

mbar after peeled off from the cold plate, then the temperature was ramped to -10 °C at a rate of 

0.25 °C/min, and held at this temperature for another 12 hours, finally the chamber temperature 

was elevated to room temperature at a rate of 1 °C/min and held for 6 hours to allow the solvent 

content to be completely sublimated. The vacuum of the system was maintained at 0.018~0.014 

mBar during the entire process.  
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Figure 3.4 Freeze drying curve 

3.2.5 Sintering 

Sintering is an important step during the fabrication of ceramics. In conventional ceramic 

fabrication process, the ceramics can be sintered into extreme dense parts in which no avoids or 

pores are present. In the situation of porous ceramics, sintering is utilized to fuse the loosely 

interconnected particles together. The post-processing steps include low temperature removal of 

the binder and additives, and high-temperature sintering. The sintering curves for silica and 

alumina are shown in Figure 3.5 and Figure 3.6 respectively. To avoid the possible damage caused 

by high temperature gradient, the fabricated green parts were first de-bonded at 2 °C/min. To 

completely remove the binder and additives, the samples are held 450 °C for 2 hours. Subsequently, 

the samples were fired to a higher temperature to fuse the particles. For silica aerogel, the shrinkage 

rate is 5%, 18%, and 18% respectively when sintered at 700 oC (low-temperature sintering (LTS)) 

for 2 hours, 900 oC (medium-temperature sintering (MTS)) for 2 hours and 1100 oC (high-

temperature sintering (HTS)) for 2 hours correspondingly. For alumina aerogel, when sintered at 
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1050 oC (LTS) for 2 hours, there is negligible shrinkage rate of 2%. Similar shrinkage is found if 

sintered at 1250 oC (MTS) for 2 hours. When sintered at 1450 oC (HTS) for 2 hours, the shrinkage 

rate is 11%. And the shrinkage increased to 19% when sintered at 1550 oC (ultra-high-temperature 

sintering (UHTS)). 

 

Figure 3.5 Sintering curves for silica aerogel 
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Figure 3.6 Sintering curves for alumina aerogel 

3.2.6 Determination of the Overall Density of Porous Ceramics 

The density and the various porosity can be determined using Archimedes’ method and 

mercury porosimetry by measuring the weight of dry sample, the weight of sample after infiltrated 

with water, and the weight of the wet sample when measured in water using the equations of (3.2), 

(3.3) and (3.4) [100], a much simplified equation of (3.5) is adopted to determine the total porosity 
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of the parts after sintering.. However, it should be noted that this simplified estimation is only valid 

when the integrity of strut is fulfilled (i.e., the strut is 100% filled, no unexpected voids exist). 

Since in our inkjet printing based process, the ceramic liquid flows and freezes, it is appropriate to 

make such assumption. 

𝜌𝑠𝑡𝑟𝑢𝑡 =
𝑚𝑑𝑟𝑦

𝑚𝑤𝑒𝑡−𝑚𝑤𝑒𝑡_𝑖𝑛_𝑤𝑎𝑡𝑒𝑟
𝜌𝑚𝑒𝑑𝑖𝑢𝑚 ,  (3.2) 

 

휀𝑡𝑜𝑡𝑎𝑙 =
𝜌𝑡ℎ𝑒𝑜𝑟𝑦−𝜌𝑠𝑡𝑟𝑢𝑡

𝜌𝑡ℎ𝑒𝑜𝑟𝑦
∙ 100 , (3.3) 

 

휀𝑜𝑝𝑒𝑛 =
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑤𝑒𝑡−𝑚𝑤𝑒𝑡_𝑖𝑛_𝑤𝑎𝑡𝑒𝑟
∙ 100 , (3.4) 

 

Where 𝑚𝑑𝑟𝑦 is the weight of dry sample, 𝑚𝑤𝑒𝑡 is the weight of the sample after infiltrated with 

water, 𝑚𝑤𝑒𝑡_𝑖𝑛_𝑤𝑎𝑡𝑒𝑟  is the weight of the wet sample when measured in water, 𝜌𝑚𝑒𝑑𝑖𝑢𝑚  is the 

density of the test fluid, 𝜌𝑡ℎ𝑒𝑜𝑟𝑦 is the theoretical density of ceramic (i.e., 3.97 g/cm3 for alumina). 

 
1−𝜀𝑠𝑖𝑛𝑡𝑒𝑟𝑒𝑑

1−𝜀𝑔𝑟𝑒𝑒𝑛
=

𝑣𝑔𝑟𝑒𝑒𝑛

𝑣𝑠𝑖𝑛𝑡𝑒𝑟𝑒𝑑
=

1

(1−𝑆)3     (3.5) 

 

Where 휀𝑠𝑖𝑛𝑡𝑒𝑟𝑒𝑑 is the porosity of strut after sintering, 휀𝑔𝑟𝑒𝑒𝑛 is the porosity of the strut as freeze-

dried (e.g., when 15 vol. % ceramic ink is used, this value is assumed to be 85%),  𝑣𝑔𝑟𝑒𝑒𝑛 is the 

volume of the bulk sample before sintering, 𝑣𝑠𝑖𝑛𝑡𝑒𝑟𝑒𝑑  is the volume of the bulk sample after 

sintering, and S is the shrinkage rate. Note that 1 − 휀 = 𝑟𝑎𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 to theoretical. 

3.3 Results and Discussion 

3.3.1 Hierarchical Porous Ceramics Fabrication Process 

Figure 3.7a shows the overall process for fabricating porous ceramics via inkjet printing and 

freeze casting. Briefly, the well-formed ceramic ink was deposited onto a cold plate according to 

a pattern generated by the computer through a fine nozzle. The drops experienced an instant 

quenching based freeze casting process [41], in which the ice crystals repelled the ceramic particles 
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to form ceramic walls (Figure 3.7b). By repeating the layer-by-layer deposition, fully frozen two-

phase solid structures are formed. After print, the part is immediately transferred to a freeze drier 

without further post processing. After freeze drying, a hierarchical porous ceramics structure was 

obtained, with large pores in hundreds of micrometers to several millimeters realized by 3D 

printing, and small pores from several micrometers to tens of micron formed from ice templating 

(Figure 3.7e). The green porous ceramic part was then sintered in a furnace to get the fired porous 

ceramics with certain strength and functionality. In all the setup, cold plate is a very crucial 

component. A simplified freeze casting device was machined to serve as the cold plate, and the 

surface temperature of the platform can be tuned to as low as -196°C (Figure 3.2). First, it is very 

important to keep the surface polished and contact well with the primary platform if a secondary 

plate is used so as the entire platform has a uniform temperature across the layer. Uneven cooling 

condition on the surface may cause poor resolution of the print in the Z direction due to the 

anisotropic freezing kinetics at each point. Second, the temperature of the platform should 

commensurate with the droplet volume. The freeze nano printing (FNP) process is accompanied 

with freezing-melting cycles during the entire process. When the droplets of ceramic fluids land 

onto the cold plate, they immediately frozen into ice. As the following droplets are landed, they 

spread to fill the void and frozen to form a uniform, integrated structure (Figure 3.7c). To keep 

good integrity, the melting process is very important. When the cold plate temperature is too low 

and the droplet volume is small, the structure will have poor integrity and possible de-lamination 

between layers. Figure 3.7d shows a medium condition where mark of the interface between lines 

is still visible. On the converse, if the cold temperature is too high and the droplet volume is large, 

the XY resolution of the print cannot be guaranteed. Physically, the FNP process is quite similar 

to the PolyJet™ technology, the only difference is the solidification mechanism. In PolyJet™, the 
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material is solidified through chemical based photo curing, while in FNP, the material is solidified 

through physical based phase-changing. Thus, potentially FNP can be used to fabricate porous 

object with high geometry accuracy. 

 

Figure 3.7 3D printing of porous ceramics via quenching based freeze casting. (a) The overall 3D 

porous ceramc printing process. Ceramic ink was deposited to a cold plate to complete layer-by-
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layer printing process, the part was placed for freeze drying and sintering after printing, (b) 

Schematic illustration of drop by drop freeze casting, (c) The process of flowing and melting, (d) 

Mark of the profile a frozen printing line, (e) Porous microstructure in the strut of macrostructure 

3.3.2 Rheology Properties of Ink 

Central to the fabrication of porous ceramics using inkjet printing based 3D additive 

manufacturing is the formulation of a ceramic ink that is stable in the printing. The inkjet printing 

of ceramic ink is well studied [174, 181, 185, 186]. The rheology behavior plays a critical role for 

continuous successful deposition of inks in direct writing based process [92, 181, 187]. Normally 

material extrusion based direct ink writing technique requires a non-Newtonian liquid with shear 

thinning behavior, while drop-on-demand based inkjet printing can work well only with low 

viscosity Newtonian fluid. According to DLVO theory, by increasing ionic strength or adjusting 

pH toward the isoelectric point, the dispersions can become unstable [188]. However, some ionic 

repulsion is necessary to eliminate the aggregation of particles. Thus, Darvan 811 (Vanderbit 

materials) was added into the alumina suspension, it works as a surfactant. After the addition of 

Darvan 811, the viscosity of the ceramic ink decreases apparently. This is because the anionic 

surfactant adsorb onto the surface of the ceramic particles, introducing repulsion forces [189]. For 

α-Al2O3, the IEP value is 8-9 [188]. In order to lower the pH of the ceramic ink, some critic acid 

is added into the alumina ink. 

 The resultant property of the silica and alumina inks are shown in Table 3.1, and the 

dimensionless number is calculated according to formulas in Table 1.2. The velocity of the drop is 

taken as 1.5 m/s when calculating the weber number. This value is calculated by measuring the 

flight distance captured from the stroboscopic image. It can be seen that the Z values of Silica ink 

with PVA as binder, and glycerol as humectant  is around 11.01, which is a little higher than the 
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suitable inkjet range of (1<Z<10). Due to the high Z value, unwanted satellite droplets may form. 

Based on the characteristics of the ink, the following signal setting of piezoelectric printing is set 

as: voltage 70 V, voltage rise time 7 µs, fall time 12.5 µs, dwell time 15 μs, echo time 30 μs, 

excitation frequency 600 Hz. Some representative images of the drop formation process under the 

chosen operating conditions are shown in Figure 3.8. As can be seen from the figure, the droplet 

formed with well-directed shape. Two main rupture occurred, the first rupture separate the 

ligament from the orifice of nozzle, while the second one broke the ligament into a main drop with 

a satellite drop, the formation of the satellite is due to relative large Z value as calculated above. 

While it is possible to eliminate the satellite through a lower excitation voltage, the parameters are 

maintained to guarantee the appropriate eject volume for the efficiency of printing since the length 

and width of tail is moderate.  
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Figure 3.8 Inkjet behaviour of ceramic inks. (a) Image of silica ink and ceramic ink (left) and the 

stroboscopic ink examination system, (b) Stroboscopic images of silica suspension inkjet, (c) 

Stroboscopic images of alumina suspension inkjet 

Table 3.1 Properties of ceramic inks and their fluidic properties 

Ink sample μ (mPa s) σ (mN m-1) ρ (g cm-3) d(μm) Z Oh We 

Silica ink  

(30 wt. %) 
6.8 44.1 1.06 120 11.0142 0.0908 6.4898 

Alumina ink 

(15 vol. %) 
8.42 23.5 1.44 120 7.5682 0.1321 16.5447 
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3.3.3 Macrostructure, Microstructure, and Sintering conditions 

Droplet spreading and solidification is of critical importance for the integrity of inkjet-printed 

objects. This is especially true for the phase-change based inkjet printing process. When the 

ceramic ink dropped onto a freezing plate, it immediately frozen into ice solid. Both the spreading 

and frozen happens in a very short period. The freezing condition greatly affects the spreading 

width of the droplets. When the droplet falls onto the cold plate, a free boundary freeze casting 

occurred according to the profile of the ink line. Figure 3.7d shows SEM image of a cross section 

of a part that is parallel to the ice crystal growth direction. As can be seen from the image, the 

contour of the droplet is still visible. And anisotropic pores are formed due to the quenching based 

freeze casting. 

Various parts are built and shown in Figure 3.9, Figure 3.10, and Figure 3.11. The well-defined 

contour demonstrated the much finer resolution compared to the porous ceramics fabricated via 

direct ink writing [26, 78, 100]. Printing of 2D lattice of various struts thickness shows that feature 

as small as 500 µm can be successfully freeze dried and sintered. The process parameters to print 

these frozen ceramic structures are shown in Table 3.2. More importantly, the inkjet-printed part 

shows great structure integrity. This integrity is contributed by the good flow ability of Newtonian 

ceramic suspension. Upon finishing of a printed layer, the following layer of liquid suspension was 

deposited onto the top surface of the previous layer. When the ink drops onto the already frozen 

part, it will quickly flow to the void area, fill and melt the boundary area, and refreeze together 

under low temperature with time. Figure 3.9d shows an SEM image on the side of a sintered silica 

part. As can be seen from the layer stacking direction of the printed part, unlike part fabricated 

using direct ink writing or robocasting, no obvious boundary can be observed, indicating excellent 

integrity of the structure. Another advantage of using inkjet based freeze nano printing is that the 
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object with overhang feature can be printed by simply depositing water as support. Figure 3.9c 

shows a printed cubic lattice. This indicates the technology can be used to print pattern out of plane 

spanning features such as octet trusses which are very challenging to realize in direct ink writing 

based processes [78]. 

 

Figure 3.9 3D freeze printed ceramic parts. (a) As-printed frozen ceramic parts and freeze dried 

samples, (b-c) printing of a scaffold with overhang, (d-e) a cross-cut of a ceramic part showing 

visible layer interfaces 

Table 3.2 Printing parameters for fabrication of SiO2 and Al2O3 ceramic parts 

Printing parameters Al2O3 SiO2 

Nozzle diameter 0.12 mm 0.12 mm 

Layer height 0.25 mm 0.2 mm 

Path width 0.3 mm 0.25 mm 

Printing speed 45 mm/s 45 mm/s 

Voltage 80 V 60 V 

Pulse width 15 µs 15 µs 

Frequency 600 Hz 600 Hz 
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Figure 3.10 Various as printed parts and as freeze dried parts 

 
Figure 3.11 Printed HAP 2.5D parts 
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3.3.4 Control of Microstructure 

The largest merit of integrating inkjet printing and freezing casting is that both the macro 

structure and micro structure can be conveniently controlled. The microstructure of the porous 

ceramics can be controlled in multiple ways. First, the size of the pores is affected by freezing 

kinetics. The ice-tip radius (thus the thickness of the ice crystals, and as a consequence the pore 

size), which is physically determined by the magnitude of supercooling ahead of the freezing front 

[190], can be tuned by increasing or decreasing the cooling rate during freezing. When cooling 

rate is high, the supercooling is larger and the width of pores decreases. On the other hand, when 

the cooling rate is low, the thickness of the pores and ceramic walls can increase remarkably. In 

the quenching based droplet-wise freeze casting process, the cooling rate is realized through 

different cold plate temperature. Figure 3.12a-c shows the microstructure difference when the 

alumina ink is printed at multiple different platform temperature. It can be seen the pores are 

significantly larger when printing at higher temperature. Second, the concentration of the ceramic 

ink is also a very facile way to control the porosity of the printed part. When the concentration is 

high, the porosity is lower. Moreover, the pore morphology can be controlled by choosing different 

solvents or even by doping different additives.  One of the main advantage of inkjet-printed parts 

is the exceptional multiple material printing capability. The inkjet printing technology easily 

allows ceramic inks of different concentration to be patterned in one layer, thus enabling the 

porosity of the part to be controlled spatially. This allows functional graded parts to be fabricated. 

To demonstrate the multiple material printing capability, we printed a structure with ceramic inks 

of two different solid loadings. As shown in Figure 3.12d, the round part consists of a inner core 

printed using original 10 vol.% alumina suspension, while the outer portion is printed using 

alumina solution of ca. 20 wt.%. In the course of selecting proper suspension concentration, it 
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should be noted the concentration difference cannot be too large, otherwise delamination can occur 

because of the different shrinkage behavior of two portion during sintering. For example, when 50 

vol.% outer concentration and 10 vol.% inner concentration are used to build heterogeneous HAP 

scaffold, delamination occurs. This problem was addressed when the outer concentration is 

decreased to 40 vol.% and the inner concentration is increased to 15 vol.% [191]. The grey dashed 

circle shows the boundary of these two heterogeneous sections. Figure 3.12e shows the SEM 

image of a small portion on the boundary of the sintered part. It can be well observed that the outer 

part is much denser with no apparent pores while the inner circle is quite porous. To understand 

the pore distribution of printed ceramic parts, selected silica aerogel was used for pore distribution 

analysis through Brunauer–Emmett–Teller (BET) technique. Figure 3.13 shows isotherm plot of 

N2 adsorption–desorption for the un-sintered silica aerogel. As displayed in Figure 3.13a, the curve 

raise slightly at the low relative pressure area, indicating the existence of limited quantities of 

microscale pores. The curve then exhibits monolayer and multi-layer adsorption behavior, 

indicating the existing of hierarchical pore structures which contain both meso- and macropores. 

The adsorption-desorption hysteresis loop is quite similar to that of H2 type in the IUPAC 

classification, indicating the existence of capillary agglomerate phenomenon, which is probably 

caused by not fully dried pores. The pore size distribution of the sample is shown in Figure 3.13b, 

the un-sintered silica aerogel has relatively sharp meso-pore distribution. Figure 3.13c-d shows 

cross-section SEM images of the Silica aerogel before sintering. As can be seen in the figure, well-

organized macropores are formed after the freeze drying of the cryo-printed samples. A close-up 

view of the macropores at higher magnification, meso- and micropores can be found. The 

macropores formed reflects the morphology of ice crystal grown during cryo-printing process. 
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While the local meso- and micropores can possibly be formed due to the cryo-protectant effect of 

glycerol additives. 

 

Figure 3.12 Microstructure of printed alumina aerogel at (a) -25 oC (b) -50 oC (c) -75 oC after 

sintering with 15 vol. % alumina suspension in the direction parallel to ice front, (d) printed 

composite aerogel of two different concentration, (e) SEM image of indicated area, (f) higher 

magnification SEM image of the marked area 
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Figure 3.13 Unsintered 3D printed silica (a-b) The N2 adsorption-desorption, and the pore size 

distribution, (c) SEM image in the direction parallel to the ice growth direction, (d) A close-up 

view of the macropores 

Figure 3.14a-b show SEM image of the printed silica aerogel after sintering at 900 oC. As can 

be seen in the figure, the pore structures are well maintained after sintering process. Figure 3.15a-

b show the SEM image of the sintered alumina aerogel in the direction parallel to ice growing (side 

surface). It shows that the part is highly sintered. Figure 3.15c-d show the SEM image of the 

sintered alumina aerogel in the direction perpendicular to ice growing (top surface). 
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Figure 3.14 Sintered 3D printed silica. (a) SEM image in the direction parallel to the ice growth 

direction, (b) SEM image in the direction perpendicular to the ice growth direction (parallel to 

ice front) 

 

Figure 3.15 SEM image of sintered bulk alumina aerogel. (a-b) The direction parallel to the ice 

growth direction, (c-d) The direction perpendicular to the ice growth direction 
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3.3.5 Mechanical properties 

To investigate the mechanical properties of the print that can be achieved by FNP, we printed 

hexagonal and triangular honeycomb structures using 15 vol. % alumina ink. Cellular structures 

can be divided into bending- and stretching dominated ones [78, 87]. Randomly structured 

technical foams behave in a bending-dominated way which is also applicable for our quenching 

based freeze casting. Given the porosity of the strut is fixed, the compressive strength σ* (i.e., the 

maximum load that the sample can resist without fracturing) of a honeycomb structure is strongly 

influenced by the overall density ρ*of the sample as can be seen from equation (3.6) [192], and 

the true density of the honeycomb with porous strut only depends on the porosity, the strut 

thickness, and the strut length as can be seen from equation (3.7).  

𝜎∗

𝜎𝑡𝑠,𝑠𝑡𝑟𝑢𝑡
= C(

𝜌∗

𝜌𝑠𝑡𝑟𝑢𝑡
)𝑐, 

(3.6) 

 

Where 𝜎∗ is the compressive strength of the honeycomb, 𝜎𝑡𝑠,𝑠𝑡𝑟𝑢𝑡 is the compressive strength of 

the strut composing the honeycomb. For both honeycomb, C=1/3, c=1 for stretching dominated 

structure (i.e., triangular honeycomb) and 2 for bending dominated structure (i.e., hexagonal 

honeycomb) [193]. 

[
𝜌∗

𝜌𝑠−𝑡ℎ𝑒𝑜𝑟𝑦(1−𝜀)
] =

𝜌∗

𝜌𝑠𝑡𝑟𝑢𝑡
= C [

𝑡

𝑙
], 

(3.7) 

 

Where 휀 is the porosity of the strut, t is the strut thickness, l is the strut length, and C is 2/√3 for 

hexagonal honeycombs and 2√3 for triangular honeycombs. Thus, the compressive strength of the 

honeycomb ceramics is only a factor of the porosity of the strut, the strut thickness and the strut 

length. The strut thickness and the strut length can be tailored through design and followed 3D 

printing. And the porosity of the strut can be tuned by the ceramic ink concentration, shrinkage 

and thus sintering temperature. Three different aspect ratio (i.e., t/l) patterns were designed 

respectively for hexagonal and triangular honeycombs (Figure 3.16d-e). To ensure equivalent 
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relative density between hexagonal and triangular honeycombs, the strut thickness to length ratio 

of triangular honeycomb is set as 1/3 of the hexagonal one, in observation of the similar shrinkage 

thus the strut porosity because of the same sintering conditions applied. Figure 3.16a-b shows 

typical stress-strain curves of the printed samples and Figure 3.16c shows a typical sample in 

compression. Table 3.3 shows the dimensions in detail. For the hexagonal honeycomb structures, 

with a similar density of 757 Kg/m3 and 881 Kg/m3, our samples show comparable compressive 

strength 𝜎∗ compared to the capillary suspensions fabricated using direct ink writing. The initial 

non-linear behavior for low strains may result from experimental setup issues, such as smashed 

and floating particles from polishing or the plate did not fully contact the sample [87, 100]. There 

were some bumps in the stress-strain curve, which was probably due to the fracture of walls upon 

compression. It is quite common seen in porous materials [192]. 

For a two-dimensional isotropic lattice material, the macroscopic Young’s modulus of the 

honeycombs can be represented in terms of the relative density and the Young’s modulus of the 

strut by [192]： 

𝐸∗

𝐸𝑠𝑡𝑟𝑢𝑡
= B(

𝜌∗

𝜌𝑠𝑡𝑟𝑢𝑡
)𝑏 (3.8) 

Where 𝐸∗  is the honeycomb stiffness, 𝜌∗  is the honeycomb density, B=3/2, b=3 for hexagonal 

honeycombs, and B=1/3, b=1 for triangular honeycombs. 

With the same 6% net relative density, the young’s modulus of FNP printed porous ceramic 

are ~70.88 MPa and ~152.06 MPa for hexagonal and triangular honeycombs respectively by 

regression of the linear portion of the stress-strain curves. These are much lower than the foam 

honeycombs fabricated by direct ink writing [78]. The reason could be: (1) the underestimated 

porosity of the sintered alumina aerogel, (2) the open porosity compared to the closed porosity for 

foam templating based direct ink writing, (3) the much thinner strut thickness due to the limitation 
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of available boat and furnace space, which makes uniform shrinkage much more challenging, (4) 

the mechanical test setup (e.g., strain error caused by the rigidity of the system). However, we are 

able to print a similar net density honeycomb structure to that can be printed by direct ink writing 

with much higher accuracy in geometry. It can be anticipated that with the above mentioned 

engineering constraints eliminated, the compressive strength and modulus of the honeycomb 

structures can be comparable or even outweigh their direct written counterpart. 

Table 3.3 Characteristic dimension and true density of various honeycomb patterns 

Pattern t/l Shrinkage rate True density 

Hexagonal 1 0.936/5.088=0.183 19% 0.237 g/cm3 

Hexagonal 2 2.47/4.2=0.588 19% 0.757 g/cm3 

Hexagonal 3 2.85/4.035=0.684 19% 0.811 g/cm3 

Triangular 1 0.645/10.514=0.061 19% 0.237 g/cm3 

Triangular 2 2.033/8.911=0.196 19% 0.757 g/cm3 

Triangular 3 2.105/8.828=0.228 19% 0.811 g/cm3 
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Figure 3.16 Mechanical properties of 3D printed porous alumina honeycombs. (a-b) Stress-strain 

curves of hexagonal and triangular structures with three different overall densities, (c) A 

triangular honeycomb structure in compression, (d-e) Illustration of hexagonal and triangular 

honeycomb design and actual printed parts, (f) Sintered honeycombs with different overall 

densities 

3.3.6 Thermal properties 

One of the big merit of porous ceramics is their thermal insulation capability under high 

temperature condition. Since the thermal conductivity of silica is around 2 W/mK, which is one 
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order of magnitude lower than that of alumina (ca. 25 W/mK), 3D printed silica aerogels were 

used for thermal insulation study. To investigate the thermal insulation capability of the printed 

silica aerogel, selected samples were placed on a hot plate, and visualized of temperature 

distribution with an infrared thermographic camera (Figure 3.17). Thermographic analysis showed 

that the silica aerogel printed can serve as an excellent thermal insulator. Depending on the 

thickness of the sample, the thermal insulation of the porous silica aerogel varies. When placing 

thin 2.5D geometries on the hot plate, the contour of the pattern is apparently visible. A model of 

two material BaGua model is also printed, silica ink of two different concentrations is printed, as 

shown in Figure 3.17d, the boundary of the two materials is not obvious after printing. But when 

place the part on the hot surface after freeze drying, the famous BaGua symbol is clearly shown. 

Higher temperature is applied to a thick cylinder model of 25 mm. When the hot plate surface 

temperature reaches 384 °C, the top of the printed aerogel in the freeze direction is only 47 °C and 

can be touched with hand without burn as indicated by the inset figure, indicating the insulation 

effect is enhanced with the thicker sample. These qualitative results of thermographic analysis 

demonstrate the potential of silica aerogel using as a heat insulator. The high temperature resistance 

capability of ceramic and exceptional thermal insulation ability of cellular structure enables the 

3D printed porous ceramics in potential application for engineering high temperature resistant 

thermal insulator. The effect thermal conductivity of the porous strut  can be calculated according 

to the ‘effective medium percolation theory’ (EMPT) as follows [194]: 

𝜆𝑒𝑓𝑓 =
1

4
{[𝜆𝑝(3𝑣𝑝 − 1) + 𝜆𝑠(3𝑣𝑠 − 1)] + ([𝜆𝑝(3𝑣𝑝 − 1) + 𝜆𝑠(3𝑣𝑠 − 1)]2 + 8𝜆𝑝𝜆𝑠)1/2} (3.9) 

 

Where 𝜆𝑠 is the conductivity of the solid and 𝜆𝑝 is the conductivity of pore, and 𝑣𝑠, 𝑣𝑝 are their 

volume fraction respectively. Thus, the thermal conductivity of sintered bulk silica aerogel of 13.6 

vol. % can be calculated as 0.0803 W/mK noting the shrinkage is 18% and the thermal conductivity 
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of the air phase is 0.026 W/mK. 

To further demonstrate the capability of engineering thermal insulation realized by freeze 

porous ceramic printing, a cubic structure with overhang feature is printed. As shown in Figure 

3.17a, the carved cubic structure shows improved thermal insulation capability compared to bulk 

porous ceramics of the same height. For a cubic structure with intersecting square rods, the heat 

transferred through the structure consists of three parts: the heat transferred through the solid only 

(i.e., vertical strut), the heat transferred through the bottom beam to the gas phase and then to the 

upper beam, and the heat transferred through the gas phase only. 

𝑄1 = 4(𝑑 2⁄ )2𝜆𝑒𝑓𝑓Δ𝑇 (𝑑 + 𝐷)⁄  (3.10) 

 

𝑄2 = 4(𝑑/2)𝐷Δ𝑇 (𝑑 𝜆𝑒𝑓𝑓⁄ + 𝐷 𝜆𝑔⁄⁄ ) (3.11) 

 

𝑄3 = 𝐷2𝜆𝑔Δ𝑇 (𝑑 + 𝐷)⁄  (3.12) 

 

Where: 𝜆𝑒𝑓𝑓 is the conductivity of the porous strut and 𝜆𝑔 is the conductivity of the gas. 

Then the apparent conductivity of the structure due to the conduction is:  

𝜆𝑐 =
𝑄1 + 𝑄2 + 𝑄3

Δ𝑇(𝑑 + 𝐷)
= (

𝑑

𝐷 + 𝑑
)2𝜆𝑒𝑓𝑓 + 2[(

𝐷

𝐷 + 𝑑
𝜆𝑒𝑓𝑓)−1 + (

𝑑

𝐷 + 𝑑
𝜆𝑝)−1]−1 + (

𝐷

𝑑 + 𝐷
)2𝜆𝑝 (3.13) 

 

For the designed cubic single lattice (i.e., D=10mm, d=10mm), the thermal conductivity can 

be calculated to be around 0.0462 W/mK. The thermal conductivity of bulk cubic of same overall 

size is 0.0803 W/mK. 
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Figure 3.17 Thermal properties study of 3D printed porous silica. (a) infrared thermographic 

image of a single cubic lattice unit compared to its bulk counterpart, (b) exceptional thermal 

insulation capability demonstration, (c) complex semi-3D ceramic geometries, (d) thermal 

insulation in the sistuation of multi-material part 
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3.4 Summary 

In summary, we investigated a novel 3D printing process in the fabrication of porous ceramics 

by integrating drop-on-demand inkjet printing, rapid freeze prototyping and ice templating. 

Various aqueous ceramic inks were successfully formulated for inkjet based 3D printing, ~30 wt. % 

solid loading silica ink, and up to 15 vol. % alumina ink were successfully inkjet-printed to 

fabricate silica aerogels and alumina aerogel respectively. Key steps for 3D porous ceramic 

fabrication such as ceramic ink preparation, inkjet behavior of ceramic ink, freeze casting and 

sintering of green ceramic parts are discussed in detail. The pore porosity and pore size distribution 

investigation shows that our method can produce highly porous ceramics in a macro and micro 

controllable manner. The mechanical strength of the hexagonal alumina structure can be tuned by 

the strut porosity, strut length and strut thickness. Furthermore, this method opens a facile and 

effective way toward the fabrication of functional porous ceramics such as human bone in tissue 

engineering by using Hydroxyapatite (HAP) ceramic ink. 
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Chapter 4 Three-Dimensional Printing of Graphene Aerogel  

 

4.1 Introduction 

The surging field of graphene aerogel (GA) provides a promising methodology for transferring 

inherent properties of graphene into macroscopic applications for composite materials [56, 124, 

195, 196],  energy storage [150, 197, 198], stress sensor [56], thermal insulator [199], and shock 

damping [200, 201]. Controlled large scale assembly of two-dimensional (2D) graphene into GA 

was achieved by direct drying [202-204], self-assembly (e.g., hydrothermal and freeze casting) 

[57, 58] and template growth [52-54] to name a few. Although most GAs have stochastic porous 

network, freeze casting enables manipulation of the microstructure for tubular graphene alignment 

along freezing direction [39, 57, 199].  However, fabrication of GA with tailored macrostructures 

by scalable and controllable methods remains a significant challenge [59]. The vision of tailoring 

macroarchitecture of GA for specific applications, including separation, all-solid-state-batteries, 

micropressure sensors, flexible electrodes, and electrochemical catalyst templates [59], has 

stimulated the research on three-dimensional (3D) printing of GA [59, 60]. Of these, direct ink 

writing was utilized to print graphene composites and then reduced to 3D GA architectures via 

thermal decomposition or chemical etching [59, 60]. Although strategies have been presented to 

adjust viscosity of graphene ink for shear thinning and self-support, they are limited in several key 

qualities, namely, pure, continuous, boundary free, controlled microstructure and truly 3D 

architectures (e.g., 3D truss with overhang structures). Here, we concurrently achieve these key 

features by coupling multi-nozzle drop-on-demand inkjet printing of pure graphene oxide (GO) 

suspension with freeze casting for rapid printing of 3D GA architectures.  
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4.2 Experimental Methods 

4.2.1 GO Ink Preparation 

Single layer GO (Cheap Tubes Inc.) precursor with average size of 300-800 nm lateral 

dimensions and 0.7-1.2 nm layer thickness was used for the printing experiments. The GO provides 

high solubility in Deionized (DI) Water with high purity of 99 wt. %. The GO powder was 

ultrasonically dispersed in DI water to prepare uniform suspension with concentration of 10 mg/ml. 

Ethylenediamine (EDA), working as pre-reduction agent, was mixed with GO suspension by 

volume ratio of 2‰ to prepare the GO ink. The mixture of GO and EDA was ultrasonically 

dispersed for 0.5 h to make it uniform, and then 5 vol.‰ NaOH solution (Concentration= 5%) was 

added to adjust the viscosity of ink to be suitable for inkjet printing process.  

4.2.2 3D Printing GO Ink Processes 

This process is shown in Figure 4.1. The aqueous GO suspension is well prescribed, and loaded 

together into two reservoirs respectively. Computer program converts the input 3D model into 

machine command and control the nozzle jetting and motion, and the materials are selectively 

dropped onto a cryogenic substrate of ~-25 °C. (Figure 4.1a-c). The 3D printed ice structure is 

immersed into liquid nitrogen for further self-assembly of GO sheets (Figure 4.1d). After the ultra-

low temperature treatment, the green part is placed in an ultralow temperature chamber (-80 °C) 

for 24h to implement further ice crystallization, and the water is removed by freezing and vacuum 

drying for another 24 hours (Figure 4.1e). The freezing dried part is then reduced by thermal 

reduction at 1000 °C for 1 h in a tube furnace under argon atmosphere and the final graphene 

aerogel with ultra-low density is produced (Figure 4.1f).  
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Figure 4.1 3D printing graphene aerogel. (a) 3D printing setup, (b) 3D printing of GO 

suspension, (c) 3D printing of ice support, (d) Immersing printed ice structure into liquid 

nitrogen, (e) Freeze drying, (f) Thermally reduced to 3D ultra-light GA on catkin, (g-i) Physical 

images of (a-c) 
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Figure 4.2 3D printed semi-3D GO aerogels. (a)-(c) Printed GO aerogels on catkin, and (d)-(f) 

designs of printed GO aerogels 

4.2.3 Test Procedures 

Characterization: The microstructure of rGO flakes were investigated by transmission electron 

microscopy (TEM) (CM-100, Philips/FEI). Microstructures and in situ compression were 

observed by a scanning electron microscopy (SEM) (HELIOS NanoLab 600i, FEI). X-ray 

diffraction (XRD) pattern was collected by a D8 Advance X-ray diffractometer (Bruker) with Cu 

Kα radiation (λ=0.15418 nm). Quantitative analysis of materials composition was conducted by 

X-ray photoelectron spectroscopy (XPS) (PHI 5700 ESCA System, Physical electronics Co.) using 



99 

 

monochromatic Al-Kα radiation as the X-ray source (hn = 1486.6 eV). Raman spectra were 

recorded by a Raman Spectrometer (Bruker) with Raman shift from 100 to 3000 cm-1. 

Thermogravimetric analysis (TGA) was performed with a simultaneous TGA/DSC thermal 

analyzer (Q600, TA Instrument) with a heating rate of 5 ºC min-1 from 25 to 800 ºC under nitrogen 

protection.  

Mechanical property tests: The in situ compression was conducted (Alto 2500 cryo system, 

GATAN) in SEM (HELIOS NanoLab 600i, FEI) with a loading rate of 0.5mm/min. A digital 

material testing machine (MTS Insight 10) was used to conduct compressive experiments with a 

constant loading rate (1 mm min-1). The viscoelastic properties were investigated using a dynamic 

thermo-mechanical analyzer (DMA) (Q800, TA) in the temperature range of -100 to 300 ºC with 

heating rate of 5 ºC min-1 and frequency ranging from 0.1 to 30 Hz.  

Electrical property tests: Electrical resistance and piezo-resistance effect were measured by a 

two-probe method using a digital multimeter (Fluke 287) by sampling interval of 2 Hz. The 

electrodes were painted with high conductive silver paste (~ 0.01 Ω cm) on two sides of the 

samples to eliminate contact resistance. Voltage-current (V-I) curves were measured by a source 

meter (S630Q4552, Keithley). The temperature dependent resistance tests were conducted in 

liquid nitrogen for ultralow temperatures and in a tube furnace for high temperatures up to 400 ºC. 

The related temperatures were collected by K-type digital thermometers. 

4.3 Results and Discussion 

4.3.1 Material Characterization 

The microstructure of 3D-printed GO aerogel, as illustrated in Figure 4.4, was characterized 

by scanning electron microscope (SEM) from top and side view. Figure 4.4b shows a T-junction 

cut from the region marked in Figure 4.4a. Viewed from the arrow direction in Figure 4.4b, 
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microstructures along freezing and deposition direction are shown in Figure 4.4c, with GO sheets 

aligned along the freezing direction. The measured layer thickness is around 100 µm. A high 

magnification SEM image at the interface, as demonstrated in Figure 4.4d, shows free boundaries 

between printed layers. The good integrity is formed due to the jetting-melting-freezing cycle of 

the process. Because the growth of ice crystal during freeze casting is highly anisotropic along 

different growing directions, 2D GO sheets were squeezed to align along the freezing front [57]. 

Highly ordered assembly of 2D sheets was yielded because the GO sheets were concentrated and 

squeezed at the ice crystal boundaries. The growth of ice crystal penetrated the layer boundaries 

and forced the GO sheets to connect or stack together, forming π-π interaction between GO sheets 

[57]. The π-π interaction facilitated the cross-linking of GO sheets within layers and between layers, 

thus eliminating layer boundaries. Honeycomb porous structures, shown in Figure 4.4e and Figure 

4.4f, were also induced by the freeze casting process. After sublimation of ice during freeze drying 

process, porous structures were formed. Figure 4.4f shows the size of porous structures is larger 

than few hundred micrometers. The 2D graphene sheets are characterized in Figure 4.3. The 

interfacial bonding induced by π-π interaction is shown in Figure 4.3a, with diffraction pattern that 

demonstrates few layer graphene sheets. The typical size of a graphene sheet is approximately few 

micrometers (~5µm), as shown in Figure 4.3b. 

 

Figure 4.3 TEM image of graphene sheets from printed GA. (a) Junction of GA, the inset 

diffraction pattern shows few layers of graphene, (b) Typical size of graphene sheet 
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Figure 4.4 Microstructure of 3D printed GA. (a) The 3D printed GA architecture, (b) T-junction 

cut from (a), (c) Microstructure along deposition direction, (d) Cross-sectional interfacial region, 

(e) Top view of the region in (a), (f) Typical size of honeycomb structure 
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The chemical composition of 3D printed GA were characterized, as shown in Figure 4.5. In 

Figure 4.5a, XRD peaks at 2θ=12.56, 22.46 and 25.32º are GO, printed GO aerogel and printed 

GA, respectively. The results demonstrate that interlayer spacing of graphene sheets shifts from 

7.01 (between (001) planes in GO) to 3.61 Å (between (002) planes in printed GA). Functional 

groups on graphene oxide sheets were efficiently removed by thermal annealing at 1000 ºC for 1 

hour. The sharp peak of printed GA at 25.32° implies high graphitization and well-oriented 

stacking among those graphene sheets. Figure 4.5b illustrates typical D (1350 cm-1) and G (1587 

cm-1) bands of Raman spectra for GO, printed GO aerogel and printed GA. The intensity ratio 

(ID/IG) deceases from 1.2 for GO to 1.02 for printed GA after thermal annealing due to recovery 

of the conjunction domain of sp2-dominated 2D graphene crystal by removing oxygen-containing 

functional groups [205] . Emerging peaks of the 2D band at 2694 and S3 band at 2932 cm-1 reveals 

recovery of the intrinsic graphene structure [124] .The improvement of thermal stability of printed 

GA is confirmed by thermal gravity analysis (TGA). The significant weight drop of GO and printed 

GO aerogel, as shown in Figure 4.6, occurs at temperatures range from 300 to 800 ºC. The total 

weight loss at 800 ºC are 31% (GO) and 21% (printed GO aerogel), due to efficient removal of 

oxygen-containing functional groups. Comparatively, the printed GA presents outstanding thermal 

stability with slight weight drop (less than 3%), implying promising applications in high 

temperature electronic devices up to 800 ºC. 

Chemical composition was further characterized by X-ray photoelectron spectroscopy (XPS) 

analysis. As illustrated in Figure 4.5c and Figure 4.5d, the C1s, N1s and O1s elements peaks are at 

288.1, 403.5 and 535.1 eV, where the appearance of N1s in GO aerogel and GA is attributed to 

usage of EDA with epoxide groups yielding new C-N bonds. Three peaks in the C1s spectrum of 

printed GA at 285.2, 285.7 and 286.7 eV are C-C/C=C (aromatic rings), C-N (amidogen), C-OH 
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(hydroxyl), respectively. The low intensity of the C-OH (hydroxyl) and elimination of C-O-C 

(epoxy) and COOH (carboxyl) imply that oxygen-containing functional groups have been 

efficiently removed by the annealing process. Further quantitative analysis of XPS data suggests 

a high atomic carbon to oxygen ratio (C/O) of 27.7 for printed GA, as compared to 2.6 for GO 

aerogel. The porous structure induced by freeze casting is governed by complex and dynamic 

liquid-graphene and graphene-graphene interaction, while the amount of oxygen-containing 

groups on GO demonstrates a significant effect on such interaction [57]. The reported optimal C/O 

atomic ratio to form cellular structure with high mechanical performance is approximately 2, 

which is close to our GO aerogel [57]. The chemical composition of GO facilitates alignment of 

GO sheets during the 3D printing process.   

 

Figure 4.5 Characterizations of 3D printed graphene aerogel. (a) Raman spectra, (b) XRD 

pattern, (c) XPS survey spectra for all elements (C1s, N1s and O1s), (d) XPS spectrum for C1s of 

printed GA 
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Figure 4.6 Weight loss of GO, printed GO aerogel and printed GA versus increasing temperature 

4.3.2 Mechanical Properties 

Mechanical properties of printed GA were quantified by in-plane compression tests and 

dynamic thermo-mechanical analyzer (DMA). As shown in Figure 4.8, a 6.21 mg printed GA can 

support 100g without shape distortion, indicating a loading-to-weight ratio up to ~16,100. 

Compressibility, measured by compressive stress (σ) as a function of strain (ε), is displayed in 

Figure 4.7a. Printed GA with density of 10 mg cm-3 exhibits nonlinear super-elastic behavior and 

reversible ultra-large compressibility with a strain up to 50%.  It contains four stepped stress-strain 

curves with strain amplitudes of 10, 20, 30, and 50% in sequence; the succeeding stress-strain 

curve almost rise back to the previous cycle. The trend was repeated for all the measurements, 

indicating an excellent strain memory effect [59]. Multi-cycle compression test further reveals the 

excellent resilience of printed GA. As shown in Figure 4.7b, the printed GA specimen was 

dynamically compressed for 10 loading-unloading cycles at 0.5 Hz with strains up to 50% in order 

to further investigate the mechanical robustness of 3D-printed lattice structure. The second 

loading-unloading loop exhibits a degradation of stress less than 8%, meaning that printed GA 



105 

 

maintains its original superelasticity and structural robustness. After 8 loops, the stress will be 

stabilized at 64 kPa with 23% stress decay. The stress against strain curves, in Figure 4.7c, are 

dependent on density of printed GA, and the stress under 50% of strain linearly increases with 

increased density.  

The Young’s modulus of porous carbon monoliths is typically related to density function as: 

E = Aρn, where E is the Young’s modulus, ρ is effective density, and A is a constant [124, 206-

209]. As demonstrated in Figure 4.7d, the relationship between E and ρ of 3D printed GA presents 

a different relationship: E∝ ρ1.4. Comparably, index n is 2.5 for other bulk graphene/CNT 

monoliths that are fabricated primarily by typical hydrothermal or critical freeze-drying processes. 

The smaller n in printed GA can be explained by the fact that designed 3D macroscopic hollow 

structures. More details of comparison between printed GA and other aerogel can be seen in table 

4.1. This unique property helps 3D printed GA architectures maintain a high Young’s modulus for 

densities below 1 mg/cm3.   

Table 4.1 A summary of mechanical properties of state-of-the-art carbon monoliths 

 

Source 

 

Ink Precursor Methods  

Electrical 

conductivity 

 [S cm-1] 

Strength 

 [kPa] 

Compressive 

strain 

 [%] 

Young’s 

modulus 

 [kPa] 

Our work GO 

Drop-on-

demand 

3D printing 

0.154 

(ρ = 10 mg 

cm-3) 

84.1 

(ρ = 10 mg 

cm-3) 

50 

174.6 

(ρ = 10 mg 

cm-3) 

[59] GO + Silica  
Continues 

3D printing  

0.87 

(ρ = 31 mg 

cm-3) 

125.2 

(ρ = 16 mg 

cm-3) 

50  

250.4 

(ρ = 16 mg 

cm-3) 

[60] GO+PMA+PEG 
Continues 

3D printing  

0.4 

(ρ = 6 mg 

cm-3) 

20 

(ρ = 17 mg 

cm-3) 

20 

130 

(ρ = 17 mg 

cm-3) 

[206] GO+Fe3O4 Hydrothermal 

0.348 

(ρ = 5.6 mg 

cm-3) 

10 

(ρ = 5.6 mg 

cm-3) 

95%  

11 

(ρ = 5.6 mg 

cm-3) 

[210] GO Hydrothermal 

1.147 

(ρ = 10 mg 

cm-3) 

28 

(ρ = 10 mg 

cm-3) 

95%  

29 

(ρ = 10 mg 

cm-3) 

[207] CNT-sol-gel Polymerization 2.5 38 76%  50 



106 

 

(ρ = 30 mg 

cm-3) 

(ρ = 10 mg 

cm-3) 

(ρ = 10 mg 

cm-3) 

[208] 
Graphene + 

CNT 

Pyrolysis 

process 

0.3 

(ρ = 2.6 mg 

cm-3) 

300 

(ρ = 2.6 mg 

cm-3) 

80% 

120 

(ρ = 2.6 mg 

cm-3) 

[209] 
Graphene + 

CNT 
Hydrothermal 

1750 

(ρ = 1000 

mg cm-3) 

200000 

(ρ = 60 mg 

cm-3) 

7 % 

107 

(ρ = 1000 

mg cm-3) 

 

A close-up view of the initial stage focused on the interface in Figure 4.7e; partial fracture of 

printed GA occurred only when compression strain achieved 50%, as illustrated in Figure 4.7f. 

The zoom in picture shows robust interface between deposited layers. The fracture crack occurred 

along the shear propagating direction. Both microstructure at the interface and in situ compression 

test confirmed effective boundary elimination by our 3D printing technique.  

The DMA test setup is shown in Figure 4.9, and results in Figure 4.10 further demonstrate 

remarkable viscoelatic stability of printed GA within wide temperature range (-100-300°C), 

storage and loss modulus present rare dependence on temperature change. The printed GA retains 

its remarkable superelasticity even under an ultralow temperature of -100 °C or high temperature 

of 300 °C. The damping ratio, which is a parameter to evaluate material damping capacity, notably 

approaches 0.2, much higher than that of other conventional graphene monoliths [210]. Moreover, 

the storage and loss modulus, shown in Figure 4.7f, are slightly affected by frequency change from 

0.10 to 30 Hz.  
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Figure 4.7 Mechanical property of 3D printed GA. (a) Stress-strain curve during loading-

unloading cycles by increasing strain amplitude for printed GA (ρ = 10 mg cm-3), (b) The 10 

cyclic loading-unloading of printed GA (ρ = 10 mg cm-3), (c) Loading-unloading curves for 

printed GA with various density (from 0.5 to 10 mg cm-3), (d) The Young’s modulus against 

density for existing materials, (e) Initial stage of in situ compression test in SEM, (f) Partial 

fracture along shear direction at 50% compression strain 
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Figure 4.8 Loading-to-weight test for printed GA 

 
 

Figure 4.9 DMA test of graphene aerogel 

 

Figure 4.10 (a) Temperature dependence of storage modulus, loss modulus and damping ratio 

between -100 and 300 ºC (5 Hz and 10% strain), (b) Effects of frequency on storage modulus, 

loss modulus and damping ratio (room temperature and 10% strain) 
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4.3.3 Electrical Properties 

Electrical properties of printed GAs are characterized in Figure 4.11. The current-voltage (I-

V) curves of printed GA present a typical linear relationship, following Ohm’s law, in the density 

range from 0.5 to 10 mg cm-3, with normalized sample size of 1×1×1 cm. In order to better 

understand electron transport of printed GA, electrical resistance fluctuation induced by 

temperature change, shown in Figure 4.12, was investigated at temperature range from -192 to 400 

ºC. As shown in Figure 4.12a and Figure 4.12b, the resistance change exhibits five distinguished 

regimes with negative temperature coefficient of expansion (NTCE). The resistance presents a 

notably dramatic increase of 97% when temperature decreased to -192 ºC, with the most dramatic 

increase occurring at temperature lower than -100 ºC. The resistance is significantly stable between 

-40 and 60 ºC, but monotonously drops 48% when temperature increased to 350 ºC. The resistance 

stabilizes without further variation when the temperature increases to 400 ºC. This NTCE effect 

indicates that the printed GAs have typical semiconductor behavior of resistivity and conductivity 

with temperature dependence, due to the existence of potential barriers between highly conductive 

conjugation domains on reduced graphene sheets. The transport mechanism of thermally activated 

electrons in printed GA is governed by a dual 2D/3D hopping conduction mechanism (2D in basal 

plane of graphene sheets: ln k  T-[1/ (2+1)], and 3D in stacked interfaces between graphene sheets: 

ln k  T-[1/ (3+1)], where k is the resistivity and T is temperature), similar to that of other 

nanostructures (e.g., carbon nanotubes, GA fibers and bulk GA). As shown in Figure 4.11b, 

electrical resistance of printed GA is highly constant over multiple cycles (10 cycles) of 

compression, indicating significant structure resilience [57]. In addition, resistivity change 

(∆R/R)-compressive strain curves (Figure 4.11c) show linear behavior and remarkable recoverable 

resistivity response without obvious hysteresis. The ∆R/R values stabilize at -26.2% after the 
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fourth cycle at 20% of compressive strain, further implying excellent electromechanical properties 

and significant structure stability. The electrical conductivity against density for graphene 

composites [49, 156, 211, 212], bulk GA [213, 214], and printed GA are illustrated in Figure 4.11d. 

The 3D printed GAs exhibit high electrical conductivities, ranging from 2.2 to 15.4 S m-1 as the 

densities increase from 0.5 to 10 mg cm-3. The conductivities of printed GA increased 6-12 times 

when printed GA and bulk GA have identical density. The printed GAs have high reproducibility, 

like other 3D printed graphene composites [156, 215]. Macro-porous structures in printed 

architecture provides a powerful tool to manipulate the conductivity over density ratio, thus 

offering potential to design 3D scaffold for electric devices or conductive materials.  

 

Figure 4.11 Electric properties of printed GA. (a) I-V curves of 3D printed GA. The inset shows 

electrical conductivity, (b) Resistivity change against compressive cycles, (c) Piezo-resistivity 

effect of printed GA, (d) Electric conductivity versus density for graphene bulk materials 
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Figure 4.12 Electrical resistance fluctuation induced by temperature change of 3D printed GA 

4.4 Summary 

In summary, we present a novel strategy for 3D printing of GA architecture via multi-nozzle 

drop-on-demand inkjet with freeze casting. This technique enables tailoring the microstructure and 

macrostructure of printed GA. To the best of our knowledge, this is the first report of the 3D printed 

GA truss architecture with overhang structures. The printed GAs represent ultralight densities 

(from 0.5 to 10 mg cm-3), significant electrical conductivity (~ 15.4 S m-1), and high 

compressibility, and they are much stiffer than their counterparts, such as bulk GA with comparable 

density. Freeze casting enables the deposition of low viscous Newtonian GO suspension, thus 

allowing ultralow density of GA architecture to be printed. The 3D graphene macrostructure, with 

aligned and boundary free microstructures, offers potential for designing anisotropic thermal 

insulation materials. The excellent mechanical robustness and high electrical conductivity promote 

future application for strain sensor.  Moreover, it is easy to explore the freeze casting based 3D 

printing technique to design and fabricate engineering aerogel structures for energy storage, 

catalytic and shock damping applications.  
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Chapter 5 Parameter Study of 3D-Printing Graphene Oxide Based on 

Quenching Based Freeze Casting 

 

To assure the good quality of the fabricated part through freeze nano printing, it is essential to 

investigate the process parameters involved in this technology. Although some studies have been 

implemented in the rapid freeze prototyping of water, the process parameters that will affect the 

quality of the frozen graphene structure have not been investigated [216, 217]. In this chapter, we 

will study the process parameters in the freeze nano printing process based on solenoid actuated 

micro-dispensing jetting device. The roadmap to find the appropriate parameters and feed them 

into the slicing software is given.  

5.1 Experimental Methods 

5.1.1 GO Ink Preparation 

The preparation procedure of GO inks used for parameter study has been described in section 

4.2.1. Briefly, the GO powders were ultrasonically dispersed in DI water to prepare uniform 

suspension with a concentration of 10 mg mL-1. The concentrated GO ink is then diluted to other 

lower concentration as needed. 

5.1.2 Material Rheology Behavior 

Viscosity of material: The Brookfiled DV-II+Pro Viscometer is used to measure a series of GO 

solution with concentration from 2mg/ml to 10mg/ml. A CPE-40 spindle is used, the work range 

of the spindle is from 0.15cP to 3065cP. The speed is set at 10RPM, and test temperature is 

maintained at 10 °C. Figure 5.1 shows the results of measurement. As it can be seen, the viscosity 

of GO solution increases as the concentration increases.  
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Figure 5.1 Dynamic viscosity of GO solution with different concentrations 

Various characteristics numbers: 

The Reynolds number is defined as the ratio of momentum forces to viscous forces and 

consequently quantifies the relative importance of these two types of forces for given flow 

conditions. 

Re =
ρVr

μ
 (5.1) 

 

 

Ohnesorge number (Oh) is a dimensionless number that relates the viscous forces to inertial 

and surface tension forces. 

oh =
μ

√ρdσ
 (5.2) 

 

 

Gravity and surface tension are the two most important factors that affect the shape of a fluid 

line, gravity tends to spread the fluid out, while surface tension tends to wrap up the line. Bond 
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number (Bo) or Eo number, is a dimensionless number measuring the importance of surface 

tension forces compared to gravity 

Bo =
ρgd2

σ
 

(5.3) 

 

 

At room temperature, the viscosity and GO ink were 1.06mPas and 68mN/m respectively 

[118]. It can be calculated that the Bo number for a 2mg/ml GO 1mm wide fluid line is around 

0.144, the Oh number for 2mg/ml GO solution is around 0.128, and the Re number is around 1400. 

So for GO solution of 2mg/ml in our setup, momentum force dominates viscous forces, surface 

tension dominates viscous forces and gravity. 

The rheology properties of the GO ink are not in the best printable range of commercial inkjet 

printing device (such as Epson inkjet printer: ~15mPas and 30mN/m). By manipulating the 

printing parameters, we are expecting to compensate for the low viscosity and high surface tension 

of the water based ink. 

5.1.3 Experimental Setup 

An FDM 3D printer is retrofitted to serve as the host framework in our system. Figure 5.4a 

shows the main components in the configuration. A thermal electrical device (i.e., Peltier cooler) 

is used as the cold plate, and mounted together with a heat sink to move up one layer each time 

during printing. A solenoid actuated micro-dispensing (Lee Company) equipped syringe is 

mounted on a medium that can move along XY axis to travel along designed path in the printing 

process. The syringe is pressurized using a Nordson Performus™ V dispenser with certain pressure 

when necessary. The two solenoid contact pins are connected to the solenoid drivers which are 

then connected with a microcontroller board to control the ON/OFF status of the solenoid valve.  

The system is composed of motion control unit, pressure control unit, temperature control unit, 

print head, and substrate module. The original motion setup is fully maintained, however, the 
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heating and extrusion module is replaced by home-developed print head system which works in 

drop-on-demand mode. The dispensing unit is constituted of a valve-nozzle, a syringe that is 

connected to the dispenser, a pneumatic system that provides pressure to the print head. The 

substrate module is made of a peltier cold plate with cooling system, which can provide ambient 

temperature (-25°C) well below the freezing point of the GO suspension (~0°C). 

5.2 Printing Parameters Investigation 

The quality of the print mostly relies on the ink used along with various printing parameters. 

Table 5.1 shows the main parameters in our process, it includes the parameter in the software and 

various device parameters and environmental conditions. The most important parameters that 

should be well set in the software is nozzle diameter, layer thickness and travel velocity, the 

software will calculate a path width value based on the input nozzle size. The nozzle diameter 

should be set in the value such that the output extrusion width is equal to or slightly smaller than 

the printed line width. The layer thickness value should be equal to the actual printed layer 

thickness. However, the actual line width and layer thickness depend on the velocity defined in the 

software. Thus, a natural process to achieve the optimal setting of these two parameters is as 

follows: 

(1) Print a single line using a specific frequency, duty cycle with varying velocities; 

(2) Take the velocity that produces satisfactory line width as the software travel velocity; 

(3) Measure the actual line width and layer thickness, the nozzle diameter that needs to be set 

in the software is equal or slightly smaller than the actual line width, and the layer thickness 

should be set equal to the actual layer thickness. 

The major parameters related to dispensing system are valve duty cycle, valve frequency, and 

applied pressure. The freezer temperature is tuned to be -25°C to keep minimum solidification 
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time of each layer. The print medium is heated to be around 10°C to guarantee a continuous print 

without any clogging due to the low temperature in the freezer. We experimented on GO inks of 

different concentrations for our purpose of various properties test on graphene lattice structure. 

Generally, for a different solution with different viscosity and surface tension, a different nozzle 

size should be selected, and all the parameters should be tuned accordingly. The parameters listed 

below are based on GO solution of 2mg/ml and 10mg/ml. For a different concentration, the 

parameters will be adjusted accordingly. The optimal parameter should achieve a line width same 

as the value specified in the software. 

Table 5.1 Key printing parameters and settings for the experiments 

Parameters Value 1 Value 2 

Nozzle diameter 0.127 mm 0.127 mm 

Line width 0.4 mm 0.3 mm 

Layer thickness 0.14 mm 0.10 mm 

Travelling velocity 50 mm/s 40 mm/s 

Valve duty cycle 5000 (0~65535) 5000 (0~65535) 

Valve frequency 200 Hz 100 Hz 

Applied pressure 0 kPa 0 kPa 

Freezer temperature -25 ℃ -25 ℃ 

Ink temperature 10 ℃ 10 ℃ 

GO concentration 2 mg/ml 10 mg/ml 

 

5.3 Theory and Formulas 

Nomenclature 

f = fluid feed rate 

d = nozzle diameter 

N = duty cycle 
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V = flow velocity 

H = layer thickness 

w = line width 

v = travelling velocity 

∆H = solution level 

∆h = distance between nozzle and substrate 

g = gravitational constant 

p = applied pressure 

      𝜌 = solution density 

α = contact angle 

The analysis of the parameters theoretically can begin with the study of a deposited liquid line 

(see Figure 5.2). A liquid line is formed at the velocity of v, the line width is w, and the thickness 

is h. The flow rate can be approximately calculated using the following equation: 

𝑓 = ℎ𝑤𝑣   (5.4) 

 

 

Figure 5.2 A deposited line with circular profile 
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From the perspective of the dispensing nozzle, the water feed rate can also be formulated as: 

𝑓 =
𝜋

4
𝑑2𝑁𝑉                                 

(5.5) 

 

According to Bernoulli’s principle, which states that, for an inviscid flow of a nonconducting fluid, 

an increase in the velocity of the fluid occurs simultaneously with a decrease in pressure or a 

decrease in the fluid's potential energy: 

𝑉2

2
+ 𝑔∆𝐻 +

𝑝

𝜌
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡           (5.6) 

 

It follows that: 

𝑉 = √2(𝑔∆𝐻 +
𝑝

𝜌
)     (5.7) 

 

Substituting (5.7) into (5.5), we obtain: 

𝑓 =
𝜋

4
𝑑2𝑁√2(𝑔∆𝐻 +

𝑝

𝜌
)                  (5.8) 

 

From equation (5.8), it can be clearly seen that the water feed rate is mainly affected by nozzle 

diameter, duty cycle, fluid supply level, applied pressure and fluid density.  

By investigating two stacking liquid line, we can find the relationship between line width and 

layer thickness. Figure 5.3 shows a schematic drawing of the first deposited liquid line and a 

successive one. The first line is deposited on a flat cold substrate. Due to the high surface tension 

and small apex radius, it forms as a quasi-circular shape. This line is soon frozen and solidified. 

The successive line is deposited onto a curved surface, and finally it forms a meniscus shape. For 

a fixed configuration, the liquid feed rate is constant, thus, the area of the meniscus and the “cut” 

by flat substrate circular shape should be the same. The first line has a contact angle of 𝛼0 with the 

flat substrate. For the sake of simplicity, we can assume the tangent direction at the boundary point 

(the red dot) to be the same as when the first line is formed (the blue dot). Besides, since the 
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deposited line is fairly tiny, we can assume the increase in line width for each successive layer is 

negligible (the w’ is quasi same with w). Thus, we can establish relation between h and w as: 

ℎ = 𝑤 sin
𝛼

2
 (5.9) 

 

 

Substituting (5.8) and (5.9) into equation (5.4), we get: 

𝑤 = √
𝜋

4
𝑑2𝑁√2(𝑔∆𝐻+

𝑝

𝜌
)

𝑣 sin
𝛼

2

                   (5.10) 

 

Equation (5.10) clearly shows that liquid line width is primarily affected by nozzle diameter, duty 

cycle of solenoid valve, fluid supply level, applied pressure, fluid density, scanning velocity, and 

contact angle of droplet on curved surface ice. For the aqueous GO solution used in our research, 

this contact angle is determined to be around 20° [216]. 

 

Figure 5.3 The side view of two stacked lines 

In the following section, each of the parameter will be discussed in detail. Since we use fixed 

nozzle, the nozzle diameter is not changed. The same nozzle (.005 in. orifice) and fixed fluid 
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supply level (10 cm from the top fluid level to the nozzle tip) are kept throughout the experiments. 

Therefore, the main parameters discussed are travelling velocity of nozzle, frequency and duty 

cycle of solenoid valve, applied pressure and nozzle-substrate distance. A set of comprehensive 

parameter tests are conducted on GO solution of 2mg/ml, 6mg/ml, and 10mg/ml in more detail 

with comparison between them. 

 

Figure 5.4 The schematic illustration of the 3D printing system for Freeze nano printing 

5.4 Influence Parameters 

5.4.1 Travelling Velocity 

Figure 5.5 shows the experimental value of layer width based on a scanning velocity of 

20mm/s, 30mm/s, 40mm/s, 60mm/s, 80mm/s and 100mm/s. It can be seen that the line width 
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decreases as the travelling velocity increases. The line width shows similar trend as predicted. 

However, the maximum scanning velocity suggested by the machine is 80mm/s, which otherwise 

cannot preserve the desired printing resolution. 

 

Figure 5.5 Line width versus travelling velocity 

5.4.2 Frequency 

Though not reflected in the formula derived above, frequency indeed affects the line width and 

thickness. Generally, higher frequency will cause both line width and layer thickness to increase. 

It can be seen in Figure 5.6 that the layer width increases as frequency pulls up. However, as the 

frequency reaches a certain large value, the line width decreases due to the chaos in the caterpillar 

tube of solenoid valve. One explanation of the effect of frequency on the line width and layer 

thickness is that the higher frequency causes the higher momentum force, which reflects as higher 

flow velocity, and finally the feed rate increases. 

Frequency should match well with scan velocity. For example, if frequency is 100 Hz (i.e., the 

valve open/close in every 0.01 s). If the scanning velocity is 50mm/s, it only needs 0.02 s to travel 
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1 mm. However, it takes certain time for the droplet to land onto the substrate.  For example, if no 

external pneumatic pressure is applied, and the nozzle-substrate distance is 10mm, the flight time 

(time of droplet travels from nozzle orifice to substrate) is:  

𝑡 =
∆ℎ

𝑉
 (5.11) 

 

𝑉 = √2 (𝑔∆𝐻 +
𝑝

𝜌
) = √2 × 9.8 × 0.1 = 1.4 𝑚/𝑠 (5.12) 

𝑡 =
0.01

1.4
= 0.0071 𝑠 (5.13) 

If the frequency is too low and the scanning velocity is too high, there is possibility that the 

printed line is not continuous, which will affect the actual line width measured. Figure 5.7 shows 

the imperfect fluid line when printing GO ink with duty cycle N = 10000, frequency f = 100 Hz, 

and scanning velocity v = 80 mm/s.  

 

Figure 5.6 Line width versus travelling velocity and frequency 
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Figure 5.7 Discontinuous printing line 

5.4.3 Duty Cycle 

Duty cycle is an important factor that can greatly affect the solution feed rate; a large duty 

cycle means the longer valve opening time comparing to closing time. Figure 5.8 shows the 

experimental result with varying duty cycle. Layer width increase rapidly as duty cycle increases 

from 10,000 to 40,000 (with a range of 0~65535). However, no obvious line width increase is 

observed after the duty cycle exceeding 40000; this is mainly because flow rate reaches a certain 

high level and the frequency is staged. 

 

Figure 5.8 Line width versus duty cycle 
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5.4.4 Pressure 

Pressure is another important factor that can severely affect the dimension. In general, low 

pressure can achieve small printed feature, while high pressure causes larger line width and layer 

thickness. Figure 5.9 shows all the pressure sources in the system. The total pressure is composed 

of applied pressure from the dispenser and the static fluid pressure. In our setup, ∆H is around 10 

cm, thus, the static fluid pressure can be calculated as: 

𝑝𝑠𝑡𝑎𝑡𝑖𝑐 = 𝜌𝑔∆𝐻 = 1.01 × 9.8 × 0.1 ≈ 1 kPa 

 

Figure 5.9 Syringe with applied pressure 

Extra pressure is needed for some fluid with relatively high viscosity. In this situation, if the 

pressure applied is high, the static fluid pressure will be negligible. Figure 5.10 shows the predicted 

line width and layer thickness with continually increasing pressure. In the configuration, nozzle 

diameter d = 0.12 mm, fluid level ∆H = 0.1 m, duty cycle N = 10, 000, fluid density 𝜌 =
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1010 kg/m3, scan velocity v = 40 mm/s, contact angle is assumed to be 20°. It can be seen that 

both line width and layer thickness increases with elevated pressure. 

 

Figure 5.10 Line width versus pressure 

5.4.5 Distance between Nozzle and Substrate 

As can be seen in Figure 5.11, the line is thicker if the distance between nozzle tip and substrate 

is longer. This is because the solution coming out of the nozzle forms a cone shape, longer distance 

between the nozzle, and substrate yields wider line width. However, for a particular parameter 

configuration, the feed rate is almost constant. A large line width will cause a thinner layer. Thus, 

the distance between the nozzle and substrate needs to be well controlled to ensure good dimension 

accuracy. In our study, we found that this factor is parameter-specific. For certain parameters, the 

distance is not sensitive in a certain range. For example, when duty cycle is 5000, frequency is 120 

Hz, and velocity is 60mm/s, for a range of distance from 3 mm to 9 mm, the deposited line width 

measures around 0.37 mm with negligible variation (see Figure 5.12). This is because the level of 

cone divergence is relatively small within this range, leading to finer liquid stream and 

consequently thinner deposited lines. 
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Figure 5.11 Cone shape of the jetting profile 

 

Figure 5.12 Effect of nozzle-substrate distance on line width 
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5.4.6 Parameter Study of GO Solutions 

GO solution of 2 mg/ml, 6 mg/ml, and 10 mg/ml are selected to perform parameter studies. 

For each solution, duty cycle of 5,000 and 10,000 (0~65,536) are preferred since these two duty 

cycle generate moderate flow volume that can achieve fairly fine line pattern under certain 

conditions. It should be noted that each duty cycle should have matched frequency, and this varies 

among different GO concentrations. Table 5.2 shows the workable frequency range for different 

GO solutions and different duty cycle. Within these ranges, the system can achieve satisfactory 

printing quality. If the frequency is lower than the lower bound, dripping is observed around the 

tip, which blocks the ink from normal jetting. On the other hand, if the frequency is higher than 

the upper bound, bifurcation will be present, which will seriously affect the quality of the print. A 

very high frequency will finally cause no fluid coming out due to the very strong perturbation in 

the valve. For each GO solution, different duty cycle and frequency are tested with different 

scanning velocities. The results are shown in Figure 5.13. For each solution and each duty cycle, 

only three levels of frequency and velocity are selected to conduct the test. Without losing 

generality, the corresponding layer thickness can be estimated using the measured line width. As 

can be seen from the figure, the line width will decrease as the scanning velocity increase, which 

matches very well with the aforementioned discussion. In general, for different frequency, the line 

width will increase as the frequency increases. However, there are exceptions like in the condition 

of 2 mg/ml GO with duty cycle 10,000, and 6mg/ml GO with duty cycle 10,000, a turning point 

occurred at frequency of 300 Hz and 200 Hz, respectively. This can be formed due to the various 

noise factors such as the viscosity of the solution, the variation of duty cycle, and frequency with 

the specific viscosity. When the solution is more viscous, higher frequency will cause stronger 

perturbation in the solenoid, which will advance the flow of liquid. While for the thinner solution, 
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too much vibration in the solenoid will cause chaos in the system, preventing the liquid jetting 

from the nozzle. As for the duty cycle, the figure shows that lower duty cycle results in finer printed 

lines. However, it should be noted that each duty cycle value is matched with specific frequency 

for the given working solution, thus, such comparisons are not commensurate.  

The actual printed GO line is shown in Table 5.3, in which the blank with a cross means the 

GO line is not continuous as the travelling velocity is too fast comparing to the frequency for that 

set of parameters. From the table, it can be noted that some of the configurations produce very fine 

fluid line, such as frequency of 150Hz with duty cycle of 5,000 using 6 mg/ml GO solution, a 

frequency of 300 Hz with duty cycle of 10,000 using 6 mg/ml GO solution at traveling velocity of 

80 mm/s. 

Table 5.2 Workable frequency of GO solution with different concentration 

 GO solution          

2 mg/mL 

GO solution  

6 mg/mL 

GO solution  

10 mg/mL 

Duty cycle 5,000 

(0~65535) 
100~200 Hz 70~150 Hz 50~100 Hz 

Duty cycle 10,000 

(0~65535) 
200~400 Hz 100~300 Hz 50~150 Hz 
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Figure 5.13 Parameter study on various GO concentrations 
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Table 5.3 Pictures and workable parameters for different GO concentration 

Velocity 20 Velocity 40 Velocity 80

frequency 100 ×

frequency 150

frequency 200

frequency 200

frequency 300

frequency 400

frequency 70 × ×

frequency 100 ×

frequency 150 ×

frequency 100 ×

frequency 200

frequency 300

frequency 50 × ×

frequency 80 × ×

frequency 100 ×

frequency 50 × ×

frequency 80 × ×

frequency 100 ×

frequency 150 ×

duty 

cycle 

5000

GO 

solution 

10mg/ml

duty 

cycle 

10000

duty 

cycle 

5000

duty 

cycle 

10000

GO 

solution 

2mg/ml

GO 

solution 

6mg/ml

duty 

cycle 

5000

duty 

cycle 

10000
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5.5 Experimental Results 

In this research, we developed a novel 3D graphene aerogel fabrication process. The process 

is composed of two major components. The first component is 3D printing graphene oxide. We 

have experimented with our system for a collection of different structures including 2.5D network, 

3D lattice, turbine blade, and gears etc. The second component is forming final graphene aerogel, 

for each printed sample, we carefully processed them to form final aerogel. 

5.5.1 Printed Graphene Ice Structures 

To verify the printing capability of our device, we have successfully printed various ice 

structures of different materials with the optimal parameters studied in the previously discussed 

sections. Typical GO samples are presented in Figure 5.14. The dimension of the part can well 

satisfy our purpose in this project.  

 

Figure 5.14 Various printed graphene oxide parts 
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5.5.2 Aerogel Formation 

Graphene aerogel is the final product to fabricate in this project. After the printing is completed, 

the green parts are transferred to a -80 °C freezer through liquid nitrogen container. The samples 

are then put in a freeze drying machine for super critical drying. Figure 5.15a-b show some of the 

freeze dried GO samples. We found that constant chamber temperature and vacuum value are the 

key factors for the success of freeze drying process. Experiments for performance test are 

conducted to evaluate the physical property and functionality of the fabricated graphene aerogels. 

In Figure 5.15c, the aerogel is placed on top of catkin, which demonstrated the light weight 

property of the graphene aerogel. In Figure 5.15d, the printed aerogel is connected in the closed 

circuit and the glowing light-emitting diode showed good electrical conductivity of the 

macroscopic graphene structure. 

 

Figure 5.15 3D printed GO aerogels. (a) 2.5D grid with different strut thicknesses, (b) 3D GO 

aerogel periodic lattices of different size, (c) GO aerogel on catkin, (d) electrical conductivity 

test 
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5.6 Summary 

In this chapter, the parameters that affect the quality of the print were investigated. The 

mounted nozzle travelling velocity, frequency and duty cycle of the employed jetting device are 

identified to be the key parameters that will affect the structure integrity. The frequency of the 

jetting device should match the travelling velocity of the nozzle. If the frequency is very low and 

the travelling velocity is very high, discontinuous fluid line may appear. The travelling velocity 

should be roughly equal to the frequency multiply by the nozzle droplet size in the situation when 

single droplet is generated in each triggering of droplet. The line width of print increase with the 

increased frequency, duty cycle of the jetting device, and decrease with the increased velocity. It 

is important to maintain appropriate parameters to guarantee good print.  
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Chapter 6 Three Dimensional Printing of Thick, Porous 

Supercapacitor with Hierarchical Pores 

 

6.1 Introduction 

The rapid development of state-of-the-art electronics benchmarked with lightweight, 

miniaturized, portable, and good form factors calls for personalized high performance energy 

storage devices. Among the diverse energy storage devices, electrochemical energy storage (EES) 

devices play an important role in our daily life. EES devices can mainly be divided into batteries 

and electrochemical capacitors. Batteries can be divided into primary batteries and secondary 

batteries (or rechargeable battery). The mechanism behind a rechargeable battery for energy 

storage is the intercalation/de-intercalation behavior of cations like Li+ within the bulk electrode 

or nanomaterial electrode [218-221]. The insertion of ion into electrode is a diffusion-controlled 

process and can be quite slow for bulk electrodes, which greatly limits the rate of power delivery 

and uptake. Therefore, it is quite imperative to improve the charge/discharge rates. A porous 

structure provides a facile method to enhance the rate capability by facilitating fast ion diffusion 

through the thick electrode. Generally, the capacitance and specific energy would increase as the 

size of pores in electrode decreases. Nevertheless, smaller pores increase equivalent series 

resistance (ESR) and decrease specific power. Consequently, the exploration of new fabrication 

approaches to produce multiscale porous architecture electrode becomes a vital step to advance 

the performance of batteries that will achieve both high energy density and high charge/discharge 

rate capability [222].  

Compared to batteries, supercapacitors offer high power density with moderate energy density, 

fast charge-discharge rate and long lifetime, making it an ideal supplement or even substitute for 
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batteries in particular applications (e.g., Radio-frequency identification (RFID) tag, sensors). The 

capacitive behavior of a supercapacitor is contributed either by the electrochemical 

adsorption/desorption of ions at the electrode/electrolyte interface which is known as electric 

double-layer capacitors (EDLC), or by fast surface redox reactions which is known as 

pseudocapacitive capacitor [223, 224]. Pseudocapacitors can couple with EDLC to acquire much 

higher energy density and capacitance [112]. However, in contrast to batteries, the energy density 

of supercapacitors is limited by its charge storage mechanism as only the surface area of active 

material is utilized. Thus, high specific surface area (SSA) is usually desirable for supercapacitors. 

The so-called intercalation pseudocapacitance provides a potential to acquire both high power 

density and high energy density [225, 226], in which the hierarchical structure of electrodes with 

high SSA is of critical importance (Figure 6.1a). Different mechanisms of capacitive energy 

storage devices can be shown in Figure 6.1a. The differences between supercapacitors and batteries 

can be detected by both potentiostatic and galvanostatic approaches [219]. For example, standard 

EDLC featured with classic rectangular cyclic voltammograms and a linear time-dependent change 

in potential at a constant current (Figure 6.1b). Conversely, batteries are characterized by separated 

redox peaks which can be indicated by the voltage plateau in galvanostatic experiments. It would 

be challenging to distinguish pseudocapacitive supercapacitors from batteries since both involve 

redox reactions. Pseudocapacitance capacitors do not involve a diffusion-controlled ion 

intercalation process. As shown in Figure 6.1b, the battery with bulk electrode material shows a 

voltage plateau in the galvanostatic discharge test. Figure 6.1c shows the Ragone plot for various 

energy storage devices. As depicted below, capacitors stand the left-side up, which means they 

acquire high specific power with relatively low specific energy; while batteries occupy the right 

portion of the plot, which represents they benefit from the high specific energy. It should be 
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observed that the distinction between supercapacitors and batteries is becoming less obvious 

recently, indicating the effort of increasing the energy density for supercapacitor and advancing 

the power density for batteries.  

 

Figure 6.1. (a) Different mechanisms of capacitive energy storage, (b) Electrochemical 

characteristics distinguish capacitors and battery materials [219], (c) Ragone plots (specific 

power vs. energy density) for various electrical energy storage devices [104] 

In observe of the high power densities, fast charge-discharge rates, and ultra-long cycle life, 

supercapacitor, thus, can potentially satisfy the power supply demand of the emerging trend of 

fast-paced lifestyle. However, most of the currently available supercapacitor are manufactured by 

conventional method of stacking or rolling cell components such as electrode, separator and/or 

current collectors, finally injected or drop-cast with liquid electrolyte. These supercapacitors 

suffered from fixed shape, bulk size and heavy weight. Thus, they are not commensurate with the 
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fashionable electronics. For the rapid internet of things, power sources of future are envisioned to 

be lightweight, on board integratable with electronics, and good form factors with high 

performance. This calls for breaking new fabrication technology for energy storage devices. 

Recently, a class of new manufacturing method has been introduced to fabricate 

electrochemical energy storage (EES) devices. The method is called additive manufacturing, also 

known as 3D printing. It is an innovative manufacturing technology that can fabricate a part layer 

by layer without part-specific tool. Comparing to traditional methods, 3D printing can fabricate an 

energy device with little waste, thus less cost, and it is more environment friendly. More 

importantly, this technique allows to fabricate a device in a customizable size, thickness, and shape. 

In addition, through special structure design, the performance of the printed energy device can 

outperform traditional energy devices by taking advantage of the third dimensional space and 

particular architecture. In the past decade, many 3D printing processes have been used to fabricate 

an EES device, including direct writing [5, 6, 51, 111, 137, 139-144], inkjet printing [113-116, 

118, 119, 121-130, 132, 134], binder jetting [160], metal 3D printing [162, 163, 227, 228]. 

However, most of these processes lack the understanding of why 3D printing can benefit the 

performance of the devices, and most of them still focus on the printing of thin film electrode. To 

achieve high energy density, it is desirable to have more solid loadings. However, under the 

scenario of thin film configuration, it is very challenging to increase the loadings of active material 

per foot area because the thicker film can easily cause delamination issues, and the electrolyte can 

only access the surface of the electrode.  

Graphene, due to its extraordinary high electrical conductivity and high surface area (over 2600 

m2/g), has extensively been used as a candidate material for preparing electrode. However, it is 

still very challenging to directly employ graphene as electrode in the difficulty to assemble 
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graphene sheets into usable electrode. Restacked graphene sheets greatly reduce the specific 

surface area of graphene. Among the various forms of graphene monolith, graphene aerogel, due 

to its abundant pore structures, has been broadly used as electrode for energy storage devices.  

Abundant micropores and mesopores can provide a large accessible surface area, leading to a large 

capacitance and high energy density; interconnected mesopores and macropores facilitate ion 

transport into the intra-pore space of active material [218].  

Conventionally, the graphene aerogel electrode (GAE) is fabricated as shown in Figure 6.3. 

Briefly, a long rGO aerogel monolith is fabricated through commonly used hydrothermal method. 

The prepared graphene aerogel is then sliced into thin chips of ~1 mm thickness. The thin chip will 

be further compressed to form a packed thin film with condensed pores. This aerogel chip can now 

be used as working electrode for EES devices. The reason why compression is proceeded can be 

explained by Figure 6.4 [58], in which it can be seen that the resistance of the aerogel changes 

with compression. When the aerogel is compressed denser, the conductivity of the aerogel 

improves. Since good conductivity is important for electrode to exhibit its performance, generally 

the directly made aerogel electrode will be compressed. It is suggested that the density of the 

electrode is also believed to be affecting the performance. The capacitance of the electrode using 

liquid mediated graphene material decreases as the electrode density increase from 0.13 g/cm3 to 

1.33 g/cm3 [229]. The fabricated GAE through hydrothermal method provides a robust electrode 

that can self-support with compression capability [150]. This is an important characteristics 

because maintaining the shape and microstructure of the electrode is necessary for the electrode to 

work properly. A hybrid method that couples hydrothermal assembly with 3D printing would 

provide a promising strategy to fabricate EES devices with arbitrary shape and potential high 

electrochemical performance due to the excellent properties of graphene material. However, the 
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hydrogel yielded from the hydrothermal assembly lacks the elastic viscous behavior that is 

normally needed in the direct ink writing based 3D printing processes. As shown in Figure 6.2，

after hydrothermal assembly, the GO hydrogel forms a semi-solid agglomerate. Thus, it still 

remains great challenge to fabricate GAE with 3D printing. 

 

Figure 6.2 rGO hydrogel prepared by hydrothermal method 
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Figure 6.3 Fabrication of graphene aerogel electrode in traditional scenario 

 

Figure 6.4 Resistivity change against compressive cycles of printed graphene aerogel 
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In this chapter, we present a method to produce arbitrary shape graphene aerogel electrode with 

hierarchical pores by a novel freeze nano printing process. This method provides a means to 

synthesize aerogels in a manner that can mitigate the mass transport issues by intelligently 

incorporating macroporous channels into the native nanoporous aerogel structure. The aqueous 

suspension of graphene oxide is directly used as ink for the printing. This neat ink removes the 

necessity of fillers and polymer additives that otherwise would increase the complexity of material 

formulation and impair the performance of electrodes. By directly depositing the electrode ink 

onto a chilling plate, the filament can well support by itself and experience an in situ freeze casting 

process. The microstructure of the electrode can conveniently be tuned by varying the freezing 

conditions. As such the research presented here provides a novel 3D printing approach to produce 

hierarchical porous electrode with well-defined form that can potentially be adapted to wearable, 

flexible electronics for their power supply needs.  

6.2 Experimental Methods 

6.2.1 Preparation of the Electrode Ink 

Single layer GO powder with average size of 300-800 nm lateral dimensions and 0.7-1.2 nm 

layer thickness was purchased from Cheap Tubes Inc. The GO with high purity of 99 wt. % can 

be well dispersed in DI water with an ultrasonic bath of 40 KHZ (Power: 240 W). The GO powders 

were ultrasonically dispersed in DI water for half hour to prepare uniform suspension with 

concentration of 5 mg/ml. This 5 mg/ml GO suspension was directly used as ink for the printing 

of electrode. In the case of using pre-reduction agent, 3 vol.‰ ethylenediamine (EDA) was mixed 

with GO suspension and vibrated gently for 5 minutes. Additionally, when using ethanol as cryo-

protectant, 300 µl ethanol was added to 5 mg/ml GO suspension, vibrated and then the appropriate 

amount of EDA pre-reduction agent was added. 
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6.2.2 Material Characterization 

The dimension of the samples were measured using a caliper with an accuracy of 0.01 mm, 

and the weight of the samples are measured by an ultra-micro balance (AX124, OHAUS) with an 

accuracy of 0.1 mg.  

6.2.3 Electrochemical Characterization  

For a single electrode, its capacitance can be calculated from the Cyclic Voltammetry (CV) 

curves using: 

C =
∫ 𝑖(𝑉)𝑑𝑉

2𝑉𝑣
 

(6.1) 

For assembled device, its capacitance can be obtained from galvanostatic charge/ discharge 

(GCD) curves by: 

𝐶 =
𝐼∆𝑡

∆𝑣
 

(6.2) 

The gravimetric capacitance (a.k.a. specific capacitance, in F/g) can be calculated using:  

𝐶𝑠𝑝 =
𝐶

𝑚
 

(6.3) 

Where m is the mass of single electrode in the situation of three-electrode system (CV test), 

and the mass of both electrode in the situation of two-electrode system (device charge/discharge 

test). The volumetric capacitance (in F/cm3) and areal capacitance (in F/cm2) are based on the 

device volume and footprint, and can be calculated using: 

𝐶𝑣𝑜𝑙 =
𝐶𝑑𝑒𝑣𝑖𝑐𝑒

𝑉
 

(6.4) 

𝐶𝑎𝑟𝑒𝑎𝑙 =
𝐶𝑑𝑒𝑣𝑖𝑐𝑒

𝐴
 

(6.5) 

Where V is the volume of the whole device, and A is the footprint of the device on the 

“floor”. 
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The energy density is defined by how much energy capacitor can store per unit mass, it can 

be calculated using the following equation: 

𝐸 =
1000

2 × 3600
𝐶𝑠,𝑑𝑒𝑣𝑖𝑐𝑒(Δ𝑈𝑑𝑒𝑣𝑖𝑐𝑒)2 

(6.6) 

The power density reflects how fast capacitor can discharge per unit mass, it can be calculated 

by dividing energy density by time using: 

𝑃 =
3600𝐸

1000𝑡
 

(6.7) 

Rate capability is normally evaluated by charging and discharging the supercapacitor at 

different current density, the capacitance should remain a similar value at high charge/discharge 

current and low charge/discharge current. 

Capacitive retention stands for the stability of the supercapacitor, which is one of the biggest 

advantage of supercapacitor over other EES devices. It is commonly measured through cycle test, 

and can be calculated as: 

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑎𝑡 𝑓𝑖𝑛𝑎𝑙 𝑐𝑦𝑐𝑙𝑒

𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑎𝑡 𝑓𝑖𝑟𝑠𝑡 𝑐𝑦𝑐𝑙𝑒
 

(6.8) 

 

6.3 Results and Discussion 

Figure 6.5 shows the fabrication process of GAE. The prepared GO suspension is directly used 

as ink for the 3D printing process. In this study, 5 mg/ml pure aqueous GO suspension is used. The 

GO ink is housed in a syringe and then connected to a single piezoelectric nozzle. The nozzle 

typically features with an orifice of 80 µm to 120 µm. The ink is deposited to our customized 

freeze casting platform with a temperature adjustability from 0 °C to -196 °C. In this study, the 

cold platform is fixed at -20 °C. Thus, the discussed graphene aerogels hereinafter are formed at -

20 °C ice templating. It is worth to note that the temperature used for ice templating can affect the 

microstructure of the aerogel. The printer used is retrofitted from an FDM printer with the original 
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heating extrusion module replaced with customized inkjet nozzle configuration. Thus, the tool path 

is similar to that of common FDM printers. After the part is printed, it is removed from the cold 

platform and immediately placed in a freeze drier for freeze drying process under -55 °C and 

vacuum of ~0.018 mbar. The freeze drying proceeds 48 hours to make sure the fully drying of the 

samples. Eventually the samples are heat reduced in a furnace at 600 °C for two hours under N2 

protection. 

 

Figure 6.5 Schematic illustration of fabricating a graphene aerogel electrode with inkjet printing 

based 3D printing process 

Figure 6.6 presents typical graphene oxide aerogels (GOA) prepared by 3D printing and bulk 

mold. 3D printing enables the fabrication of aerogel with customized periodic pores as small as 

tens of microns using an inkjet printing nozzle. The resolution of the printed part depends on the 

inkjet configuration as well as the solidification process of ink on the cold platform. In the lower 
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panel of the figure, the bulk aerogels with and without CNT are shown. The GOA doped with CNT 

indicates a much blackish color compared to pure GOA. For the preparation of bulk GAE, GO 

suspension is casted into pre-fabricated polydimethylsiloxane (PDMS) molds and peeled off from 

the molds after frozen.  

 

Figure 6.6 Optical images of as-fabricated aerogel electrodes 

The preparation of the working electrode is illustrated in Figure 6.7. First, a piece of nickel 

foam was rolling pressed by a roller mill to a desired thickness. Then, the pressed flat nickel foam 

was folded with certain gap. The printed rGO electrode was next sandwiched between the folded 

structures. And the prepared working electrode can be punched with an Au wire and nipped for 

CV test. This sandwiched structure can firmly hold the active material and give accurate result by 

imitating the actual placement of aerogel electrode. 
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Figure 6.7 Preparation of working electrode for CV test 

Figure 6.8 shows the cyclic voltammetry (CV) curves of the pure rGO electrode, which 

exhibits nearly rectangular shapes at a scan rate of 50 mV/s, indicating that the prepared electrode 

possesses low resistance and ideal supercapacitive properties. However, the pure rGO aerogel 

electrode is extremely lightweight, and it easily shrinks and collapses in the aqueous electrolyte. 

To improve the robustness of the electrode, some CNT is added into the GO suspension. Figure 

6.9 shows the cyclic voltammetry (CV) curves of the rGO electrode with doped CNT, which also 

exhibits nearly rectangular shapes at a scan rate of 50 mV/s, indicating similar supercapacitive 

properties. The capacitance of the pure rGO aerogel electrode has a capacitance of 83.8 F/g, while 

the CNT doped rGO aerogel electrode exhibits a capacitance of only 60.4 F/g. The dropped 

capacitance is because the specific surface area of the CNT is lower than that of graphene.  
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Figure 6.8 CV curve for pure rGO reduced by directly heating 

 

Figure 6.9 CV curve for rGO with CNT reduced by directly heating 
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In order to promote better GO assembly, GO suspension with pre-mixed EDA reduction agent 

was also tested. Normally, if a GO dispersion was directly freeze-casted, it will only result in a 

randomly oriented porous brittle monolith [58]. EDA, as a mild reduction agent, can pre-assemble 

the GO sheet slightly before it is frozen. Figure 6.10 shows the CV curve of GAE with pre-mixed 

EDA and GAE without EDA. It can be seen from the curves that the GAE with pre-assembly has 

obviously larger capacity compared to the GAE without EDA pre-assembly, which indicates good 

graphene assembly is of importance to the performance of the electrode. 

 

Figure 6.10 CV curve for purchased rGO aerogel electrode with and without premixed EDA 

The advantage of 3D printed GAE over bulk GAE can be shown in Figure 6.11. The 3D printed 

GAE shows a much higher capacitance over bulk GAE. This is likely because the bulk GAE has 

a larger diffusion resistance. Ion diffusion within packed layers is expected to be sluggish 

compared to 3D printed one [6]. Thus, 3D printed periodic GAE presents better performance than 

bulk GAE that only has stochastic pores. 
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Figure 6.11 CV curve for self-synthesized rGO aerogel electrode of printed and bulk 

Figure 6.12 shows the cyclic voltammetry (CV) curves of the  3D printed rGO aerogel 

electrode, which exhibits nearly rectangular shapes at different scan rates from 10 mV/s to 500 

mV/s, indicating that the 3D printed rGO aerogel electrode possesses low resistance and ideal 

supercapacitive properties. Figure 6.13 gives an overall view of the specific capacitance as a 

function of different scan rates. The capacitance drops very fast before 100 mV/s, but keeps 

relatively stable after that. This indicates that the capacitance is dependent on the scan rate, which 

means a possible insufficient diffusion of ions or the conductivity of the aerogel electrode is not 

fully unlocked that limit the EDL to become charged. The reason could be the weak mechanical 

strength of aerogel made by directly freezing the GO suspension and the reduction of graphene 

oxide is not complete. This is expected to be resolved by optimizing the ink using pre-reduction 

agent such as EDA and better post-reduction method with heated chemical reduction. 
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Figure 6.12 CV curves for 3D printed rGO electrode at different scan rate 

 
Figure 6.13 Specific capacitance of 3D printed GAE as a function of scan rate 

To test the feasibility of the initial GAE cathode and anode, two identical GAE electrode were 
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assembled into a coin cells (Type 2032). Figure 6.14 shows the schematic configuration of a typical 

assembly of supercapacitor using GAE. Briefly, two GAE are glued to the shell of the coin cell 

using conductive epoxy separately. Depending on the thickness of the electrode, stainless steel 

washer can be added as spacer. Unfortunately, the pure GAE electrode quickly shrinks when 

dipped with aqueous electrolyte, which indicates a robust porous network is not formed. Thus, 

optimization of the ink is necessary for the successful bridging the graphene aerogel to electrode. 

For example, when sufficient carbon nanofibers (CNFs) is added into the suspension, the 

fabricated CNFs-doped graphene aerogel shows good mechanical strength and pack density. The 

fabricated coin cell supercapacitor shows typical charge/discharge behavior as EDL type. Figure 

6.15 shows the charge and discharge curves of the supercapacitor at different current densities. 

The discharge curve shows certain IR drop which may possibly arise from the resistance of the 

electrode itself and the contact resistance caused by the conductive epoxy after immersing with 

electrolyte.  Due to the large weight ratio of the CNF, the specific capacitance of the device only 

yields 1~2 F/g. The specific surface area of the CNF is only around one tenth of graphene, and a 

portion of the surface of electrode is not accessible for ions because of the not optimized thickness. 

 

Figure 6.14 Schematic illustration of supercapacitor assembly using GAE electrode 
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Figure 6.15 Charge and discharge curves of the supercapacitor with CNFs-GAE at different 

current densities 

Finally, a Ragone plot of recently 3D printed supercapacitors is depicted (Figure 6.16). These 

supercapacitors include inkjet-printed graphene/polyaniline thin film supercapacitors and 

graphene aerogel supercapacitors fabricated by direct ink writing. As shown in the plot, the 

rGO/MWCNT aerogel supercapacitor fabricated through room temperature gelation exhibits both 

high energy density and high power density compared to thin film supercapacitors, indicating the 

promising application of integrating 3D printing with GAE fabrication. And, our work presented 

in this chapter is the first inkjet-printed GAE to the best of our knowledge. It is believed that with 

better ink formulation and optimized post-processing procedures and parameters, the specific 

energy and specific power of 3D printed supercapacitor can be further pushed toward the upper 

right corner of the plot as indicated. Table 6.1 summarizes the critical performance of these 3D 

printed supercapacitors. 
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Figure 6.16 Ragone plot of different 3D-printed supercapacitors 

Table 6.1 Summary of critical performance of 3D printed supercapacitors 

Ref. Electrode Capacitance 

Energy 

density 

(Wh/kg) 

Power 

density 

(kW/kg) 

size/weight information 

of electrode/device 

[6] 
GO-GNP 

aerogel 

4.76 F/g at 0.4 A/g, 

2.95F/g at 8 A/g 

(two-electrode) 

0.43 0.076 10mm × 5mm × 2mm 

(electrode thickness 

1mm, 3.25 mg each) 0.26 4.079 

[51] 
rGO 

/MWCNT 
305 F/g at 1 A/g 

26.74 ~0.79 
~2 mg (electrode) 

6.57 ~17.29 

[118] Graphene 
125 F/g at 50 mV/s 

(three-electrode) 

6.74 0.19 
10mm × 10mm 

1.34 2.19 

[115] 
SWNT 

/AC 

100 mF/cm2 at 0.2 

mA/cm2 

(two-electrode) 

8.4 ~3 From mm to cm 

[123] 
Graphene/P

ANI 

864 F/g at 1 A/g (three-

electrode) 

24.02 ~0.4 
- 

13.29 ~3.2 

[122] 

NGP 

/PANI 

~70 F/g at 50 mV/s 

(two-electrode) 
2.4 124 - 

NGP 
~10 F/g at 50 mV/s 

(two-electrode) 
0.3 132 - 
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6.4 Summary 

We have successfully demonstrated a facile approach to fabricate pure graphene aerogel with 

periodic pore structures for the application in electrochemical energy storage. Pure GO ink is 

directly used as ink for 3D printing process to pattern the desired geometry and architecture. The 

3D printed periodic graphene aerogel electrode shows improved electrochemical performance 

compared to that of bulk one with stochastic pores. Carbon nanotube doped reduced graphene 

aerogel is also prepared to improve the mechanical robustness of the aerogel electrode. The 

capacitance of the mechanical strength improved aerogel electrode shows only slight capacitance 

drop. Using EDA as pre-reduction agent, the graphene aerogel electrode with pre-reduction shows 

increased capacitance. The 3D printed pure graphene aerogel electrode can be tested at different 

scan rate with stable capacitance retention after 100 mV/s. One current limitation of this research 

is the mechanical strength of the electrode cannot suffice to be assembled into viable device. 

However, this situation can be alleviated by: (i) engineering the ink material to promote the better 

assembly of graphene sheet through pre-mixed reduction agent or microstructure tuning agent such 

as ethanol; (ii) improved post reduction of the pre-reduced graphene aerogel. 
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Chapter 7 Conclusions and Future Work 

 

Porous materials are ubiquitous around us and play a critical role in many applications due to 

their lightweight, large surface area, and unique thermal, mechanical and other properties. The 

advance of additive manufacturing (AM) can be introduced to fabricate porous materials with 

multiscale, multifunctional, and special form factors. In this dissertation, a new freeze nano 

printing (FNP) 3D printing technology is investigated by seamlessly integrating inkjet printing, 

ice templating, and freeze drying, which provides a universal method to fabricate porous materials 

with arbitrary shape. We validated this method through printing two different porous materials (i.e., 

porous ceramics, and graphene aerogel). We investigated the process parameters by studying the 

factors that affect the print quality of graphene oxide (GO) frozen part fabricated through solenoid 

actuated micro-dispensing. Additionally, we put the graphene aerogel into the application of 

electrochemical energy storage. 

7.1 Answering the Research Questions 

In Chapter 1, the following two main research questions are defined with the hypotheses as 

answers: 

Question 1: Can 3D printing technology be used to fabricate hierarchical, functional porous 

materials? 

Hypothesis 1: Inkjet printing of aqueous nanomaterial integrating with ice templating and a post 

freeze drying process can fabricate 3D functional porous materials. 

Question 2: How to realize multiscale and multifunctional part fabrication by 3D printing process? 

Hypothesis 2: Multiscale part can be fabricated by inkjet printing the macroscopic architecture 

with micro structure be formed using ice templating, and multifunctional can be realized at the 

same time by using multiple functional feedstocks for inkjet printing (e.g., ceramics, graphene.) 
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The two main hypotheses each raises two sub-questions as follows, accordingly, the following 

hypotheses are given to answer each of them: 

Question 1.1: How can the inkjet printing be coupled with ice templating? 

Hypothesis 1.1: The droplet with nanomaterial loadings can be deposited onto a cold substrate, 

and a droplet-wise ice templating can be triggered. 

Question 1.2: How to guarantee the printing accuracy of freeze nano printing? 

Hypothesis 1.2: The printing accuracy and quality of the part can be maintained by matching the 

parameters to the actual measurement of the printing line (e.g., width and thickness). 

 

Question 2.1: How to realize printing of part with multiscale structure that is controllable both in 

the micro scale and macro scale? 

Hypothesis 2.1: The macro scale structure can be controlled by designed printing models, inkjet 

printing can produce high-resolution 3D parts with features as small as tens of microns, and the 

micro scale structure can be tuned by freezing kinetic during ice templating and by different ink 

formulations. 

Question 2.2: How to realize printing of part with multi-functionality that exhibits multiscale 

feature? 

Hypothesis 2.2: Inkjet printing using functional nano material can translate the properties of these 

nano materials into resulting macroscopic devices with hierarchical multiscale structure and novel 

functionalities. 

To verify Hypothesis 1.1, two signature projects were investigated in chapter 3 and chapter 4 

separately. The process of integrating inkjet printing and ice templating were presented in section 

3.2.3 and section 4.2.2 respectively using ceramics and graphene as ink material.  In both cases, 
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inkjet printing and ice templating coupled well to have frozen structure fabricated with two-phase 

composite of nanomaterial walls and ice templates. Particularly, a schematic setup showing the 

integrating of inkjet devices with a customized cold plate was shown in chapter 3. By depositing 

aqueous nanoparticle-laden ink onto a cold plate, the 3D printing was ingeniously integrated with 

ice templating. The mechanism behind droplet-wise ice templating is discussed in chapter 3 and 

chapter 4.  To verify Hypothesis 1.2, a parameter investigation of the freeze nano printing process 

was implemented in chapter 5. Main parameters that will determine the printing accuracy were 

identified, including the frequency and duty cycle of jetting nozzle, travelling velocity of line 

scanning. It validates that the printing accuracy and quality of the print can be guaranteed with the 

proper parameters tuned.  

To verify Hypothesis 2.1, 3D printed high accuracy ceramics and graphene structure were 

shown in section 3.3.2 and section 4.2.2. As expected, in section 3.3.3, we showed the 

microstructure of the porous ceramic parts can be tuned by using different cold plate temperature 

and different types of ceramic inks. To verify Hypothesis 2.2, we studied the functionalities of the 

printed structure. In chapter 3, three different ceramic inks are formulated including SiO2, Al2O3, 

and HAP. Each ink is responsible for specific functionality (i.e., thermal insulation, mechanical 

loading, and biomedical engineering). The printed honeycomb porous ceramic structures inherited 

the strong mechanical properties of ceramic material. Integrating the porous microstructure, the 

silica porous ceramics exhibited excellent thermal insulation capability under high temperature. In 

chapter 4, we studied the electrical and mechanical properties of 3D printed graphene aerogel. 

They showed good electrical conductivity, and the resistivity of the printed graphene structure can 

change with strain. Moreover, the printed graphene aerogel exhibited nonlinear super-elastic 

behavior and reversible ultralarge compressibility, indicating an excellent strain memory effect. 



158 

 

Expanding the functionality of graphene aerogel, the multiscale and multifunctional graphene 

aerogel was used as electrode for supercapacitor in chapter 6.  

7.2 Contributions and Intellectual Merit 

The dissertation contributes to the research and academia society in the following aspects: 

(1) Investigated a 3D printing process that combines inkjet printing and freeze casting for 

fabrication of versatile porous materials. 

(2) Applied the process in the fabrication of porous ceramics with demonstration of multiple 

potential applications, including mechanical loading, thermal insulation, and biomedical 

engineering. 

(3) Applied the process in the fabrication of ultra-lightweight graphene aerogel, enriched the 

current research for 3D printing of graphene aerogel. 

(4) Provided the roadmap for tuning the parameters of the freeze nano printing process that will 

affect the print quality. 

(5) Used the technology for the fabrication of supercapacitors with designed porous electrodes. 

7.3 Limitation of Current Work and Recommended Future Work 

Freeze nano printing is an emerging 3D printing technology that combines inkjet printing and 

ice templating. Although this technology proves to be promising in many exciting areas such as 

porous ceramics and graphene aerogel that can be used in multiple signature applications including 

bone engineering, and electrochemical energy storage, there are still many research problems keep 

untapped or under-developed. These include: 

(1) Freeze nano printing of graphene aerogel directly deposits mildly reduced graphene oxide (GO) 

suspension, and the GO droplet is frozen immediately, no further GO/graphene sheet assembly 

happens. Thus, one of the future work can be dedicated to optimize the constituent of the ink 
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and improve the process to introduce mechanisms for graphene assembly targeting in more 

robust structure and superior electrical properties.  

(2) Freeze nano printing of porous ceramics is a versatile technology for fabrication of porous 

ceramics with arbitrary shape. It is desirable to extend this technology to biomedical 

engineering for fabrication of scaffolds with porosity in multiple scale and with gradient. 

(3) Inkjet printing based freeze nano printing can potentially achieve high-resolution part that 

matches the capability of inkjet precision. However, the current work is still far from 

satisfactory. It would be very helpful to further optimize the process parameters, coupling 

commensurate drop volume and cold plate temperature to achieve better resolution. 

(4) Even multiple nozzle printing ability is shown in portion of the current work. The exploration 

of more exciting multiple material printing application would be desirable, and the resultant 

suspension diffusion problem during the new study is worth investigation. 

(5) Porous structures/materials are common in biological constructs. These pores are meaningful 

for nutrient infusion, osteogenesis and cell cultivation. Thus, multiple opportunities can be 

found if this technology is introduced in bioprinting. Correspondingly, the more bio ink 

development work is desirable and necessary. 

(6) Based on the study in chapter 6, the following investigation of 3D printing on electrochemical 

energy storage devices are proposed: 

Figure 7.1 presents a configuration to investigate effect of degree of compression on the 

performance of supercapacitors. As discussed previously, the chipped graphene aerogel is 

normally further compressed before serving as electrode. It will be meaningful to study in what 

level of compression yields the best electrochemical performance. By integrating with 3D 

printing, Figure 7.2 shows the effect of compression on the performance of 3D printed 
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interdigital or spiral shape in plane supercapacitors.  

Figure 7.3 presents a schematic illustration of fully printed supercapacitor with current 

collector be directly applied to different side of the in plane structure. This eliminates the 

necessity of lithography assisted mask sputtering of interdigitated current collectors. By 

depositing a thin layer of insulating layer on each side of the “fingers”, the un-shaped current 

collector sheet can be put up easily to promote the fast electron transfer. The electrode can be 

made into porous structures by utilizing room temperature freeze dryable active material inks 

[51]. In such a condition, the electrolyte can be printed in the meantime, which makes fully 

printed supercapacitors possible. 
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Figure 7.1 Proposed study on porous electrode about compression on the effect of performance 
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Figure 7.2 Proposed study on 3D printed porous electrode about compression on the effect of 

performance 
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Figure 7.3 Proposed study on fully 3D printed supercapacitor with porous electrode 
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