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Abstract 

Aerogels are a class of highly porous materials made from almost any material 

compositions. The exotic properties of the aerogels including low thermal conductivity, 

transparency, flexibility, extremely high porosity, low weight and density, large surface area, etc. 

attracted the attention of many researchers working in various fields. Incorporating 3D printing 

technology in aerogel fabrication provided a great freedom in the design of the final product as 

well as a great capability of tailoring the materials properties.  Yet, the 3D printing methods used 

for fabrication of aerogels suffer from the printability requirements, lack of appropriate support 

material that can be removed without harsh chemical/thermal post-processes, and lack of ability 

to simultaneously engineer the macrostructure of the aerogels along with their microstructure. 3D 

Freeze Printing (3DFP), developed by our group, has shown a great promise to address those issues 

in our previous studies. However, our group’s previous process investigation studies relied on only 

optical imaging techniques, which provided information on the material deposition, but not the 

solidification step. This limits the depth of information that we have about the process since 

solidification is a very important step. Besides, feasible materials for 3DFP method were limited 

with graphene and silver nanowires. Considering the wide range of materials used for 3D printed 

aerogels, different materials need to be introduced to 3DFP method to realize its full potential in 

the area. In addition, , a fully functioning device using 3DFP method  has never been built and 

evaluated for its performance compared to the devices fabricated by other methods. Moreover, 

there is a need for a fabrication method which can fabricate aerogels with non-monolithic 

predesigned microstructures (e.g. pores of various sizes located in certain regions of the aerogels), 

especially for applications in the field of controlled drug-delivery, bone tissue engineering, 

selective liquid sorption, and so on.  



  

In this thesis, based on the motivation listed above, 3DFP method has been studied in the 

course of realizing its full potential in the field. Firstly, a process investigation has been performed 

to simultaneously observe the material deposition and solidification (freezing) using the 

sophisticated X-ray imaging facilities in SLAC National Accelerator Laboratory. This 

investigation helped to develop a mathematical model for the geometry of the deposited material, 

observe the material deposition and solidification concurrently, and understand the effects of 

different process parameters (e.g. jetting frequency, print head speed, and substrate temperature) 

on the phase change as well as the quality of the printed constructs. Then, aerogels based on novel 

materials (cellulose nanocrystals (CNC) and MXenes) for 3DFP method were fabricated and 

characterized. By incorporating different additives in the ink formulation, different functionalities 

have been achieved for 3D printed CNC aerogels. Functional devices were developed using the 

3D printed MXene aerogels, an enhancement in their performance was achieved by engineering 

the microstructure, and eventually their performance was compared with other reported devices 

fabricated by different methods. Finally, a novel method for fabrication of aerogels having non-

monolithic micropore morphologies was developed. By achieving local temperature gradients on 

the substrate used for unidirectional freeze casting and 3DFP processes, a predesigned 

microstructure where the location of large and small pores can be precisely controlled is obtained. 

This method has a great potential for applications such as drug delivery, bone tissue engineering, 

photo catalysis, selective absorption, etc. where a predesigned non-monolithic micropore 

morphology can be an asset. 

  



  

3D freeze printing of functional aerogels 

 

 

by 

 

 

Halil Tetik 

 

 

 

 

B.S., Izmir Institute of Technology, 2013 

M.S., Izmir Institute of Technology, 2016 

 

 

A DISSERTATION 

 

 

submitted in partial fulfillment of the requirements for the degree 

 

 

 

 

DOCTOR OF PHILOSOPHY 

 

 

 

 

Department of Industrial and Manufacturing Systems Engineering 

Carl R. Ice College of Engineering 

 

 

 

KANSAS STATE UNIVERSITY 

Manhattan, Kansas 

 

 

2022 

 

 

 Approved by: 

 

Major Professor 

Dr. Dong Lin 

  



  

Copyright 

© Halil Tetik 2022. 

 

 

  



  

Abstract 

Aerogels are a class of highly porous materials made from almost any material 

compositions. The exotic properties of the aerogels including low thermal conductivity, 

transparency, flexibility, extremely high porosity, low weight and density, large surface area, etc. 

attracted the attention of many researchers working in various fields. Incorporating 3D printing 

technology in aerogel fabrication provided a great freedom in the design of the final product as 

well as a great capability of tailoring the materials properties.  Yet, the 3D printing methods used 

for fabrication of aerogels suffer from the printability requirements, lack of appropriate support 

material that can be removed without harsh chemical/thermal post-processes, and lack of ability 

to simultaneously engineer the macrostructure of the aerogels along with their microstructure. 3D 

Freeze Printing (3DFP), developed by our group, has shown a great promise to address those issues 

in our previous studies. However, our group’s previous process investigation studies relied on only 

optical imaging techniques, which provided information on the material deposition, but not the 

solidification step. This limits the depth of information that we have about the process since 

solidification is a very important step. Besides, feasible materials for 3DFP method were limited 

with graphene and silver nanowires. Considering the wide range of materials used for 3D printed 

aerogels, different materials need to be introduced to 3DFP method to realize its full potential in 

the area. In addition, , a fully functioning device using 3DFP method  has never been built and 

evaluated for its performance compared to the devices fabricated by other methods. Moreover, 

there is a need for a fabrication method which can fabricate aerogels with non-monolithic 

predesigned microstructures (e.g. pores of various sizes located in certain regions of the aerogels), 

especially for applications in the field of controlled drug-delivery, bone tissue engineering, 

selective liquid sorption, and so on.  



  

In this thesis, based on the motivation listed above, 3DFP method has been studied in the 

course of realizing its full potential in the field. Firstly, a process investigation has been performed 

to simultaneously observe the material deposition and solidification (freezing) using the 

sophisticated X-ray imaging facilities in SLAC National Accelerator Laboratory. This 

investigation helped to develop a mathematical model for the geometry of the deposited material, 

observe the material deposition and solidification concurrently, and understand the effects of 

different process parameters (e.g. jetting frequency, print head speed, and substrate temperature) 

on the phase change as well as the quality of the printed constructs. Then, aerogels based on novel 

materials (cellulose nanocrystals (CNC) and MXenes) for 3DFP method were fabricated and 

characterized. By incorporating different additives in the ink formulation, different functionalities 

have been achieved for 3D printed CNC aerogels. Functional devices were developed using the 

3D printed MXene aerogels, an enhancement in their performance was achieved by engineering 

the microstructure, and eventually their performance was compared with other reported devices 

fabricated by different methods. Finally, a novel method for fabrication of aerogels having non-

monolithic micropore morphologies was developed. By achieving local temperature gradients on 

the substrate used for unidirectional freeze casting and 3DFP processes, a predesigned 

microstructure where the location of large and small pores can be precisely controlled is obtained. 

This method has a great potential for applications such as drug delivery, bone tissue engineering, 

photo catalysis, selective absorption, etc. where a predesigned non-monolithic micropore 

morphology can be an asset. 
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Chapter 1 - Introduction 

Aerogels are a class of highly porous materials fabricated by replacing the liquid of a gel 

by air without causing a collapse of the solid network. The term was introduced by Kistler in 

1931[1] when he discovered the first aerogels after a supercritical fluid drying of silica gels. The 

exotic properties of the aerogels including low thermal conductivity, transparency, flexibility, 

extremely high porosity, low weight and density, large surface area, high mechanical strength, 

ultralow dielectric constant, and etc. attracted the attention of many researchers working in various 

fields.[2] Since then, aerogels made from almost any kind of material compositions, including but 

not limited to metals[3], ceramics[4], biopolymers[5], and etc., have shown great promise for a variety 

of advanced applications such as energy storage[6], biomedical[2], thermal insulation[7], sensing[8], 

and so on. The synthesis of aerogels typically involves three key steps: (i) gelling step where the 

formation of a gel by sol–gel chemistry is achieved; (ii) aging step for the reinforcement of the gel 

solid network; and (iii) drying step to remove the liquid solvent without collapse.[9] Collapse-free 

drying of the gels has been commonly achieved through supercritical fluid drying, freeze-drying, 

and ambient temperature drying methods. The method used for drying of the gels without causing 

a collapse of the solid network is of high importance since it dictates pore dimensions and their 

overall textural properties.[10] Among all, freeze-drying, which was incorporated by the commonly 

used freeze casting method, provides variable tools to engineer the microstructure of the fabricated 

aerogels. 

Various additive manufacturing (AM) technologies followed by an appropriate drying 

method has been used for fabrication of aerogels to achieve: 

- Fast and accurate fabrication complex 3D constructs. 

- Customized chemistry and architecture. 
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- Tailored and/or optimized physical properties. 

- Hierarchical porosity ranging from a few hundreds of nanometers to a few 

millimeters.  

- Different functionalities by precisely engineering structure. 

The most commonly used AM technology for 3D printing of aerogels is an extrusion-based 

method known as direct-ink-writing. With this method, the ink, mostly in the form of gel, is 

selectively deposited to obtain complex 3D geometries. For the printability of the ink, the gel needs 

to have a shear-thinning rheology which allows the gel to be extruded from the micro-sized needle 

and then keep its shape after deposition. The other AM technology that has been used for 3D 

printing of aerogels is stereolithography, and this technology requires a liquid resin with a photo-

curable chemistry for a selective solidification. The printability requirements of both methods has 

been a limiting factor on the range of materials, as well as the density of the final products. Besides, 

due to lack of an appropriate support material that can be removed from the constructs without 

using harsh chemical and thermal post-processes, 3D printed aerogels has always had a constant 

cross-sectional geometry, which limited the freedom in design and fabrication of highly irregular 

geometries. Furthermore, even though the AM technology provided a great capability to engineer 

the macro geometry of the fabricated aerogels, a simultaneous control over the microstructure that 

can help to engineer the materials properties is still missing. 

3D Freeze Printing (3DFP) method[11,12], which was developed by our group at Kansas 

State University with our collaborators from University at Buffalo and Harbin Institute of 

Technology, has shown a great potential to address the aforementioned issues in the field of 3D 

printed aerogels. In the previous reports of our group[13, 14], the process investigation studies relied 

on only optical imaging techniques, which provided information on the material deposition, not 
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the solidification. This limits the depth of information that we have about the process dynamics 

since solidification is a very important step of the 3DFP method as well as additive manufacturing 

in general. Besides, the range of materials that has been proven to be feasible for 3DFP was limited 

to graphene[11] and silver nanowires[12]. Although fabricated aerogels (based on graphene and silver 

nanowires) showed promising properties for applications such as electronics, heat conduction, 

sensing, catalysis, energy storage, and shock damping, a functioning device has never been built 

and evaluated for its performance compared to the devices fabricated by other fabrication methods. 

In addition, freeze casting based methods (including 3DFP) can provide a good control over the 

micropore morphology of the final aerogel by manipulating the freezing kinetics. However, this 

control cannot achieve a non-monolithic predesigned microstructure (e.g. pores of various sizes 

located in certain regions of the aerogels), which is highly desirable by applications such as 

controlled drug-delivery, bone tissue engineering, selective liquid sorption, and so on. 

This dissertation aims to study 3DFP method for realization of functional aerogels where 

the macro and microstructure of the final product can simultaneously be engineered for novel 

functionalities and/or enhanced performance. Based on the motivation provided above, objectives 

of the dissertation have been set as follows: 

1. Investigation of the 3DFP process to develop a model for the deposited material, 

obtain quality information for phase change (solidification) along the layer and at 

the layer boundaries, and determine the effects of printing parameters on the quality 

of final product. 

2. Fabrication of 3D printed aerogels using novel materials for the process, and 

achieving highly irregular geometries which cannot be possible by other fabrication 
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methods, and investigation of the effects of the microstructure on the physical 

properties. 

3. Development of functional devices based on 3D freeze printed aerogels where the 

microstructure is precisely engineered to enhance the device performance. 

4. Development of a novel method for fabrication of aerogels that are composed of 

non-monolithic predesigned micropore morphologies.  

This dissertation consists of seven chapters. After a brief introduction in Chapter 1, the 

current literature on additive manufacturing of aerogels and porous scaffolds is presented in 

Chapter 2. The details of the 3DFP process as well as the studies for in-situ process investigation 

and process modelling are presented in Chapter 3. In this chapter, the results of the in-situ X-ray 

imaging experiments, which provide information of both material deposition and solidification, 

are presented. This chapter addresses the 1st objective of this thesis. In Chapters 4 and 5, novel 

materials, cellulose nanocrystals and Ti3C2Tx MXene, are introduced to the 3DFP method. Chapter 

4 discusses 3D freeze printed cellulose nanocrystal aerogels, and their functionalization with 

different additives. The effects of the process anisotropy on the mechanical properties of the 3D 

printed aerogels have also been investigated. Chapter 5 presents the studies performed for 

obtaining functional devices based on 3D freeze printed MXene aerogels, and methods used for 

tailoring the microstructure of the all-printed functional devices to enhance their performance. 

Chapters 4 and 5 address objectives 2 and 3 simultaneously. Chapter 6, which covers objective 4, 

discusses the systematic studies performed to achieve a precise control over the microstructure of 

the aerogels to obtain non-monolithic predesigned pore textures. Finally, Chapter 7 concludes the 

dissertation with a summary, and outlook to the field of additive manufacturing of aerogels. 
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Chapter 2 - Literature Review1 

The concept of aerogel, that designates gels in which the liquid is replaced by a gas without 

collapse of the gel solid network, was first introduced by Kistler in 1931.[1] When wet gels are 

dried by evaporation in ambient conditions, the gel shrinks and the solid net- work collapses due 

to the formation of liquid–vapor meniscuses at the gel pores, which creates a mechanical tension 

in the pore walls. Kistler’s pioneering study showed that at the supercritical conditions for the 

liquid impregnated in the gel, the distinction between liquid and gas state as well as liquid–vapor 

meniscuses at the gel pores is eliminated, and gels can be dried with a very porous texture similar 

to the one in the wet stage without a col- lapse in the solid network.[2] Their unique microstructure 

in the form of pores (at the nanometer to micrometer scale) along with solid-particle mesh network 

provides many exotic properties such as the lowest thermal conductivity, refractive index, sound 

velocity, and dielectric constant measured on any solid. The density of the aerogels can even be 

lower than air while they exhibit fixed volumes and shapes as solid materials.[3] Since the discovery 

of silica aerogel by Kistler, various materials including metals,[4,5] ceramics,[6,7] polymers,[8,9] 

biomaterials,[10,11] and many more have been used to synthesize aerogels. Aerogels have been used 

in biomedical and pharmaceutical applications, electrical devices and energy storage systems, 

thermal insulators, fire retarders, and many other fields.[12–15]  

Additive manufacturing (AM), also known as rapid prototyping or 3D printing, is the 

process of depositing materials layer by layer to make objects directly from 3D model data.[16,17] 

Since the invention of stereolithography, which was the first form of 3D printing introduced by 

 

1 Reprinted with permission from "Additive Manufacturing of 3D Aerogels and Porous Scaffolds: 

A Review" by Halil Tetik, Ying Wang, Xiao Sun, Daxian Cao, Nasrullah Shah, Hongli Zhu, Fang 

Qian, Dong Lin, 2021. Advanced Functional Materials, 31, 2103410. 2021 Wiley-VCH GmbH 
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Charles Hull in the 1980s, other techniques such as selective laser sintering, fused deposition 

modeling, laminated object manufacturing, electron beam melting, and many more have been 

developed to additively manufacture 3D objects.[18] In general, AM process starts with designing 

a 3D geometric model using computer aided design (CAD) software. The CAD file is then 

converted into a standard triangulation language (STL) file format, which is a standard input for 

almost all 3D printing systems. The STL file is imported into 3D printing software to adjust 

printing parameters and object orientation, followed by slicing the object geometry at a distance 

equal to layer thickness. This information is transferred to the 3D printing system to be used for 

AM of the part. Finally, the required post-processes such as cleaning of the object, removal of 

support material, and surface treatment are applied.[19] 

Typical fabrication process of the aerogels consists of three key steps including solution–

sol, sol–gel, and gel–aerogel transitions.[20,21] Briefly, precursor materials are dispersed in a liquid 

medium to obtain sol; then, depending on the nature of precursor material, transition from sol to 

gel is achieved via different strategies. Some materials also may require additional curing to 

provide mechanical strength to the aerogel network. Finally, by incorporating an appropriate 

drying method such as supercritical fluid drying (SCFD), freeze drying (FD), or ambient-

temperature drying (AD), the gel is dried without causing a collapse in the aerogel network. 

Incorporating AM techniques during solution–sol or sol–gel transition steps have revolutionized 

the field by introducing fast and accurate fabrication of complex 3D structures.[22] Besides, AM 

also provided the capability of device fabrication with customized chemistry and architecture.[23] 

Furthermore, tuning the 3D printing parameters has been efficiently used for tailoring and 

optimizing the physical properties of the final aerogels.[24] The hierarchical porosity obtained after 

3D printing followed by an appropriate drying method enhanced the performance of the 3D-printed 



9 

 

aerogels and scaffolds in many applications such as tissue engineering (TE),[25] electrochemical 

energy storage,[26] pollutant removal from water,[27] etc. The ability to construct sophisticated 

gradient structures have been proven to be beneficial for sensors and actuators.[28] Further 

advantages of the 3D printing over the conventional methods for aerogel fabrication are discussed 

later for each application. 

 3D Printing Methods 

Additive manufacturing process of aerogels includes steps of ink synthesis, 3D printing, 

drying, and post-processing. 3D printing process is completed in either solution–sol or sol– gel 

transition steps: inks or resins in the form of solution or sol are selectively deposited or solidified 

to obtain gels with desired geometries. There are three main techniques used: extrusion-based 

printing (EBP), inkjet-based printing (IBP), and stereolithography (SLA). EBP utilizes paste-like 

inks with shear-thinning behavior, which are extruded through a nozzle in the form of filaments 

with sufficient strength to preserve their shape.[29] IBP, unlike EBP, is capable of working with 

Newtonian inks with relatively low viscosities. The ink is deposited in the form of droplets and 

needs to be solidified to keep its shape.[30] In SLA, a resin containing a photocurable material is 

solidified by a guided laser to achieve solidification in desired geometry.[31] Once the gels with 

desired geometries are 3D-printed using one of the aforementioned strategies, an appropriate 

drying method (SCFD, AD, or FD) that does not cause a collapse or structural damage in the solid 

network is applied to obtain aerogels. Finally, required post-processes are applied to provide 

(structural integrity), functionality, or both to the aerogels.  

Typically, EBP requires inks with either high solid loading or rheology modifying agents 

to achieve shear-thinning behavior. In case of inks with high solid loading, 3D-printed aerogels 

have relatively higher densities, and accordingly, higher mechanical strengths. In case of inks with 
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rheology modifiers, post-drying thermal or chemical processes are applied to etch the modifiers 

from the structure. On the other hand, IBP can deposit Newtonian inks with relatively lower 

viscosity and solid loading. As a result, this process is able to achieve ultralow densities. 

Furthermore, with IBP, water has been used as support material to obtain 3D-printed aerogels with 

overhang features, which can increase the freedom in design. In contrast to EBP and IBP, SLA 

provides a selective solidification/gelation instead of selective material deposition. To achieve 3D-

printed aerogels with SLA printing, a resin containing a monomer, a photoinitiator, and the main 

material of interest must be synthesized. Even though the SLA provides the lowest resolution (≈10 

µm[32]) in the 3D printing process, the monomer and the photoinitiator needs to be removed from 

the final structure by post-processing. 

EBP is the most commonly used technique for 3D print of aerogels, and this method has 

been used with ink formulations based on a wide range of materials. For instance, Xiong et al. 

used EBP to fabricate porous scaffolds made from biocompatible synthetic polymers for bone 

tissue engineering applications in 2002.[33] After this study, natural polymers such as chitosan,[34] 

collagen,[35] and cellulose[36] were used for fabricating biomedical devices. In 2015, graphene 

oxide (GO), which is one of the most common materials for 3D-printed aerogels, was used to 

fabricate reduced graphene oxide (rGO) aerogels.[37] Following that, an ink formulation based on 

pristine graphene was reported.[38] In 2018, an ink formulation based on resorcinol–

formaldehyde (R-F) was developed, and 3D-printed R-F aerogels were used as precursor for 

carbon aerogels.[39] In 2019, MXenes, which are another 2D material like graphene, were used to 

3D-printed aerogels for electrochemical energy storage applications.[40] In the same year, 3D-

printed hydroxyapatite (HAP) scaffolds with hierarchical and interconnected pore morphologies 

were proposed for bone tissue engineering applications.[41] The list of materials tested with IBP 
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and SLA to fabricate 3D-printed aerogels is relatively limited when compared to EBP. The first 

study that reported 3D-printed silica aerogels using SLA was published in 2015.[42] Following 

that, SLA was used to fabricate 3D-printed aerogels made from chitosan[43] and rGO.[32] In 2016, 

the first aerogel that has truly 3D geometry with overhang truss features was fabricated from 

rGO using IBP.[30] Following that, using the same method, silver nanowire (AgNWs)[44] and 

composites of rGO[45] were used to synthesize inks for 3D printing of functional aerogels. 

 Extrusion-based 3D Printing 

EBP is the most common 3D printing method to fabricate aero- gels with customized 

geometries. The ink used for EBP must possess a shear-thinning behavior, which enables flow of 

the high viscosity ink through the nozzle by a significant reduction in the ink’s viscosity due to 

applied pressure. According to the power law of Ostwald and de Waele, the viscosity of a fluid 

can be defined as a function that is proportional to some power of the shear rate can be defined 

as[46]: 

 𝜂 = 𝑘 ∙ 𝛾𝑛−1 (2-1) 

 

where 𝜂 is the viscosity, 𝑘 is consistency factor, 𝑛 is the viscosity exponent, and 𝛾 is shear rate. For 

Newtonian inks, the value of the viscosity exponent is 𝑛 = 1 , whereas its value is 𝑛 < 1 for the 

inks with shear-thinning behavior. Shear-thinning behavior of the ink is typically characterized 

from a plot showing the change in the apparent viscosity of the ink as a function of shear rate. The 

rapid decrease observed in the viscosity as the shear rate increases indicates that at rest, the ink 

has a stable solid-like structure, while with the applied shear rate, it behaves like fluid.
[41]

 

Furthermore, for the ink to be able to resist deformation after deposition, it must be viscoelastic 

with a sufficient yield stress. The viscoelastic inks are characterized by their complex shear modulus, 

𝐺∗ = 𝐺′ + 𝑖𝐺", where 𝐺′ is the storage modulus and 𝐺" is the loss modulus.
[47]

 The gelation point 
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for an ink can be defined by 𝐺"/𝐺′; when 𝐺"/𝐺′ < 1, the ink has a solid-like behavior whereas 

𝐺"/𝐺′ > 1 refers to a liquid-like behavior. The viscoelastic behavior of the inks used for EBP are 

typically characterized using a plot that shows the storage and loss moduli as a function of shear 

stress. Accordingly, as the shear stress passes a yield (gelation) point, the storage moduli (𝐺′) 

becomes lower than the loss moduli (𝐺") (𝐺"/𝐺′ > 1), which indicates a primary viscous (liquid-

like) behavior of the ink. With low shear stress values, the storage moduli becomes higher than the 

loss moduli (𝐺"/𝐺′ < 1) representing an elastic (solid-like) behavior.
[48] 

Materials with high aspect ratio and surface charge can be used to tune the rheological 

properties for wet processing.
[49]

 Similarly, there are several 3D-printed aerogels whose ink 

formulations are based on highly charged carboxymethylated cellulose nanofiber (CNF),
[50]

 

GO
[26,51]

, and titanium carbide (Ti3C2Tx)
[40]

 where no additives were required to achieve a good 

shear-thinning behavior. On the other hand, there are also proposed approaches to provide/enhance 

printability to suspensions of host materials. For instance, Song et al. used hydroxypropyl methyl 

cellulose (HPMC) as viscosifier, 1-octonal as defoamer, and polyethyleneimine as gelation agent 

for hydroxyapatite suspension to provide printability.
[41]

 Chandrasekaran et al. proposed to use 

HPMC and fumed silica to boost the viscosity and storage modulus of R-F-based ink.
[52]

 Jiang et 

al. incorporated CaCl2 as crosslinker for GO- based inks to enhance the storage modulus and 

printability.
[53]

 To enhance the materials properties and provide functionalities to the aerogels, it is 

also possible to use additives in the ink formulations without having a major effect on printability. 

Accordingly, xyloglucan was proposed as binder for cellulose nanocrystal (CNC),
[54]

 polyamide-

epichlorohydrin was used as strength additive for CNC
[55]

 and CNF,
[56]

 carbon nanotube (CNT) was 

used as a functionalization agent for CNF,
[50]

 lithium iron phosphate and lithium titanium oxide 
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were used as cathode and anode active materials for GO,
[57]

 SnO2 quantum dots (QDs) were used 

as electrochemical performance additive for GO,
[48]

 and manganese dioxide nanowires (MONWs), 

AgNWs, and fullerene was proposed to enhance capacitance, charge delivery, and mechanical 

properties of Ti3C2Tx-based aerogels.
[58]

 

To extrude the ink from the nozzle, either a pneumatic air pressure, a mechanical piston, 

or a screw-based deposition system is used. Pneumatic air pressure is a simple and highly used 

technique; however, the accuracy of the deposition relies on the physical properties of the ink. 

Even though mechanical piston or screw-driven systems require relatively complex setups, they 

provide a large deposition force, which makes them suitable for inks with higher viscosities, and 

better control on the material deposition rate.
[29]

 Accordingly, a vast majority of the studies on 3D-

printed aerogels using EBP uses pneumatic pressure driven extrusion setups. Only a few studies 

incorporate mechanical
[24,51,54,59–66]

 and screw-based
[33,67,68]

 extrusion systems among more than 50 

studies that report 3D-printed aerogels using an EBP setup. Commonly, ink formulations are water-

based, and they do not require elevated temperatures to achieve material extrusion as in fused 

deposition modelling. However, when solvents with higher melting points such as 1,4 dioxane,
[59]

 

N-methylmorpholine-N-oxide,
[69] 

tert-butanol,
[62]

 phenol, or camphene
[38]

 are used, temperature 

control on the ink is required to be able to extrude the material in the form of a uniform filament. 

Deposited inks with proper shear-thinning behavior provided with sufficient storage 

modulus are able to hold their shape. However, there are ink formulations, which require extra 

gelation/solidification to preserve their shapes and structural integrity. Ge et al. reported that spraying 

a hydrochloric acid solution on the R-F-based ink after deposition helped them to be more self-

supportive.
[39]

 Similarly, Rees et al. pipetted CaCl2 onto some of the layered constructs to fix CNC-
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based ink by ionic crosslinking.
[36]

 Zhu et al. deposited GO-based inks inside isooctane to prevent 

structural shrinkage and drying of the deposited ink in air before complete printing.
[70,71]

 To keep the 

deposited structure wet during the printing process, Chandrasekaran et al. used an organic solvent 

(2,2,4-trimethyl-pentane) for 3D printing of RF organic aerogels. He et al. investigated three printing 

routes, including depositing in air, CaCl2–glycerol solution (cross-linking medium), and pluronic 

F127 triblock (supporting reservoir) for 3D printing carbon nitride-based aero- gels. It was reported 

that printing inside CaCl2–glycerol solution provided an ionic crosslinking for sodium alginate 

(SA), which was used as stabilizer and disperser in the ink formulation. This crosslinking provided 

a sufficient bonding force for filaments in the adjacent layers. In the third route, aqueous pluronic 

F127 triblock copolymer, which can undergo a thermo-reversible micellization process depending 

on both concentration and temperature, was used to induce a reversible fluid-to-gel transition. At the 

ambient temperature, where the deposition took place, a pluronic F127 gel matrix was used as a 

supporting reservoir. After 3D printing is completed, the pluronic F127 reservoir can be washed 

away with deionized water at 4 C where pluronic F127 is a liquid.
[72]

 Apart from using inks with 

sufficient storage modulus and/or inducing a crosslinking mechanism after the material deposition, 

performing the 3D printing process inside a cryogenic environment provides a fast solidification, 

which fixes the deposited material.
[34,67,73]

 While 3D printing inside a cryogenic environment leads 

to isotropic freezing, which is similar to freeze casting
[74]

 without mold, performing the material 

deposition on top of a precooled substrate is equivalent to unidirectional freeze casting.
[75]

 

Depositing the material on top of a cooled substrate fixes the ink due to rapid freezing and results 

in an aligned porosity along the freezing direction (from bottom to top), which is a beneficial 

property for tissue engineering scaffolds,
[35,41,59,76,77]

 and energy applications.
[58] 
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The solid strands obtained after material deposition are the building blocks of the 3D 

printing process, which determines the manufacturing time and resolution.
[78]

 For EBP, the strand 

geometry is a function of nozzle diameter, ink rheology, and print-head speed.
[79]

 Accordingly, 

Munir et al. investigated the dependency of the strand diameter on nozzle size, ink concentration, 

and print head temperature for 3D printing of polycaprolactone (PCL) scaffolds.
[59]

 Since their 

process included material deposition on a freezing substrate, Kim et al. provided an experiment to 

show the effects of the substrate temperature on the size and uniformity of collagen strands.
[35]

 The 

same group also investigated the relationship between strand diameter and fabrication conditions (print-

head speed and substrate temperature) for fabricating chitosan aerogel scaffolds.
[25]

 Geometrical 

investigation of the extruded strands can be very important for the aerogels since the pore size and 

porosity of the final product are influenced by the strand geometry.
[35]

 Li et al. increased the scale 

and investigated the quality of cellulose-based aerogels instead of individual strands. They 

investigated the dependency of dimensional accuracy and smoothness of the aerogel surfaces on 

nozzle size and ink concentrations.
[55]

 

 Inkjet-Based 3D Printing 

Inkjet printing, specifically drop-on-demand (DOD) printing, relies on pressure pulses to 

generate droplets from the ink. The method used to create pressure pulses defines the type of the 

print-head, such as piezoelectric, solenoid valve, thermal acoustic, electrostatic, and 

electrohydrodynamic.
[80]

 Among those, the first two are employed to 3D print aerogels. Briefly, 

piezoelectric inkjet heads create a pressure wave by deforming a piezoelectric transducer located 

in the nozzle applying a voltage. With the increasing pressure inside the nozzle, a stream of liquid 

droplets is generated.
[81]

 Solenoid valve inkjet heads operate through an internal piston, which 
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forces the valve to open and close via an induced magnetic field.
[82]

 Once the piston is actuated and 

the valve is opened, pressurized ink moves to the orifice and is ejected as droplets.
[83]

 An electrical 

pulse, whose length determines the opening time of the valve, is used to actuate the piston that 

allows or blocks ink flow.
[84,85]

 

For IBP, the ink with a relatively low viscosity is dispensed in the form of spherical droplets 

on the substrate. The rheological requirements for printability of an ink are determined by Reynolds, 

Weber, and Ohnesorge numbers, which are dimensionless numbers related to the physical 

properties of the ink such as viscosity, surface tension, and density
[86–89]: 

 
𝑅𝑒 =

𝜐𝜌𝐿

𝜂
 

(2-2) 

 

 
𝑊𝑒 =

𝜐2𝜌𝐿

𝛾
 

(2-3) 

 

 
𝑂ℎ =

√𝑊𝑒

𝑅𝑒
=

𝜂

√𝛾𝜌𝐿
 

(2-4) 

where 𝑅𝑒 is Reynolds, 𝑊𝑒 is Weber, and 𝑂ℎ is Ohnesorge numbers, 𝜐 is droplet velocity, 𝐿 is 

characteristic length, 𝜌 is density, 𝜂 is viscosity, and 𝛾 is surface tension. Reynolds number refers 

to the ratio of inertial forces to the viscous forces. Weber number on the other hand is the ratio of 

the inertial forces to the surface forces. Ohnesorge number provides the information on the relative 

importance of the viscous forces compared to inertial and surface forces.
[90]

 For a stable drop 

formation, the range of 𝑍 = 1/𝑂ℎ should be 1 < 𝑍 < 10 to avoid a large number of satellite 

droplet formation when 𝑍 > 10 or total dissipation of jetting energy required for droplet 

generation when 𝑍 < 1.
[91, 98]
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The deposited droplet deforms, spreads on the substrate, and eventually achieves an 

equilibrium after a brief oscillation that dissipates the energy.
[87]

 Once the droplet reaches 

equilibrium after impact, it is possible to model it as a spherical cap, provided that gravitational 

forces are negligible.
[92]

 Adjacent droplets tend to coalesce into a single body of liquid if the earlier 

droplet does not solidify before the later one is deposited. A series of droplets deposited with a 

sufficient inter- droplet distance forms a liquid bead. Considering fixed bead width due to contact 

line pinning and neglecting gravitational forces, the bead can be assumed to be uniform having a 

cross-section of a circular segment. Employing conservation of volume along with the previous 

assumptions, it is possible to develop a geometric model for the bead, which can be used to 

estimate maximum allowable interdroplet distance for given initial droplet diameter before the 

impact, the diameter of the spherical cap on the substrate, and contact angle in order to achieve a 

uniform cross-section.
[93]

 When the interdroplet distance is kept above that limit, either individual 

droplets or scalloped lines are obtained. Decreasing the interdroplet distance below its allowable 

limit leads to uniform lines. When the interdroplet distance is reduced too much, below a certain 

limit, uniformity is lost, and bulges appear along the track.
[87,88,94]

 Duineveld explained the 

formation of bulge instabilities with the contact angle of the liquid becoming larger than the 

advancing contact angle, which depends on substrate velocity and applied liquid volume.
[95]

 If the 

earlier droplet solidifies before the adjacent droplet reaches the substrate, a line morphology that 

looks like stacked coins is observed. This situation occurs regardless the interdroplet distance and 

related to individual solidifying of the droplets.
[96]

 When the deposited droplets solidify instead of 

solvent evaporation, due to lack of liquid-to-liquid interaction, droplets solidify separately as single 

beads. Accordingly, Tetik et al. investigated the effects of interdroplet distance and time lapse 

between successive droplets on the geometry of strands obtained after coalescence of droplets.
[97]
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Considering the requirements to achieve uniform lines using inkjet printing systems, Zhang 

et al.
[30]

 fabricated ultra-light graphene aerogels using an IBP setup.
[30]

 They Considering the 

requirements to achieve uniform lines using inkjet printing systems, Zhang et al.
[30]

 fabricated 

ultra-light graphene aerogels using an IBP setup.
[30]

 They used a low concentration aqueous GO-

based solution as ink, and the material was deposited on top of a cooled substrate, which resulted 

in directional solidification. Depositing the ink layer by layer, frozen 3D structures with complex 

geometries were obtained. Water, which was completely sublimated with a subsequent freeze-

drying process, was used as support material to achieve true 3D structures with overhang features. 

New layers deposited on top of an already frozen layer causes a partial melting, low viscosity ink 

fills the voids existing between layers, and both layers freeze together. This provides higher 

structural integrity to the 3D-printed aerogels. Using the same setup loaded with piezoelectric and 

solenoid valve inkjet heads, they reported ultralight aerogels from AgNWs
[44]

, MoS2–graphene 

composites,
[45]

 MnO2–graphene aerogels,
[99]

 and cellulose nanocrystals.
[100]

 

 Stereolithography-Based 3D Printing 

SLA, which was developed by 3D Systems in 1986, was the first commercialized 3D 

printing system.
[101]

 Among other 3D printing methods, SLA is particularly versatile considering 

the freedom of designing structures with sub-micrometer level resolutions.
[102]

 It is based on 

solidification of a liquid resin usually by a chemical crosslinking process, which was achieved through 

photocuring the liquid resin via scanning by a positionally programmed laser over the resin surface 

to initiate photopolymerization.
[103]

 The resin consists of a monomer, a photoinitiator, and a 

photoabsorber. As the photoinitiator absorbs the light illuminated regions, it generates excited free 

radicals, which combine and react with the monomer to form larger reactive molecules. These 

reactive molecules keep reacting with adjacent monomers and grow until two of them combine 
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and terminate the reaction. The solidified polymer structure eventually forms by the entanglement and 

crosslinking of these polymer chains.
[104]

 Precision of the resin curing is related to curing depth 

(𝐶𝑑) and curing width (𝐿𝑤).
[103]

 The theoretical expressions can be derived from Beer–Lambert 

equations
[105]: 

 
𝐶𝑑 = 𝐷𝑝 ln (

𝐸𝑚𝑎𝑥

𝐸𝑐
) 

(2-5) 

 

 

𝐿𝑤 = 𝑊0√2
𝐶𝑑

𝐷𝑝
 

(2-6) 

where 𝐷𝑝 is penetration depth of the resin at the laser wave- length, 𝑊0 is the radius of the Gaussian 

beam𝐸𝑚𝑎𝑥, is maximum laser exposure value, and 𝐸𝑐 is critical laser exposure value. 𝐸𝑚𝑎𝑥 is a 

function of the laser properties such as its power, beam radius, and scanning speed, while 𝐸𝑐 

completely depends on photoinitiator and liquid monomer used in the resin formulation.
[103]

 

To fabricate silica aerogels by SLA, Saeed et al. formulated a photocurable resin composed 

of tetraorthosilicate (precursor for silica aerogel), hexanedioldiacrylate (monomer), Eosin Y 

(photoinitiator), and amine (co-initiator and pH modifier). After exposing the resin to a 2 W laser 

source using masks in a layer-by-layer manner, they obtained silica aerogels. They also showed the 

3D printability of the resin they formulated by printing a 50 m thick line on a glass substrate 

through the direct shining of the laser on the liquid mixture without any mask.
[42]

 Morris et al. 

fabricated chitosan–poly- ethylene glycol diacrylate (PEGDA) composite scaffolds using Irgacure 

819 as photoinitiator. They employed a commercially available SLA printer with a 405 nm laser 

to 3D print scaffold aerogels for tissue engineering purposes.
[43]

 Hensleigh et al. formulated a resin 

based on GO dispersion mixed with photo- curable acrylates and a photo-initiator. Using a 405 nm 

laser light, they fabricated lightweight graphene aerogels.
[32]
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 Drying and Post-processing 

As 3D printing process is completed, structures are dried in a manner that the solid network 

inside the gel keeps its structural integrity with no or minimal shrinkage. Surface tension at the 

liquid–vapor interface, which is responsible for the col- lapse of the solid network during drying 

of gels, must be minimized for the solid network to keep its structural integrity and shape.
[106]

 There 

are three main methods proposed to eliminate the surface tension while drying the gels: FD, SCFD, 

and AD. In SCFD, the solvent is kept above the supercritical temperature and pressure, where there 

is no distinction between the liquid and gas phase. FD briefly consists of freezing of the solvent 

followed by a sublimation process under vacuum. The porosity obtained after FD is a replica of 

the solvent crystals (which are sublimated with FD) that grow during the freezing step. Hence, it 

is very common to manipulate the freezing conditions in order to achieve a tailored micropore 

morphology as in freeze casting method.
[74]

 To achieve a damage-free drying in ambient pressure, 

solid network strengthening, surface modification that reduces surface tension, or both can be 

used.
[107–110]

 We provided a comparison of the common drying methods used for fabricating 3D-

printed aerogels in Table 2.1. 

Even though there are several reports using SCFD
[39,42,52,70–72,111–113]

, a vast majority of the 

studies that reported 3D-printed aerogels employs FD to achieve a damage-free microstructure. 

This can be attributed to its capability of controlling micropore morphology by manipulating the 

freezing conditions as frequently used in freeze casting processes.
[74,114,115]

 With isotropic freezing, 

which is achieved without a temperature gradient, an isotropic pore morphology that is similar to 

the one obtained after SCFD is obtained, yet, manipulating the freezing conditions can help 

tailoring the pore morphology. Hence, when a directional temperature gradient is used for freezing 

as in unidirectional freeze casting, microwalls and pores that are aligned along the applied 
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Table 2.1.  Comparison of the common drying methods used for fabricating 3D-printed aerogels. 

Drying 

Method 

Drying 

Conditions 

Duration 

[h] 

Fabricated 

Aerogels 
Notes 

SCFD 
30/40°C 

7/12 MPa 
3/5 

Polymer, 

GO, RF, 

silica 

Contains potential safety hazards due to high 

pressure. The conventional drying method 

for aerogel fabrication. Better preservation of 

fıne solid network structure resulting in 

mesopores and small macropores. 

FD 
-76/-35°C 

0.6/20 Pa 
12/48 

Polymer, 

ceramic, 

GO, 

MXene, 

metal, 

Requires more time for complete drying of the 

gels. Provides a control on the micro- structure 

of the final aerogels. Larger pore dimensions 

due to the growth of solvent crystals. 

AD 

Room 

temperature, 

fume 

hood—

ambient 

pressure 

10/96 
Polymer, 

graphene 

Requires solvent exchange and/or solid network 

strengthening. Simplest process in 

exchange for a large amount of visible 

shrinkage. 

 

temperature gradient are obtained. Accordingly, many studies combined unidirectional freeze 

casting process with 3D printing so that, the micropore structure of the resulting aerogels was aligned 

along the temperature gradient.
[30,41,44,45,54,58,59,99] 

Apart from SCFD and FD, Françon et al. 

proposed an ambient temperature drying method for 3D-printed wet-stable CNF aerogel.
[116]

 They 

thawed frozen gels inside ethanol and applied a solvent exchange procedure with acetone, which 

could presumably be easy and meet industrial requirements both in terms of energy consumption 

and production rate compared to SCFD and FD. Håkansson et al. compared the performance of 

different drying methods (air drying, air drying with surfactants, solvent exchange before drying, 

and FD) using 3D-printed CNF-based aerogels.
[50]

 They showed that after air drying, the 3D-

printed structure collapses due to gravity. Using surfactants with air drying reduced the surface 

tension and shrinkage obtain in a homogeneous manner. Applying a solvent exchange before air 

drying was quite similar to drying in air with surfactants. FD eliminated the shrinkage observed in 

other cases, and the printed structure kept its original geometry. Lin et al. proposed to use solvents 
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with high vapor pressure to formulate graphene-based inks.
[38]

 Since the solvents (phenol and 

camphene) used in the ink formulations are solid at ambient temperature, a sublimation was 

possible in a fume hood at room temperature. The micropore morphologies of the 3D-printed 

graphene aerogels were highly dependent on the solvent and additives used in the ink formulations. 

Guo et al. added a foaming agent into the ink that is composed of tetraethyl orthosilicate (TEOS)-

based aerogel powder, binder, and other additives.
[117]

 The presence of the foaming agent in the ink 

formulation ensured the protected porosity of the silica aerogels after drying in the ambient 

conditions. 

After drying the 3D-printed structures,   some   chemical or physical processes might be 

necessary to enhance the materials properties and/or provide functionalities to the final aerogels. 

Accordingly, 3D-printed aerogels made from polymer composites such as mesoporous bioactive 

glass (MBG)/sodium alginate–sodium alginate, collagen, cellulose, and polycaprolactone–gelatin 

were chemically crosslinked using a CaCl2 solution,
[118]

 1-ethyl-(3-3-dimethylaminopropyl) hydro- 

chloride solution,
[35]

 polyamide-epichlorohydrin,
[55,56]

 and glutaraldehyde solution,
[62]

 respectively. 

When ceramics are used as building materials, sintering is used after drying to consolidate and 

densify the structure.
[41]

 GO-based aerogels are commonly treated by chemical
[51,53,64,70,119–121]

 
or 

thermal
[24,26,30,32,37,51,57,63,71,119,122–124]

 reduction methods to obtain conductive rGO. Other reported 

pyrolysis procedures are applied to convert resorcinol–formaldehyde into carbon,
[39]

 and ammonium 

thiomolybdate into black MoS2–rGO.
[45]

 Ma et al. proposed to use 3D-printed rGO aerogels as a 

skeleton inside a reactor that contained a mixture of KMnO4 and HCl, which subsequently yielded 

MnO2/rGO aerogels after a thermal treatment.
[99]

 Similarly, Yao et al. fabricated MnO2/rGO 

aerogels by electrodepositing MnO2 nanosheets on a rGO aerogel scaffold.
[123]
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 Applications of 3D-Printed Aerogels 

 Electrochemical Energy Storage Systems 

Electrochemical energy storage devices, such as supercapacitors and batteries, are widely 

applied in portable electronics and devices.
[125]

 As an essential part of electrochemical energy 

storage devices, electrode is where electrochemical reactions happen. In supercapacitors, charges 

accumulate at the electrode-electrolyte interface as an electrical double layer or they are partially 

stored by faradaic reaction at the surface of electrodes. While in batteries, electrochemical 

reactions occur at the bulky electrodes. Therefore, electrodes play a critical role in determining the 

energy storage performances. Among various electrodes, conductive aerogels are promising 

candidates for both supercapacitors and batteries due to their porous structures and high surface 

areas. Such microstructure maximizes the electrochemical reaction area, endows high ion 

accessibilities, and shortens ion diffusion paths that enhance the rate performance for energy 

storage.
[126,127]

 In the fabrication of aerogels-based electrodes, compared with traditional methods, 

such as chemically derived approach and freeze casting, 3D printing provides unique advantages: 1) 

electrodes can be fabricated in customization for versatile application; 2) the electrodes usually own 

a high aspect ratio (height to cross-section area) contributing to enhancing areal energy density; 3) 

possibly eliminated steps of device assembling and packaging can reduce the cost during device 

manufacturing; and 4) the operation is efficient, safe, low-cost, and environmentally friendly since 

no excess material is wasted and complex fabrication procedures are eliminated.
[23,128]

 Therefore, 

in this section, the application of 3D-printed aerogel electrodes for supercapacitors and batteries is 

reviewed. 
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 3D-Printed Aerogel Electrodes for Supercapacitor Applications 

Supercapacitors safely providing fast charging, high power density, and excellent cycle stability 

capture lots of attention from academic researchers, industrial manufacturing, and practical 

applications. However, the modest energy density of supercapacitors limited their application. 

To address this dilemma, extensive efforts have been devoted to studying novel electrode materials 

and optimizing structures of electric double layer capacitor (EDLC) electrodes and pseudocapacitive 

electrodes.
[129]

 Electrodes with interconnected structures were highly suggested since they can provide 

a continuous charge transport pathway and result in a good specific capacity.
[130]

 3D printing is 

an efficient method to fabricate customized aerogels owning interconnected structures. 

Meanwhile, in addition to the high specific area and controllable pore size, 3D-printed aerogels 

are highlighted with predefined and stable spatial orientations and optimal interspaces.
[131]

 All these 

characters contribute to an enhanced energy density. Table 2.2 summarizes supercapacitors 

utilizing 3D-printed aerogel electrodes from the aspects of starting materials, printing method, 

postprocessing, and electrochemical performances. The table shows that rGO-based materials and 

extrusion- based 3D printing methods are the most widely used material and printing method to 

fabricate 3D-printed aerogel. Also, researchers prefer thermal reduction (TR) or chemical 

reduction (CR) to treat the printed materials after printing. In short, this section will detail the 

benefits of 3D-printed supercapacitor electrodes, review the available inks, as well as introduce 

the development of 3D-printed pseudocapacitive electrodes in recent years. 3D-printing is an 

excellent alternative approach to fabricate aerogel electrodes and even all 3D-printed 

supercapacitors. First, 3D-printed aerogels provide an ultrahigh porosity and an open structure 

benefiting the introduction of function groups and enhanced pseudocapacitive   
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Table 2.2. Summary of the 3D-printed aerogel supercapacitor electrodes and devices. 

Refs. Materials Deposition Postprocessing Max specific 

capacitance 

Cyclic stability 

40 Ti3C2Tx//Ti3C2Tx EBP 

(pneumatic) 

- 2100 mF cm-2 

at 1.7 mA cm-2 

90.36% at 1 A g-1 

for 10000 cycles 

53 GO–Ca2+//GO–

Ca2+ 

EBP 

(pneumatic) 

CR of GO 213 F g-1 

at 0.5 A g-1 

90% at 10 A g-1 for 

50000 cycles 

58 Ti3C2Tx–AgNW–

MnONW–

C60//Ti3C2Tx–

AgNW–

MnONW–C60 

EBP 

(pneumatic) 

- 216.2 mF cm-2 

at 10 mV s-1 

85% at 200 mV s-1 

for 10000 cycles 

64 rGO–MWCNT EBP 

(mechanical) 

CR of GO 639.56 mF cm-2 

at 4 mA cm-2 

90% at 40 mA cm-2 

for 10000 cycles 

24 SFrGO EBP 

(mechanical) 

CR of GO, 

surface 

functionalization 

252.4 F g-1 

at 5 mA cm-2 

- 

rGO–

MnO2//SFrGO 

EBP 

(mechanical) 

CR of GO, 

surface 

functionalization, 

electrodeposition 

of MnO2 

853.3 mF cm-2 

at 5 mA cm-2 

93% at 100 mV s-1 

for 100000 cycles 

65 CMrGO EBP 

(mechanical) 

TR of GO 16 F g-1 

at 2 mV s-1 

- 

CMrGO//CMrGO EBP 

(mechanical) 

TR of GO 140 F g-1 

at 3 A g-1 

80% at 15 A g-1 for 

10000 cycles 

68 rGO–

ZnV2O6//rGO–

VN 

EBP (screw) TR of GO 149.71 F g-1 

at 0.5 A g-1 

95.5% at 1 A g-1 for 

10000 cycles 

70 rGO–GNP EBP 

(pneumatic) 

TR of GO, 

chemical etching 

of silica fillers 

~72 F g-1 

at 0.5 A g-1 

- 

rGO–GNP//rGO–

GNP 

EBP 

(pneumatic) 

TR of GO, 

chemical etching 

of silica fillers 

4.76 F g-1 

at 0.4 A g-1 

95.5% at 200 mV s-

1 for 10000 cycles 

99 rGO–MnO2 IBP TR of GO, MnO2 

coating 

213 F g-1 

at 2 A g-1 

- 

rGO–

MnO2//rGO–

MnO2 

IBP TR of GO, MnO2 

coating 

95 F g-1 

at 1 A g-1 

78% at 5 A g-1 for 

1000 cycles 

116 CNF–alginate–

PEDOT 

EBP 

(pneumatic) 

PEDOT 

functionalization 

78 F g-1 

at 0.1 A g-1 

- 

121 rGO–AgNW– 

MONW//rGO– 

AgNW–MONW 

EBP 

(pneumatic) 

CR of GO 426 mF cm-2 

at 2.27 mA cm-2 

97.4% at 200 mV s-

1 for 1000 cycles 

123 rGO–MnO2 EBP 

(pneumatic) 

TR of GO, 

electrodeposition 

of MnO2 

1874 mF cm-2 

at 0.1 mA cm-2 

- 
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rGO–

MnO2//rGO–

MnO2 

EBP 

(pneumatic) 

TR of GO, 

electrodeposition 

of MnO2 

1874 mF cm-2 

at 0.1 mA cm-2 

92.9 at 20 mV s-1 

for 20000 cycles 

124 rGO–PPy EBP 

(pneumatic) 

TR of GO, 

chemical 

deposition of 

PPy 

540 F g-1 

at 0.1 A g-1 

- 

rGO–PPy//rGO–

PPy 

EBP 

(pneumatic) 

TR of GO, 

chemical 

deposition of 

PPy 

1100 mF cm-2 

at 0.5 mA cm-2 

75% at 200 mV s-1 

for 5000 cycles 

139 rGO–NiCoS EBP 

(pneumatic) 

CR of GO 217.6 mAh g-1 

at 1 A g-1 

- 

rGO–NiCoS// 

rGO–MWCNT 

EBP 

(pneumatic) 

CR of GO 746 mF cm-2 

at 10 mA cm-2 

87.6% at 100 mA 

cm-2 for 10000 

cycles 

134 rGO//rGO EBP 

(pneumatic) 

CR of GO 56.7 mF cm-2 

at 5 mV s-1 

~100% after 10000 

cycles 

136 rGO–VO2//rGO–

VO2 

EBP 

(pneumatic) 

CR of GO 133.2 mF cm-2 

at 0.43 mA cm-2 

- 

rGO–

VNQDs//rGO–

VNQDs 

EBP 

(pneumatic) 

CR of GO 98.8 mF cm-2 

at 0.65 mA cm-2 

- 

rGO–VO2//rGO–

VNQDs 

EBP 

(pneumatic) 

CR of GO 207.9 mF cm-2 

at 0.63 mA cm-2 

65% at 6 mA cm-2 

for 8000 cycles 

140 GO–PAA EBP 

(pneumatic) 

TR of GO and 

carbonization of 

PAA 

870.3 mF cm-2 

at 4.6 mA cm-2 

81% at 1.2 mA cm-2 

for 20000 cycles 

 

performances. The enlarged specific surface area maximizes the functionalization effect. The open 

structure contributes to enhanced ion accessibility to the surface functional groups even at high 

current densities.[24] Second, 3D printing can fabricate supercapacitors with complex architecture 

for portable and wearable electronics.
[58,124,132–134]

 3D printing enables the aerogel being precisely 

patterned within a range of 100 m
2 to 1 m

2 with a minimum feature size of 1 m.
[135]

 Third, 3D 

printing could save cost in supercapacitor fabrication through removing device parts assembly 

steps. An all 3D-printed asymmetric microsupercapacitor is fabricated from a graphene–vanadium 

nitride quantum dots (VNQDs) with rGO (G–VNQDs/rGO) anode, a V2O5/rGO construct cathode, 

and a gel-like electrolyte.
[136]

 No extra assembly process is needed. The current collector can also be 
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printed to eliminate the assembly steps. Rocha et al.
[65]

 printed the current collector (copper) and 

chemically modified reduced graphene oxide (CMrGO), and then they sintered the 3D-printed Cu 

and the 3D-printed CMrGO simultaneously for supercapacitors. 

Fabricating printable inks is the most critical issue for 3D printing. As discussed in Section 

2.2, suitable rheological behaviors are critical for 3D printable inks. Adding additives in ink is a 

common method to fulfill the rheological requirement for 3D printing in EDLC. However, when 

applied in supercapacitors, the additives such as polymers or inorganic nanoparticles may cause 

negative effects including decreased strength and electrical conductivity. A complex postprocess 

is needed to remove these additives.
[53]

 Therefore, printable ink formulations consisting of highly 

electronically conductive materials, such as multiwalled carbon nanotubes
[64]

 and vanadium nitride 

(VN),
[68,136]

 prefer to optimize the rheological behaviors of inks. Except for these expensive 

materials, Jiang et al.
[53] introduced trace Ca

2+ as a gelator into rGO to fabricate (rGO–Ca
2+

) ink 

to modify the rheological properties of the printable ink. Com- pared with rGO–GNP (63.6 F g
-

1
) adding inorganic nanoparticles as gelators,

[70] and CMrGO (60 F g
-1

) using a polymer as the 

binder,
[65] Jang’s design dramatically enhanced the specific capacitance of rGO–Ca

2+
 to achieve 

200 F g
-1

 at 10 A g
-1

. 

In addition to direct printing of mixture inks in 3D-printed pseudocapacitive electrodes, 

aerogel can be printed as a scaffold for loading active materials by EBP to boost the electrochemical 

performance.
[24,99,116,123,124]

 Currently, cathode thickening with large mass loading is employed to 

improve the energy density and capacitance of pseudocapacitive electrodes. However, sluggish 

electron transport and ion diffusion result in drastic capacitance loss with increasing electrode 

thickness in pseudocapacitive electrodes.
[137] 

 Fortunately, these drawbacks can be tackled via utilizing 
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high-surface-area 3D-printed aerogels as a scaffold in electrodes, by which higher loading of active 

materials and thick electrodes can be achieved.
[70,138] 

For example, Yao et al.
[123] 

loaded 182.2 mg 

cm
-2 

MnO2 by electrodeposition onto a 3D-printed porous carbon aerogel scaffold (rGO–MnO2), 

achieving about 25 times higher areal capacitance than that of bare annealed graphene aerogel 

electrode. A similar excellent performance was achieved by loading MnO2 onto 3D-printed rGO 

using hydrothermal growth.
[99] 

Some scaffolds used to fabricate pseudocapacitive electrodes, 

including MnO2-based 3D-printed rGO (rGO–Mn2O),
[99,123] 

a novel surface-functionalized 3D-

printed rGO (SFrGO),
[24] 

poly(3,4- ethylenedioxythiophene):tosylate (PEDOT:TOS)-functionalized 

CNFs and alginate aerogel,
[116] 

and polypyrrole-coated rGO (rGO–PPy).
[124] 

All these electrodes 

are proved with remarkable electrochemical behaviors, as summarized in Table 2.2. 

 3D-Printed Aerogel Batteries 

3D-printed aerogel electrodes are also employed in batteries to boost the energy density. 

Generally, increasing the thickness of electrodes with a high-volume ratio of active materials is 

an interesting approach for enhancing the areal energy density of batteries.
[141] 

However, the 

traditional slurry-coated thick electrode brings increased charge transfer distance, deteriorated 

reaction kinetics, and risks of electrode fracture and delamination, leading to unsatisfactory 

performances. The 3D structural aerogel electrodes are promising to alleviate these negative effects 

since the porous structure results in short ion diffusion pathways enhancing the ion transport. There 

are four generally accepted approaches to get the 3D porous structure: self- assembled framework, 

template-assisted foams, electrospun fibers, and 3D printing.
[142] 

Comparing with other methods, 

3D printing is able to precisely predict and control the final structure of the porous electrodes. 

Meantime, 3D-printed conductive aerogels have the characteristics of ordered macropore structure 

with stable spatial orientations, and optimal interspaces nano- structure, these structure properties 
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further enhance capacity retention and cyclability.
[26] 

Besides, 3D printing is being utilized to 

design, optimize, and fabricate microbattery owning engineered porous architectures. For instance, 

Fu et al.
[57] 

printed GO-based interdigitated cell occupies 3 mm  7 mm in size for Li-ion 

batteries. In addition, they fabricated an all-3D-printed Li-ion battery, demonstrating the 

possibility of eliminating the battery assembly step. According to these advantages, 3D printing 

has been extensively researched in the battery field, such as Li-ion battery,
[57] 

Li–S battery,
[122] 

Li–O2 

battery,
[26] 

Li metal battery,
[143] 

and Na-ion battery.
[45,144]

 

3D-printed aerogel electrodes have been widely reported in application of Li ion batteries in 

past decade. In 2016, Fu et al.
[57] 

first proposed rGO-based electrode inks for a 3D-printed Li-ion 

battery. They mixed rGO with active materials, LiFePO4 (LFP) and Li4Ti5O12 (LTO) 

nanoparticles, as the cathode (rGO–LFP) and anode (rGO–LTO), respectively. The electrical 

conductivity of 3D-printed battery electrodes were significantly improved from 10
-4 

(LFP) and 10
-

6 
(LTO) S cm

-1 
to 31.6 S cm

-1 
(rGO– LFP) and 3.1 S cm

-1 
(LTO/rGO). Furthermore, an all 3D-

printed Li-ion battery was designed and assembled with rGO–LFP as the cathode, rGO–LTO 

as the anode, and a polymer composite ink containing poly(vinylidenefluoride)-co-hexafluoro- 

propylene (PVDF-co-HFP) and Al2O3 nanoparticles as an electrically insulated separator as well 

as the gel polymer electrolyte.
[57] 

That means 3D printing can minimum the complex assembly 

steps. Later, Zhang et al.
[48] 

replaced rGO–LTO with the composite of SnO2 quantum dots and 

rGO (rGO–SnO2) to improve the electrochemical performance for lithium storage by increasing 

active sites, shortening ion diffusion length, and minimizing the volume change. Inspired by these 

works, sulfur copolymer–graphene architecture was proposed to suppress a shuttle effect, in which 

a cathode ink, containing a mixture of sulfur particles, 1,3-disso- propenylbenzene (DIB) and 
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condensed GO (rGO–S–DIB), was utilized for Li–S batteries.
[122] 

In addition, a 2D nanomaterials 

with a complex hierarchical porous structure, holey graphene oxide (hGO) electrode, was 

produced. The multiple levels of porosity (from macroscale to nanoscale) of 3D-printed rGO allow 

pathways for electrolyte and oxygen gas transfer for Li–O2 cells and enhance their electrochemical 

performance.
[26]

 

3D-printed aerogel electrodes also enables high performance Li metal batteries. Compared 

with conventional Li-ion batteries, Li metal batteries possess higher energy density due to Li metal 

anode owning ultrahigh specific capacity (3860 mAh g
-1

) and lowest reduction potential (−3.04 V 

vs standard hydrogen electrode). However, it is hard to directly produce 3D Li metal through 3D 

printing owning to the high chemical reactivity of Li metal and liquid-like melting Li metal. Cao 

et al.
[143] 

first eliminated this predicament using a Li-infused porous c-CNF scaffold as an anode 

(c-CNF–Li) and c-CNF–LFP as a cathode to fabricate a 3D-printed Li metal battery. Moreover, 3D 

printing provides the possibilities for miniaturization and autonomous shaping of Li metal anode 

based on excellent rheological properties of as-prepared CNF/LFP ink. The plateau of the loss 

modulus (𝐺") is one order of magnitude lower than that of the storage modulus (𝐺′), which indicates 

the predominant elastic behavior of the solid-like nature of these inks. More importantly, in 

contrast to the traditional planar Li metal electrode, the highly porous c-CNF–Li anode structure 

ensured uniform electrolyte distribution and Li metal plating on the electrode surface. Compared 

with Li foil anode, whose voltage profile was stable for 80 h, the c-CNF– Li cell exhibited 

excellent stability with a low voltage hysteresis for 300 h. Furthermore, outstanding cycling 

stability is achieved in the c-CNF–LPF/c-CNF–Li full cell, the charge/ discharge. A high capacity 

(80 mAh g
-1

) was delivered at a charge/discharge rate of 10C with 85% capacity retention after 

3000 cycles, which can be attributed to 1) c-CNF enhancing the electrical conductivity and  
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Table 2.3.  Summary of the 3D-printed aerogel electrodes of batteries. 

Refs. Materials Deposition Postprocessing Initial Capacity Cyclic stability 

57 rGO–LFP EBP 

(pneumatic) 

TR of GO 168/164 mAh g-1 

at 10 mA g-1 

~170 mAh g-1 

in the 20 cycles 

rGO–LTO   184/185 mAh g-1 

at 10 mA g-1 

169–198 mAh g-1 

in the 20 cycles 

rGO–LFP// rGO–

LTO 

  117/91 mAh g 1 

at 50 mA g 1 

110–108 mAh g-1 in 

the 10 cycles 

143 CNF–LFP EBP 

(pneumatic) 

Thermal 

carbonization of 

CNF 

167/140 mAh g-1 

at 34 mA g-1 

– 

 c-CNF–Li   2346 mAh g-1 

at 100 mA g-1 

– 

 c-CNF–LFP//c- 

CNF–Li 

  137 mAh g-1 

at 0.2C 

85% of initial 

capacity after3000 

cycles 

122 rGO–S–DIB EBP 

(pneumatic) 

TR of GO 812.8 mAh g-1 

at 50 mA g-1 

43.4% after 50 

cycles 

145 Ti3C2Tx EBP 

(pneumatic) 

Li plating 127.6 mAh g-1 

at 10C with LFP 

cathode 

99.4% at 1C after 

300 cycles 

26 rGO mesh EBP 

(pneumatic) 

TR of GO 13.3 mAh cm-2 

(3879 mAh g-1) 

at 0.1 mA cm-2 

– 

144 rGO–NVP EBP 

(pneumatic) 

TR of GO 1.26 mAh cm-2 

at 0.2C 

90.1% at 1C after 

900 cycles 

45 rGO–MoS2 IBP TR of GO and 

pyrolysis 

800 mAh g-1 at 

100 mA g 1 

429 mAh g-1 in the 

10 cycles 

48 rGO–SnO2 EBP 

(pneumatic) 

TR of GO 991.6 mAh g-1 

at 50 mA g-1 

1004.9 mAh g-1 

after 50 cycles 

146 rGO–CNT EBP 

(pneumatic) 

TR of GO 101.1 mAh g-1 

at 100 mA g-1 

67.6 mAh g-1 at 100 

mA g-1 after 100 

cycles 

 

improving the performance at high rates; 2) the 3D porous structure having good contact with the 

electrolyte and accelerating the charge transfer; 3) Li dendrite inhibition stabilizing Li plating 

and striping. Furthermore, MXene arrays and lattices were printed as an alternative to c-CNF for 

metal-based electrodes.
[145] 

These printed electrodes are capable of guiding the deposition of Li and 

preventing Li dendrites growth via unifying distributions of Li-ion flux and electric field. 

Apart from lithium batteries, two excellent outcomes were achieved in 3D-printed aerogel sodium-

ion batteries.
[45,144] 

In traditional highly condensed GO or GO-contained compact frameworks, the 
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compact construction inhibited electrolyte infiltration and big size sodium ions (1.02 Å) 

diffusion. Ding et al.
[144] 

first utilized 3D-printed hierarchical porous GO-contained frameworks to 

overcome these issues. The as-prepared frameworks with continuous filaments and hierarchical 

multi-hole gridding structures could facilitate sodium ion transport. Later, Brown et al.
[45] 

proposed  

a MoS2@rGO anode in Na-ion battery by 3D freeze-printing technique.
[30] 

The aqueous ink 

droplets were rapidly frozen at −30C on a cold substrate plate. Through this method, MoS2 

nanoparticles were anchored on the surface of rGO nanosheets and can be applied as anode for 

Na-ion batteries. 

 Electrical Energy Generator 

Besides energy storage applications, 3D-printed aerogels were also proposed to fabricate 

devices that generate electrical energy. Triboelectric nanogenerators (TENGs) can convert 

mechanical motions into electricity based on the coupling effects of triboelectrification and 

electrostatic induction. These devices have experienced dramatic development since their invention 

in 2012.
[147] 

It has been shown that the increased surface area by introducing micro- and nanoscale 

topographies on the material surface provides an enhanced power output.
[148] 

Aerogels having 

ultralow density and high specific surface area have been promising materials and attracted the 

interest of researchers working on TENGs.
[149] 

Furthermore, additively manufactured aerogels, due 

to their hierarchical micro/nano- structures, provides better performance than their traditionally 

molded counterparts.
[150] 

For instance, Peng et al. 3D-printed graphene aerogels and showed their 

potential as a compressible, high performance TENG electrode.
[151] 

In another study, Qian et al. 

utilized 3D-printed CNF aerogels to fabricate TENGs with 3D micro/nanohierarchically patterned 

structure.
[150] 

They benefit from the hierarchical micro/nano-3D structure obtained after 3D 
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printing and subsequent drying to enhance the effectivity in utilizing the structure and contribute 

to the contact area, surface roughness, and mechanical resilience of the device, which 

consequently contributes to improving the triboelectric response with a higher voltage output than 

the traditional molding TENG counterpart. Ma et al. further explored the integration of a contact 

mode TENG and an rGO–MnO2-based supercapacitor into a self-powered system that is capable 

of converting mechanical signals into electrical power and further storing such scavenged 

power.
[99] 

The discharge specific capacitances of the rGO–MnO2 are 95 F g
-1 

at 1 A g
-1 

and 45 F 

g
-1 

at 10 A g
-1

. The measured open-circuit voltage, short-circuit current, and transfer charge of 

TENG indicate that it is necessary to rectify the direct electrical outputs from the TENG. When 

the external load matches the internal impendence of TENG about 200 M here, the highest 

instantaneous powder output will achieve about 2.5 W. Mechanical inputs from finger pressing 

can be successfully harvested by the TENG and conversed mechanical energy to electrical energy. 

The holistic integration of energy harvesting and storage units promises the implementation of self-

powered wearable devices with greater intelligence that can scavenge and store environmental 

energy through sustainable pathways for ubiquitous electronics in societally pervasive 

applications. 

 Biomedical Applications 

TE, which is the most common biomedical application of 3D-printed aerogel scaffolds, 

aims to develop appropriate replacements for damaged tissues and organs.
[33] 

The dam- aged 

tissues are regenerated by attaching and culturing cells on appropriate scaffolds and grafting back 

into the patient.
[152] 

Scaffold and its architecture has an important role in tissue regeneration since 

it preserves the tissue volume, provides temporary mechanical function, and delivers biofactors required 

for cell life.
[153] 

The scaffold should possess interconnecting pores to favor tissue integration and 



34 

 

vascularization. They also should be biodegradable and biocompatible, provided with an 

appropriate surface chemistry for cell attachment, differentiation, and proliferation. Mechanical 

strength along with ease of fabrication in custom shapes are also required.
[154] 

Implementation of 

3D printing into tissue engineering applications provides fabricating patient-specific scaffolds with 

high reproducibility and compositional variation.
[155] 

Combination of 3D printing with aerogel 

fabrication techniques such as FD or SCFD provided fabrication of hierarchical scaffolds with 

improved cellular behavior.
[25]

 

Using porous scaffolds for tissue engineering purposes is a highly developed field, and 

there are many published reviews discussing the different aspects of the application.
[154,156–163] 

Here, we aimed to present the scaffolds fabricated by 3D printing followed by a drying (FD, SCFD, 

or AD). A summary of these studies is provided in Table 2.4. The majority of TE reports focused 

on bone tissue regeneration using scaffolds based on MBG/SA,
[118] 

poly(l-lactic acid) 

(PLLA)/tricalcium phos- phate (TCP),
[33] 

PCL/gelatin,
[62] 

chitosan,
[25] 

chitosan/HAP,
[164] 

and 

HAP.
[41] 

The most important structural properties of the scaffolds fabricated for TE are their 

porosity and mechanical characteristics. Most of the 3D-printed aerogel scaffolds require an extra 

crosslinking or sintering process to enhance the mechanical strength while keeping the porosity in 

72–95% range. The biocompatibility of the scaffolds is tested in vitro by seeding human bone 

marrow-derived mesenchymal stem cells (MSCs),
[41,118] 

mouse preosteoblastic cells (MC3T3- 

E1),
[62] 

and osteoblast.
[25,164] 

Furthermore, Xiong et al., evaluated the biocompatibility of the scaffolds 

loaded with bovine bone morphogenic protein by implanting them to repair segmental defects in 

canine radiuses.
[33] 

Besides bone tissue engineering, Hsieh et al. fabricated waterborne 

biodegradable polyurethane (PU) composite scaffold aerogels for trachea tissue engineering  
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Table 2.4.  Summary of 3D-printed aerogel scaffolds fabricated for tissue engineering applications. 
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purposes.
[76] 

Scaffolds’ biocompatibility was tested in vitro with seeded human umbilical cord-

derived MSCs. Furthermore, in vivo studies were performed by implanting seeded scaffolds in nude 

mice. It was seen that six weeks after the implantation, scaffolds showed a compression modulus 

similar to that of the native trachea. Kim et al. tested the biocompatibility of collagen scaffolds for 

skin tissue engineering in vitro using keratinocyte/fibroblast coculture method (KFCM).
[35] 

Munir 

et al. combined EBP and electrospinning to develop multizone scaffolds that mimic the complex 

architecture of the native cartilage.
[165] 

They evaluated the biocompatibility of PCL scaffolds in vitro 

with MSC culture. Morris et al. used SLA to fabricate scaffolds form chitosan/ PEGDA 

composite.
[43] 

Scaffolds were tested in vitro using MSC culture. In summary, 3D-printed aerogel 

scaffolds made from biocompatible ceramics and polymers are commonly used for TE 

applications. Since the mechanical properties of these scaffolds are crucial for their function, a 

thermal densification or a chemical crosslinking procedure is applied to enhance the strength of 

the scaffolds. Commonly, the biocompatibility of the 3D-printed scaffolds is tested through cell 

culture experiments, and there are several studies reporting the performance of the scaffolds after 

implanting into animal subjects. 

Besides TE, 3D-printed aerogel scaffolds were also proposed for controlled drug delivery 

and wound dressing applications. Controlled drug delivery systems manage how the drugs are 

available to the target cells and tissues over time and in space in order to increase the efficacy and 

reduce the toxicity of the drugs.
[166] 

Biocompatible aerogels are promising materials for drug 

delivery systems due to their large surface area and open porous structure.
[167] 

Incorporating the 

additive manufacturing technologies (especially multimaterial printing) in the fabrication process 

of the biocompatible aerogels, enabled drug delivery systems with controllable release behaviors 

for multiple drugs.
[118] 

To achieve 3D-printed aerogel-based drug delivery systems for the 
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treatment of asthma and chronic obstructive pulmonary disease, López-Iglesias et al. fabricated 

alginate aerogel microspheres loaded with salbutamol sulfate (SS) by using a thermal inkjet 

head.
[111] 

SS was dissolved in the gelation bath and loaded in the microspheres during the gelation 

process. The SS loading in the microspheres was measured as 3% and a modified release profile, 

where 10% of the loaded drug was suddenly released during the first 15–30 min, followed by a 

slow release of the remaining SS load. Controlled drug delivery is also required in TE applications 

since local delivery and prolonged exposition of the bioactive molecules are necessary to minimize 

the release of the agent to nontarget sites and support tissue regeneration, which normally occurs 

in long time frames.
[168] 

Furthermore, in order to avoid infection and inflammation, scaffolds with 

controllable multidrug release properties are desired. Accordingly, Fu et al. proposed to load the 

composite scaffolds fabricated for bone tissue engineering purposes with bovine serum albumin 

(BSA) and ibuprofen (IBU).
[118] 

BSA and IBU were separately loaded in SA and MBG–SA layers 

and released with different rates, where 82% of BSA was released within 24 h while only 70% of 

IBU was released within 168 h. For the treatment of chronic wounds that do not heal normally, wound 

dressing devices are used for healing. These devices are expected to provide a moist environment 

which offers a protection from infections, and thermal insulation free from particulate or toxic 

contaminants allows adequate gaseous exchange. Furthermore, an elastic and non-antigenic 

structure with a nontraumatic removal capability is desired.
[169] 

For wound dressing applications, 

Chinga-Carrasco et al. fabricated 3D-printed aerogels based on CNF, which were ultrapure with 

low level of endotoxins and thus complied with the above-mentioned criteria as well as FDA 

requirements for biomedical devices.
[60] 

Similarly, Rees et al. proposed 3D-printed CNC-based 

aerogels for wound healing applications due to their structure that does not support bacterial 

growth.
[36]
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 Sensors and Actuators 

Piezoresistivity refers to a phenomenon when the electrical resistance of material changes 

in response to mechanical stress.
[170] 

Piezoresistive sensors converting stress/strain data into a 

resistance signal are widely used in applications such as sport motion monitoring, electronic skin, 

rehabilitation, health- care monitoring, etc.
[171] 

Aerogels based on conductive materials are promising 

active materials for piezoresistive sensors due to their highly porous nature with a great impact on 

the structure and resilience when under pressure.
[172] 

3D printing of aerogels can provide a freedom 

in the device design and help customization/personalization of the piezoresistive sensors.
[100] 

Accord- 

ingly, 3D-printed aerogels based on AgNWs
[44] 

and GO
[30] 

were fabricated using IBP method and 

proposed to be used as strain sensors. The electrical resistance of the 3D-printed aerogels was 

highly constant over multiple cycles of compression, which indicates a significant structure 

resilience. Furthermore, the change in the resistivity with respect to the compressive strain showed 

a linear behavior and a recoverable resistivity response without hysteresis. Using a similar 

piezoresistivity behavior, Françon et al. used EBP to fabricate CNF aerogels functionalized with 

conducting PEDOT:TOS polymer as pressure sensors.
[116] 

After compression, the resistance of the 

composite aerogels decreased to 10 from 20 , and drastically increased to 60  after unloading. 

The increase in the resistance from 20 to 60  was attributed to the mechanical damage inflicted 

to the PEDOT structure during the first cycle. However, repeated tests showed that the resistance 

reversibly cycles between 10 and 60  at compressed and released states, respectively. The same 

aerogels were also proposed to detect moisture by using hygroscopicity of cellulose. The electrical 

resistance of the composite aerogel decreased from 20 to 15  when the relative humidity (RH) 

was increased from 20% to 90%. The increase in the RH caused swelling of the aerogel, which led 
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to an increase in the contact area between PEDOT covered surfaces. As the RH was decreased to 

20% again, the aerogel shrank, and resistivity increased again. The hysteresis was attributed to the 

short duration of each RH step used in the experiment despite more time was required for cellulose 

to reach an equilibrium. Sensing capabilities of the 3D-printed aerogels are also tested in actual 

real-world applications. For instance, Guo et al. pro- posed to use 3D-printed GO–CNT composite 

aerogels as a new generation strain sensor due to the resistance-change-pattern of the aerogels 

being nearly identical in cyclic deformation states.
[119] 

The ternary response of the aerogel sensors 

was used to monitor the movement and orientation of a snake-like robot. In another study, An et al. 

used EBP to fabricate wearable sensors from 3D-printed GO-based aerogels.
[120] 

The change in the 

resistance of the aerogel devices with changing gestures of the fingers was investigated by 

principal component analysis (PCA) and hierarchical cluster analysis (HCA). Using these 

analyses, gestures of fingers can clearly be classified, and 3D-printed flexible graphene aerogels 

can be used as sensors to monitor the movement of joints, which can be beneficial, especially for 

the treatment of muscle atrophy or Parkinson’s disease. 

Instead of using piezoresistivity as a detecting tool, Li and co-workers proposed to exploit 

the solvent swelling properties of poly(glycerol sebacate) (PGS) thermosets to detect vapors of polar 

organic solvents, such as hexafluoroisopropanol (HFIP), tetrahydrofuran (THF), and acetone.
[28] 

3D-printed aerogels experienced a reversibly recoverable deformation after being exposed to 

vapors of the aforementioned solvent vapors. When3D-printed aerogel sensors were exposed to 

HFIP vapor from one side, due to gradual swelling from the surface to the back layer, exclusive 

curling to the back side was observed. The response of the aerogel to HFIP vapor was stable upon 

alternating exposure cycles and showed different bending angles to different solvent vapors. They 

also proposed to use the response of the aerogels as a soft actuator by employing a gradient structure, 
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which will provide an asymmetric swelling. Since the dense layer absorbed more solvent than the 

loose layer, swelling observed in the dense layer was also superior. The difference in the swelling 

response yielded an exclusive closing toward the loose surface, which was recovered after 

evaporation of the solvent. 

 Environmental Applications 

Aerogels have widely been developed and proposed for environmental remedial 

applications such as CO2 absorption from atmospheric air or absorptive removal of contaminants 

from water resources.
[173] 

For instance, filters made from highly porous aerogels possessing 3D 

network structure, large open pores, and extremely low densities with special wettability are 

considered to be one of the most efficient methods for oil/ water separation.
[174] 

Accordingly, 

Mohammed et al. benefited from EBP 3D printing to create covalent organic framework–GO 

aerogels with a hierarchically connected porosity for obtaining a rapid and efficient removal of 

pollutants from water.
[27] 

In another study, He et al. proposed 3D-printed Au nanobipyramid–g-

C3N4 nanosheets (CNNS)–SA hybrid aero- gels for solar wastewater remediation.
[72] 

Aerogels were 

tested for their methylene blue, rhodamine B, and methyl orangephotodegradation capabilities 

under visible-light irradiation (λ  420 nm) and showed a superior solar wastewater remediation 

activity with excellent cyclic stability and easy manipulation features. Moreover, the activity of the 

3D-printed sample was about 2.5 times that of the contrast sample, attributing to the enhanced 

liquid velocity and solution diffusion efficiency because of the 3D-printed structure. Instead of an 

absorption- based water remediation strategy, Li et al. fabricated devices which are capable of 

generating solar steam for distillation of water.
[175] 

Aerogel steam generation device (3D-CG/GN) 

was fabricated through an EBP strategy using CNT–GO and GO–CNF composites due to their 

efficient broadband solar absorption with excellent photothermal conversion and ability to transport 
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water from the bottom by capillary effects, respectively. Due to the high energy conversion efficiency 

under the illumination of the sun, the surface temperature of the 3D-CG/GN increases rapidly to 

36.5C while the surface temperature of water increases only 2C. After an initial transient slow 

increase stage, the cumulative weight loss of the water under the 3D-CG/GN showed a steady 

evaporation rate. The efficiency of the 3D-CG/GN was calculated as 85.6%, which is one of the 

highest compared with other reported evaporators. Yang et al. 3D-printed carbon aerogels based 

on R-F ink and showed how the macroscopic pores affect the solar steam generation 

performance.
[66] 

The 3D-printed carbon aerogels had a water evaporation rate of 1.57 kg m
-2 

under 

1 sun illumination, and evaporation efficiency of 88.38%. The significantly high evaporation rate 

and efficiency is attributed to the better contact between the aerogel and light achieved after 

macroscopic porosity introduced by 3D printing technology. 

An improved energy efficiency, which will help to reduce the total energy consumption, 

can be achieved by using high- performance insulation systems in buildings.
[176] 

Aerogels, which 

reportedly have the lowest thermal conductivity values, has undergone a great progress as a thermal 

superinsulation material.
[177]

 Due to their low thermal conductivity, noise abatement capability, and 

optical transparency, aerogels are highly used for thermal insulation applications in buildings, 

window panes, and solar collector covers.
[176] 

Even though silica aerogels fabricated by 

conventional methods has been found to possess the lowest thermal conductivity value of any 

reported insulator, due to their brittleness and poor mechanical properties, machining by 

conventional subtractive manufacturing has been a great challenge.
[178] 

A couple of very recent 

studies have addressed this issue and synthesized inks based on silica aerogel particles. Fabricating 

silica aerogels by additive manufacturing provided the ability of object development in different size 

and shape along with a macroporosity; which enables their use as insulating layers in electronics 
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and further reduces their thermal conductivities respectively.
[112,117] 

Zhao et al. fabricated miniaturized 

silica aerogels achieved via an EBP method with an ultralow thermal conductivity of 15.9 mW m
-

1 
K

-1
.
[112] 

In another study, Guo et al. successfully 3D-printed silica aerogels dried under ambient 

conditions, which eliminated the need for FD or SCFD.
[117] 

The thermal conductivity of the 

reported aero- gels were as low as 53 mW m
-1 

K
-1

, provided with a 56% reduction in the processing 

time compared to the aerogels dried using FD. 
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Chapter 3 - High Speed In-situ X-Ray Imaging of 3D Freeze 

Printing of Aerogels2 

Aerogels are gels in which the liquid phase has been replaced by air without significant 

shrinkage and collapse in the microstructure.[1] They exhibit unique properties such as ultra-low 

density, high and tunable porosity, large surface area, low thermal conductivity, refractive index, 

and dielectric constant, which makes them suitable for many different applications.[2–5] 

Replacement of the liquid by air is achieved through several methods including supercritical fluid 

drying, solvent-replaced ambient drying, surface-modified ambient drying, freeze drying, and so 

on.[2] Among these, freeze drying is utilized by a freeze-casting method, which is a well-

established process for fabricating aerogels from ceramics[6–10], metals[11–15], carbon-based 

materials[16–18], nanocomposites[19–22], etc. for many different applications such as energy storage 

and conversion[23–25], photo catalysis[26], liquid chromatography[27], sensors[28–30], and 

bioengineering[31,32]. Advantages of freeze casting include but are not limited to its simple 

procedure, environmental-friendly nature, and ability to tailor the microstructure of the final 

product.[33] In freeze casting, the precursor, which is composed of a liquid solvent and solute 

particles, is frozen inside a mold to provide the desired shape (Figure 3.1a). Then solidified solvent 

crystals are sublimated under low pressure and temperature conditions.[34–37] During freezing, the 

solute particles are rejected by growing crystals of solvent, which results in a tightly packed 

network of solute particles (Figure 3.1b). Once the solvent crystals are sublimated by freeze drying, 

 

2 Reprinted with permission from "High Speed In-situ X-ray Imaging of 3D Freeze Printing of 

Aerogels" by Halil Tetik, Guang Yang, Wenda Tan, Anthony Fong, Shuting Lei, Johanna Nelson 

Weker, and Dong Lin, 2020. Additive Manufacturing, 36, 101513. 2020 Elsevier B.V. 
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a porous structure whose morphology is a replica of the solvent crystals is obtained.[34] Growth of 

the solvent crystals can be oriented with an applied-temperature gradient as seen in unidirectional 

and bidirectional freeze casting.[38] Many factors can be used to tailor the microstructure of the 

freeze-casted aerogels such as size of the solute particles, solid loading of the precursor, type and 

concentration of the additives used, freezing rate, rheology of the liquid precursor, etc.[39–41] Even 

though freeze casting has many ways to manipulate the microstructure of the final product, the 

macrostructure relies heavily on the geometry of the mold used during the process. 

Our group has recently developed a 3D freeze-printing (3DFP) process with our 

collaborators, which is a novel method of combining unidirectional freeze casting with DOD 

printing to eliminate the need for a mold and increase the customization capabilities of the freeze 

casting process.[42–45] With 3DFP, droplets of liquid precursors are generated using a DOD 

dispenser and are deposited on top of a substrate whose temperature is well below the freezing 

point of the solvent used in the liquid precursor (Figure 3.1c). As droplets have contact with the 

precooled substrate, the solvents experience an immediate freezing which allows them to preserve 

their shape. With the reduced distance and time between separate droplets, uniform lines can be 

obtained after the coalescence of droplets. Using these lines, complex 3D frozen structures can be 

achieved without using a mold. Frozen structures with desired shapes are freeze dried, which 

sublimates the solvent crystals, and a porous aerogel is obtained. Since 3DFP involves freeze 

casting, the micro-structure of the final aerogel can be manipulated by the freezing kinetics. As in 

the unidirectional freeze-casting process, solvent crystals grow from bottom to top along the 

temperature gradient (Figure 3.1b) and controlling the substrate temperature offers control of the 

average pore-size distribution. Additives that will not affect the printability of the precursor can 

be used for manipulating the solvent crystal morphology. Besides its ability to tailor the 
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microstructure of the final aerogel, 3DFP is also capable of fabricating true 3D structures with 

overhang features by using water as support material (Figure 3.1c). Deposited ink at room 

temperature (N+1th layer - Figure 3.1d) causes a partial melting on top of the previously deposited 

and frozen ink (Nth layer - Figure 3.1d). Since the ink’s viscosity is low, it fills the possible voids 

that could occur between layers by the help of surface tension and gravitational forces. And finally, 

partially melted part of Nth layer fuses with the not yet frozen N+1th layer and they both freeze 

together. This eliminates insufficient bonding, interfacial boundaries, and voids between layers 

and yields aerogels with ultralow densities. To demonstrate the capabilities of the 3DFP process, 

we fabricated an aerogel with overhang feature as given in Figure 3.1e. More details can be found 

in our previous publication on 3D printing of graphene aerogels with overhang features.[45] Once 

3DFP process is completed, supporting ice is completely sublimated with the following freeze 

drying process. The micrographs show the alignment of the pores along the freezing direction 

(from bottom to top) as well as the void-free interfacial boundaries, which two of the most 

important advantages of the 3DFP process. 

Freeze-casting processes have widely been investigated in-situ using optical[46–49] and X-

ray[50–53] imaging systems to identify unknown aspects of the process. However, X-ray imaging, 

which is one of the most informative methods to investigate the morphology of freeze casted 

structures[50], provides some advantages over optical imaging methods. These advantages include 

elimination of the requirement to use optically transparent materials, ability to observe inside of 

the material, eliminating the need for suspensions composed of single and large particles to provide 

clearer observations, and higher spatial resolution.[52–54] Therefore, X-ray imaging techniques have 

been used to investigate the process dynamics of several 3D printing processes including laser 

powder-bed fusion[55–59], powder-blown laser-additive manufacturing[60], and binder jetting  
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Figure 3.1. a) Schematics of the unidirectional freeze casting process. b) Growth of ice crystals 

along the temperature gradient in directional freezing process. c) Schematics of the 3DFP 

processes using water as support material to fabricate 3D structures with overhang features. d) 

Schematics illustrating the partial melting that already frozen ink (Nth layer) experiences after 

depositing liquid ink (N+1th layer) on top of it. e) 3DFP of a truly 3D structure from SiO2-PVA 

ink using water as support material. f) SEM micrographs showing void-free interfacial boundary 

obtained by 3DFP process. 
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additive manufacturing[61]. Since 3DFP is a hybrid process in which DOD printing was followed 

by freeze drying and a subsequent heat treatment (when required), investigation of final products 

thereafter the complete process does not provide quality information regarding the “3DFP” part 

of the process, which plays a crucial role in the product quality. To understand the relation between 

substrate temperature, which controls the freezing rate of the deposited material, and deposition 

rate of the material, and the ice crystal growth mechanism along the interfacial boundaries, which 

ensures a good fusion of subsequent layers, we performed the in-situ investigation of the process 

using X-ray imaging techniques. Using the setup given in Figure 3.2 we performed in-situ X-ray 

imaging of separate droplets, lines obtained after coalescence of droplets and three consecutive 

lines deposited layer by layer. We showed that achieving uniform lines from separate droplets 

depends on a careful balance between material deposition and freezing (solidification) rates. With 

the advantages provided by the X-ray imaging techniques, we were able to observe freeze front, 

deposited material, and growing ice crystals simultaneously. To the best of our knowledge, this is 

the first study reporting an in-situ X-ray imaging experiment investigating material deposition and 

freezing processes simultaneously. 

 Experimental 

 Materials 

For the in-situ X-ray imaging experiments, a 15 wt. % colloidal silica suspension with an 

average particle size of 4−6 nm (Nyacol, MA, USA) was used as ink. Schematics of the 3D freeze 

printing setup is given in Figure 3.2. Briefly, a three-axis motion stage (Panowin Technologies, 

Shanghai, China) was used to manipulate the DOD print-head, which was composed of a syringe 

barrel (Nordson EFD, RI, USA) and a solenoid micro dispenser (The Lee Co, CT, USA) loaded 

with a nozzle tip having a diameter of 190 μm. Solenoid micro dispensers operate through an 
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internal piston, which forces the valve to open and close via an induced magnetic field.[62] Once 

the piston is actuated and the valve is opened, pressurized ink moves to the orifice and is ejected 

as droplets.[63] An electrical pulse, whose length determines the opening time of the valve, is used 

to actuate the piston that allows or blocks ink flow.[64,65] A pneumatic fluid dispenser (Nordson 

EFD, RI, USA) was used to control the pressure inside the syringe barrel. Solenoid micro dispenser 

was used to generate fine droplets of colloidal silica ink with desired jetting frequencies. A liquid-

nitrogen (L-N2)-operated hot/cold plate (Instec, CO, USA) was used to control the temperature of 

the substrate. 

 Methods 

In-situ investigation of the 3DFP process using white light synchrotron X-rays was 

performed at bending magnet beamline 2−2 of Stanford Synchrotron Radiation Lightsource, 

SLAC National Accelerator Laboratory in CA, USA. Using the setup given in Figure 3.2, the 

material was deposited along y axis for 10 mm, at a single x coordinate. By tuning the print-head 

speed and jetting frequency, we performed the material deposition as separate droplets, uniform 

lines obtained after coalescence of droplets, and three consecutive lines deposited layer by layer 

(Figure 3.2). The image of the deposited material, which was hit by the Xray, was recorded by a 

camera chip. By adjusting the DOD print-head speed and jetting frequency, we controlled the 

distance between the successive droplets and investigated the freezing process of separate droplets, 

as well as single layer uniform lines and three consecutive lines deposited layer by layer.  

X-ray images were collected using a scintillator-based optical system with a 100 μm 

YAG:Ce scintillator crystal (Crytur Ltd.) coated in 120 nm of Al on the upstream side, high 

reflectance mirror (Thorlabs) to bend the visible light 90˚ off-axis to the X-rays into a 4x long 

working distance infinity corrected objective lens (Nikon), infinity-corrected tube lens (Thorlabs), 
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Figure 3.2. Schematics of the experimental setup used in the synchrotron radiation light source 

facility and deposited structures (separate droplets, uniform lines, and three consecutive lines 

deposited layer by layer) investigated in-situ. 

 

and high speed CMOS camera pco.dimax S4 (PCO). With these optical components, the effective 

pixel size is 2.4 μm for a field of view of 4.8 mm x 2.4 mm and images were captured at 500 Hz. 

The stroboscopic images showing the droplet-generation process were obtained using a CCD 

camera (Sentech) synchronized with an LED bulb. 

Images showing the top view of deposited material (Figure 3.5) were obtained using an 

optical microscope (Olympus). Samples in these images were prepared by depositing the colloidal 

silica ink on top of a silicon wafer substrate at given temperatures. 3D freeze printed samples 

demonstrated in Figure 3.1e were fabricated after adding a weighted amount of PVA into the 

colloidal silica ink used in in-situ experiments since colloidal silica requires additional binding 

agents and further sintering after 3DFP to protect the structural integrity of the aerogels.[52] 3D 

freeze printed samples were treated by a subsequent freeze drying process for 48 h where the 

temperature was -35 ℃ and the pressure was 0.2 mbar. 
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 Results and Discussion 

3DFP employs a DOD printing system for several reasons. DOD printing generates 

droplets of low-concentration inks that yield aerogels with ultra-low densities. It can use water as 

a supporting material to fabricate true 3D structures with overhang structures. Ability of low 

viscosity inks to fill the voids under surface tension and gravity eliminates voids and insufficient 

bonding between subsequent layers unlike most of other traditional 3D printing methods.[45] The 

rheological requirements for printability of an ink are determined by Reynolds, Weber, and 

Ohnesorge numbers, which are dimensionless numbers related to the physical properties of the ink 

such as viscosity, surface tension, and density.[66–69] A solenoid micro dispenser was employed in 

this study due to its robustness and allowing more flexibility for the ink formulation and process.[70] 

After adjusting the pressure of the ink, opening time of the solenoid micro dispenser, and diameter 

of the nozzle tip, we generated satellite-free droplets from the colloidal silica ink as presented with 

the stroboscopic optical images given in Figure 3.3a. The stroboscopic images were taken by a 

CCD camera with a 30-fps frame rate and a strobed LED behind the droplets. To freeze the droplet 

images and capture different phases of the droplet-generation process, we used various delay times 

between the drop ejection and LED strobe. The diameter of the spherical droplets was measured 

as approximately d0 ≅ 190 μm, which is approximately equal to the diameter of the nozzle tip used 

for the experiments. The volume of the ejected droplets was calculated as approximately ∼3.6 nL. 

Van Dam and Clerc[71] proposed to model the deposited droplets as spherical caps, 

schematically explained in Figure 3.3b. This spherical cap has a height of ℎ, bead width of 𝑤, 

polar angle of 𝜃, and radius of 𝑟. Considering a volumetric conservation, the volume of the 

spherical droplet before the deposition should be equal to the volume of the spherical cap right 

after the deposition. Following the deposit of the generated droplet on the substrate, we measured 
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the dimensions of five adjacent droplets and calculated the average dimensions of the spherical 

cap as 𝑤 = 380.78 μm, and ℎ = 59.98 μm, where ℎ is the height of the spherical cap after it had 

been deposited (before formation of the conical tip). Measured dimensions of the spherical cap 

correspond to an initial volume of 𝑉 =  (𝜋ℎ 6⁄ )(3(𝑤 2⁄ )2 + ℎ2) = 3.59 nL, which is consistent 

in terms of volumetric conservation. 

However, Van Dam and Clerc’s spherical cap model does not consider a phase change 

after the deposition. It has been shown that when droplets of water are deposited on a cold plate, a 

conical tip is formed as the freeze front reaches to the top of the droplet.[72–74] (as shown in Figure 

3.3c). This transformation of the droplet shape is attributed to the thermal expansion that water 

experiences after freezing.[73] Since the colloidal silica suspension that we used for the experiments 

is water-based, we also observed a shape change and a volumetric expansion in the droplets after 

complete freezing. As seen in Figure 3.3d, at the instant a droplet was deposited on the substrate, 

it had a spherical cap shape. As the time passed and the droplet froze, it experienced a thermal 

expansion and a conical tip formed at the top (pointed with the red arrow in Figure 3.3d). Using 

the in-situ X-ray images we obtained, we measured the bead width (𝑤) and height (ℎ) of five 

different droplets along the freezing process. To reduce the noise in the raw images, we processed 

them and increased their contrasts so that the distinction between the droplets and their 

surroundings is clear (Figure 3.3d). Measurements were done using ImageJ software by defining 

a pixel to μm scale ratio (0.42 pixels μm-1), manually drawing lines along the width/height of the 

droplets, and recoding the corresponding dimensions. We measured the dimensions of five 

consecutive droplets from the initial frame at which the droplet was deposited (𝑡 = 0 s) to the final 

frame at which the droplet reached to its maximum height value (𝑡 = 0.14 s). Average values of 

the dimensions for five different droplets are provided in Figure 3.3e. We observed the average  
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Figure 3.3. a) Stroboscopic optical images showing the phases of droplet formation process using 

colloidal silica ink without any satellite formation. b) Schematics of a single droplet (before and 

after impact) and formed line after coalescence of multiple droplets. c) Schematics of a single 

droplet after experiencing the thermal expansion leading to formation of a conical tip on top of the 

spherical cap shape. d) In-situ X-ray images showing growth of conical tip on top of the spherical 

cap shaped droplet after experiencing a thermal expansion. The scale bar is 100 μm. e) The change 

in the dimensions of a single droplet due to thermal expansion. 

 

value of the bead width (𝑤) value remained closed to an average value of 380.78 μm, while the 

average height of the droplets increased from 59.9 μm to 79.9 μm, which corresponds to an 

increase of 𝛥ℎ = 33.4 %. We used the amount of increase in the height of droplets after complete 

freezing to estimate the height of a line in the next subsection. 

In order to achieve aerogels with complex 3D geometries, separate droplets need to 

coalesce so they can form a continuous line to build 3D geometries. Obtaining continuous lines 

depends on a well-adjusted balance between print-head speed (𝜐), jetting frequency (𝑓), and the 

diameter of the droplet before impact (𝑑0). The pitch distance between successive droplets is a 

function of the jetting frequency and print-head speed (𝑝 =  𝜐 𝑓⁄ ). The geometry of these 

continuous lines can be modelled as beads with a constant cross section of a circular segment as 
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proposed by Stringer and Derby.[75] Assuming a uniform line with a length of ℓ as given in Figure 

3.3b, and considering volumetric conservation, total volume of the deposited droplets is equal to 

the volume of the line with constant cross section of a circular segment: 

 
𝑁 (

𝜋

6
𝑑0

3) = (𝑟2𝜃 −
𝑤𝑟 cos 𝜃

2
) ℓ (3-1) 

where 𝑁 is the number of droplets required for the length of ℓ =  𝑝𝑁, 𝑟 = ((𝑤 2⁄ )2 + ℎ2) 2ℎ⁄ , 

and 𝜃 = sin−1(𝑤 2𝑟⁄ ). The left-hand side of equation A-1 corresponds to the total volume of 

spherical droplets with the quantity of 𝑁. The right-hand side corresponds to the volume of a line 

having the cross-section of a spherical cap, which would be obtained without any phase change 

due to freezing. Equation 3-1 can be solved for ℎ, with given 𝑑0 and 𝑤, which will not include the 

thermal expansion in the calculation observed after freezing. To take it into account, we added a 

correction factor of 𝑐 = 1.334, which corresponds to an average increase of 33.4 % in the height 

of single droplets after freezing. It was found by calculating the mean of measured increase in the 

height of five successive droplets. By multiplying the obtained height from equation A-1 with the 

correction factor, we were able to estimate the height of lines obtained after coalescence of 

droplets with different pitch distances. In order to validate this theory, we printed lines with 

different pitch distances (Figure 3.4a) and their height were measured (Figure 3.4b). The estimated 

values for the line heights with and without the correction factor were also provided in the plot, 

which shows that including the correction factor in the estimation of line heights provides a better 

agreement with the measured heights. This showed us that the geometrical model of Stringer and 

Derby for a line obtained after coalescence of droplets can be used to model the geometry of the 

3D freeze printed lines after considering a correction factor due to the thermal expansion of water. 

Measurements of the line height with different pitch-distance values were performed using the X-

ray images (Figure 3.4a), which were obtained using a print-head speed of 𝜈 = 10 mm·s-1. 
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Figure 3.4. a) Formation of lines after successive deposition of droplets with different pitch 

distances. The print head speed for all pitch distances is 10 mm s−1. The scale bar is 250 μm. b) 

Comparison of calculated (with and without correction factor due to thermal expansion and shape 

change) and measured values of the layer heights as a function of pitch distance. 

 

In the 3DFP process, uniformity of a line fabricated by coalescence of multiple droplets 

not only depends on the pitch distance, but also the time between two successive droplets (𝜏). 

Because droplets experience rapid solidification after impact, 𝜏 must be short enough to provide 

liquid-to-liquid interaction between adjacent droplets to achieve coalescence. Accordingly, 

Mingirulli et al., previously showed that molten wax deposited by a DOD dispenser cannot achieve 

a smooth coalescence when 𝜏 is too high. Instead of continuous uniform lines, they observed each 

droplet separately solidified (frozen).[76] Furthermore, Sukhotskiy et al., reported a simulation 

study for molten metal DOD printing, showing adjacent droplets cannot achieve a smooth 

coalescence as the time between the impact of successive droplets increases by reducing the jetting 

frequency, even though the inter-droplet pitch distance is kept the same.[77] To show the effects of 

different 𝜏 on the morphology of the printed lines, we fabricated lines with different print-head 
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Figure 3.5. Investigation of line-formation process using a constant pitch distance of 250 μm and 

a print head speed of a) 1 mm s−1 and b) 10 mm s−1. Side view images were obtained using in-situ 

X-ray, and top view images were obtained using an optical microscope after freeze dying of the 

deposited lines. c) X-ray images obtained in-situ showing a good relationship between the freeze-

front velocity and print head speed. The print head speed in this figure is 10 mm s−1 and the pitch 

distance is 75 μm. All scale bars are 250 μm. 

 

speeds (Figure 3.5). Figure 3.5a presents side- and top view images of the deposited droplets 

obtained by in-situ X-ray imaging and optical microscopy, respectively. In this figure, the print-

head speed was 𝜈 = 1 mm·s-1 and the jetting frequency was 𝑓 = 4 Hz, which yields a pitch distance 

of 𝑝 = 250 μm and an inter-droplet duration of 𝜏 = 250 ms. In this configuration the earlier droplet 

was fully solidified before the deposition of the adjacent droplet. However, when the printhead 

speed was increased to 𝜈 = 10 mm·s-1, using the same pitch distance (𝑓 = 40 Hz, 𝑝 = 250 μm, and 

𝜏 = 25 ms), time lapse was short enough for the droplets to achieve coalescence before the complete 

solidification of the previous droplet (Figure 3.5b). To better visualize the coalescence of separate 
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droplets under the effect of freezing, we decreased the pitch distance to 𝑝 = 75 μm and observed 

the freezing. When time and distance between two successive droplets are appropriate, the freeze 

front is observed before the tip of the line printed and a uniform line is formed after coalescence 

of separate droplets (Figure 3.5c). 

One of the main advantages of 3DFP is its ability to use low-viscosity inks which instantly 

fill the possible voids between layers observed in most of other 3D-printing techniques under 

surface tension and gravity such as extrusion-based 3D printing. Furthermore, when liquid 

suspension is deposited on top of a previously frozen layer, the not-yet-frozen material melts the 

already-frozen surface. These two materials (previously frozen and not-yet frozen) are mixed and 

refreeze together.[45] To understand the fusion of subsequent layers and ice crystal growing 

mechanism along the interfacial boundaries, we deposited three consecutive lines layer by layer 

and investigated the interfacial regions in-situ using X-ray (Figure 3.6). The print-head speed in 

these experiments was 𝜈 = 10 mm·s-1, the pitch distance was 𝑝 = 100 μm. When the substrate 

temperature was set to 𝑇𝑠𝑢𝑏𝑠 = −30℃, the rate of freezing was fast enough for the deposited ink to 

preserve the shape, and slow enough to allow filling of voids for a sufficient interfacial bonding. 

There is no visible void or interfacial boundary exists between consecutive layers (Figure 3.6a). 

Furthermore, ice crystals that grew during the freezing were visible in the X-ray images. It was 

observed that those ice crystals penetrate from the second layer to the third layer without any 

formation of a visible boundary (Figure 3.6b). This penetration generates interconnected pores in 

the printed layers. This demonstrates that when the required conditions (e.g., substrate temperature, 

environment temperature, and relative humidity) are supplied, 3DFP is capable of eliminating the 

interfacial boundaries observed in most of the 3D printing techniques. When the substrate 

temperature was reduced to 𝑇𝑠𝑢𝑏𝑠 = −70 ℃ (Figure 3.6c), the rate of freezing increased 
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Figure 3.6. In-situ X-ray images showing three consecutive lines deposited layer by layer 

fabricated with a substrate temperature of −30℃. b) In-situ X-ray images showing growth of ice 

crystals along two consecutive layers when the substrate temperature was −30℃. c) Three 

consecutive lines deposited layer by layer fabricated with a substrate temperature of −70℃. 

 

tremendously and the deposited ink did not have enough time to fill the voids before completely 

solidifying. This yielded to formation of interfacial boundaries between consecutive layers, which 

were possible to detect using in-situ X-ray images. 

 Conclusion 

3DFP is a method used for fabricating customized aerogels for different applications 

including supercapacitor electrodes, sodium-ion battery anodes, electro-mechanical sensors, 

flexible electronics, etc. The ability of this printing method on eliminating voids and interfacial 
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boundaries between layers is exceptional when compared to most of other 3D-printing techniques. 

The other conclusions we have drawn from the experiments can be categorized as follows: 

1. Dimensions of uniform lines formed after the coalescence of single droplets can be 

estimated from the droplet volume and measuring just one dimension of the spherical cap (after 

deposition). Also, since deposited droplets experience a phase change, thermal 

expansions/retractions should be considered for applying the conservation of volume in order to 

estimate the dimensions of the formed line.   

2. Using the 3DFP process, the formation of uniform lines not only depends on the 

pitch distance between two successive droplets, but also the inter-droplet duration. If the former 

droplet totally freezes before the later droplet reaches the substrate, there is not enough time for 

coalescence. To ensure a maximum product quality, a well-adjusted balance between the material 

deposition and freezing rate must be achieved as confirmed by the in-situ observation of the freeze 

front following the tip of the printed line. 

3. 3DFP provides an exceptional capability of fabricating aerogels without formation 

of voids and boundaries in between consecutive layers. This is achieved by partial melting of the 

already-frozen layer and employing low-viscosity inks, which fill the existing voids under surface 

tension and gravitational forces. In-situ experiments showed that ice crystals grow continuously 

along the interfacial boundaries without allowing any void or boundary formation between 

consecutive layers confirming the elimination of layer boundaries in 3DFP process. 
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Chapter 4 - 3D Freeze Printing of Cellulose Nanocrystal Aerogels3 

Reducing amount of oil resources and environmental pollution problems caused by 

synthetic petroleum-based polymers have lead the researchers, governments, and corporations to 

focus their interest on bio-degradable, cheap, and natural polymers.[1] Cellulose is the most 

abundant natural polymer existing on earth. It is estimated that more than 1011 metric tons of 

cellulose is synthesized in each year.[2] This almost inexhaustible polymer has been used as energy 

source, building block, raw material for clothing, and communication (in form of paper since 

ancient Egypt civilization). Cellulose is a polydisperse, linear syndiotactic natural polymer 

composed by the linkage of D-glucose with 1,4-β-glycosidic bonds.[3] Due to the biocompatibility, 

biodegradability, low-cost, tunable surface chemistry, thermal, and chemical stability of cellulose, 

it is still the main raw material for pulp and paper, lumber, and textile industries.[2] However, the 

needs of the modern society such as high performance, sustainable, renewable, functional, durable 

materials cannot be achieved using traditional cellulosic materials.[4,5] Fortunately, the 

nanoparticles derived from cellulose can respond to the society's needs and provide a new 

“building block” for the next generation materials.[4] Cellulose nanoparticles are highly ordered 

bundles of cellulose chains aligned in the bundle axis. This gives the material new properties such 

as high aspect ratio, better mechanical properties, lower thermal expansion, and lower density 

when compared to bulk cellulose.[5] Due to their superior material properties, nanomaterials 

derived from cellulose have been used in applications such as spanning the coatings, biomedical, 

 

3 Reprinted with permission from "3D freeze-printed cellulose-based aerogels: Obtaining truly 3D 

shapes, and functionalization with cross-linking and conductive additives" by Halil Tetik, Keren 

Zhao, Nasrullah Shah, and Dong Lin, 2021. Journal of Manufacturing Processes, 68, 445-453. 

2021 The Society of Manufacturing Engineers 
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energy, construction, separations, and special chemical industries.[6] There is also a great research 

interest in aerogels based on cellulosic nanomaterials. Ultralow density, tunable porous 

architecture and outstanding mechanical properties of aerogels attract interest for a wide range of 

applications including e.g. biomedical scaffolds, thermal insulation and devices for storage and 

generation of energy.[7] 

Aerogel, some call a special kind of material, some a new state of matter, is formed when 

the liquid component of a wet gel is replaced by air without any damage in the solid 

microstructure.[8] If the drying of wet gel is done as a transformation of the solvent from the liquid 

phase to gas phase (as in conventional drying), due to the surface tension in the liquid phase, the 

solid structures tend to be broken apart and pore structures will collapse. To achieve a damage-

free drying, there are two common approaches. The first one is called as super-critical drying, in 

which the surface tension is eliminated by supplying the super-critical conditions where the liquid 

and gas phases are indistinguishable. The second approach is called freeze drying, and in this 

method the solvent is first transformed into solid phase by low temperature and following that, it 

is sublimated without any surface tension.[9] Even though aerogels have fixed volume and shapes, 

they can exhibit very low density (even lower than air), high porosity, and large specific surface 

area.[1] Aerogels made from cellulose nanoparticles with unique properties such as ultra-low 

thermal conductivity, modulus, sonic velocity, refractive index, dielectric constant, high specific 

surface area, and adjustable density have been proposed for biomedical and pharmaceutical 

applications, electrical devices and energy storage systems, thermal insulators and fire retarders, 

and many more.[7] 

Freeze casting technique, which incorporates freeze drying in the process, have been 

utilized for fabrication of light-weight, and porous aerogels for many different applications[10–13] 
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due to its simple procedure, environmental friendly nature, and ability to have a good control on 

the micro structure of the final product.[14] This versatile, and easily implemented method involves 

solidification of a liquid suspension (via freezing) followed by the sublimation of the solvent using 

low pressure and temperature (freeze drying).[11] During the solidification, solid particles in the 

suspension are rejected by the solidifying solvent and packed together between growing solvent 

crystals.[15] With the sublimation of the solvent, solid particles form thin walls and the porosity is 

achieved as a replica of solvent crystals.[15] During the solidification, with the application of a 

temperature gradient, the solidification becomes an anisotropic process so that the solid crystals of 

the solvent are aligned along the direction of the temperature gradient.[16] Applying a control on 

the cooling rate during the solidification the average pore size distribution can be manipulated.[11] 

Furthermore, by using additives inside the suspension, the morphology of the solid crystals, as 

well as the pores after the solidification, can be manipulated.[17] Nanoparticles derived from 

cellulose, namely cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs), have been 

commonly used in the aerogels fabricated through freeze casting method.[11,18–21] Also, there are 

plenty of studies reporting freeze-casted composite aerogels based on cellulose nanoparticles 

proposed for different applications such as packaging[10], microwave absorption[22], 

electromagnetic interference shielding[23], oil absorbance[24], wearable sensors[25] and so on. 

Even though freeze casting provides a variety of tools for tailoring the microstructure of 

the aerogels as desired, the macrostructure relies heavily on the geometry of the mold used during 

the process. To eliminate the dependency on molds, several research groups proposed to combine 

additive manufacturing with freeze casting process to fabricate cellulose-based aerogels with 

complex geometries. Additive manufacturing is a process constructing the final product by 

depositing material in layers such that it has a predesigned shape.[26] Accordingly, Li et al. 
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fabricated 3D printed CNC aerogels using direct ink writing (DIW) method.[27] In this method, a 

CNC-based ink with shear- thinning behavior is synthesized and extruded through a microneedle 

by applied pressure. Due to its rheology, the deposited ink can resist the gravitational forces and 

keep its structural integrity as well as its bead shape. Once the complete structure is formed after 

the deposition of the ink layer by layer, the 3D printed aerogels are obtained by a subsequent 

freeze-drying process. Similar processes are used for fabricating 3D printed cellulose-based 

aerogels by other researchers as well.[28,29] Kam et al., proposed to use a cold plate as substrate so 

that a rapid fixation of the ink is achieved as well as an aligned microstructure along the freezing 

direction.[30] Cellulose-based aerogels fabricated by DIW-based 3D printing method were 

proposed for oil-water separation[28], biomedical[27] and triboelectric nanogenerator[31] 

applications. However, fabricating aerogels having truly 3D structures with overhang features has 

always been a great challenge. This limits the freedom and complexity in design as well as the 

potential applications of the 3D printed cellulose-based aerogels. 

Here in, for the first time, we are reporting 3D printed CNC aerogels having truly 3D 

structures with overhang features. For this, we used our previously reported method, which is 

called 3D freeze printing (3DFP).[32–35] Since it is a drop-on-demand (DOD) based 3D printing 

method, we used pure water as support material and were able to fabricate truly 3D structures. To 

demonstrate our unique capability, we have fabricated a hollow egg-shell shaped aerogel with 

overhang features. We further characterized the microstructure and mechanical properties of the 

3D printed CNC aerogels. To show the potential of the 3D freeze printed aerogels in biomedical 

applications, by using a wet strength additive commonly used in the paper industry, we cross-

linked the CNC aerogels to protect the structural integrity of the aerogels when immersed in water. 

We also functionalized the fabricated 3D printed aerogels with a conductive polymer, namely poly 
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(3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT:PSS) for potential applications in 

strain sensors and flexible electronics. 

 Experimental 

 Materials 

CNC powder was purchased from Celluforce (Quebec, Canada). For the synthesis of 

aqueous CNC ink, we mixed CNC powder with DI water to achieve 2 wt. % concentration using 

a mechanical stirring process. For the cross-linking of the CNC aerogels, we purchased the wet 

strength additive (polyamide-epichlorohydrin (PAE) resin – Kymene) from Solenis (DE, USA). 2 

wt. % aqueous CNC ink was mixed with a weighted amount of Kymene resin (the weight ratio of 

dry CNC to PAE is 5:1) by a mechanical stirring process. PEDOT:PSS (Clevios PH1000) was pur- 

chased from Heraeus (GA, USA). Aqueous CNC-based inks functionalized with the conductive 

polymer was prepared by mechanically mixing the weighted amount of PEDOT:PSS suspension 

(the weight ratio of 2 wt.% CNC ink to PEDOT:PSS suspension is 1:1) with the CNC-based ink. 

 3D Freeze Printing 

The details of our 3D printing setup were provided in our previous reports.[36,37] Briefly, a 

three-axis motion stage (Panowin Technologies, Shanghai, China) was used to manipulate the 

DOD print-head, which was composed of a syringe barrel (Nordson EFD, RI, USA) and a solenoid 

micro dispenser (The Lee Co, CT, USA) loaded with a nozzle tip having a diameter of 130 μm. 

Desired inks were loaded inside the syringe barrel and the pressure was controlled using a 

pneumatic fluid dispenser (Nordson EFD, RI, USA). Droplets of the inks were generated by the 

inkjet dispenser were deposited on to the substrate whose temperature was controlled by a liquid 

nitrogen (L N2) operated hot/cold plate (Instec, CO, USA). Frozen constructs obtained from the 2 

wt. % aqueous CNC ink were freeze-dried at 35°C and 0.2 mbar for 48 h to achieve CNC aerogels 
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by using a commercial benchtop freeze dryer (Labconco, MO, USA). Cross-linked CNC aerogels 

were obtained by a thermal treatment at 120°C for 3 h following the freeze-drying process. 

 Characterization 

Scanning electron microscopy (SEM) (HELIOS Nanolab 600i, FEI) was used for 

characterizing the microstructure of the fabricated aerogels. A digital material testing device 

(Shimadzu Universal Testing Machine) was used for performing the compression tests. For 

compression tests, cubic samples with a unit dimension of 7.5 mm were 3D printed and 

compressed between two parallel plates with a constant compression rate of 1 mm min-1. Electrical 

resistance and piezoresistance effect were measured by a two-probe method using a digital 

multimeter (Fluke 233) by sampling interval of 2 Hz. 

 Results and Discussion 

The cellulose-based aqueous ink that was used for 3DFP of CNC aerogels was prepared by 

a mechanically mixing CNC powder with DI water. Since the rheological properties of the 

prepared ink is vital for the printability using DOD print head, the density, surface tension as well 

as the viscosity of the ink must be well adjusted.[38] The rheological requirements for printability 

of an ink are determined by Reynolds (𝑅𝑒), Weber (𝑊𝑒), and Ohnesorge (𝑂ℎ) numbers, which are 

dimensionless numbers related to the physical properties of the ink such as viscosity (𝜂), surface 

tension (𝛾), and density (𝜌)[38–41]: 

 
𝑅𝑒 =

𝜐𝜌𝐿

𝜂
𝑊𝑒 =

𝜐2𝜌𝐿

𝛾
𝑂ℎ =

√𝑊𝑒

𝑅𝑒
=

𝜂

√𝛾𝜌𝐿
 

(4-1) 

where 𝜐 is droplet velocity and 𝐿 is nozzle diameter. For a stable drop formation, the range of 𝑍 =

 1 / 𝑂ℎ should be 1 <  𝑍 <  10 to avoid large number of satellite droplet formation when Z > 10 

or total dissipation of jetting energy required for droplet generation when 𝑍 <  1.[42] By measuring 

the weight of the 2 wt. % CNC-based aqueous ink with a known volume, we calculated its density 
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as 1130.54 kg m-3. The viscosity of the ink is measured as 25.65 cP by using a Brookfield DVE 

digital viscometer loaded with an enhanced UL adapter. The surface tension of the ink is measured 

as 22 mN m-1 by using Pendent Drop plugin[43] for ImageJ software. The rheological properties of 

the ink along with a nozzle diameter of 𝐿 =  130 μm, yielded to an Oh number of ~0.45, which 

corresponds to 1 <  𝑍 =  1 / 𝑂ℎ ≅  2.22 <  10. As a result of the appropriate rheology of the 

ink, we were able to generate satellite-free droplets for the maximum resolution in our 3D printing 

process as shown in our previous reports.[36,37] Once a printable ink is synthesized, it is dispensed 

in the form of droplets on to a freezing substrate whose temperature is well below the freezing 

point of the solvent (water in this study) used in the ink (Figure 4.1a). Once the droplets reach the 

substrate, they immediately solidify (freeze) and keep their shapes. By reducing the distance and 

time lapse between successive droplets, we achieve uniform lines, which are used to create 3D 

complex shapes. More detailed information regarding the formation of uniform lines after 

coalescence of separate droplets can be found in our previous report.[37] After obtaining the frozen 

structure with the desired shape, the ice content is sublimated with the application of low pressure 

and temperature (freeze drying) without any visible shrinkage or dimensional change. As a result 

of the freeze-drying process, we obtained highly porous and ultralight aerogels with an average 

density of 12.3 mg cm-3 as presented in Figure 4.1b-c. During the 3DFP process, micro-structure 

of the final product is manipulated by the freezing kinetics as in unidirectional freeze casting. The 

droplets reaching on the pre-cooled substrate experience an ice crystal formation along the 

temperature gradient. While ice crystals grow from bottom to top, the nanoparticles inside the ink 

are pushed and squeezed between the ice crystal blocks. After the freeze drying applied in the post-

process phase, these ice blocks are sublimated, and the micro-pores are formed. Due to the 

anisotropy of the solidification, the microstructure also shows anisotropic morphology as in  
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Figure 4.1. a) Schematics of the 3D freeze printing process. b) Photographs of the 3D freeze printed 

cellulose aerogels. c) 3D freeze printed cellulose aerogel with a honeycomb shape standing on a 

dandelion. d) SEM image showing the top surface of the 3D freeze printed CNC aerogel. e) SEM 

image showing the cross-sectional surface of the 3D freeze printed CNC aerogel. 
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unidirectional freeze casting process.[16] As confirmed by the SEM images given in Figure 4.1d-e, 

the pore morphology on the top surface (the plane perpendicular to the freezing direction) is 

composed of a lamellar porosity with random orientation. In the cross sectional surface, which is 

parallel to the direction of freezing, we observed an aligned porosity along the freezing direction. 

The observed microstructure of the 3D printed CNC aerogels was in a good agreement with other 

reports in the literature, either unidirectional freeze casting of cellulose aerogels[10,11,21] or 3DFP 

of other materials[32–35]. 

Fabricating aerogels having truly 3D structures with overhang features has always been a 

great challenge. In DIW process, due to the shear-thinning behavior of the used ink, the viscosity 

is dramatically reduced with the application of pressure while extruding from the micro-sized 

nozzle. As the material is deposited and the pressure is removed, the viscosity of the ink is 

increased back and it becomes strong enough to support itself and protect its shape.[44] Li et al. 

benefited from this shear-thinning characteristics of the cellulose-based ink to fabricate bowl-like 

structures with overhang features.[27] Kam et al. on the other hand combined the shear-thinning 

behavior with freezing the deposited ink to achieve a quick fixation to fabricate bowl-like 

cellulosebased aerogels with overhang features.[30] Yet, none of these reports achieved aerogels 

having overhang truss structures standing on empty space. Håkansson et al. synthesized a highly 

charged carboxymethylated CNF-based ink with superior shear-thinning properties.[45] Due to the 

fast relaxation of the deposited ink, it was possible to print 10×10×10 mm3 grid cubes, with 3×3×3 

mm3 pillars where the top square stands over the 4 mm gap between the corner pillars without 

using support material. However, the top square standing on empty space had serious issues 

considering the shape fidelity, which we believe is due to the lack of support structure during the 

3D printing process. 
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Unlike the previous studies reporting 3D printed cellulose-based aerogels, our 3DFP 

method incorporates a DOD-based material deposition approach instead of extrusion-based 

deposition. Using a multimaterial additive manufacturing technique, which brings a higher level 

of design freedom, such as integrating structure and function to achieve tailorable material physical 

properties, and introducing a new degree of freedom to the 3D printed parts[46], we can use pure 

water as support material since it can be deposited in the form of droplets as the CNC-based 

aqueous ink. After deposition of the water droplets, they immediately freeze and preserve their 

shapes like the deposited ink. By incorporating multiple DOD heads in the printing system, one 

for the aqueous CNC ink and another for pure DI water as support material, we can fabricate truly 

3D structures with overhang features as schematically explained in Figure 4.2a. Once the structure 

is completed, the support ice is easily removed (sublimated) from the material by the regularly 

applied freeze drying process without any need for a tedious and harsh chemical / thermal etching 

processes as seen in other methods. To provide the proof-of-concept for 3D printed aerogels with 

truly 3D structures, we designed and fabricated an egg-shell shape with multiple holes so that it 

would be consisting of multiple overhanging features as presented in Figure 4.2b. For this multi-

material printing job, it was challenging to obtain identical lines from two different inks due to the 

difference in their rheological properties. By adjusting the jetting parameters such as pressure 

inside the syringe, jetting frequency, and duty cycle as explained in our previous study[35], we 

achieved uniform lines from water and aqueous CNC ink as identical as possible and successfully 

fabricated the truly 3D cellulose-based aerogels presented in Figure 4.2b. It should also be noted 

that the 3D printing setup used in this study is developed in our lab and the quality of the 3D 

printed aerogel can be increased by reducing the nozzle diameter and increasing the precision of 

the motion stage. We believe that our ability to fabricate aerogels with truly 3D structures will  
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Figure 4.2. a) Schematics of the 3D freeze printing process for printing the truly 3D structure with 

overhang features made possible by using DI water as support material and b) photographs 

showing the real pictures of the as prepared 3D freeze printed egg-shell shaped CNC aerogels 

having truly 3D structure with overhang features. 
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increase the freedom in the design, help to tune the material properties, and open new applications 

for cellulosic aerogels. 

To characterize the mechanical properties of the 3D freeze printed CNC aerogels, 

fabricated cubic aerogels were compressed between two parallel plates attached to a universal 

testing device. To investigate the anisotropy in the mechanical properties of the fabricated 

aerogels, we tested them under uniaxial compression with the force applied parallel (axial) and 

perpendicular (radial) to the freezing direction (Figure 4.3a). As seen in Figure 4.3b in both 

orientations, we observed a linear elastic deformation region up to approximately 10% 

compressive strain. This can be attributed to the elastic deformation of the CNC walls and the 

compression of the pores. Following, the stress values slightly increase due to the plastic yielding 

of the cell walls which corresponds to a plateau region between 10 and 60% strain. Afterwards, 

the densification region, in which the stress increased dramatically, was observed between 60 and 

90% strain.[47] The loading curves were similar to the previously reported freeze casted cellulose 

aerogels.[10,21] The maximum stress at 90% compressive strain was much lower in the radial 

direction (~61 kPa) compared to the axial direction (~351 kPa). This mechanical anisotropy is 

attributed to the anisotropic microstructure of the aerogel. Even though the maximum stress at 

90% strain is much lower in the radial direction, compression recovery properties were found to 

be much better in this direction (see Figure 4.3c-f). This anisotropy in the mechanical properties 

of the 3D freeze printed CNC aerogels is in a good agreement with the previous reports.[48] 

We further measured the mechanical response of the aerogels against a five-stepped 

compressive loading-unloading strains up to 50% strain with 10% increments in axial (Figure 4.3c) 

and radial (Figure 4.3d) directions. The anisotropic properties (higher maximum stress in the axial 

direction, better recovery in the radial direction) of the aerogels were also noticed in these tests. In  
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Figure 4.3. a) Schematics showing the orientation of the samples for mechanical compression tests. 

b) Stress-strain plots of the aerogels after uniaxial compression tests with axial and radial 

alignment up to 90% compressive strain. c) Stress-strain curves of multicycle compression in axial 

direction by increasing strain amplitude of printed CNC aerogels. d) Stress-strain curves of 

multicycle compression in radial direction by increasing strain amplitude of printed CNC aerogels. 

e) Stress-strain curves for 100 loading-unloading cycles up to 25% strain in axial direction. f) 

Stress-strain curves for 100 loading-unloading cycles up to 25% strain in radial direction. 
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both tests, we observed that the succeeding stress-strain curve almost rises back to the stress level 

measured at the maximum strain value of the previous cycle. This trend was repeated for all 

increment values and it indicates an excellent strain memory effect.[49] The stress-strain curves 

obtained after multicycle (100 cycles) compression tests applied up to 25% strain are given in 

Figure 4.3e and f for a compression in axial and radial direction. The maximum stress at 25% strain 

observed in the axial direction reduced from 8.43 kPa to 5.85 kPa at the end of 100th compression, 

which corresponds to a stress decay of ~30%. In the radial direction, this decay (from 2.76 kPa to 

2.31 kPa) remained at around 16%. 

Cellulose is rich in hydroxyl groups among which hydrogen bonds are formed. These 

hydrogen bonds are the reason for the macroscopic integrity of cellulose-based aerogels. However, 

the hydrogen bond among cellulose nanoparticles can be replaced by cellulose-water hydrogen 

bond, which leads to the collapse of the aerogels when immersed in water.[50,51] (Figure 4.4a). In 

order to make cellulose-based aerogels suitable for applications such as bioengineering[51], and 

liquid absorption[50,52], it is essential to fabricate a strong aerogel by covalent bond of crosslinking 

in order to be stable in water.[51] Polyamide-epichlorohydrin resin which is widely used as wet 

strength additive in paper industry, was used for cross-linking cellulose-based aerogels to provide 

strength in water. 

Previously reported cellulose-based aerogels cross-linked with PAE resin have been 

fabricated by freeze-casting[50–52] or DIW-based 3D printing[27,28] methods. To show the 

printability of the aqueous CNC ink mixed with PAE resin, we have added a weighted amount of 

PAE resin into the 2 wt. % CNC ink so that final mass ratio of dry CNC to PAE resin would be 

5:1, and mixed them using a mechanical stirring process. After fabricating 3D printed CNC 

aerogels with and without crosslinking, we have tested their wet strength by immersing them in  
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Figure 4.4. a) Collapse of the uncross-linked CNC aerogel when immersed in water. b) CNC 

aerogel cross-linked with PAE resin protects its structural integrity and shape when immersed in 

water. 

 

water. The CNC aerogel without the cross-linking had a structural collapse within seconds after 

immersion in water as seen in Figure 4.4a. Cross-linked CNC aerogel with PAE resin on the other 

hand, protected its structural integrity and shape in water (Figure 4.4b), which showed the potential 

of the 3D freeze printed aerogels in biomedical, tissue engineering, and liquid absorption 

applications.  
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Cellulose is an excellent reinforcing agent for nanocomposites due to its high strength and 

stiffness.[53] Nanoparticles derived from cellulose has been used as reinforcing agent in many 

composite aerogels such as CNF/graphene[54], CNF/reduced graphene oxide (rGO)/carbon 

nanotube (CNT)[55], CNF/silver nanoparticles[56], and so on. Conducting polymers are also 

frequently blended with cellulosic nanoparticles for novel applications where the biopolymers 

provide hierarchical flexibility, improved performance, mechanical stability, processability, and 

biocompatibility to the pure conducting polymer.[57] Composites of PEDOT:PSS, which is a well-

known conductive polymer have been used with cellulosic nanoparticles to fabricate aerogels for 

different applications such as solar steam generation[58], pressure–temperature sensing[59], 

pressure–temperature–humidity sensing[60], and strain sensing[61] applications by freeze-casting 

method. However, 3D printing of cellulose nanoparticle–PEDOT:PSS aerogels, which can provide 

a freedom in the design and manufacturing and open other potential applications, has not been 

reported yet. 

To fabricate 3D freeze printed CNC – PEDOT:PSS aerogels, we mixed the 2 wt. % aqueous 

CNC ink with a commercially available PEDOT:PSS suspension with 1:1 weight ratio using a 

mechanical stirring process. Prepared mixture was then 3D freeze printed as explained before. The 

fabricated CNC – PEDOT:PSS aerogels had an average ultralight density of ~11.6 mg cm-3 as seen 

in Figure 4.5a. The electrical conductivity of the composite aerogels is demonstrated in Figure 

4.5b. The micropore morphology of the CNC – PEDOT:PSS aerogels were similar to the pure 

CNC aerogels: lamellar pores with a random alignment on the plane perpendicular to the freezing 

direction (Figure 4.5c), and lamellar pores aligned along the freezing direction on the plane parallel 

with the freezing direction (Figure 4.5d). To investigate the effect of CNC reinforcement in the 

mechanical properties of PEDOT:PSS aerogels, we fabricated cubic structures with a unit  
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Figure 4.5. a) 3D freeze-printed CNC aerogel functionalized with PEDOT:PSS. b) Experimental 

setup demonstrating the conductivity of the 3D freeze printed CNC-PEDOT:PSS aerogels. c) SEM 

image showing the top surface of the 3D freeze-printed CNC-PEDOT:PSS aerogels. d) SEM 

image showing the top cross-sectional surface of the 3D freeze printed CNC-PEDOT:PSS 

aerogels. e) Stress-strain plots of the aerogels having different ink formulations after uniaxial 

compression tests with axial alignment up to 90% compressive strain. f) Stress-strain curves for 

10 loading-unloading cycles up to 10% strain in axial direction. g) Response in the resistance of a 

CNC-PEDOT:PSS aerogel to a compression with 10% strain for 10 consecutive cycles. h) 

Response in the resistance of a CNC-PEDOT: PSS aerogel to a 30° bending for 10 consecutive 

cycles. 
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dimension of 7.5 mm and performed uniaxial compression tests in axial direction. The maximum 

stress at 90% compressive strain increased with the increasing amount of CNC in the aerogels 

(Figure 4.5e). Multicycle compression test further revealed the great resilience of the 3D freeze 

printed CNC-PEDOT:PSS aerogels. 

In order to further investigate the mechanical robustness of the structure, as shown in 

Figure 4.5f, 3D freeze-printed specimens were compressed for 100 cycles up to 10% strain. The 

second loading-unloading curve exhibited a stress degradation less than 1%, meaning that the 3D 

freeze-printed aerogels maintain their original elasticity and structural robustness. After 100 loops, 

the stress response at 10% strain was stabilized at approximately 2.31 kPa, which corresponds to 

a ~4.4% stress decay. To further characterize the piezoresistive behavior of the 3D freeze-printed 

CNC–PEDOT:PSS aerogels after applied compression, we applied 100 cycles of mechanical 

compression up to 10% strain value and simultaneously measured the change in the resistance 

(Figure 4.5g). The change in the electrical resistance of the fabricated aerogels highly stable 

(average ΔR/R = 8%) over multiple cycles (100 cycles) of compression, indicating a significant 

structural resilience.[62] The change in the electrical resistance (average ΔR/R = ~6.3%) was also 

highly stable over multiple bending cycles (100 cycles), which shows the suitability of the 3D 

freeze-printed CNC–PEDOT:PSS aerogels for flexible/wearable electronics applications. 

 Conclusion 

In this study, using a novel additive manufacturing method, we fabricated aerogels based 

on cellulose. Our method made it possible to use water as support material during the 3D printing 

process so that we achieved truly 3D aerogels with overhang features without need to chemical 

and/or thermal etching processes. This unique advantage of our printing technique increases the 

freedom in material design, and also can lead to new potential applications for cellulose-based 
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aerogels. To the best of our knowledge, this is the first study reporting cellulose-based aerogels 

with overhang features made possible by incorporating a support material during the additive 

manufacturing process. Furthermore, it is the first report investigating DOD-based 3D printed 

cellulose aerogels with covalent cross-linking to achieve stability in water and functionalized with 

PEDOT:PSS. 
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Chapter 5 - 3D Freeze Printing of MXene Aerogels4 

The outstanding electronic, mechanical, electrochemical, and optical properties of 2D 

MXenes, have attracted much research interest since their discovery in 2011.[1] MXenes are 

transition metal carbides, nitrides, and carbonitrides produced by a selective etching of metal “A” 

layer atoms from their corresponding “MAX” phases. The term “MAX” phase refers to a group of 

layered ceramics of the chemical composition of “Mn+1AXn”, where “M” stands for an early 

transition metal, “A” is an A group element, and “X” is carbon and/or nitrogen.[2–6] MXenes have 

shown exceptional properties such as high electrical conductivity, hydrophilicity, and the ability 

to intercalate different cations between their layers.[6–10] However, similar to other 2D materials, 

the performance of MXenes for some applications is affected by their tendency to restack and/or 

aggregate during assembly.[11,12] To overcome this issue, various methods are successfully utilized 

to integrate 2D materials into 3D macroscopic architectures with attractive properties such as 

ultralight feature, high porosity, and large specific surface area.[13–15] Ti3C2Tx, which is produced 

by selective etching of Al atoms from Ti3AlC2 MAX phase, is the first discovered and the most 

studied MXene,[16] and macroscopic 3D porous structures fabricated from Ti3C2Tx and its 

composites have shown great promise for a variety of applications,[12] including electrochemical 

energy storage,[15,17–20] electromagnetic interference shielding,[21–27] sensing applications,[28–30] 

photothermal energy conversion,[31,32] water/oil separation,[33] and solar desalination 

applications.[34] 

 

4 Reprinted with permission from "3D Printed MXene Aerogels with Truly 3D Macrostructure and 

Highly Engineered Microstructure for Enhanced Electrical and Electrochemical Performance" by 

Halil Tetik, Jafar Orangi, Guang Yang, Keren Zhao, Shakir Bin Mujib, Gurpreet Singh, Majid 

Beidaghi, and Dong Lin, 2021. Advanced Materials, 34, 2104980. 2021 Wiley-VCH GmbH 
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Unidirectional freeze casting (UFC) method has been previously utilized for the fabrication 

of macroscopic 3D porous structures from Ti3C2Tx and its composites. In this method, prepared 

gels or suspensions of Ti3C2Tx sheets and other components are frozen by applying a unidirectional 

temperature gradient. Ice crystals nucleate on the cold surface and grow along the temperature 

gradient. Ti3C2Tx sheets are expelled by the growing ice crystals and aligned along the freezing 

direction forming a tightly packed continuous network.[24] This well-ordered microstructure 

obtained after UFC have shown great benefits for a variety of applications. For instance, Bian et 

al. utilized UFC to fabricate pristine Ti3C2Tx aerogels for electromagnetic interference (EMI) 

shielding applications.[26] Their aerogels’ specific shielding effectiveness reached 9904 dB cm3 g-

1, which is the highest value reported for foam-like materials. Other studies also reported aerogels 

that are composites of Ti3C2Tx and reduced graphene oxide,[21] sodium alginate,[24] 

nanocellulose,[25] and gelatin,[27] fabricated through UFC. The high EMI shielding performances 

of those aerogels are attributed to their ultralight density, high conductivity, and highly ordered 

porous microstructure. Cai et al. demonstrated that highly ordered microstructures of Ti3C2Tx-

based aerogels fabricated by UFC are highly efficient for solar absorption and show fast 

capillarity-driven oil absorption capability.[31] 

Moreover, MXene aerogels have been widely explored as electrodes for electrochemical 

energy storage devices. Engineering electrode structures to enhance their ionic and electronic 

conductivity can significantly affect the electrochemical properties including rate capability.[12] 

Yang et al. fabricated porous Ti3C2Tx films using UFC to achieve a homogeneous microstructure 

that is composed of vertically aligned MXene walls within lamellar pores.[35] Supercapacitor 

electrodes based on the MXene films exhibited remarkably high gravimetric and areal power 

density of 150 kW kg-1 at 10 00 A g-1 and 667 mW cm-2 at 4444 mA cm-2, respectively. The 
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performance of the Ti3C2Tx-based porous supercapacitor electrode films was attributed to the 

efficient ion transport created by well-ordered microstructure that allows for fast electrochemical 

charge–discharge cycles. In our previous study, we have demonstrated the critical role of 

microstructure on the mechanical, electrical, and electrochemical properties of MXene aerogels 

by fabrication of aerogels with ordered Ti3C2Tx sheets through UFC.[15] Lithium-ion capacitor 

electrodes made from those aerogels delivered a significantly high specific capacity (≈1210 mAh 

g-1 at 0.05 A g-1), excellent rate capability (≈200 mAh g-1 at 10 A g-1), and outstanding cycling 

performance due to their highly ordered and well-engineered microstructure. 

Although UFC provided porous Ti3C2Tx bodies with well-ordered microstructure, which 

was proven to be beneficial for multiple applications, this method lacks the ability of fabricating 

porous bodies with complex, engineered macrostructures since it is a mold-based fabrication 

approach. For applications such as electrochemical energy storage devices, where the geometry, 

architecture, and micropore morphology of the electrode play a crucial role in the capacitive 

behavior, fabrication of devices with tailored hierarchical architectures involving micro-, meso-, 

and macropores is a significant challenge.[12,14,36,37] To address this issue, Li et al. performed the 

extrusion-based 3D printing and followed with UFC to fabricate thick interdigitated micro-

supercapacitors (MSCs) from Ti3C2Tx-based aerogels.[38] Highly ordered honeycomb-like 

microporous architectures were obtained after directional freezing facilitated the infiltration of the 

electrolyte into the internal active sites, which can improve electrochemical performance and also 

improve resilience to deformation.[38] 

Despite the recent advances in 3D printing of MXenes, due to the limitations of extrusion-

based 3D printing, truly 3D architectures with overhang features or changing cross-sectional 

geometry is often difficult to fabricate without using tedious chemical/thermal post-processes. In 
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the previous reported 3D printed MXene aerogels, extrusion-based 3D printing methods have been 

used and fabricated structures had to have constant cross-sectional geometries due to lack of 

support material that can easily be removed after the printing process.[38–40] Also, controlling the 

orientation of MXene sheets in the printed structure has been challenging. As we have 

demonstrated in this paper, the ability to control the orientation of sheets in both horizontal and 

vertical directions allows engineering the microstructure of the prints, improve their performance, 

and extend their applications. 

Here, we report on the fabrication of ultralight and truly 3D MXene aerogel structures 

using 3D freeze-printing (3DFP) method. This novel fabrication method combines UFC and drop-

on-demand inkjet printing to tailor the micro- and macrostructure of the aerogels.[41–45] Unlike 

extrusion-based 3D printing, 3DFP does not require a viscoelastic shear-thinning ink and can use 

water (ice) as supporting material to fabricate truly 3D structures with overhang features. In this 

study, we performed mechanical, electrical, and electrochemical characterization of the 3DFP 

Ti3C2Tx aerogels to evaluate their potential for different applications such as piezoresistive 

sensing, flexible/wearable electronics, and MSC devices. Furthermore, with the advantages 

provided by our inkjet-based 3D printing method, we fabricated all-MXene MSC devices that are 

composed of current collector and porous electrodes with controlled orientation of MXene sheets. 

3D printed all-MXene MSC devices with engineered microstructure, composed of both 

horizontally and vertically aligned MXene sheets demonstrated the importance of MXene sheets 

alignment on the electrochemical performance of the MSCs. The results showed that the current 

collector layer with horizontally aligned MXenes helps enhancing the electrical conductivity 

whereas the vertically aligned layer with high porosity provides better ion transport and improved 

performance at high scan rates. To the best of our knowledge, this is the first report proposing all-
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solid state MXene MSC devices with both horizontally and vertically aligned MXene sheets. Our 

results demonstrate 3DFP as a simple, straightforward, and inexpensive electrode fabrication 

method with great customizability to engineer electrode’s micro- and macrostructure. 

 Experimental 

 Preparation of Ti3C2Tx Dispersions  

Ti3C2Tx dispersions were prepared according to a previously reported method.[46] Briefly, 

concentrated hydrochloric acid (HCl, ACS Grade, BDH) solution was diluted with DI water to 

obtain 20 mL of 9 m HCl solution. About 1.6 g lithium fluoride (LiF, 98+% purity, Alfa Aesar) 

was added to the solution and stirred for 10 min using Teflon-coated magnetic stir bars at room 

temperature. Then, 1 g of Ti3AlC2 powder was slowly added to the solution. The mixture was 

transferred to a hot bath and kept at 35°C for 24 h while stirring. The mixture was then washed 

several times with DI water and centrifuged at 3500 rpm until the supernatant pH reaches ≈6. The 

supernatant in each washing step was collected and the concentration was adjusted to desired 

values using super-absorbing polymer balls.[14] The dispersion then used to print all MXene-based 

aerogels and MSC electrodes.[14]  

 3D Freeze Printing 

Details of the 3D printing setup[76] and 3DFP process[47] were explained in the previous 

reports. Briefly, a 3-axis motion stage (Panowin Technologies, Shanghai, China) was used to 

manipulate the inkjet printing head, which was composed of a syringe barrel (Nordson EFD, RI, 

USA) and a solenoid inkjet dispenser (The Lee Co, CT, USA) connected to a 100 µm nozzle tip. 

Ti3C2Tx suspension with various concentrations was loaded inside the syringe barrel and the 

internal pressure was controlled using a pneumatic fluid dispenser (Nordson EFD, RI, USA). 

Droplets of Ti3C2Tx suspension that were generated by the inkjet dispenser were deposited on to 
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the substrate whose temperature was controlled by liquid nitrogen (LN2) operated hot/cold plate 

(Instec, CO, USA). Silicon wafer substrates (unless otherwise specified) and a cold plate 

temperature of -20°C were used. Once 3D freeze printing of samples was completed, they were 

freeze dried by a commercially available freeze dryer (Labconco, MO, USA) at -35°C and 0.02 

mbar for at least 48 h.  

 Material Characterization  

The microstructure of the 3DFP Ti3C2Tx aerogels was investigated by SEM (FEI HELIOS 

Nanolab 600i, OR, USA). For mechanical, electrical, and thermoelectrical characterization, cubic 

samples with dimensions of 5 × 5 × 5 mm were fabricated using MXene dispersions with 

concentrations of 9, 12, and 15 mg mL-1. For in-plane compression tests, a digital material testing 

device (Shimadzu Universal Testing Machine, Kyoto, Japan) was used. All the compression tests 

were performed with a constant compression rate of 1 mm min-1. The 𝑉– 𝐼 plots for obtaining the 

electrical conductivity properties of the MXene aerogels were obtained using a CHI 760D 

electrochemical workstation (CH Instruments, Austin, TX). For determination of the piezoelectric 

behavior, the resistance of the aerogels was measured by a two-probe method using a digital 

multimeter (Fluke 287) by a 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. 

All the samples were placed between the compression (for mechanical characterization) or copper 

plates (for electrical characterization) so that the freezing direction is parallel to the surface normal 

of compression/copper plates unless otherwise stated.  

Symmetrical MSCs were 3DFP using 15 mg mL-1 dispersion and their electrochemical 

performances were tested using a VMP3 potentiostat (Biologic, France). Pieces of silver wire were 

used to connect the printed electrodes to the potentiostat cables. Silver adhesive (fast-drying Ag 
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paint, SPI Supplies) was used to connect silver wires with the current collectors/electrodes. To 

cover the contact area to protect the silver paint and wires from the electrolyte, nail polish was 

used. The PVA/H2SO4 gel electrolyte was carefully drop cast onto the printed Ti3C2Tx interdigital 

electrodes design followed by air drying overnight. To avoid MXene oxidation, cyclic 

voltammetry tests were performed at scan rates ranging from 2 to 100 mV s-1 in a potential window 

of 0 to 0.6 V.[17]  Electrochemical impedance spectroscopy was performed at open-circuit potential, 

with a small sinusoidal amplitude of 5 mV, and frequencies of 10 mHz to 100 kHz. The areal and 

gravimetric capacitances were calculated for the printed devices.[77]  

The CV curve was used to calculate the cell capacitance (𝐶/𝐴), according to the following 

equations: 

 
𝐶 =

∫ 𝐼(𝑉)𝑑𝑉

𝜈Δ𝑉
[𝐹] 

(5-1) 

where 𝐼(𝑉) was the voltammetric discharge current (mA), 𝜈 is the scan rate (mV s-1), and Δ𝑉 is 

the potential window (0.6 V).  

The normalized areal (𝐶/𝐴) and gravimetric (𝐶/𝐺) capacitances were calculated based on 

the area (𝐴, in cm2 calculated as the total area of the device) and total weight of the printed devices. 

The normalized capacitances were calculated as follows:  

 
𝐶/𝐴 =

𝐶𝑑𝑒𝑣𝑖𝑐𝑒

𝐴
 

(5-2) 

and 

 
𝐶/𝐺 =

𝐶𝑑𝑒𝑣𝑖𝑐𝑒

𝑔
 

(5-3) 

The power and energy densities of the devices were measured according to the following 

equations: 

 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝐸) =

((𝐶/𝐴) × 𝑉2)

7200
[𝑊ℎ 𝑐𝑚−2 ] 

(5-4) 
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𝑃𝑜𝑤𝑒𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑃) =

3.6 × 𝐸 × 𝜐

𝑉
[𝑊 𝑐𝑚−2 ] 

(5-5) 

where 𝐶/𝐴 [F cm-2], 𝑉 [V], and 𝜐 [mV s-1] are as described above. 

 Results and Discussion 

Ti3C2Tx aqueous dispersion was prepared following a previously reported method (please 

see the Experimental Section for a detailed description of the MXene synthesis process and 

preparation of dispersions).[46] Briefly, Ti3C2Tx was first synthesized by selective etching of Al 

atoms from Ti3AlC2 particles in a LiF and HCl aqueous mixture. The mixture was then washed 

with DI water until its pH dropped below 5. The product of this washing step was a dilute 

dispersion of single-layer Ti3C2Tx sheets. Super-absorbing polymer balls were used to adjust the 

concentration of the dispersion to desired value according to our previously reported method.[14] 

Figure 5.1a shows an atomic force microscope image of representative single-layer Ti3C2Tx sheets 

showing an average size of 0.8 µm for MXene sheets. To fabricate Ti3C2Tx aerogels, droplets of 

the additive-free aqueous Ti3C2Tx dispersion were generated using an inkjet head (see Figure A.2), 

and they were deposited onto a freezing substrate at -20°C (Figure 5.1a). Droplets are instantly 

frozen upon contact with the precooled substrate, preserving their shape. By adjusting the inter-

droplet distance and time lapse between successive droplets, continuous lines were generated 

through the coalescence of separate droplets. Complex 3D architectures were printed through 

layer-by-layer deposition of lines. Once the 3D printing of the frozen structure is completed, a 

freeze-drying process was applied to remove the ice from the frozen bodies and achieve highly 

porous aerogels, as presented in Figure 5.1b. Figure A.1b shows a representative X-ray diffraction 

pattern of a fabricated 3DFP Ti3C2Tx aerogel, confirming that there is no new phase formation 

during the 3DFP process.  
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Figure 5.1. a) Schematics of the 3DFP process used for the fabrication of 3D Ti3C2Tx aerogels. 

MXene ink is deposited in form of spherical droplets on to a freezing substrate. Partial melting 

caused by the freshly deposited ink (layer N+1) ensures a good bonding of successive layers. With 

the freezing of the deposited ink, ice crystals grow from bottom to top, resulting in a vertically 

aligned porosity and MXene flakes. b) Photograph showing the 3D printed MXene aerogels having 

various geometries with constant cross-sections. c) Photograph showing 3D printed ultralight 

aerogels standing on a flower. d) Photographs showing the steps of fabricating truly 3D MXene 

aerogels with overhang truss structures. 
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Since the frozen structures are composed of mostly DI water, after freeze-drying, obtained 

aerogels are light-weight with a density as low as 9.73 mg cm-3. As it is presented in Figure 5.1c, 

3DFP aerogels can stand on a flower without damaging its fibers  

In extrusion-based 3D printing, the physical properties of the prints are negatively 

influenced by insufficient bonding at the interface of the deposited layers driven by intermolecular 

diffusion and the undesirable voids between the adjacent layers.[43] In 3DFP, deposited layer at 

room temperature (N+1th layer—Figure 5.1a) causes a partial melting on top of the previously 

deposited and frozen layer (Nth layer—Figure 5.1a). Since the ink’s viscosity is low, it fills the 

possible voids between layers by the help of surface tension and gravitational forces. Finally, 

partially melted part of Nth layer fuses with the not yet frozen N+1th layer, and they both freeze 

together. This eliminates insufficient bonding, interfacial boundaries, and voids between layers 

and yields aerogels with continuous MXene walls as confirmed by the scanning electron 

microscopy (SEM) images (Figure 5.2a,b). Furthermore, as in the UFC method, deposited ink on 

top of the precooled substrate or already frozen layer uni-directionally freezes with ice crystals 

growing from the bottom to the top along the temperature gradient. This forces the MXene sheets 

to align vertically forming tightly packed walls between the ice crystals. After freeze-drying, 

MXene aerogels whose pore morphology is a replica of the ice crystals are obtained. 

3D printed Ti3C2Tx-based aerogels have previously been fabricated by using extrusion-

based 3D printing followed by freeze drying.[38–40] This 3D printing method is limited in printing 

truly 3D architectures as it is often difficult to print structures with overhang features or changing 

cross-sectional geometry without using harsh chemical or thermal post-processes.[47] Accordingly, 

the studies report the fabrication of MXene-based aerogels using extrusion-based 3D printed 

having a constant cross-sectional geometry, which limits the freedom in design.[38–40] The use of 
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sacrificial support materials that can be burned out after drying process is not practical for MXene 

due to its oxidation tendency.[48] However, in 3DFP process, ice can be used as the as support 

material to fabricate MXene aerogels with overhang structures (Figure 5.1d). As we also described 

in our previous works,[43,45,47] we employed a multi-nozzle 3D printing setup in which one nozzle 

was loaded with MXene ink and another nozzle was loaded with DI water as support material. The 

pillars and trusses of the cube presented in Figure 1d have cross-sectional dimensions of 1 × 1 mm. 

The length of each truss and the height of each pillar are 10 and 5 mm, respectively. With the 3D 

printing setup used in this work, the minimum height and thickness of the pillars can be printed 

are 0.1 and 0.25 mm, respectively. The maximum values of the width and height of the pillars are 

limited by the build volume of the 3D printing setup (120 × 120 × 120 mm in our setup) provided 

that the thickness of each pillar is sufficiently large to support the load of the pillars. Also, as we 

presented in our previous work,[43] the number of the horizontal trusses as well as the number of 

ice supports between those can be further increased. After sublimation of the ice including the 

support material during the freeze-drying process truly 3D Ti3C2Tx aerogels with overhang 

features were fabricated. Since 3DFP enables the fabrication of truly 3D MXene aerogels, we 

believe that this method may lead to new applications for 3D MXene aerogels in the future. 

The micropore morphology of the aerogels fabricated through a freeze casting-based 

method depends on type, concentration, and average size of the solute in the initial suspension, 

type of the solvent and used additives, and rate of freezing (solidification).[49] For instance, Dash 

et al. showed that the decreasing rate of freezing results in larger average pore size.[50] Yan et al. 

showed that the solid loading of the initial suspension has a similar impact (e.g., decreasing solid 

loading resulting in larger average pore size) on the microstructure of the aerogel.[49] Zhang et al. 

showed how the pore morphology can be tuned by using additives in the initial suspension 
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formulation.[51] With a defined temperature gradient, as in UFC, the nucleation of the ice crystals 

occurs on the cooled surface and the ice crystals propagate along the temperature gradient. At the 

end of the freeze-drying process, an aligned pore morphology is obtained.[52] Since 3DFP is a UFC-

based fabrication method, the microstructure of the 3DFP aerogels can be tuned using the tools 

available for UFC, such as solid loading of the ink, temperature of the freezing substrate, using 

additives in the ink formulation, etc.  

The microstructure of aerogels fabricated using 3DFP was studied by SEM, confirming the 

alignment of the MXene sheets along the temperature gradient from the bottom to the top (Figure 

5.2a–c). With the advantages provided by 3DFP method, void formation is eliminated between 

subsequent layers and continuous MXene walls all along the freezing direction is obtained (Figure 

5.2a,b). The top surface (plane parallel to the freezing direction) of 3DFP MXene aerogels consists 

of a micropore morphology with randomly aligned lamellar structures (Figure 5.2d–f). Depositing 

the ink in a layer-by-layer fashion did not result in void or boundary formation between deposited 

layers, indicating the merging of subsequently printed layers into previously printed layers (Figure 

5.2f). The effect of the dispersion concentration on the aerogel’s morphology is presented in Figure 

5.2g. With the increasing concentration (from 9 to 15 mg mL-1), the porosity decreased, MXene 

walls became thicker, and the pore width between MXene walls became smaller. This can be 

related to the less available space for the ice crystals to nucleate and grow and is in good agreement 

with our previous study reporting the fabrication of MXene aerogels by UFC.[15] Changing the 

microstructure of the aerogels by increasing the concentration of MXene ink would affect 

mechanical and electrical properties of the fabricated electrodes as discussed below.  

Ti3C2Tx MXene aerogels and its composites fabricated by conventional methods have been 

studied as pressure sensors in several previous reports.[13,29,30,53] Using 3D printing to fabricate  
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Figure 5.2. a) SEM image showing the cross-sectional surface of the aerogels showing deposited 

layers upon previous one. b) High-magnification SEM image showing the layer interface without 

any voids and interlayer boundaries. c) High-magnification SEM image showing the layer with 

the aligned porosity along the freezing direction (from bottom to top). d) SEM image showing the 

top surface of the 3D freeze printed MXene aerogels. e) High magnification SEM image showing 

the random pore alignment on the plane perpendicular to freezing direction. f) High-magnification 

SEM image showing no visible boundary between grids deposited one after another. g) Images 

showing the top surface of 3DFP MXene aerogels fabricated from inks with a concentration of 9, 

12, and 15 mg mL−1. 
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aerogels can provide flexibility in design and sensor geometry for different applications. To 

evaluate the performance of the 3DFP MXene aerogels for pressure sensing, we characterized their 

mechanical and electrical properties (Figure 5.3). For these tests, cubic aerogels (5 × 5 × 5 mm) 

were fabricated using 9, 12, and 15 mg mL-1 dispersions and their average densities were measured 

to be 9.73, 12.56, and 15.69 mg cm-3, respectively. Mechanical properties of the aerogels were 

characterized by in-plane compression tests with up to 50% strain (Figure 5.3a). Three distinctive 

regimes were observed in the loading curves: a linear elastic region within 0–5% compressive 

strain, a plateau-like regime between 5% and 30% compressive strain, and a nonlinear elastic 

regime after 30% compressive strain. The maximum stresses at 50% strain were measured as 1.3, 

2.25, and 4.04 kPa with the increasing density values. This trend was in good agreement with 

previously reported 3DFP aerogels[42,43] and freeze casted pristine Ti3C2Tx aerogels.[15,22] 

The mechanical response of the 15.69 mg cm-3 aerogel, which provided the highest stress 

response at 50% compressive strain value, was further studied using five-stepped compressive 

loading–unloading strains up to 50% strain with 10% increments (Figure 5.3b). The results indicate 

that the succeeding stress–strain curves almost rise back to the stress level measured at the 

maximum strain value of the previous cycle. This trend was repeated for all increment values 

indicating an excellent strain memory effect.[54] Multicycle compression test further revealed the 

great resilience of the 3DFP MXene aerogels. 3D freeze printed specimens were compressed for 

50 cycles up to 10% strain to further investigate the mechanical robustness of the structure (Figure 

5.3c). The second loading–unloading curve exhibited a stress degradation less than 3%, meaning 

that the 3DFP MXene aerogels maintain their original elasticity and structural robustness. After 

15 loops, the stress response at 10% strain was stabilized at ≈0.87 kPa (Figure A.4), which 

corresponds to an 11.2% stress decay. 
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Figure 5.3. Mechanical and electrical properties of 3DFP MXene aerogels. a) Stress–strain plots 

of the aerogels having different densities after uniaxial compression tests up to 50% compressive 

strain. b) Stress–strain curves of multicycle compression by increasing strain amplitude of printed 

MXene aerogels (ρ = 15.69 mg cm−3). c) Stress–strain curves for 50 loading–unloading cycles up 

to 10% strain (ρ = 15.69 mg cm−3). d) 𝐼– 𝑉 curves of Ti3C2Tx aerogels with different densities 

parallel to freezing direction. e) I–V curves of Ti3C2Tx aerogels with different densities 

perpendicular to freezing direction. The arrows in the inset of both (d) and (e) indicate the freezing 

direction. f) Response in the aerogels resistance to a compression with 10% strain for 10 

consecutive cycles (ρ = 15.69 mg cm−3). g) 3D freeze printed MXene aerogels infiltrated in PDMS 

elastomer. h) Response in the resistance of the 3D freeze printed aerogels infiltrated in PDMS after 

applying 10% tension. 

 

The electrical conductivity of the fabricated cubic specimens as a function of their density 

was investigated using current (I)–voltage (V) curves. In Figure 5.3d,e, the MXene aerogels were 
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placed between two copper electrodes so that the freezing direction is parallel and perpendicular 

to the testing direction, respectively. The current responses of all specimens in all directions 

present a linear relationship with the changing voltage, following Ohm’s law. Since the 

microstructural features of the aerogels, such as the thickness of MXene walls or the distance 

between the walls, have a great dependency on the density of aerogels, the resistance of the 

specimens increased with decreasing density due to the presence of more space and less inter-sheet 

junctions in the microstructure. A similar behavior was also observed in our previous study 

reporting Ti3C2Tx aerogels fabricated through the UFC method.[15] 3DFP MXene aerogels in 

parallel configuration (measurement in the direction of freezing) exhibited high electrical 

conductivity values: 3.78, 5.35, and 11.8 S m-1 at densities of 9.73, 12.56, and 15.69 mg cm-3, 

respectively (Figure 5.3d). When the freezing direction of the aerogels are perpendicular to the 

copper plates (measurement in the direction perpendicular to freezing), the conductivity of the 

samples reduced to 1.76, 2.40, and 5.35 S m-1 for 9.73, 12.56, and 15.69 mg cm-3 samples, 

respectively. This anisotropy in the electrical conductivity of the 3D freeze printed aerogels due to 

unidirectional freezing is in good agreement with the previous reports.[27] 

To further characterize the piezoresistive behavior of the 3DFP aerogels, in situ resistance 

measurement was employed over 10 cycles of mechanical compression up to 10% strain value. 

Electrical resistance of the fabricated aerogels is highly stable over multiple cycles, indicating a 

significant structural resilience (Figure 5.3f).[55] Inspired by the work of Wang et al.,[56] 3DFP 

MXene aerogels were infiltrated in poly(dimethylsiloxane) (PDMS) elastomer to provide 

improved performance for real world applications such as wearable electronics. As seen in Figure 

5.3g, we printed MXene aerogels where the user can control the shape and dimensions of the inner 

features. After infiltration of the PDMS into the pores of the MXene aerogels and curing, we have  
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Figure 5.4. Electrochemical performance of 3DFP MXene-based MSC. a) CV at different scan 

rate for MSC-2H-1V. b,c) CV curves at 10 mV s−1 and areal capacitance of different 3DFP MSC 

devices. d) Gravimetric capacitance of MXene-based MSC compared with different MXene-based 

film with different thicknesses and sheets alignment. e) Nyquist plots for different MXene MSCs 

taken at 0 V versus the open-circuit potential. The inset shows the Nyquist plots of the MSC-5H 

and MSC-1H-5V. f) Ragone plots of the 3DFP Ti3C2Tx-based MSCs together with other reported 

values for comparison. 

 

obtained flexible composites with a conductive MXene network, whose shape and dimensions can 

be customized for various needs. MXene/PDMS composites showed a great elasticity and a stable 

response in the electrical resistance (≈30% change in the resistance) with the applied tension (10% 

strain) for 10 consecutive cycles (Figure 5.3h). 

In order to demonstrate the potential of 3DFP MXene aerogels for energy storage 

application, interdigitated Ti3C2Tx electrodes were printed (using 15 mg mL-1 dispersion) on 

various substrates (including paper, acetate film, acrylic sheet, and glass slide), and their 

performance as all-solid state MSCs were investigated (Figure A.5). Due to the nature of the 3DFP 

process, fabricated interdigitated electrodes possessed a highly ordered porous morphology with 

vertically aligned MXene sheets. The ordered and vertically aligned microstructure of the printed 
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electrodes leads to their enhanced electrical and ionic conductivities, improving the capacitance 

and rate handling capability of the printed devices.[35,57] However, due to the anisotropic 

microstructure of the MXene aerogels, the electrical conductivity is also anisotropic as discussed 

above (Figure 5.3d,e). Considering the geometry of the fabricated MSCs, in-plane electrical 

conductivity (x–y plane) is expected to be much lower than out-of-plane (y–z or x–z planes) due 

to the vertical alignment of the MXene sheets ( 

Figure A.8). Cuna et al. have previously showed that the electrical conductivity as well as 

specific capacitance of electrodes having an anisotropic porosity is highly dependent on the testing 

direction.[58] To address this issue and increase the electrical conductivity in x–y plane, we added 

a current collector layer to the electrode design. To achieve that, the same 3D printing setup was 

employed while the substrate was kept at ambient temperature. We first performed inkjet-based 

printing of a current collector layer and let it dry in ambient conditions to obtain MXene film with 

horizontally aligned sheets. Following, the temperature of the substrate was reduced to the desired 

value and 3DFP was performed to achieve porous electrodes standing on the current collector layer 

(Figure A.9). The resulting MSCs had a hybrid alignment of MXene sheets: the current collector 

with horizontally aligned sheets followed by the porous electrode with vertically aligned MXene 

sheets (Figure A.10). The current collector layer with horizontally aligned MXene sheets provided 

superior electrical conductivity along x–y plane (Figure A.8) whereas the porous electrode with 

vertically aligned MXene sheets provided an improved ionic diffusion and electrical conductivity 

in z direction. As previously reported by Peng et al.,[59] all-MXene MSCs exhibit a much lower 

contact resistance, higher capacitances, and better rate capabilities compared to MXene MSCs with 

platinum current collectors. 
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To evaluate the performance of fabricated MXene-based MSCs and study the effect of 

MXene sheets alignment on the electrochemical performance, 3D devices with horizontal, vertical, 

and mixed alignment of the MXene sheet were fabricated. The fabricated devices were labeled 

based on the number of printed layers as MSC-XH-YV, where X and Y represent the number of 

printed layers with horizontal (H, air dried) and vertical (V, freeze printed/dried) sheet alignment, 

respectively (e.g., MSC-1H-3V consists of one layer of air dried and three layers of freeze printed 

structure). The CV curves of the MSC-2H-1V device at different scan rates show an ideal 

capacitive behavior with a quasi-rectangular shape as presented in Figure 5.4a. To test the 

flexibility of the MSC devices, the effect of bending on their electrochemical performance of the 

MSC-3V devices printed on paper substrate was investigated (Figure A.11). CV curves at 50 mV 

s-1 and electrochemical impedance spectroscopy (EIS) tests results at different bending angles (60°, 

120°, and 180°) are presented inFigure A.11. The flexibility of the printed devices is demonstrated 

by the capacitance, and series resistance (𝑅𝑠) of the MSC not changing significantly with changing 

the bending angle. MSCs with different current collector–electrode layer combinations showed 

similar CV curve shapes at different scan rate (Figure 5.4b;  

Figure A.12, CV at 10 mV s-1). The specific capacitance of the devices with different 

number of printed layers at different scan rates is presented in Figure 5.4c. As expected, increasing 

the load of active material per area results in a higher areal capacitance. The MCS-1H, MCS-1H-

1V, MCS-1H-3V, MCS-1H-5V, and MCS-2H-1V devices showed high areal capacitance of 13, 

35, 48.2, 79, and 63 mF cm-2, respectively (Figure 5.4c). The results indicate that designing 

electrode structure through changing the MXene sheets orientation significantly affect 

electrochemical performances.[12] Comparing the electrochemical properties of MSC-1V (superior 

capacitive performance at higher scan rates) and MSC-1H (superior capacitive performance at 
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lower scan rates) helps to better understand the influence of sheet alignment (Figure 5.4d). At low 

scan rates ionic transfer is the dominant factor on the electrochemical performance, while at high 

scan rates the role of electron transfer is dominant. The results show that MSC-1H has better 

electron transfer properties (in agreement with aforementioned electrical conductivity results), 

while for the MSC-1V ionic transfer is enhanced. MSC-2H-1V showed high gravimetric 

capacitance of ≈200 F g-1 at 2 mV s-1 due to its improved ionic and electronic transfer properties. 

In addition, increasing the electrode thickness from 626 to ≈925 µm for MSC-1H-3V and MSC-

1H-5V did not affect the gravimetric capacitive behavior of the devices, indicating the thickness 

independent-behavior. The freeze printed MSCs surpasses some of the best gravimetric capacitive 

performances reported in literature (Table A.1).[57,60–70] This behavior can be related to the 

increased amount of accessible MXene surface area in the vertically aligned structure and 

enhanced electrical conductivity due to the horizontally aligned sheets in the current collector 

layer. 

As previously discussed by Yang et al., vertical alignment of the MXene sheets may reduce 

their restacking while preserving a high porosity in the structure resulting in a highly ion accessible 

the electrodes.[35] Directional ion transport, parallel to the direction of sheets, also leads to a 

thickness independent behavior of the electrodes.[57] On the other hand, the horizontally aligned 

current collector layer provides enhanced electrical conductivity due to its closely packed MXene 

sheets that are oriented in direction of electron flow from the device electrical connection to the 

interdigital electrodes.[71] The advantage of the dual alignment of the sheet on the charge storage 

properties of MSCs is schematically presented in Figure A.13. Once ion reaches the surface 

MXene sheets, the charge is stored by the reversible protonation of surface functional groups. In a 

simplified view, the overall charge– discharge process can be expressed as[72]:  
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 𝑇𝑖3𝐶2𝑂𝑥(𝑂𝐻)𝑦𝐹𝑧 + 𝐻+ +  𝑆𝑂4
2−  

⇌ [𝑇𝑖3𝐶2𝑂𝑥(𝑂𝐻)𝑦𝐹𝑧]
−

// 𝐻+  + [𝑇𝑖3𝐶2𝑂𝑥(𝑂𝐻)𝑦𝐹𝑧]
+

// 𝑆𝑂4
2− 

(

(5-6) 

 

where 𝐻+ and 𝑆𝑂4
2−  are the cation and the anion present in the PVA/H2SO4 electrolyte.  

The fabricated devices showed excellent cyclability, retaining ≈94% of their capacitance 

after 10 000 cycles (Figure A.14). It is worth highlighting the importance of the horizontally 

aligned layers (the current collector) in device integrity and physical stability. The vertically 

aligned MXene sheets did not have a good attachment to the substrate. 

To compare the maximum areal capacitance value of the 3DFP MSC-1H-5V (79 mF cm-

2), we prepared the plot given inFigure A.15. This compares the maximum areal capacitance values 

reported for interdigitated electrode structures fabricated from solely MXene inks. It shows that 

3DFP results in a higher areal capacitance by keeping the initial ink concentration the same when 

compared to other fabrication methods. 

EIS test was employed to further study the charge transfer and ion transport in the 3DFP 

MSCs with their porous and well aligned architecture. As presented in Figure 5.4e and Figure A.16 

Rs was decreased from ≈550 Ω cm-2 for MSC-1V to ≈300 Ω cm-2 for MSC-1H to ≈150 Ω cm-2 for 

MSC-1H-1V, and to ≈120 Ω cm-2 for MSC- 2H-1V with MXene sheets working as current 

collector, indicating the importance of horizontally aligned layers. The EIS results of MSC-5H and 

MSC-1H-5V are presented in inset of Figure 5.4e. While the MSC-5H showed lower Rs, the MSC- 

1H-5V showed improved ionic transfer confirmed by higher slope of the Nyquist plot in the low 

frequency regime.[57,60] This originated from the vertical versus horizontal alignment of the MXene 

sheets. The vertically aligned MXene sheets possess faster ion transport compared with 

horizontally aligned electrodes due to their well aligned porous structure, which is a key element 



122 

 

for thickness-independent performance. It is worth mentioning the lack of noticeable semicircle in 

high frequency region, indicating low charge transfer resistance for all the tested samples. These 

results are in line with the morphological studies of the electrodes confirming the formation of a 

well aligned porous structure for MSC fabricated with 3DPF process. 

The Ragone plot (Figure 5.4f) further showcases the potential of 3DFP MXene 

interdigitated electrodes for high energy density and power density supercapacitors.[14,39,73–75] At a 

scan rate of 50 mV s-1, the MSC-1H-5V exhibits an energy density of 2 µWh cm-2 and a power 

density of 0.6 mW cm-2. By decreasing scan rate to 2 mV s-1, the energy density increases to 3.9 

µWh cm-2 while the power density decreases to 0.05 mW cm-2. The 3DFP, Ti3C2Txbased MSCs 

exhibit almost ten orders of magnitude higher energy density with comparable power densities to 

other reported MSC devices with similar power density values. The electrochemical performances 

indicate that designing electrode structure through changing the MXene sheets orientation 

significantly affects electrochemical performances.[12] 

 Conclusion 

This study reports on fabrication of ultralight, multipurpose, and truly 3D MXene aerogel 

structures using 3DFP method. While simple, straightforward, and inexpensive, the proposed 

fabrication method provides a great deal of customizability to engineer the micro- and 

macrostructure of the fabricated electrodes. Employing this capability and study electrodes 

properties with different microstructure provided a better insight into structure–property 

relationship. The mechanical compression tests showed that the aerogels’ mechanical properties 

can be tuned simply by controlling the ink concentration. The excellent stability of the electrical 

conductivity over multiple compression cycles revealed excellent structural resilience of the 

fabricated aerogels. The all-MXene based 3DFP MSCs with various sheets alignment showed 
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improved capacitive and rate capability responses and confirmed the importance of engineering 

microstructure and its effect on electrochemical performances. The engineered MSCs with hybrid 

MXene sheets orientation showed thickness independent capacitive behavior. The proposed 

fabrication method can be employed to fabricate various devices with enhanced performances in 

applications such as flexible electronics, sensors, and energy storage. 
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Chapter 6 - Bioinspired Manufacturing of Aerogels with Precisely 

Manipulated Surface Microstructure5 

Aerogels are highly porous materials whose porosity is achieved by replacing the liquid 

component of a wet gel with air.[1] Material properties of aerogels are directly affected by their 

micropore structures and use of a specific aerogel for a particular application requires precise 

control of its micro porosity.[2] For instance, the micropore structure of the aerogels can be tailored 

for best mechanical properties[3], piezo resistivity[4], thermal conductivity[5], absorption 

performance[6], optical transmittance[7,8], electromagnetic interference shielding efficiency[9], etc. 

Freeze casting, which is a widely utilized method for fabrication of aerogels and porous structures 

from a variety of materials, offers many different tools for tailoring the microstructure of the final 

product. Freeze casting parameters used for manipulating the microstructure of the final product 

have been deeply investigated and several review papers have been published.[10-13] Typically, 

freeze casting produces a homogeneous micropore morphology where micropore size is controlled 

through tuning the freeze casting parameters. However, applications like bone tissue engineering, 

controlled multidrug delivery, selective liquid absorption, and separating membranes may benefit 

from nonhomogeneous micropore morphologies, that is, having pores of varying sizes, those are 

located in specific, controlled regions of the aerogels. Fabricating aerogels with a controlled 

nonhomogeneous microstructure has always been a challenge. Furthermore, in the age of atomic 

 

5Reprinted with permission from "Bioinspired Manufacturing of Aerogels with Precisely 

Manipulated Surface Microstructure through Controlled Local Temperature Gradients" by Halil 

Tetik, Dan Feng, Samuel W. Oxandale, Guang Yang, Keren Zhao, Katelyn Feist, Nasrullah Shah, 

and Yiliang Liao, Zayd C. Leseman, and Dong Lin, 2021. ACS Applied Materials & Interfaces, 

13, 924-931. 2021 American Chemical Society 
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and close to atomic scale manufacturing[14,15], controlling the pore morphology of the aerogels with 

a micrometer resolution would be of the interest. 

To address this issue, several researchers performed sequential freeze casting of multiple 

slurries to mimic the bone microstructure.[16,17] Since the increasing solid content of the slurry 

yields to pores with decreasing size, they performed a two-step freeze casting procedure using 

slurries with low and high solid loadings. Using this method, they achieved bone-like scaffolds 

with larger pores at the center surrounded by much smaller pores at the shell. Ogden et al. on the 

other hand, used an ultrasound-directed self-assembly method to achieve a control on the 

microstructure during the freeze casting process.[18] They used an ultrasound wave field to drive 

the nanoparticles in the slurry into a concentric ring pattern achieving alternating regions with low 

and high porosities. In another study, Yang et al. reported that surface wettability of the substrate 

used for freeze casting has a significant effect on micropore size.[19] They showed that performing 

freeze casting on a hydrophilic substrate leads to small pores, whereas a hydrophobic substrate 

results in large pores. They fabricated substrates with various wetting behaviors and were able to 

manipulate the microstructure of the freeze-casted aerogels. Even though these studies achieved 

non-monolithic microstructures with controlled size and location of the micropores, proposed 

processes are complex, and lack design possibilities, high resolution, and clear boundaries between 

different pore size regions. 

Thermal conductivity of the substrates used in a unidirectional freeze casting process has 

a significant impact on the nucleation and growth of ice crystals during the freezing as well as the 

micropore morphology of the final product.[20] Herein, we benefited from this phenomenon and 

fabricated substrates with varying thermal conductivity patterns, which was achieved by 

fabricating patterned photoresist (PR) polymer features on a silicon (Si) wafer following a 
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lithography process. The difference in thermal conductivity between PR and Si yielded to non-

monolithic microstructures on the surface of the aerogels with micropores whose size and location 

can be controlled by the user. We selected two common freeze-cast suspensions such as colloidal 

silica and graphene oxide (GO) as base materials to demonstrate our method as a general approach. 

Furthermore, by adjusting the temperature of the cold plate used in the freeze casting procedure, 

the average size of the pores at different regions can be tailored for different size requirements. 

Using the Si substrates with patterned PR features, we distinguished boundaries between the 

regions with small and large pores and achieved a resolution as low as ∼50 μm. We further showed 

the possibility of 3D-printed aerogels with precisely controlled surface micropore morphologies. 

To the best of our knowledge, this is the first study to report aerogels with controlled micropore 

morphologies (e.g., pore size, shape, and location) precisely controlled by creating thermal 

conductivity patterns on the substrates. We believe our method can be further extended for 

controlling pore size and location in 3D, and can be beneficial for applications such as drug 

delivery, bone tissue engineering, photo catalysis, pollutant absorption from water, etc. 

 Experimental 

 Preparation of the PR Patterns on Si Wafer Substrates 

For the substrates, we used 4-in.-diameter silicon wafers. To begin the process, AZ 4620 

PR was spun onto the Si wafer, which was then soft-baked on a 110°C hot plate for 80 s with full 

contact. A second layer of AZ 4620 PR was then spun onto the wafer, followed by a 180 s soft-

bake on a 115°C hot plate with full contact. The final thickness of the PR was approximately 24 

μm. After applying the PR, it was patterned using photolithography. Using a patterned photomask, 

the wafer was exposed to a dose of 1742 mJ∙cm−2. The pattern was then developed through 

submersion in AZ 400 K 1:4 for 300 s. The wafer was then placed in an oven at 200 °C to hard-
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bake the PR pattern. After fabrication, resulting heights of the PR features were measured and 

found to be in the range of 15−19 μm. 

 Freeze Casting Procedure 

For the freeze casting process, we used a commercially available colloidal silica suspension 

(Nyacol, DP9711) with a concentration of 30 wt. % and an average particle size of 20 nm. We 

prepared the GO suspension by adding graphene oxide powder (Cheaptubes Inc.) into DI water 

and using sonication for 30 min. The concentration of the GO suspension was set to 8 mg·mL−1. 

To obtain aerogels with spatially controlled porosity, we prepared the freeze casting setup 

described in Figure 6.1a. First, we prepared square polydimethylsiloxane (PDMS) (Dow Corning, 

Sylgard 184) walls to be used as bottomless molds for the freeze casting process according to the 

manufacturer’s directions. Briefly, we first prepared 3D printed polylactic acid (PLA) molds using 

a commercially available fused deposition modeling type 3D printer to shape the PDMS molds. 

Then, we mixed the PDMS with curing agents of 10:1 weight ratio. The mixture was kept in a 

vacuum chamber for 30 min to remove gas bubbles. Finally, the mixture was poured inside the 

already prepared 3D printed PLA molds and cured for 24 h in ambient temperatures. To freeze-

cast the suspensions, we poured the prepared suspension inside the PDMS wall structure placed 

on the PR-patterned Si wafer substrate, which was placed on top of a precooled cold plate (Instec, 

HCP204SG). We pushed the PDMS wall firmly from the top to ensure there was no leakage after 

pouring the suspensions. We left the suspensions at the target temperature for at least 30 min to 

ensure complete freezing. Frozen samples were moved to a −70°C freezer for further 

crystallization and then a subsequent freeze-drying was applied at −35°C and 0.02 mbar using a 

commercial freeze-dryer (Labconco, Freezone Triad). 
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 FEA Simulations 

We simplified the model with several assumptions. First, all materials were assumed to be 

homogeneous and isotropic, with thermal properties independent of temperature change. The PR 

stripes were assumed to have consistent width and gap distance, so the temperature distribution 

was uniform along the PR stripe direction. We simplified the model with the region covering three 

PR stripes as shown in Figure 6.2 to represent the repeated stripes. We ignored the effect of PDMS 

mold, since the size is much larger than the PR stripes. The aqueous slurry was represented as pure 

DI water since the concentration was very low. Because we were more interested in the 

temperature profile discrepancy between aqueous suspension−Si wafer interface and the aqueous 

suspension−PR patterns interface, rather than the exact transient temperature during the process, 

the simulation was at steady state. In addition, the initial temperature of water affected the freezing 

rate (i.e., Mpemba effect), the reason for which is still unclear. We ignored the phase change of DI 

water, because a phase-change problem requires an FEA solver with transient analysis or quasi-

static iterations to update the physical properties. As discussed in previous assumptions, we were 

more interested in the trend of temperature-profile discrepancy between the two interfaces. The 

model was built in ABAQUS, following the sketch and dimensions as shown in Figure 6.2a. There 

were six parts in the model, including three PR patterns, Si wafer, a DI water region with refined 

meshes, and a DI water region with coarse meshes. Boundary conditions were chosen to satisfy 

right-hand side of equation 6-2: 

1. There was no heat flux on 𝑥 =  0, 𝑋 (i.e., Neumann boundary conditions 𝑇(𝑥 = 0. 𝑦),𝑥 =

0, 𝑇(𝑥 = 𝑋. 𝑦),𝑥 = 0). 

2. The precooled cold plate offered a Dirichlet boundary condition to the bottom of the Si 

wafer with a constant temperature of −30 °C (i.e., 𝑇(𝑥, 𝑦 = 0) = −30°C). 
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3. The air on top of DI water provides a Neumann boundary condition by free convection 

with a 25 °C room temperature and a film coefficient of 5 W·(m2·K)−1 (i.e., 𝑇(𝑥, 𝑦 = 𝑌),𝑦 =

ℎ(𝑇(𝑥, 𝑦 = 𝑌) − 𝑇𝑎𝑖𝑟), where ℎ is the film coefficient and 𝑇𝑎𝑖𝑟 is the room temperature). 

We chose DC2D4 (a four-node, linear heat-transfer quadrilateral) element for all the parts. 

Since the simulation was at steady state, we only needed the heat conductivity of each material, 

which were 0.19 W·(m·K)−1, 149 W·(m·K)−1, and 0.58 W·(m·K)−1 for PR, Si, and DI water, 

respectively. After our convergence study, we chose to use 65 elements for each PR pattern, 9,375 

elements for Si wafer, 2,115 elements for the DI water region with refined meshes, and 3,290 

elements for the DI water region with coarse meshes. 

 3D Freeze Printing Procedure 

We used a similar inkjet-based 3D printing method that had been reported in other studies. 

Briefly, as a prepared GO suspension (5 mg·mL−1) was loaded inside a syringe barrel attached to 

a three-axis motion stage. A solenoid micro-dispensing device was used to generate droplets of 

GO suspension. Generated droplets were deposited on top of the precooled substrate. By 

controlling the inter-droplet distance and time lapse between droplets with the help of a three-axis 

motion stage, we 3D printed lines and complex structures after the coalescence of the droplets. 

Printed structures were freeze-dried using conditions provided for the freeze casting case. 

 Surface Characterization of the Fabricated Aerogels 

Dried aerogels were investigated under SEM (FEI Versa3D Dual Beam) after sputter-

coating the samples with a thin layer of gold (∼10 nm). Obtained SEM images were used to 

investigate characteristics of the micropore morphology of the aerogels. To measure average pore 

size distribution, we used an image-processing software (ImageJ). 
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 Results and Discussion 

In the freeze casting method, thermal conductivity of the substrate has a tremendous effect 

on the cooling rate of the slurry, nucleation and growth of the ice crystals, and eventually the final 

microstructure.[20] To date, in all reported cases, substrates with uniform thermal conductivities 

were used. Here in this work, we prepared Si wafer substrates with patterned PR features that are 

deposited by photolithography. Using these substrates with patterned PR features, we performed 

unidirectional freeze casting procedures as schematically described in Figure 6.1a. Patterned PR 

features on the Si substrate were parallel stripes with a feature size (width) of 𝜆. To test the effect 

of different stripe dimensions, we fabricated patterned PR features with varying 𝜆 values on Si 

substrates. The relatively low thermal conductivity (0.19W·(m·K)−1)[21] of the PR features 

compared to Si (149W·(m·K)−1)) helped us to manipulate the temperature gradient above the PR 

and Si surfaces. To achieve a unidirectional freeze casting process, we poured the prepared 

aqueous suspensions into a PDMS wall structure, which was placed on top of the PR-featured Si 

substrate. At this stage, the poured suspension contained liquid water and homogeneously 

dispersed nanoparticles. Thereafter, the substrate was placed on top of a precooled cold plate, 

whose temperature was well below the freezing point of water and was used to manipulate the rate 

of freezing. Due to the difference in the thermal conductivities of those surfaces, nucleation and 

growth rate of the ice crystals differed and resulted in a variation in the ice crystal size. As 

schematically demonstrated in Figure 6.1b,c, due to a higher thermal conductivity of the Si 

substrate surface, we obtained fine-sized ice crystals. The size was much coarser on the PR feature 

surface where the thermal conductivity was much lower. Once the frozen structures were freeze-

dried, we obtained a surface porosity that replicates the patterned PR features on the Si substrate 

(Figure 6.1d). Even though we only generated patterned PR features as parallel stripes to find the  
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Figure 6.1. Schematics of proposed process: (a) Si substrate with PR patterns placed on top of a 

cold plate. Aqueous suspension is poured into a PDMS mold placed on top of the Si substrate for 

freeze casting. (b) Before freezing, the aqueous suspension is composed of water and 

homogeneously dispersed nanoparticles. (c) Once the temperature of the cold plate is reduced, the 

freezing process is initiated on the top of the PR and Si surfaces. Due to the difference in thermal 

conductivity of both surfaces, the average size of the ice crystals varies. (d) After freeze-drying 

sublimates all the ice content, the porosity is obtained as a replica of the patterned PR features. 

 

minimum resolution, it is also possible to deposit the PR polymer in a designed 2D shape, which 

will result in a micropore structure in a desired pattern. 

To better illustrate how the unidirectional freeze casting using Si substrates with patterned 

PR features works, we used finite-element analysis (FEA) and simulated the temperature field 

around the aqueous suspension−Si wafer interface and the aqueous suspension−PR patterns 

interface. We used several assumptions for simplifying the model as explained in the experimental 

section. The geometry that covered three PR stripes as shown in Figure 6.2a was constructed to 

represent the repeated stripes in our simulations. We ignored the effect of the PDMS mold, since 

the size is much larger than the PR stripes and the aqueous suspension was represented as pure DI 

water because the concentration of slurries used was low (less than 1 wt. % for GO). Since there 
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is no body-heat flux on the model domain, the heat equation for the 2D model given in Figure 6.2a 

can be written as: 

 𝑘(𝑇(𝑥, 𝑦),𝑥𝑥 + 𝑇(𝑥, 𝑦),𝑦𝑦) = 0 (6-1) 

 

where 𝑘 is the heat conductivity, 𝑥 and 𝑦 are spatial coordinates, “,” indicates a spatial derivative, 

and 𝑇 is the temperature. Equation 1 can be rewritten to a weak form as: 

 

∫ ∫(𝑘𝛿𝑇,𝑥𝑇,𝑥 + 𝑘𝛿𝑇,𝑦𝑇,𝑦)𝑑𝑦𝑑𝑥

𝑌

0

𝑋

0

= 

∫ 𝑘𝛿𝑇𝑇,𝑥𝑑𝑦|𝑥=0
𝑥=𝑋

𝑌

0

+ ∫ 𝑘𝛿𝑇𝑇,𝑦𝑑𝑥|𝑦=0
𝑦=𝑌

𝑋

0

 

(6-2) 

 

After our simulations, we obtained the temperature profile in the neighborhood of Si, PR, 

and DI interfaces as presented in Figure 6.2b. As clearly seen there, we obtained a wavy 

temperature profile on the heights that is close to the substrate and patterned PR features. As the 

height is increasing, the temperature profile becomes more uniform. Due to the temperature profile 

reaching to equilibrium and becoming uniform after a certain height above the substrate, we only 

observed the patterned microstructure on the surface of the aerogels. However, we believe that by 

performing an optimization study for parameters such as the thermal conductivity values of the 

materials used, dimension of the patterns, and initial temperatures, we think the wavy temperature 

profile can be extended much above the substrate surface and can be used to tune the 

microstructure of the aerogels in 3D. To compare the temperature curves of PR−water and 

Si−water interfaces, we prepared the 2D temperature profile given in Figure 6.2c. Due to a lower 

thermal conductivity, the temperature of water at the PR−water interface is higher than that of the 

water at the same height above bare silicon. Therefore, the water above the PR freezes more slowly 
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Figure 6.2. a) The sketch, dimensions, and boundary conditions of a 2D model for FEA simulation. 

b) The 2D temperature profile in the neighborhood of Si, PR, and DI interfaces. c) The temperature 

curves of PR−water interface and Si−water interface. d) Temperature curves of PR−water interface 

with various λ values. e) 2D temperature profiles in the neighborhood of PR patterns with varying 

λ values. 

 

than the water at the same height above the Si surface and the water in contact with the Si wafer 

to freeze earlier and grow smaller ice crystals than water contacting PR patterns. As the above- 

mentioned simulations were performed for a feature size of 𝜆 = 50 μm, we also provided the 

simulation results for much smaller feature size values (𝜆 = 20, and 10 μm) to see the effect of the 

feature size on the temperature profile above the patterned substrate. As given in Figure 6.2d, with 
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the decreasing 𝜆 values, the difference between the maximum and minimum temperature at the 

PR−water interface (𝛥𝑇) reduces. Furthermore, as presented in Figure 6.2e, wavy temperature 

profile in the vicinity of PR−water interface, which is the driving force for making distinct region 

of the different pore size, becomes flatter across the surface of the substrate. This change in the 

temperature profile obtained with the decreasing λ would make it harder to obtain a patterned 

microstructure as confirmed by the SEM images given in Figure 6.3 for 𝜆 = 9.68 and 19.01 μm 

cases. 

We first investigated the fabricated Si substrates with and without PR patterned features, 

as presented in Figure 6.3a,d,g, using an optical microscope. Widths of the PR pattern features (𝜆) 

were measured as 48.64, 19.01, and 9.68 μm for a designed 𝜆 of 50, 20, and 10 μm, respectively, 

while the width of the gaps between PR stripes were measured as 52.24, 21.87, and 10.55 μm. For 

each 𝜆 value, a distinct boundary between the PR features and the Si surface was obtained and the 

height of each pattern was measured as approximately 20 μm. To understand how these features 

affect the microstructure of the fabricated aerogels, we freeze-casted colloidal silica suspension 

and investigated their microstructure as presented in Figure 6.3. In Figure 6.3b,c, we provided the 

control experiment where there was no PR feature on the Si substrate. As seen in the scanning 

electron microscope (SEM) images, the microstructure morphology was identical to common 

unidirectional freeze casting. When 𝜆 = 9.68 μm, we observed that patterned PR features had 

affected the freeze casting process and resulted in a patterned orientation in the pore morphology 

(Figure 6.3e,f). However, we did not observe any trace on controlled location of varying pore size. 

Even though the substrate having patterned PR features with 𝜆 = 19.01 μm showed some traces of 

location control on the pore size, the distinction between different-sized regions was not clear. 

Also, the width (𝜆) of the regions with different pore sizes did not match with the patterned PR  
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Figure 6.3. Optical microscope images showing the Si substrates with PR patterns and SEM 

images showing the effect of the PR pattern feature size on the microstructure of the freeze-casted 

silica; a−c) without PR pattern, d−f) λ = 9.68 μm, g−i) λ = 19.01 μm, and j−o) λ = 48.64 μm. 
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features (Figure 6.3h,i). With 𝜆 = 48.64 μm, we obtained a spatial control on the micropore-sized 

distribution as a replica of the patterned PR features on the Si substrate (Figure 6.3k,l). The border 

between regions with different pore size was distinct, as it can be seen from the high-magnification 

SEM image given in Figure 6.3l. We further provided low-magnification SEM images of the 𝜆 = 

48.64 μm case to show the long-range control on the microstructure of the aerogel surfaces in 

Figure 6.3m,o. 

To demonstrate it as a general method, we also freeze-casted a GO suspension since 

reduced graphene oxide is one of the most common functional aerogels fabricated by freeze 

casting. We first fabricated two control specimens, using a Si substrate without any PR features 

and Si substrates covered with PR (without patterning) using a cold plate temperature of −30°C. 

As presented in Figure 6.4a,b, the average pore size of the sample fabricated on top of the Si 

substrate without PR is much finer when compared to the sample fabricated on top of the Si 

substrate with PR. The average pore size was measured as ∼26 and 6 μm with and without PR 

cases, respectively (Figure 6.4c). In our experiments with the substrates having patterned features 

(𝜆 = 48.64 μm), we used two different (−30°C and −70°C) cold plate temperatures to investigate 

the effect of the freeze temperature on the microstructure. With a cold surface temperature of −30 

°C, we have obtained a microporosity as a replica of the patterned PR features as presented in 

Figure 6.4d. The high magnification SEM images clearly show the difference between the average 

size of the pores on PR (Figure 6.4e) and Si (Figure 6.4f) surfaces. When we reduced the cold plate 

temperature to −70°C and repeated the freeze casting procedure using the same GO suspension, 

we obtained the microstructure provided in Figure 6.4g. The distinction between the regions 

having different pore-size distribution is as clear as the other cases at −30°C cold plate temperature. 

Average pore size on the other hand is much smaller in both regions due to the much faster freezing  
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Figure 6.4. a) SEM image of the GO aerogel freeze casted on Si substrate with a cold plate 

temperature of −30 °C. b) SEM image of the GO aerogel freeze casted on Si substrate covered 

with PR layer without any pattern with a cold plate temperature of −30 °C. c) Size distribution of 

the pores on the aerogel surfaces given in a and b. d−f) SEM images of the GO aerogel freeze 

casted on Si substrate patterned with PR features (λ = 48.64 μm) with a cold plate temperature of 

−30 °C. g−i) SEM images of the GO aerogel freeze casted on Si substrate patterned with PR 

features (λ = 48.64 μm) with a cold plate temperature of −70 °C. j) Average size distribution of 

the pores on the aerogel surfaces given in d and g. 

 

rate. To quantify the difference between −30°C and −70°C cold plate temperature cases, we have 

used an image-processing software (ImageJ) to help us measure the average size of individual 

pores. As given in Figure 6.4j, the average size of the pores increased from ∼6.5 μm to ∼24.5 μm 

when the substrate surface changed from Si to PR for the cold plate temperature of −30°C. With 

the lower cold plate temperature (−70°C), average size of the pores for both surfaces was much 

finer compared to the −30 °C plate due to a much faster freezing rate.[10−12] While the Si surface 

yielded to an average pore size of ∼4 μm, the PR surface resulted in ∼21 μm. Measured pore size  
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Figure 6.5. a) Schematics of the 3D freeze printing process using substrates with patterned PR 

features. b−d) Low and high-magnification SEM images showing the tailored microstructure of 

the graphene oxide aerogels fabricated through the 3D freeze printing process using the patterned 

Si substrate with λ = 48.64 μm. 

 

for the −30°C case was also in a good agreement with results provided in Figure 6.4c. 

In order to eliminate the dependency of freeze casting method on molds, our group recently 

developed a 3D freeze printing (3DFP) method, which is a hybrid method composed of 

unidirectional freeze casting and drop-on-demand (DOD) printing.[22−25] In a 3DFP process, 

droplets of liquid precursors are generated using a DOD dispenser and are deposited on top of a 

substrate whose temperature is well below the freezing point of the solvent used in the liquid 

precursor (Figure 6.5a). As droplets reach the precooled substrate, the solvents experience an 

immediate freezing, which allows them to preserve their shape. With the reduced distance and time 

between separate droplets, uniform lines can be obtained after the coalescence.[26] Using these 

lines, complex 3D frozen structures can be achieved by a mold-free method. Frozen structures with 

desired shapes are freeze-dried, which sublimates the solvent crystals and a porous aerogel is 

obtained. Since 3DFP involves freeze casting, the microstructure of the final aerogel can be 
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manipulated by the freezing kinetics. To further increase the impact of the proposed freeze casting 

method by increasing the freedom in material design, we investigated the effect of the patterned 

PR features on the microstructure of 3D freeze printed GO aerogels. For this experiment, we used 

a 5 mg·mL−1 GO suspension along with PR-patterned Si substrates (𝜆 = 48.64 μm) and fabricated 

scaffolds as presented in Figure 6.5b. With the high-magnification SEM images presented in 

Figure 6.5c,d, we observed the microstructure of the 3D freeze printed aerogels is also manipulated 

with the patterned PR features on the Si substrate. As we observed in the previous cases 

(unidirectional freeze casting using silica and GO-based suspensions), we have seen that due to 

thermal conductivity on the patterned PR features, the pore size (∼15 μm) is much larger than the 

regions without patterned PR features (∼5 μm). 

 Conclusion 

In summary, we used substrates with patterned thermal conductivities to fabricate aerogels 

with designed surface porosities in terms of size and location of the micropores. The patterned 

thermal conductivity was obtained as a replica of PR features on the Si substrates deposited by a 

lithography process. Due to patterned thermal conductivity of the substrates, we obtained a wavy 

temperature profile above the surface, which manipulated the nucleation and growth of the ice 

crystals during the freeze casting process. On the surface of the final aerogels, we observed larger 

ice crystals above the PR surface, while the ice crystals were much smaller above the Si surface. 

The aerogels fabricated through our method exhibited a designed surface micropore morphology, 

in which size and location of the pores can be determined by the user. Our experiments with the 

3D freeze printing method also showed that substrates with varying thermal conductivities can be 

further implemented to a 3D printing processes based on a freeze casting method to fabricate 

aerogels with custom macro and microstructures. We think that by further improving/optimizing 
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thermal conductivity patterns on the substrates, the control on the microstructure morphology on 

the aerogel surface can be extended to 3D. 
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Chapter 7 - Conclusions  

In this dissertation, 3D Freeze Printing Method has been systematically studied for 

realization of functional aerogel where the microstructure as well as the macrostructure of the 

constructs can be precisely engineered. To achieve this goal, a highly customized and open-source 

additive manufacturing setup was designed and developed. Following, an in-situ process 

investigation study was performed using the sophisticated high-speed X-ray imaging facilities of 

the SLAC National Lab at Stanford University. This investigation provided quality information on 

the phase change of the deposited materials at different scales (e.g. single droplets, uniform lines, 

consecutive layers) and how the process parameters affect the final product quality. With the 

obtained information, aerogels based on cellulose nanocrystals and Ti3C2Tx MXene have been 

fabricated. Due to the low melting point of cellulose and high oxidation tendency of MXenes, it 

has always been a great challenge to obtain aerogels with highly irregular geometries with 

overhang features. By using water as a support material that can be removed from the constructs 

by normally applied freeze-drying step, aerogels with overhang features have been achieved, and 

the effects of the microstructure on the physical properties (e.g. mechanical compressibility, 

compressive strength, electrical conductivity) have been investigated. Cellulose nanocrystal 

aerogels have been functionalized by different additives in the ink formulation: Polyamide-

epichlorohydrin resin for cross-linked aerogels to obtain wet stability in applications such as 

biomedical, selective liquid absorption, and etc.; Poly (3,4-ethylenedioxythiophene): poly (styrene 

sulfonate) for providing electrical conductivity for piezoresistive sensing and flexible electronics. 

MXene aerogels already had functionality based on their high electrical conductivities. 3D freeze 

printed MXene aerogels have been evaluated for their piezoresistive sensing capabilities. Further, 

composites based on 3D printed MXene aerogels and Poly(dimethylsiloxane) elastomer have been 
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fabricated, where the elastomer provided a packaging and the aerogel, functionality. Those 

composites showed a great promise for flexible and wearable electronics. Then, all printed 

microsupercapacitor devices based on Ti3C2Tx MXene were fabricated, and the alignment of the 

MXene sheets in the microstructure was precisely engineered to boost the energy storage 

performance. Finally, by creating local thermal gradients, a novel approach was developed to 

achieve a control over the rate of freezing in the freeze casting and 3DFP processes. This method 

allowed realization of aerogels having non-monolithic microstructures where the location of the 

pores having different dimensions can be precisely tuned. Even though the achieved control over 

the porosity remained only in the surface of the aerogels, it is a very promising approach for 

fabricating 3D aerogels that can mimic the structure of the bone for bone tissue engineering 

applications, or having a designed absorption behavior for selective absorption applications.  

Compared to the other 3D printing methods used for fabricating aerogels, 3DFP offers a 

lot in terms of flexibility in design, simultaneous control over the macro and microstructure, and 

enhanced bonding in between adjacent layers. This method also has a great potential to boost the 

range of the materials, which have been a limiting factor in the field of additive manufacturing of 

aerogels due to printability requirements. Introducing novel materials would potentially increase 

the performance in the already existing application or introduce novel applications to the field. 

Especially ceramic and metal based nanomaterials need to be explored for the field since the 

aerogels based on those materials have shown great potential with conventional fabrication 

methods. Another challenge within the field, is the extreme pressure and temperature conditions 

required for the collapse-free drying. This issue is the most important limiting factor staying in 

between the commercialization of the aerogels, and several research groups have been 

investigating the possibilities for ambient condition drying of aerogels.  Nevertheless, those efforts 
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are mostly specific to a certain material, and same approach which works for one material cannot 

be applied for another. Especially for 3D printed aerogel where the fast fabrication of complex and 

accurate constructs based on different materials can be achieved, a systematic drying approach that 

will work for different materials will be greatly appreciated.  
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Appendix A - Supporting Information for Chapter 56 

Figure A.1. a) AFM image of a MXene sheet. b) XRD pattern of the 3D freeze printed MXene 

aerogels. 

 

Figure A.2. Stroboscopic images showing the phases of satellite-free droplet generation 

 

 
  

 

6 Reprinted with permission from "3D Printed MXene Aerogels with Truly 3D Macrostructure and 

Highly Engineered Microstructure for Enhanced Electrical and Electrochemical Performance" by 

Halil Tetik, Jafar Orangi, Guang Yang, Keren Zhao, Shakir Bin Mujib, Gurpreet Singh, Majid 

Beidaghi, and Dong Lin, 2021. Advanced Materials, 34, 2104980. 2021 Wiley-VCH GmbH 
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Figure A.3. Schematics of the MXene synthesis and 3D freeze printing process for fabricating 

truly 3D structures with overhang features 

 

 

Figure A.4. Retention of max stress during 50 loading-unloading cycles up to 10% strain (𝜌 = 

15.69 mg cm−3) 
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Figure A.5. 3D freeze printed super capacitor devices printed on a) paper, b) acetate film, c) glass 

slide, and d) acrylic sheet substrates. 
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Figure A.6. Average dimensions of the line width, finger distance, and height for different 

amount of deposited layers 
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Figure A.7. SEM images showing the ordered microstructure of the 3D printed MSCs. 

 
 

Figure A.8. Geometry of 3D freeze printed MSCs with highly-ordered, anisotropic microstructure. 
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Figure A.9. Inkjet-based printing of a current collector layer which dries in ambient conditions, 

and 3DFP of porous electrode on top of the current collector layer 

 

 

Figure A.10. Macro and microstructure of the MSCs composed of MXene sheets with hybrid 

alignment (horizontal for current collector and vertical for porous electrode). 
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Figure A.11. a) CV curves at 50 mV s−1 and b) EIS tests results of the 3V MSCs printed on paper 

substrate at different bending angles. 

 

 

Figure A.12. CV curves of 3H and 1H-3V MSC devices at 10 mv s-1. 
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Figure A.13. Charge storage mechanism of the MSCs composed of MXene sheets with hybrid 

alignment (horizontal for current collector and vertical for porous electrode). The horizontal 

alignment of the MXene sheets facilitates electron transport, and vertically aligned MXenes 

provide enhanced ion accessibility and fast ion transport. 

 

Figure A.14. Cycling stability of 1V-3H MSC device at 20 mV s-1. Over 90% capacity retention 

of the printed device after 10000 cycles. 
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Figure A.15. Comparison of the areal capacitance performance of the 3D printed pristine MXene 

supercapacitor devices considering the concentration of the used inks. 

 

 

Figure A.16. The EIS test result for the MSC-1V. 
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Table A.1. Comparison of the electrochemical performance of MXene based MSC fabricated with 

different fabrication methods. 

Material Fabrication 

Method 

Electrolyte Test 

Condition 

Performanc

e 

Energy 

Density 

Power 

Density 

Ref. 

Ti3C2Tx Clay-like 

MXene laser 

scribing  

PVA/ 

H2SO4 

- 25 46.6 0.77 [69]  

Ti3C2Tz Template, 

VAF 

3 M 

H2SO4 

10 mV s-1 310 F g-1 NA NA [60]  

Ti3C2Tz 

/rGO 

Self-

assembly, 

VAF 

1 M 

H2SO4 

2 mV s-1 254 F g-1 NA NA [70]  

Ti3C2Tz/r

GO 

VAF, cast 2 M KOH 2 A g-1 154.3 F g-1 NA NA [71]  

Ti3C2Tx/

rGO 

Composite 

aerogel 

PVA/ 

H2SO4 

1 mV s-1 34.6 0.18 2.2 [72]  

Ti3C2Tx/

CNT 

Spray coated 

layer by layer 

1M H2SO4 10 mV s-1 80 - - [73]  

Ti3C2Tx Writing with 

Pen  

PVA/ 

H2SO4 

- 5 - - [74]  

Ti3C2Tx Stamped film PVA/ 

H2SO4 

25  

µA cm-2 

61 0.33 0.76 [65] 

Ti3C2Tz Inkjet  PVA/ 

H2SO4 

4 µA cm-2  12 

mF cm-2 

NA NA [64]  

N- 

Ti3C2Tz 

Screen  PVA/ 

H2SO4 

10 mV s-1 70.1 mF 

cm-2 

NA NA [75]  

Ti3C2Tz/

AgNWs/ 

RuO2.xH

2O  

Screen  PVA/ 

KOH 

1 mV s-1 864.2 

F cm-3 

13.5 

mWh 

cm-3 

48.5 

W cm-3 

[76]  

Ti3C2Tz Extrusion  PVA/ 

H2SO4 

2 mV s-1 1035 

mF cm-2 

51.7 

µWh 

cm-2 

5.7 μW 

cm-2 

[14]  

Ti3C2Tz Extrusion  PVA/ 

H2SO4 

5 µA cm-2  43 

mF cm-2 

0.32 

µWh 

cm-2 

11.4 

mW 

cm-2 

[64]  

Ti3C2Tz/

SWCNT 

Duplex PVA/ 

H3PO4 

25 

µA cm-2  

30.76 mF 

cm-2 

8.37 

μWh 

cm−2 

17.31 

μW 

cm−2 

[77]  

Ti3C2Tx/

CNT 

Printed PVA/ 

H3PO4 

25 

µA cm-2 

30.76 17.31 8.37 [77]  

Ti3C2Tz -

1H-5 

3DFP  PVA/ 

H2SO4 

2 mV s-1 79 

mF cm-2 

3.9 

μWh 

cm−2 

0.05 

mW 

cm−2 

This 

work 

Ti3C2Tz-

2H-1V 

3DFP  PVA/ 

H2SO4 

2 mV s-1 200 F g-1 NA NA This 

work 
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