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As an extraordinarily lightweight and porous functional nanomaterial family, aerogels have attracted
considerable interest in academia and industry in recent decades. Despite the application scopes, the
modest mechanical durability of aerogels makes their processing and operation challenging, in
particular, for situations demanding intricate physical structures. “Bottom-up” additive manufacturing
technology has the potential to address this drawback. Indeed, since the first report of 3D printed
Received 28th September 2020 aerogels in 2015, a new interdisciplinary research area combining aerogel and printing technology has
DOI: 10.1039/c9¢s00757a emerged to push the boundaries of structure and performance, further broadening their application
scope. This review summarizes the state-of-the-art of printed aerogels and presents a comprehensive
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view of their developments in the past 5 years, and highlights the key near- and mid-term challenges.
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1. Introduction

Aerogels typify low-density bulk materials with nanostructured
solid skeletons and open pores. Their skeletal and pore struc-
ture can be regulated at the nanoscale to achieve a number of
extraordinary physical properties, including ultra-low density
and thermal conductivity, ultra-high specific surface area and
ultra-strong adsorption capacity. These properties make aerogels
an ideal material family for a wide range of potential applica-
tions, including energy storage,' catalyst supports,” sensors,’
chemical adsorption,® thermal insulation,® biomedical,’ and
shock absorption,” thereby promoting the development of indus-
tries such as environmental protection,* construction,® chemical,’
aerospace,'® transportation,’ artificial intelligence,'* and
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medicine.® Because of the controllability of the nanostructures,
excellent physical properties, and potential application scopes,
aerogels have attracted increasing interest from both the academic
and industrial communities in the past two decades.

Additive manufacturing, based on a variety of printing
technologies, is considered as one of the pillars of the third
industrial revolution.">"® It is a “bottom-up” manufacturing
process, as opposed to the traditional ‘“top-down” subtractive
strategy.'® Based on the artificial intelligence-aided design of
patterns or three-dimensional (3D) models, it uses software and
numerical control systems to stack metals, polymers, inorganics,
and even medical-grade biomaterials, layer by layer, to create
solid objects through a variety of technologies including inkjet,
extrusion, sintering, melting, photonic curing, and spraying.'® It
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is not limited by mould manufacturing or processing technology,
which simplifies process cycles and reduces material consump-
tion. The technology also allows high manufacturing accuracy to
create complex and fine patterns or structures. These greatly
streamline the conceptto-design-to-manufacturing process,
shortening the production cycle. As a powerful complement to
traditional subtractive manufacturing methods, additive manu-
facturing therefore offers new possibilities in solving traditional
manufacturing challenges.'®"”

The first research combining printing technology and aero-
gel to obtain 3D printed aerogel scaffolds was reported in
2015.'® Since then, the field of printed aerogels has flourished
and now represents an interdisciplinary research area inter-
secting aerogel and additive manufacturing technologies.
There are two simple reasons behind this rapid development.
First, the aerogel preparation method is always a liquid-to-solid
sol-gel process. It can be easily adapted to ink formulation
suitable for printing technologies based on liquid jetting or
slurry extrusion. Second, application-specific shaping of aerogels
is highly challenging as their low density and strength curb
traditional post-machining options. The “bottom-up” printing
technology family readily offers an alternative solution to create
intricate shapes without complicated post-processing. In addi-
tion, current generation formulation and printing technologies
can be tailored to design and manufacture macroporous structures.
Indeed, printed aerogel scaffolds with designed macropores have
been demonstrated to achieve better mass transfer performance
than non-printed aerogels,"”" which is critical to applications
such as energy storage and tissue engineering.'®>*

Based on the current landscape of aerogels using additive
manufacturing technologies, the goal of this review is to
provide a comprehensive overview of this rapidly growing
research area, discussing the state-of-the-art science, technology
and applications. In this review, we first briefly introduce aerogels
and functional printing technology to the readers. Next, in line
with the current understanding and standard practices in the
field, we discuss the ink formulation and pertinent aerogel
chemistry, printing considerations and processes, and various
drying and post-treatment strategies. We then focus on the aerogel
properties and their relevance to a wide range of application
scopes. Finally, we provide a summary of research perspectives,
critical hurdles and research opportunities. We hope that this
review will help researchers in academia and industry to compre-
hensively understand the recent technical advancements and
challenges in the field, and inspire new ideas and research
directions.

2. Aerogels

The word ‘aerogel’ originates from ‘gel’, a 3D solid network
with liquid filled pores, prepared by a sol-gel method. When
the liquid in the pores of the gel is replaced by gas or air, the
resulting light-weight nano-framework structure is called an
aerogel.** ‘Aerogel’ represents a broad description of the structure,
and does not include restrictions on material compositions and
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preparation processes. The International Union of Pure and
Applied Chemistry (IUPAC) defines a gel as a “non-fluid colloidal
network or polymer network that is expanded throughout its
whole volume by a fluid” and an aerogel as a “gel comprised of
a microporous solid in which the dispersed phase is a gas.
Microporous silica, microporous glass, and zeolites are common
examples of aerogels”.”® But this definition is really too broad and
may sometimes cause confusion because it is inappropriately
defined as microporous (<2 nm), and without specific numerical
restrictions to the porosity (the volume fraction of voids over a
total volume). In their Review, Pierre A. C. et al. suggested that
aerogels are dried gels with a very high relative pore volume
(>90%).%° Ziegler C. et al. suggested that an aerogel is a solid
with meso- (2-50 nm) and macropores (> 50 nm) with diameters
up to a few hundred nanometres and a porosity of more than 95%
in which the dispersed phase is a gas.>” At present, the industrial
community generally considers aerogels as “an open-celled,
mesoporous, solid foam that is composed of a network of
interconnected nanostructures and exhibits a porosity of no less
than 50%”.>® However, with the rapid development of porous
structures based on nanomaterials, there is also a recent trend of
describing low-density bulk materials composed of uniformly
dispersed one-dimensional (1D) nanofibres or two-dimensional
(2D) nanosheets (such as graphene nanosheets or metal nano-
wires) as aerogels.” These 1D and 2D material aerogels display
highly porous networks with pore sizes in the range of a few
hundred nanometres to a few micrometres, which is much larger
than mesoporous structures. It can be seen that the above
definitions focus on pore sizes (micro-, meso-, macro-pore) and
porosities (e.g., 50, 90, 95%) but ignore the definition from the
solid skeleton structure. Moreover, there is no uniform standard
applied to these definitions, which may lead to overly strict or
broad scope.

Therefore, to clarify the scope of this review, we feel that it is
necessary to briefly discuss the definition of aerogels, from
both a structural and porosity standpoint. We recommend that
materials that meet both the following statements can be called
aerogels: (i) solids are uniformly dispersed in the whole structure
and are connected through nanostructures (nanoparticles, nano-
fibres, or nanosheets with at least one dimension being <100
nanometres). (ii) The pores formed between the solids are open,
filled with gas, and the porosity is no less than 50%. This
definition covers all the examples discussed in this review.

With this above definition in mind, in this section, we
introduce typical aerogel types, their various physical properties,
and their traditional preparation processes and shaping methods.

2.1 Types of aerogels and their properties

A wide range of materials can be used to fabricate aerogels.
Examples of typical aerogels and their functional applications
are shown in Fig. 1. Aerogels can be classified based on their
chemical composition into oxides, carbon, polymers, biomass,
metals, non-oxide ceramics, semiconductors, etc. Oxide aerogels
such as silica (Si0,),>**" alumina (Al,03),%” zirconia (ZrO,),** and
titania (TiO,),>* are usually prepared by a sol-gel method using
metal alkoxides, nitrates, or chlorides as raw precursors.*® Since

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Typical types and functional applications of aerogels.

oxides typically have high melting points and are not oxidized in
ambient environments, their aerogels usually have good thermal
stability. Carbon-based aerogels mainly include amorphous
carbon (AC),*® as well as various carbon nanostructures such
as carbon nanotubes (CNTs),>° graphene,*® and graphene
oxide (GO).** AC aerogels are generally formed by carbonization
of organic polymer aerogels, while CNTs, graphene, and GO
aerogels are often prepared via colloidal methods using these
nanomaterials as the skeleton building blocks. In general,
carbon-based aerogels are electrically conductive and highly
resistant to acid or alkali corrosion. Organic polymer aerogels
such as resorcinol-formaldehyde (RF),*>** polyimide,** aramid,*
and polybenzoxazine (PBO),"° are usually obtained via polymeriza-
tion of monomers. Some organic polymer aerogels such as
polyimide and aramid exhibit good flexibility. Polymer aerogels,
however, generally have poor thermal stability. Exploiting this,
certain polymer aerogels such as RF are used as precursors for
carbon aerogels via pyrolysis in inert atmospheres. Biomass
aerogels such as silk fibroin,*” nanocellulose,*® chitosan,*® and
alginate®® are usually synthesized from biomass extracted from
creatures and natural materials such as silkworm cocoons, wood
and sea shells as raw materials and through cross-linking reac-
tions. Biomass aerogels generally have very good biodegradabil-
ity and biocompatibility. Metal aerogels such as gold (Au),**
platinum (Pt), silver (Ag), and copper (Cu) are usually made from
their metal nitrates or chlorides via sol-gel chemical gelation
with sodium borohydride as the reducing agent.”*** These
aerogels typically exhibit high catalytic activity and durability.
Some of the metal aerogels with nanowire-structures exhibit
good electrical conductivity and mechanical flexibility.>*”>
Non-oxide ceramic aerogels include nitrides (e.g., boron nitride
(BN),>*® silicon nitride (SizN,),>”), and carbides (e.g., silicon
carbide (SiC)*®), and MXene®® (a 2D carbide and nitride family
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of transition metals (M), where X represents carbon or nitrogen)
aerogels also belong to this group. Non-oxide ceramic aerogels
are always prepared by an aerogel template method via a gas-
solid phase reaction at high temperature,®>>”® or by a colloidal
dispersion method using the corresponding nanomaterials
directly as the building blocks.”® Thanks to the excellent thermal
stability of non-oxide ceramics, these aerogels can usually be
used at higher temperatures than oxide aerogels. Semiconductor
aerogels such as cadmium sulfide (CdS),* zinc sulfide (znS),*"
cadmium selenide (CdSe),**** and cadmium telluride (CdTe),**
are usually fabricated by a colloidal dispersion method, followed
by gelation via destabilization or freeze casting. These aerogels
retain the semiconducting and luminescent nature of the original
materials, while their highly porous structure is beneficial for
improving photocatalysis, photovoltaic and sensing perfor-
mances. Depending on the composition and microstructure,
different types of aerogels may exhibit different properties,
specifically suited to target applications.

2.2 Traditional preparation processes of aerogels

Based on the reaction environment where the nano-skeleton is
created, the preparation methods of aerogels can be categorised
into three major types. The first is a solid phase route that can be
used to prepare perovskite oxide aerogels by solid-state gelation
using carbon as the support.®® This method was first proposed in
2019. The second is the gas phase route with only a few reported
examples, such as CNT aerogels by CVD®*®® or atomic layer
deposition,®® and BN aerogels by template-assisted CVD.””° The
third is the traditional and the most popular liquid phase route;
Fig. 2. This involves creation and aging of sol-gels in solutions,
followed by specific drying methods such as supercritical, freeze,
or ambient drying. We note that for the case of nanoparticle-,
nanofibre- or nanosheet-based aerogels, the primary sol step
may not always be necessary.””””' The most important and
essential processes in the preparation of aerogels are the for-
mation of a gel and its subsequent drying.

2.2.1 Gel preparation process. The formation of the gels
can be divided into two types, one being the classic ‘sol-gel
method’ starting from molecular precursors,”® and the other
being the ‘colloidal dispersion method’ starting from pre-formed
nano-scale materials such as nanoparticles, nanotubes, nano-
wires, and nanosheets.”*

The sol-gel method is generally used to prepare inorganic
oxide,”””* organic,”*””” and chalcogenide’®”® aerogels, and
always uses organic alkoxides,”* metal chlorides,”**° nitrates,**
small organic molecules,”>”® biopolymers,® or prepolymerized
molecules® as the molecular precursor. Depending on the pre-
cursors used, the chemical reactions and gelation mechanisms vary.

The sol-gel chemistry of these aerogels has been compre-
hensively summarized in ref. 26 and 83. A simplified and
generalised discussion on this process can be made for the
most common SiO, aerogels,®® where silicon alkoxides,®>*¢
sodium silicate,®” or prepolymerized siloxanes®* are used as
molecular precursors. Among them, silicon alkoxides Si(OR),
such as tetraethylorthosilicate (TEOS, Si(OCH,CHj3),) and tetra-
methylorthosilicate (TMOS, Si(OCHj3),) are the most widely

Chem. Soc. Rev,, 2021, 50, 3842-3888 | 3845
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Fig. 2 Traditional liquid phase preparation processes and shaping methods
of aerogels.

used.®>®® This is because the hydrolysis and condensation rates

for these materials are slow enough to be independently con-
trolled, allowing for adjustment of the aerogel microstructure to
suit different applications.®® The Si(OR), precursors are usually
dissolved in solvents containing water and alcohol, and are
hydrolyzed by acid (e.g., hydrochloric acid, nitric acid) or base
(e.g., ammonium hydroxide, ammonium chloride) catalysts to
form the molecular structure of Si-OH. The hydroxyl groups are
then dehydrated and condensed to form a bridged Si-O-Si
structure. This reaction process gradually forms nanoparticles
in the solvent, with typical sizes in the range of a few nanometres
to tens of nanometres. In this state, the suspension with
nanoparticles dispersed in solution is called a sol. As the reaction
progresses, the nanoparticles cross-link with each other to form
a 3D networked structure with solvent in the pores, and the sol
loses its fluidity and becomes a gel, like a viscoelastic solid. This
transition from sol to gel is commonly called gelation. The sol-gel
process is essentially a nucleation and growth process.**

3846 | Chem. Soc. Rev,, 2021, 50, 3842-3888
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The colloidal dispersion method skips the molecular step
and directly uses nano-scale materials as the aerogel building
blocks.”””" A wide variety of starting materials have been inves-
tigated, including 0D oxide,* semiconductor chalcogenide,®
and metal nanoparticles,®***°' 1- and quasi 1-D metal
nanowires,” CNTs,>” and cellulose nanofibres,” as well as 2D
graphene sheets,”* and MXene.”® The dispersions of these
nanomaterials can be broadly considered as colloids, either
through steric or charge-stabilisation. Their specific gelation
strategies have been summarized in detail in ref. 71. The 3D
network structure from these materials is formed by physical or
chemical cross-linking. The colloidal dispersion method is not
limited to sol-gel chemical reactions, greatly expanding the types
of aerogels that can be produced. During the preparation of the
gel, the gelation time and density, particle size, pore size and
other performance parameters of the final aerogels can also be
controlled by adjusting a range of process parameters, such as
the concentration of the starting nanomaterial, the type and
concentration of catalysts, as well as processing temperature,
making it a highly adaptable fabrication approach.®

2.2.2 Drying process. For the drying of the wet gel, it is
necessary to reduce the surface tension which otherwise may
shrink or damage the gel structure. There are three main drying
methods: supercritical drying, freeze drying, and ambient
drying, with corresponding phase change processes being
liquid-supercritical fluid-gas, liquid-solid-gas, and liquid-
gas, respectively.

Aerogels were first invented through supercritical drying in
the 1930s.>* Since then, supercritical drying has remained the
most popular drying method for aerogels. Indeed the majority
of today’s industrial production of aerogel thermal insulations
still uses CO, supercritical drying.®> After the 1990s, to reduce
the cost and increase safety, extensive research investigations
have been carried out to introduce ambient drying after solvent
exchange, network strengthening, and surface modification.”®*®
The biggest disadvantage of ambient drying is the large linear
shrinkage of the aerogels, which can reach up to 15-25%.%° It
may even be higher for the case of ultrahigh-porosity gels due to
the weak strength of the gel skeleton.

The earliest freeze drying for aerogels appeared in 1989.%°
However, when it was first introduced to dry oxide aerogels
from alkoxide precursors, formation of cracks usually led to
aerogel powders because of the volume expansion during the
liquid-ice phase change.”* The use of freeze drying therefore
remained very limited. However, since the advent of aerogels
made from 2D materials such as graphene,'® freeze-drying has
become the most commonly used drying method over the last
10 years."! This is especially the case for aerogels with ultralow
densities below 5 mg cm>>>>%1°%71% gince the flexibility of
these 2D material skeletons can endure the expansion of liquid-ice
phase change.

2.2.3 Traditional shaping methods. Thus far aerogels with
different shapes such as microspheres, continuous fibres,
sheets, coatings, and complex parts, have been prepared by a
variety of traditional shaping methods. Aerogel microspheres
can typically be prepared by electrospraying''® or emulsion

This journal is © The Royal Society of Chemistry 2021
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processes.'"" Under mechanical stirring, the sol is mixed with
another liquid which is insoluble with the solvent in the sol.
This forms a microemulsion liquid, resulting in simultaneous
gelation to form gel particles. Continuous aerogel fibres can be
fabricated by traditional wet-spinning technologies for flexible
aerogels such as graphene.">™'* For preparing an aerogel
coating, i.e., thin-film on a substrate, a sol can be deposited
onto a substrate such as a silicon wafer by spin-coating."***"”
Self-supported polymer aerogel sheets can also be prepared by
moulding methods** or roll-to-roll casting."'® For the latter, the
prepared sol and a base film can be passed through double
rolls to compress the sol into a thin sheet on to the base film.
After rapid gelation, the base film can be peeled off and the self-
supporting gel sheet can subsequently be used for supercritical
drying.''® For the preparation of aerogel parts with complex
shapes, traditional moulding methods can be used by pouring
the sol into the cavity of the mould. After subsequent gelation,
the mould can be opened to take out the gel, followed by
supercritical drying.'*® However, in this process, the achievable
aerogel shape complexity is very limited due to mould design
requirements. Indeed, using these traditional methods, if not
impossible, it is highly challenging to create intricate aerogel
structures with complex macropores. And this is where ‘print-
ability’ of aerogels can make a huge impact.

3. Functional printing

Among the existing manufacturing pathways, functional printing
represents a group of technologies that can turn powders,
liquids, or slurries into patterns or 3D shapes, even with complex
geometries. Indeed, functional printing has brought about great
innovations in the field of material processing technologies. In
particular, workpieces or devices can be printed based on 3D
printing, and can be constructed on demand, even with design
modifications promptly and inexpensively.

3.1 Printing technologies for additive manufacturing

Printing is an additive manufacturing process that exemplifies
cost-effective production technologies suitable for either industrial
scale-up or prototyping. This has propelled functional printing to
the forefront of the materials manufacturing revolution. Compared
to the traditional material removal-cutting and assembly proces-
sing mode, printing is a “bottom-up” manufacturing method by
material accumulation, from scratch. It is significantly more
adaptable and potentially less expensive compared to the tradi-
tional moulding method, and offers the production of structurally
complex parts that were not previously possible.

The traditional functional printing technologies are bor-
rowed from graphics printing, and include inkjet, screen, and
roll-to-roll gravure and flexographic printing.'**'*' Among
these, inkjet printing is a non-contact, mask-less, fast, and
low-cost method with excellent design flexibility, and is the
most popular choice for laboratory-scale or high-resolution addi-
tive manufacturing for functional devices."”>'** The drawbacks of
inkjet printing are the throughput, strict ink formulation

This journal is © The Royal Society of Chemistry 2021
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requirements and also, the concentration of functional materials
in the resultant inks. These can be addressed by a wide range of
modern 3D printing technologies, such as binder jetting, directed
energy deposition, material extrusion and jetting, powder bed
fusion, sheet lamination, and vat photopolymerisation.'”"***%”
Although the resolution of 3D printing is often lower when
compared to inkjet printing, the latter has seen rapid development
over the past few years. Indeed, highly versatile printing strategies
have already been demonstrated for metals,'***** polymers,'***?
ceramics,"**™*® inorganics,'**'*® semiconductors,’>" and bio-
materials, as they can be directly or indirectly printed to
form application-specific patterns or 3D shapes.

152,153

3.2 Products and applications enabled by functional printing

Fig. 3 shows a set of examples that can be fabricated by
functional printing technologies. Combining with computer-aided
design, they can be used to manufacture complex patterns,"**'*?
electrodes,"*® hierarchical scaffolds,"**'** intricate load-bearing
parts for heavy construction equipment like excavators,">® concrete
walls,”*® human implants,****>? tissue frameworks,"** and even
soft robots in a single print without assembly."*® Such versatility
directly leads to products that can be applied in diverse areas such

Fig. 3 Examples of objects fabricated by functional printing technology.
(a) Extrusion printed electronics interconnect pattern. Reproduced from
ref. 135. Published by Springer Nature. (b) Screen printed microsuperca-
pacitor. Reproduced with permission from ref. 154. Copyright 2019
WILEY-VCH. (c) Inkjet printed respiration rate sensor. Adapted from
ref. 132. Published by MDPI. (d) Ti-6Al-4V seat buckle produced using
direct metal laser sintering technology. Reproduced with permission from
ref. 156. Copyright 2015 Elsevier Inc. (e) Polymer-derived ceramic parts
fabricated via 3D printing. Reproduced with permission from ref. 148.
Copyright 2018 WILEY-VCH. (f) Polydimethylsiloxane (PDMS) sponge for 3D
water/oil separation by 3D printed template. Reproduced with permission
from ref. 140. Copyright 2018 Elsevier B.V. (g) 3D printed menisci in a knee
model. Adapted with permission from ref. 152. Copyright 2017 American
Chemical Society. (h) 3D printed kidney structure composed of heteroge-
neous tissue parts. Reproduced from ref. 155. Published by Springer Nature.
(i) 3D printed foam and concrete for construction. Adapted with permission
from ref. 150. Copyright 2019 Elsevier B.V.
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as  sensors, energy storage, surgety, tissue
engineering, electronics,”* mechanical parts,"**'>®
mental remediation,'*® automobiles and aerospace,'** and even in
building construction.”**"” In the majority of cases, the printed
products do not require any subsequent processing before use.
Therefore, the design to manufacturing, and to subsequent appli-
cation time is greatly reduced.

The required conditions for printing aerogels are relatively
mild and usually do not involve very high temperatures. There-
fore, the most commonly used printing technologies for aerogels
are inkjet and screen printing for patterned thin-films, and
photopolymerization, extrusion-based printing, and 3D printed
templates for 3D scaffolds or complex shapes. In addition, inkjet

printing can also be used to fabricate aerogel microspheres.

153,155 environ-

3.3 Benefits of printing compared to other aerogel shaping
methods

Regardless of the fabrication techniques, aerogels are usually
fragile due to their low solid content and nano-skeleton archi-
tecture. Compared to traditional aerogel shaping methods, the
“bottom-up” additive manufacturing of functional printing
methods for aerogels has some unique advantages. Table 1 lists
a comparison between the reported aerogel printing techniques
and the traditional aerogel shaping methods to create micro-
spheres, fibres, supported and self-supported thin-films,
complex geometries, and 3D scaffolds.

Aerogel microspheres or microparticles can traditionally be
prepared using several schemes, including emulsion-gela-
tion,"""'%® Stober,'*'®° spraying or electrospraying,''®'*'%* and
supercritical fluid'®*'®* methods. The diameters of the micro-
spheres in these strategies are primarily controlled by either
chemical reaction, applied voltage, or stirring and air flow rate.
However, in practice, the batch-to-batch reproducibility in this
approach is very challenging. There are various ways to limit these
variations in the synthesis conditions. For example, if rotary
stirring is used to synthesize aerogel particles, the size of the
droplets deposited into the emulsion can be controlled through
the precision nozzle of the inkjet printing, allowing synthesis of
highly monodisperse microspheres.

On the other hand, traditional freeze- or wet-spinning
technologies can be exploited to fabricate aerogel fibres.'®®
These methods can usually be used for flexible aerogels only,
such as those made with graphene,">™"** GO,"® cellulose,"*”"°

View Article Online
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and polyimide.'®® Filaments can be fabricated using a 3D
extrusion method, which is somewhat similar to the traditional
spinning techniques. However, the added advantage here is
that the filaments can be directly printed onto the substrate to
form a device,'"”! without worrying about the mechanical
robustness of the aerogel, or its transfer and integration on to
the target substrate.

Substrate supported thin-films of aerogels can be prepared
by the traditional spin coating,"**™'” dip coating,"’>'”* and
spray’’*'”> methods. However, these methods can hardly be
used to create patterns without masks or stencils. Inkjet or
screen printing can offer significant advantages here. First, they
would allow creation of aerogels with specific patterns. Second,
the thickness of the resultant coating could be better adjusted
through ink formulation and/or printing parameters.

Self-supported aerogel thin-films can be conventionally pre-
pared using roll-to-roll casting methods.'"® The obtained aerogel
film can then be additionally processed into the desired patterns,
for example, by cutting. On the other hand, 3D printing offers
the distinct advantage of direct patterning of self-supported thin-
films, without the loss of any material.

Complex aerogel parts can be traditionally fabricated by
pouring the sol into a mould,'* which, after gelation, is
supercritically dried. The bulk aerogel may additionally require
mechanical cutting or milling. This process, involving multiple
steps, can only create structures with limited complexity. In
contrast, 3D printing does not require a mould and can create
significantly more complex structures. Additionally, due to the
use of a computer aided approach, it is straightforward to
modify the design of the aerogel shapes, significantly simplifying
prototyping or production of specialised parts.

Similarly, 3D aerogel scaffolds cannot be realized through
traditional shaping methods without using templates. On the
other hand, from digital scaffold designs, 3D printing methods
such as stereolithography (SLA),>* extrusion,'”® or sacrificial 3D
printed mould'”” can be used to create 3D aerogel scaffolds with
fine structures. As before, the adaptability in the design and
adjustment of the channels, pore types, and porosity offers an
added advantage. These can in turn be used to adjust the
physicochemical properties of the scaffolds such as adsorption,
mass transfer, and electrical conductivity for specific applications.

Fragile aerogels are very challenging to shape using tradi-
tional moulding and processing methods, especially in the

Table 1 Advantages of printing compared with other shaping methods for aerogels

Shape of aerogel Traditional shaping method Printing method

Advantages via printing

Microsphere Emulsion-gelation, St6ber, spraying,
supercritical fluid
Fibre Spinning Extrusion 3D printing

Supported thin- Spin-, dip-coating, spray

film
Self-supported  Casting 3D printing
thin-film
Complex part  Moulding 3D printing
3D scaffold —

3D printed mould
3848 | Chem. Soc. Rev,, 2021, 50, 3842-3888

Inkjet printing with spinning

Inkjet, screen printing

Extrusion 3D printing or sacrificed

Simple control in diameter and good repeatability
No requirements on fibre’s flexibility, can directly
form a device

Easy access to patterns

Easy access to patterns

Without mould

Complex structure easily available, good controllability
of macrostructure size

This journal is © The Royal Society of Chemistry 2021
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micron scale. In the majority of cases, the functional printing
methods can enable designing and shaping of aerogels on tens
to hundreds of micron scale, addressing a critical shortcoming
of the traditional sol-gel and mechanical processing methods.
The controllability of the nanostructures through aerogel
chemistry, and the macrostructural construction offered by
various printing methods enables adaptability and precise
control over aerogel designs from nanometre to centimetre
scale. This significantly shortens, simplifies and improves the
processes from basic chemicals or nanomaterials to useful
device components, while reducing the production cost. In
the next section, we discuss the processing and chemistry of
printed aerogels in terms of ink preparation, drying, and post-
treatment.

4. Printing technology for aerogels

Printed aerogels were first reported in 2015, realized by
extrusion-based 3D printing of GO-based inks. Since then,
printing of a wide variety of aerogels, including of graphene,'”®
Si0,,"”° RF polymer,'®® carbon,' cellulose,'®" metal,> semi-
conductor,'®* and g-C3N,"®* have been reported. The technologies
that have thus far been used to print aerogels include inkjet for
microspheres,'® inkjet and screen for substrate-bound thin-
films,'®>'% and photopolymerization (light-based printing),**
extrusion'®® and sacrificial template'’” for 3D form factors. Sim-
plified printing mechanisms of these technologies for aerogels are
summarized in Fig. 4.

The fabrication processes of the printed aerogels involve
several steps: mixing of raw materials into highly consistent
fluids with appropriate rheology/physical characteristics (i.e.,
formulation of functional ink), extrusion/printing, drying, and
additional post curing processes such as pyrolysis or etching.
Among them, the last two steps can be borrowed from conven-
tional aerogel preparation processes, and therefore, are not
particularly challenging to implement. Conversely, the first two
steps, ink formulation and printing, face a range of technical
difficulties and challenges. This is primarily due to the require-
ments of the specific printing technologies used, which can
affect printing quality and feature resolution.

Based on the processes involved in printing of aerogels, the
relevant technical characteristics and classifications are summarized
in Fig. 5. In the following, we introduce them and related
research progress in accordance with the sequence in Fig. 5.

4.1 Ink preparation processes and chemistry for printed
aerogels

The word “ink” usually refers to a liquid or paste with suitable
viscosity and rheological properties, specifically for inkjet, screen,
certain types of 3D extrusion, or photopolymerization printers.
Depending on the printing technique, a functional ink is usually
composed of the active material, additives (e.g., binders and
surfactants), and solvents. The matching of ink rheological proper-
ties specific to printing methods determines their printability.'®”
These rheological properties as well as the microstructure and
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Fig. 4 Commonly employed printing technologies for aerogels: inkjet
printing for microspheres, inkjet and screen printing for patterned thin-films
and extrusion, light-based printing, or 3D printed templates for 3D aerogel
structures.

final characteristics of the printed aerogels can be controlled by
the process parameters in the ink preparation process, such as the
ink composition, raw material morphology, and formulation.
Based on different gelation principles in inks, we divide the
discussion in this section into molecule-derived and
nanomaterial-derived pathways. The chemical reaction processes
follow the traditional sol-gel method which we will not repeat
here. For this, we refer interested readers to ref. 188. In this review,
we will mainly focus on the chemical reaction limitations caused
by the printing requirements, as well as raw materials and
reactions that may be specifically tailored for printing.

4.1.1 Ink’s rheological property requirements for printing.
Printing is the flow and transfer process of a liquid ink. When
the liquid is forced to flow, an internal friction force that
hinders the relative movement between the liquid molecules
is generated due to the cohesive forces between them. The term
viscosity is the measure of this internal friction force, i.e., the
ability of a liquid to resist shear deformation. The viscosity is
usually characterized by the ratio of shear stress to shear rate.
It is related to the ink concentration, substance type, and
temperature.'%°

Shear stresses in fluids may show a linear or nonlinear
relationship with the increase in shear rates, that is, the
viscosity may remain constant or vary with increasing shear
rate. Based on this, fluids can be divided into Newtonian and

Chem. Soc. Rev,, 2021, 50, 3842-3888 | 3849
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Fig. 5 Relevant technical considerations for aerogel printing.

non-Newtonian types.'®® Fig. 6a shows the variation of shear
stress with shear rate for various fluids.*®! As shown, the shear
stress of a Newtonian fluid increases linearly with increasing
shear rate (thus the viscosity remains constant, Fig. 6b).""!
Newtonian fluids can therefore flow under a small external
force. Liquids close to this ideal state, such as water, solvents,
and mineral oil, are generally considered to be Newtonian
fluids for practical calculations at standard conditions.

The viscosity of non-Newtonian fluids is variable, and based on
their decrease or increase with increasing shear rate, they can be
classified into shear-thinning (pseudoplastic) and shear-
thickening (dilatant) fluids (Fig. 6b)."*° Shear-thinning behaviour
of fluids is very important for the printing process. It ensures
smooth flow of ink under a driving force during printing. Addi-
tionally, these fluids can maintain a certain level of self-support to
retain the printed shape or pattern after the driving force is
withdrawn. Polymer solutions, melts, and greases are generally
shear-thinning fluids. In contrast to the shear-thinning fluids, the
viscosity of the shear-thickening fluid increases with increasing
shear rate. When at rest, it can gradually restore the state where it
‘flows’ easily. Aqueous solutions of potassium silicate and gum
arabic are typical examples of shear-thickening fluids.

In addition to viscosity, viscoelasticity also plays an impor-
tant role in the printability of inks."®> The storage modulus (G)
and loss modulus (G”) characterize the ink’s elasticity and
viscous properties, respectively. The storage modulus, also

3850 | Chem. Soc. Rev,, 2021, 50, 3842-3888

known as elastic modulus, refers to the amount of elastic
(reversible) energy stored by deformation and reflects the
elasticity of a material. The loss modulus, also known as the
viscous modulus, refers to the amount of energy lost due to
viscous deformation (irreversible). The ratio of the plateau
values of the storage modulus to the loss modulus (G'/G")
reflects the viscoelasticity of the material. When the storage
modulus is much greater than the loss modulus (G’ > G”), the
material mainly undergoes elastic deformation, indicating that
the substance is closer to a solid state. On the other hand, when
G' « @, the material mainly undergoes viscous deformation,
indicating that the substance is closer to a liquid state. When
the storage and loss modulus are comparable, the material is in
a semi-solid state. A gel is a typical semi-solid substance. The
stress where the storage modulus begins to decrease with
increasing shear stress, is called yield stress; Fig. 6c. This
indicates the applied stress required to make the substance
flow with irreversible plastic deformation."®® The point at G’ =
G" is the transition point from solid-like to liquid-like state. For
high viscosity printing such as screen and extrusion-based
techniques, there needs to be a balance between G’ and
G".** A high-enough magnitude of G’ and G” (the value at
the plateau region in Fig. 6¢),"** and a suitable yield stress**'>
are important for effective printability of the ink in these cases.

In inkjet printing, viscosity and surface tension greatly
affects the formation of ink droplets. The ejection behaviour

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Newtonian and non-Newtonian fluids with (a) shear stress and
(b) viscosity as a function of shear rate. (c) Typical storage (G’) and loss (G”)
modulus of shear-thinning non-Newtonian fluid as a function of shear
stress. (d) Expected ink viscosity and G'/G” ranges suitable for different
printing methods, data collected from ref. 120, 192, 201 and 203.

of such droplets from printing nozzle can be characterized by Z,

which is the inverse of the dimensionless Ohnesorge (Oh)

number:**®

1)

Among them, #, y, and p are the viscosity, surface tension,
and density of the ink, respectively, and a is the diameter of the
nozzle. Through numerical simulation, it has been proposed
that 1 < Z < 10 is considered suitable for inkjet printing for
stable drop formation.'®” However, although this proposed
range facilitates reliable jetting, it is not very strict. For example,
it has been shown through experiments that 1 < Z < 14 is
sufficient to satisfy drop-on-demand (where individual droplets
are ejected through the nozzles for each electrical actuating
signal) inkjet printing."”*?% When Z < 1, the fluid is too
viscous. This may cause the tail of the droplets to be elongated
and drawn, or even failure of droplet formation. When Z > 14,
the viscosity is so small that the droplets are easily broken,
forming satellite droplets (secondary droplets), or sputtering
after coming in contact with the substrate, reducing the print
reliability and resolution. Compared to screen printing, the inks
used for inkjet printing have a much lower viscosity, generally in
the range of 4 to 30 mPa s,"****" which is similar to that of water
at 20 °C (1.0016 mPa s).””* The G'/G" for inkjet printing is
typically in the range of 0.74 to 2 to allow for reliable printing
(Fig. 6d).>%

Screen printing uses a squeegee to scrape the ink from one
end toward the other of the screen mesh, forcing the ink to
penetrate through the pre-made holes to form a graphic printed

This journal is © The Royal Society of Chemistry 2021
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on the substrate.'*?

A suitably high viscosity with shear thin-
ning behaviour is needed to retain the transferred patterns on
the substrate before the inks are ‘cured’. Too low viscosity may
reduce the clarity of the printed graphics, while inks with too
high viscosity with poor shear thinning property are difficult to
transfer through the patterned openings in the screen mesh.***
The viscosity and the G'/G” of screen printing inks are generally
in the range of 1 x 10° to 1 x 10" mPa s"*>**! and 0.8 to 1.7
(Fig. 6d),"** respectively.

3D printable inks must have high viscosity to ensure that the
printed structure is self-supporting, i.e., the extruded filaments
do not collapse, or disperse after the applied shear force is
withdrawn. In addition, as above, the inks must also have
shear-thinning rheological properties. When the ink flows
through the extrusion nozzle (usually with a diameter of tens
to hundreds of microns) under pressure, the viscosity must be
thinned to be low enough to prevent nozzle clogging and
ensure continuous filament extrusion. Generally, the viscosities
and the G'/G" of 3D printing inks are in the range of 6 x 10° to
5 x 10° mPa s and >3.4 (Fig. 6d),"®”**® respectively. Besides
high viscosity and high G'/G”, high modulus in the plateau
region and high yield stress are also required for extrusion-
based 3D printing to prevent collapse of the printed object due
to gravity and the pressure imposed by the extrusion nozzle.'*®

Light curing-based printing, whether it is a top-down system
of SLA or a bottom-up projection system of digital light proces-
sing (DLP), requires the light-curing resins to quickly flow back
into the gap formed after the workpiece is moved for the
construction and light-curing of the subsequent layer. Hence,
the requirement for the viscosities of the light curing resins is
as low as possible to effectively and quickly backfill.***

4.1.2 Molecule-derived gel inks. The molecule-derived gel
inks that have been developed thus far have focused on printing
SiO,-based,'”%1842057208 RE 19180 an( alginate aerogels.>*® The
printing methods compatible with these inks mainly include
inkjet,'#*2% light-induced-cross-linking 3D,?*>°” and extrusion
3D printing."”'”>'% Table 2 shows selected examples of
molecule-derived gel inks printed using these methods.

As discussed above, inkjet printing generally requires the
ink to have low viscosity for reliable ejection of ink droplets
from the nozzle. On the other hand, 3D extrusion-based printing
requires the ink to have a relatively high viscosity to ensure that
the printed filaments are self-supporting to retain their structure
before curing."*

The traditional molecule-derived sols always have a low
viscosity and can be directly used for inkjet printing without
any special modification of the sol formulation. For example,
SiO, sol, prepared by a traditional two-step acid-base process,
has directly been used for inkjet printing to prepare SiO,
aerogel microspheres.’®® Similarly, alginate gel microspheres
have been successfully demonstrated by inkjet printing aqueous
solution of alginic acid sodium salt into calcium chloride (CaCl,)
aqueous solution. The concentrations that are feasible for inkjet
printing are 0.25-0.35 wt%. If it is > 0.4 wt%, the viscosity is too
high for printing as it results in high Reynolds and Ohnesorge
number of the fluid, or even clogged nozzles.””

Chem. Soc. Rev., 2021, 50, 3842-3338 | 3851
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Table 2 Examples of molecule-derived gel inks for printing aerogels
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Composition Shape of Printing Drying

of aerogel product Main raw material method method Application Ref.
SiO, Microsphere TEOS, isopropyl alcohol Inkjet Ambient — 184
Sio, 3D complex object Dynasylan 40, SiO, aerogel particle, PPGNH, 3D extrusion Supercritical Thermal insulation 179

1-pentanol
SiO,-silk fibroin 3D grid

Silkworm cocoons, TMOS, trimethoxysilane

3D extrusion Supercritical Thermal insulation 207

SiO,-polymer  Letter pattern TEOS, TMSM, ethanol-water Photo-cure  Supercritical — 205 and 208
SiO,-polymer 3D complex TEOS, APTMS, 2,4,6-trimethylbenzoyl-diphenyl- 3D DLP Ambient Optical devices 206
structure phosphineoxide, ethanol-water
Alginate Microsphere Alginic acid sodium salt, salbutamol sulphate, Inkjet Supercritical Drug delivery 209
calcium chloride dihydrate
RF 3D microlattice ~ Resorcinol, formaldehyde, Na,COj;, water 3D extrusion Supercritical Cell support 180
Carbon 3D scaffold Resorcinol, formaldehyde, hydroxypropyl 3D extrusion Supercritical Electrode 19

methyl cellulose, fumed SiO,

On the other hand, it is challenging to create 3D structures
through printing from molecule-derived SiO, or RF inks. This is
because the inks themselves are not viscous enough to be self-
supporting.'®® Two strategies have been proposed to overcome
this. The first is to add certain additives to increase the viscosity
to retain the shape of the printed structure after 3D extrusion.
In one method, SiO, aerogel particles and poly(propylene
glycol) bis(2-aminopropyl ether) (PPGNH) have been used to
increase the viscosity of ethyl silicate-derived SiO, sol."”® In
another example, silk fibroin has been introduced into tradi-
tional SiO, sol to increase the viscosity and create crosslinks
between SiO, and silk fibroin (Fig. 7a).>®” Hydroxypropyl methyl
cellulose and fumed SiO, have also been added into traditional
RF sols to achieve increased viscosity and the required shear-
thinning behaviour."

The second strategy involves the introduction of a photo-
curable polymer (usually a chemical containing one or more
acrylate groups),>'° which cures under light and induces a rapid
gelation. The gel can then be printed using a digital light
processing printer.°® It is also necessary to ensure that the
silicon source can be chemically connected with the photocurable
polymer such that the final network structure contains a Si-O
structure and not just the photo-cured resin. Common photo-
curable polymers that have been used for this are trimethoxysi-
lylpropyl methacrylate (TMSM)**** and 3-acryloxypropyl trime-
thoxysilane (APTMS).>®® An example preparation of the photo-
curable ink and the relevant chemical reaction is shown in
Fig. 7b. Condensation can occur between Si-OH groups while
the free-radical polymerization can take place between acrylate
groups under the irradiation of light, resulting in a 3D cross-
linked structure to form a gel containing SiO,.

There have only been a handful of demonstrations of
printed aerogels from the traditional molecule-derived gel ink
method. A large number of oxide (such as Al,03, ZrO,) and
organic (such as polyimide, melamine) aerogels that can be
prepared by traditional sol-gel methods remain unexplored.
This is primarily because the sol-gel processes for these aerogels
are more challenging to control, for example, due to quick
precipitation or gelation of sols, leaving little manoeuvrability
for stable enough ink formulation for printing. However, the
traditional molecule-derived sol-gel method is still the most
effective way to tune the pore sizes in the nanoscale. Therefore,

3852 | Chem. Soc. Rev, 2021, 50, 3842-3888

significant research opportunities in combining 3D printing and
molecule-derived sol-gels exist.

4.1.3 Nanomaterial-based inks. Nanomaterial-based inks
mainly refer to formulations prepared with nanomaterials as
the starting material. In this case, the skeleton of the resultant
aerogels is defined by the assembly of the nanomaterials
themselves, rather than structures grown from the molecules.
Based on the shape of the starting nanomaterials, this can be
broadly categorized into three key areas: 0D nanoparticles, 1D
nanofibres (including nanotubes and nanowires), and 2D
nanosheets. The ink preparation process for these inks for
printed aerogels is broadly similar to the other ink preparation
methods. The difference is that when formulating inks, not
only the printability but also the solid concentration and the
self-assembly method to control the resultant nanostructure
(for example the nanopore size and porosity) must be considered
for optimum performance. Below we discuss various aspects of
ink formulation of these materials for printed aerogels.

0D Nanoparticle-based inks. Table 3 shows typical examples
of 0D nanoparticle-based inks for printed aerogels. These
materials are mostly used for inkjet and screen printing. The
reported 0D structures include SiO, aerogels,*'* milled carbon
aerogels,>'>*"® magnesium oxide (MgO)-TiO, aerogels,'®
various oxide (zinc oxide (ZnO), cupric oxide, indium oxide, TiO,,
and tin oxide)*"* and semiconducting (CdSe/CdS) nanoparticles.'®>

When aerogels are used for ink formulation, to ensure
forming a homogeneous mixture, they are usually dispersed
by ultrasonic agitation with the aid of surfactants or polymers
in the ink solvent.'#>>'%2**

In addition to the above examples, for SLA 3D printing,
amorphous SiO, nanopowders have also been demonstrated as
the SiO, source to synthesize porous SiO, after thermal treat-
ment at 600 °C.>"

and

1D nanofibre-based inks. Table 4 shows selected examples of
1D nanofibre-based inks for printed aerogels. These are pri-
marily based on CNTs,*'® metal,>**!” and oxide®'” nanowires,
nanocellulose,?**??> and aramid fibres.”*® The key printing
methods used are 3D extrusion printing'”®'®! or SLA.??

Nanocelluloses are a family of nanomaterials derived from wood
pulp.”** To date, cellulose nanofibrils (CNFs)**>'7%216:218,222,225-228
and cellulose nanocrystals (CNCs)'5'?20222229 haye been used to

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Schematic diagram of the SiO,-based ink preparation process and associated chemical reaction. (a) SiO,—silk fibroin sol for 3D extrusion printing.
Adapted with permission from ref. 207. Copyright 2018 American Chemical Society. (b) SiO,-photocurable polymer sol for 3D digital light printing.
Adapted with permission from ref. 206. Copyright 2018 American Chemical Society.

formulate inks for printed aerogels. CNF gels have high visc-
osity and shear-thinning properties as they are bonded together
by strong hydrogen bonds.>'®??® After mixing with water, the
gels can be used directly as a 3D printable ink. After printing,
placing the CNF gels in a CaCl, bath can promote cross-linking
and increase mechanical strength.””” CNCs are smaller in
length compared to CNFs and as a result, have inferior self-

Table 3 Examples of 0D nanoparticle-based inks for printing aerogels

supporting properties. Therefore, cross-linking additives are
usually required for CNC inks to improve the printability and
stability after printing.'® A common cross-linking additive
for this is polyamide-epichlorohydrin (Kymene)."”®'8" Aramid
nanofibre-based inks have been developed by using commercial
Kevlar fibres as a raw material, dissolving in potassium hydroxide
(KOH)-contained dimethyl sulfoxide (DMSO), and then forming a

Composition Shape of Printing

of product product Main raw material method Drying method Application Ref.

Sio, Pattern SiO, aerogel, DISPERBYK-2012, PVP-k30 binder, Inkjet =~ Ambient Thermal insulation 211
1,5-pentadiol humectant, water

PEDOT:PSS- Layer =~ PEDOT:PSS ink, activated carbon aerogel Inkjet Ambient Actuators 212 and 213

carbon

MgO-TiO, Layer =~ MgO-TiO, aerogel, EVA, p-xylene Screen Ambient Solar cell 185

Metal oxides Layer  Metal oxide nanoparticles, ethylene glycol, Inkjet Ambient Electronics 214
water

CdSe/CdS Layer Cadmium oxide, tri-noctylphosphine oxide, Inkjet Ambient or Photo- 182
tri-noctylphosphine, H,0, supercritical electrochemical

This journal is © The Royal Society of Chemistry 2021
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Table 4 Examples of 1D nanofibre-based inks for printing aerogels
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Composition of Printing Drying
product Shape of product Main raw material method method Application Ref.
CNC 3D complex structure CNC, Kymene, water 3D extrusion Freeze Tissue engineering 181
CNF 3D complex structure CNF, Kymene, water 3D extrusion Freeze Tissue engineering 176
CNF/alginate 3D construct CNF, alginate, CaCl,, water 3D extrusion Freeze Wound dressing 225
CNF/alginate 3D grid CNF, alginate, CaCl,, water 3D extrusion Ambient Energy storage, humidity sensors 226
CNF 3D complex structure CNF, water, CaCl, bath 3D extrusion Freeze — 227
CNF 3D scaffold CNF, water 3D extrusion Freeze Tissue engineering 230
Carbon-Li, Carbon- 3D anode/cathode Wood pulp, LiFePO, powder 3D extrusion Freeze Lithium metal battery 218
LiFePO,
Cellulose 3D scaffold Pulp, NMMO 3D extrusion Freeze — 219
CNC 3D complex structure CNC, xyloglucan 3D extrusion Freeze Thermal insulators 220
CNC/SA/gelatin 3D scaffold Cellulose, sodium alginate, 3D extrusion Freeze Tissue regeneration 221
gelatin
CNC/Au/PAM 3D pattern CNC, Au, AAm, MBAA, water 3D extrusion Supercritical Plasmonic metamaterial 229
CNF 3D scaffold CNF, water 3D extrusion Freeze TENG 228
Aramid 3D grid Aramid, KOH, DMSO 3D extrusion Supercritical Thermoresponsive architecture 223
Ag 3D architecture Ag nanowire Inkjet Freeze Electronic 54
Ag, MnO,, ZnO 3D self-support architecture AgNWs, GO, Ti;C,Ty, ZONWs, 3D extrusion Freeze UV sensor, micro- 217
MONWSs, CNT supercapacitor
PEGDA/CNF 3D scaffold PEGDA, eosin Y, CNF SLA Freeze Tissue engineering 22
CNT/GO/CNF 3D all-in-one architecture =~ CNF, GO, CNT, water 3D extrusion Freeze Evaporator 216

dispersion of aramid nanofibres.*>*** This ink with 2 wt% con-
centration exhibits enough viscosity and storage modulus for 3D
extrusion printing to fabricate aramid aerogels.*®

Other 1D structures that have been investigated for printing
aerogels include CNTs,?*® as well as Ag,>**'” MnO,,*"” and ZnO
*'7 The challenge in printing these aerogels is that
they usually have fewer chemically active sites compared to
those in amorphous nanoparticles, making it often challenging
to formulate inks with suitable properties. To address this,
a small amount of 2D materials could be used as cross-linking
agents to form bridges between nanowires and improve the
overall viscosity and printability of the nanowire inks.*'” Such
cross-linking ability of GO or MXene with the nanowires has
already been confirmed. Indeed, a small amount (0.67 vol%) of
GO can greatly improve the printability of Ag, MnO,, and ZnO
nanowire inks.*"’

nanowires.

2D nanosheet-based inks. One of the most exciting develop-
ments in the printed aerogels field was the demonstration of 3D
printing of 2D GO inks and their annealing to form graphene
aerogel scaffolds in 2015."® Since then, the published literature
reports related to the printing of 2D nanosheet-based aerogels
have significantly outnumbered those on O0D- or 1D-
nanomaterial-based aerogels. Table 5 shows selected examples
of 2D nanosheet-based inks for printed aerogels. The 2D materi-
als that have thus far been used include graphene,'”#?3123
GO,'841:109.233238 a5d o-C;N, nanosheets,'® the former two
being the most common examples. The printing methods
involved are primarily extrusion-based.'’’86:231:233,239.240 )
addition, drop-on-demand inkjet,'**?3%241:242 projection micro-
SLA (PmSLA) 3D printing,****** and 3D printed templates**>**®
have also been used. The other constituents of the ink formula-
tions for 2D nanosheets are solvents, and additives such as
surfactants, crosslinkers, or thickeners, in which, water and
organic solvents are primarily used. To increase the viscosity

3854 | Chem. Soc. Rev.,, 2021, 50, 3842-3888

21,237

and printability, hydroxypropyl methylcellulose (HPMC),
fumed SiO, powder,"®*° RF sol,'® methyl cellulose,*” ascorbic
acid,'®” polyaniline,**® sodium alginate,>*° etc. have been used as
cross-linkers, gelators, or thickeners. However, the surfactants or
thickeners used in the inks usually need subsequent removal
through post-treatment processes such as washing, acid etching
or pyrolysis.

It is apparent from Table 5 and the above discussion that the
most commonly used 2D material for printed aerogels is graphene.
Even though several other 2D materials such as hexagonal BN
(h-BN),**° MXene,*>'*® and molybdenum disulphide (MoS,) have
recently been investigated,”>*>"*** there exists a huge opportunity
for fundamental research and application development for other
2D material printed aerogels.

4.2 Printing processes

Based on the shape and dimension of the intended macro-
scopic aerogel objects, printing methods can be grouped into
three categories: microsphere, thin-film/pattern, and 3D archi-
tecture. This section discusses the ink requirements for these
materials, which vary between the printing methods and the
technologies used.

4.2.1 Printing aerogel microspheres. Wet spinning is a
traditional method that can be used to synthesize aerogel beads
using dropwise extrusion, usually by injecting the aqueous
precursors through a syringe into a rotating coagulation bath
containing the catalyst.*>>**"2% The diameters of these beads are
relatively large, and can reach millimetre range. The syringes
used in wet spinning can be replaced with an inkjet printer. In
general, the nozzle diameter of an inkjet printer can be as small
as 10-30 pum, and the volume of a single ink droplet ejected each
time is usually 1-20 pL."*! In this case, combining with the
control over ink formulation, it is possible to obtain micron or
submicron aerogel microspheres. Indeed, based on molecule-
derived inks, inkjet printing has been exploited for the

This journal is © The Royal Society of Chemistry 2021
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Table 5 Examples of 2D nanosheet-based inks for printing aerogels
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Composition of Printing Drying
product Shape of product Main raw material method method Application Ref.
PDMS/graphene 3D sensor GO, PDMS, PVA, THF 3D extrusion Freeze Tactile sensor 240
Graphene 3D microlattice GO, fumed SiO,, resorcinol, 3D extrusion Supercritical — 18
formaldehyde
Graphene 3D microlattice Graphene, GO, fumed SiO,, RF 3D extrusion  Supercritical Supercapacitor 20
Graphene 3D truss architecture GO, water Inkjet Freeze Strain sensor 109
Graphene 3D monolith GO, water 3D extrusion Freeze — 256
Graphene Pattern GO, water 3D extrusion Freeze Strain sensor 171
Graphene 3D lattice GO, EDA, water Inkjet Freeze Sodium metal anode 238
Graphene 3D pattern Phenol, camphene, graphene, rGO, 3D extrusion Sublimation Supercapacitors 178
CNT
Graphene/Cu 3D electrode Cu, graphene, Pluronic F127 3D extrusion Freeze Supercapacitors 231
Graphene Pattern GO, water 3D extrusion Freeze Wearable sensor 235
PPy-graphene 3D microlattice GO, Pluronic F127, PPy 3D extrusion Freeze Supercapacitors 234
Graphene 3D scaffold GO, water 3D extrusion Freeze Pressure sensor 107
Graphene-carbon Micro-electrode Carbon sphere, GO 3D template  Freeze Micro- 246
supercapacitor
Graphene 3D scaffold Graphite 3D extrusion Freeze — 257
Graphene-CNT 3D lattice GO, CaCl,, CNT 3D extrusion Freeze Strain sensor 258
Graphene-polymer 3D lattice GO, CaCl,, polycaprolactone 3D extrusion Freeze Fuse, micro- 236
oscillator
Graphene 3D electrode GO, water 3D extrusion Freeze Supercapacitor 233
Graphene 3D web Graphite, water 3D extrusion Freeze Tactile sensor 259
MnO,/graphene 3D scaffold GO, HPMC 3D extrusion Freeze Supercapacitor 21
MnO,/graphene 3D electrode GO, KMnOy, HCI Inkjet Freeze Supercapacitor 241
ZnV,0@C03V,04/ 3D microlattice V,0s, Co(Ac),-4H,0, Zn(CH;CO0),- 3D extrusion Vacuum Supercapacitor 260
graphene 6H,0,
NH,VO;, GO
Graphene 3D scaffold Graphene, EGB, DBP, PVB, ET 3D extrusion Ambient Sensor 232
Graphene 3D lattice GO, EDA 3D template  Freeze Sensor 243
Graphene 3D honeycomb GO, water 3D template  Freeze Stretchable display 245
Graphene-LiFePO,, 3D electrode GO, LiFePOy, Li Ti50;,, Al,O; 3D extrusion Freeze Lithium-ion battery 261
-Li,TisO4,
Polyaniline/r-GO 3D electrode Graphite, polyaniline, NMP 3D extrusion — Supercapacitor 248
Graphene 3D lattice LiClO,, propylene carbonate, GO 3D extrusion — Supercapacitor 262
GO 3D microlattice GO, CaCl, 3D extrusion Freeze Supercapacitor 41
GO 3D electrode Graphite 3D extrusion Freeze Microsupercapacitor 263
Graphene 3D complex Graphite, Ag NPs, CNT, MoS, 3D extrusion Freeze Microsupercapacitor 186
architecture
Graphene 3D truss architecture GO, acrylic photopolymers, 3D PmSLA Supercritical Energy storage 244
BisA-EDMA, or
PEGDA700 freeze
Graphene 3D lattice GO, HPMC, water 3D extrusion Freeze Supercapacitor 237
Nig 33C00.665,/graphene 3D architecture Sodium alginate, GO, 3D extrusion Freeze Energy storage 249
Nig.33C00.66(OH)2-xH,0
MoS,-Graphene 3D electrode Ammonium thiomolybdate, GO Inkjet Freeze Sodium-ion battery 242
Graphene-CeZrLa oxide 3D catalytic reactors CeZrLa, CeZrLa/GO 3D extrusion Ambient Nanocatalyst 247
nanocomposites
2-C3N,-sodium alginate 3D patterned 2-C;3N,, Pluronic F127, sodium 3D extrusion  Supercritical Solar wastewater 183
membrane alginate remediation
Graphene 3D scaffold Graphene, DNa, PEG, PEI, water 3D extrusion Ambient Energy storage 239
r-GO 3D framework GO, NazV,(P0O,);, water 3D extrusion Freeze Sodium-ion battery 264

preparation of SiO,

184 and alginate

209

aerogel microspheres. An

dimensions. As long as the viscosity and the surface tension of

example of inkjet printing for aerogel microsphere fabrication is
shown in Fig. 8. In this case, the authors used a commercial inkjet
printer to print SiO, alcosol suspensions into a vegetable oil bath
containing a base catalyst.'®* The sol microdroplets then become
gels whose diameters can be controlled from 0.1 to 4 pm range.
Using a similar method, alginate aerogel microspheres have been
produced with a particle-size distribution of 23.8 + 4.5 pm.**
Compared to the previous emulsion-gelation''""**® or dropwise
10233255 methods, inkjet printing of aerogel micro-
spheres holds two advantages. First, it is a widely applicable and
versatile technique, allowing precise control over microsphere

extrusion

This journal is © The Royal Society of Chemistry 2021

the ink are kept to a suitably low range, inkjet printing can be used
reliably. Although printings of only SiO, and alginate aerogels
have thus far been reported, we believe that other aerogel types
can also be printed using this method in the near future. Second,
due to the nature of the inkjet printing nozzle, the controllability
of drop volume ensures small and highly repeatable microsphere
diameter. This is not possible using the conventional dropwise
extrusion approach.

4.2.2 Printing aerogel thin-films or patterns. The inherent
structural weakness of aerogels arising from nanostructured
connections makes it challenging to pattern them using

Chem. Soc. Rev,, 2021, 50, 3842-3888 | 3855
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Fig. 8 Inkjet printing process of SiO, aerogel microspheres. Adapted with
permission from ref. 184. Copyright 2015 Elsevier B.V.

Morphology of aerogel
microspheres

traditional preparation methods. Recent advances in printing
aerogel thin-films or patterns using inkjet and screen printing
now enable direct deposition of the desired pattern and thick-
ness of aerogels on a wide variety of target substrates.

Inkjet printing. The aerogel microspheres in the above sec-
tion are very special application examples of the inkjet printing
method. The prevalent application of graphics and functional
inkjet lies in creating thin-film patterns of pigments or func-
tional materials on a wide variety of substrates, including
paper, glass, and silicon wafer.

When inkjet printing sols or inks in a membrane, the
gelation process usually occurs in the ambient atmosphere,
and is accompanied by a process of volatilization and shrinkage
of the sols. Therefore, it is challenging to control the gelation
rate of the inks and the structural shape and integrity of the
printed aerogels. Thus far, printings of Si0,,*'' carbon,”** and
semiconductor'®® aerogel films or patterns have been demon-
strated from 0D nanoparticle-based inks. For example, using an
ink formulation with activated carbon aerogel (ACA) nanoparticles,
solvent, and conductive poly(3,4-ethylenedioxythiophene) (PEDOT)
binders, layers of porous conductive composites have been
directly printed on a membrane using a drop-on-demand inkjet
printer.”™® This particular printing process does not involve
a chemical reaction. The use of binder allows for uniform
patterning, with good control over the thickness per print
repetition.

For sols or inks that are gelled by chemical reactions, it is
challenging to keep a low enough and stable viscosity to achieve
a suitable Z value for reliable drop on demand inkjet printing.
To address this, a gelation approach via inkjet printing has
been developed by simultaneously printing a semiconductor
CdSe/CdS nanorod ink in one cartridge and a destabilization
agent H,0, in another,'®” in a commercial colour inkjet printer;
Fig. 9a. When printing, the two inks are mixed with a user-
specified ratio, and an oxidation reaction of the surface ligands

3856 | Chem. Soc. Rev, 2021, 50, 3842-3888
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Fig. 9 (a) Schematic of inkjet printing of semiconductor nanoparticle-
based aerogels on conducting electrodes. (b) SEM images of the cross-
section view of different printing cycles. Adapted with permission from
ref. 182. Copyright 2019 WILEY-VCH.

initiated to assemble the nanoparticle network to form gels.
As in ref. 213, the thickness of the printed aerogel patterns can
be increased with print repetitions; Fig. 9b. Very importantly,
this gelation method can be extended to other aerogels from
molecule-derived inks where the mixing of two components is
carried out during printing. For example, the traditional two-
step process of acid-base catalysed SiO, gel can be tailored
such that the pre-polymerized acid-catalyzed SiO, sol precursor
is loaded in one ink cartridge and the base catalyst in another.
This approach can also address concerns on suitable ink
viscosities and ink storage.

Screen printing. Screen printing can be used to create patterns
on a wide variety of substrates on a large scale. The thickness of
printed film can be controlled in the range of 10 to 100 pm,"**
making it useful for printing solar cells,*®® fuel cells,'®> and
electronic devices."”" Using screen printable inks of aerogel
microparticles mixed with binders offers a particularly versatile
route towards aerogel thin-film. For example, to improve the
photovoltaic performance, TiO, and MgO-doped TiO, aerogel
encapsulated with ethylene vinyl acetate (EVA) coatings can be
screen-printed on silicon solar cells (Fig. 10)."® In this work, the
aerogel particles with concentrations of 0.2-0.8 mg mL ™" are well
distributed as micron-sized blocks within the 9 pm thick coating.
A concentration of 15 wt% of EVA, a common binder for screen
printable inks, provides the necessary viscosity and strength of
the printed film.

4.2.3 Printing 3D architecture aerogels. Compared with
aerogel microspheres and 2D patterns, most examples of
printed aerogels involve aerogels with 3D architectures. Indeed,
it has been one of the most popular fields in aerogel research.
There are three main types of 3D printing methods that have
thus far been developed for aerogels: light-based printing, 3D
extrusion printing, and 3D printed templating (Table 6). This
section discusses these printing methods.

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (a) Screen printing process for MgO-TiO, aerogel particles onto the surface of a mono-Si solar cell. (b) SEM image of MgO-doped TiO, aerogel. (c)

Cross-section SEM image of a solar cell after coating with EVA/MgO-TiO,. Adapted with permission from ref. 185. Copyright 2018 John Wiley & Sons, Ltd.

Light-based printing. Based on photopolymerization, there
are two main types of light-based 3D printing: SLA and DLP.>"°

SLA printing technology uses an ultraviolet laser as the light
source. A lens system is used to control the scanning of the
laser spot on the top surface of the liquid resin. When this layer
is photopolymerized by the laser, the sample holding platform
drops a certain distance (usually in the range of 25 to 100 pm).>*°
The cured layer therefore is immersed in liquid resin, and the
surface of the liquid resin is scanned and photopolymerized
again to create the subsequent layer. This process is repeated
until a complete 3D structure is obtained.

DLP printing technology first uses the slicing software to cut
the model into slices, and uses a projector to project the sliced
image, usually from the bottom of a transparent container into
the photocurable resin pool, so that photopolymerization
occurs in a very thin resin layer. The sample holding platform
then moves up by one layer’s distance, and the projector
projects the next sliced image and cures the layer. The cycle
continues until a 3D printed object is created.

The differences between these two technologies are: The
light source of SLA is a laser while for DLP it is a projector. Also,
the resin curing of SLA is from spot to line, and then line to

Table 6 3D printing processes for aerogels categorized by curing or gelation methods

Curing or
gelation
methods Description Advantages Disadvantages
Light-based  Using photo-curable resin to cure layer by layer to Compatible with traditional Precursor sols must be compatible with
printing form a 3D structure by ultraviolet or visible light in molecule-derived sols. photo-curable resins, initiators, etc.
the presence of a photoinitiator. Printing aerogel
accuracy: 10 pm.>**
Usually short curing time and The solution needs to be transparent to the
relatively high efficiency. light.
High printing accuracy.
Extrusion- Preparing the ink with appropriate viscosity firstly, Various shapes printable. Requirements for specific ink viscosity.

based printing and form the required 3D structure layer by layer by
means of nozzle extrusion. Printing aerogel
accuracy: 100-400 pm.'>¢°

Suitable for non-molecular-based

inks.

Low equipment cost.

3D printed
templating

Using 3D printed resin as a template or mould.
After injecting sol, the template is removed by

dissolution or pyrolysis to form a 3D structure.
Aerogel size accuracy: 200 pm.**?

No special requirements for

Suitable for traditional molecule-
derived sols.

Need some curing measures.

Diameter of nozzles always above 100
microns, print accuracy is not fine enough.
Inefficient for mass printing.

Limited to the fluidity of sol or ink, fine
structure is difficult to achieve.

Need to remove template.
Limited to low viscosity sols or inks.

sol control.

This journal is © The Royal Society of Chemistry 2021
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layer and eventually to object. On the other hand, for DLP, it is
from layer to object.

For printing aerogels, light-based 3D printing methods
always use a mixture of photo-curable resin and a pre-
polymerized sol as precursors. In the presence of a photoini-
tiator, light with a specific wavelength and intensity is used to
focus on the surface of the mixture, to complete the curing/
drawing operation. The main challenge is the development of a
photocurable resin that has a (i) short curing time to shorten
the printing time, and (ii) low enough viscosity to ensure quick
reflowing and filling so that the next layer can be printed.***

For traditional SLA or DLP printing of polymers, the inks are
always composed of a photocurable resin (monomers and
oligomers) and a photoinitiator. However, light-based 3D print-
ing of molecule-derived oxide aerogels poses additional chal-
lenges. Taking SiO, aerogel as an example, polymerization of
the photocurable resin alone without that of photocurable SiO,
precursor can lead to discontinuous chemical structures or
even print failure. It is therefore important to introduce a
hybrid SiO, precursor containing siloxane groups (Si-O-R)
and acrylate groups, which can support both the hydrolysis-
polycondensation reaction and photopolymerization reaction.
Two such hybrid precursors, TMSM>>*°® and APTMS,*°® have
been demonstrated for successful printing of SiO, sols. The
typical molecular structure and chemical reaction for APTMS
when used as a hybrid precursor are shown in Fig. 7b.°° The
light wavelengths that are used to initiate the photopolymerization
are either in the visible green (1 = 532 nm),**>*°® or UV (/. = 385 or
405 nm) region.>**?*® In the first demonstration of printed
aerogels by SLA in 2015, 3D letter-shaped aerogels were fabri-
cated using a template with hollow letters as a mask (Fig. 11a-c).”*
The light-induced instantaneous gelation spreads and completes
within a few seconds in the entire illuminated area. It is
suggested that the rapid gelation is due to the polymerization
that releases heat and increases the local temperature, accelerating
the gelation without any direct heating from the laser beam. In
2018, SiO, aerogels with a 3D complex shape (Fig. 11d-f) were
fabricated through light-based printing®®® using a commercial DLP
3D printer. In this demonstration, each gel layer with a thickness of
200-400 um can be completely cured within 2-5 s.

In addition to the above, direct production of aerogel-
polymer composites can also be realised using light-based
printing. By adjusting the catalysts, the siloxane groups of the
hybrid precursors can be hydrolysed-condensed first to form a
gel. The gel can be then exposed to a laser in a hexagonal
pattern to completely penetrate the entire gel, initiating photo-
polymerization reaction to form a polymer.”®® After solvent
exchange and supercritical drying, a SiO, aerogel composite,
composed of an in situ formed honeycomb wall of polymer
(which is exposed to the laser) and hexagonal aerogel filler can
be obtained (Fig. 11g-i).2°¢

Besides molecule-derived SiO, aerogels, PmSLA has also
been used to print 3D GO and polyethylene glycol diacrylate
(PEGDA)/CNF aerogels.”>*** For the GO aerogels,”** the authors
used GO flakes with photocurable acrylates (bisphenol A ethoxylate
dimethacrylate, and PEGDA) and photoinitiator. This reported

3858 | Chem. Soc. Rev., 2021, 50, 3842-3888

View Article Online

Review Article

(a) (c)
Few second-2 min
Laser (A=532 nm)

Fig. 11 Schematic diagrams and photographs of light-based 3D printing
processes for SiO, aerogels. (a) Schematic diagram of a laser-based printing
process with a mask, (b) wet-gel letters, and (c) dried aerogel letter “V". (a-c)
Adapted from ref. 205 with permission from the Royal Society of Chemistry.
(d) Schematic diagram of a DLP printing process, (e) wet 3D gel after
DLP printing, and (f) dried 3D aerogel structure after solvent removal.
(d—f) Reproduced with permission from ref. 206. Copyright 2018
American Chemical Society. (g) Schematic diagram of the setup
used to fabricate a honeycomb pattern of cross-linked aerogel,
(h) digital photo of the alcogel, and (i) dried honeycomb aerogel
composite. (g—i) Adapted with permission from ref. 266. Copyright
2018 American Chemical Society.

PmSLA technique (Fig. 12) can achieve a resolution down to
10 um to form more intricate structures than previously reported
methods.***

Extrusion-based printing. Extrusion-based 3D printing of
aerogels can be achieved by automated movement of extrusion
nozzles which have a typical inner diameter of several hundred
microns. Extrusion can be enabled by pneumatic pressure via
air-powered fluid dispensers, with the air pressure and the
writing speed being the key parameters for successful 3D
printing. For aerogel printing, extrusion-based 3D printing is
the most versatile method. It can be widely used in both
molecule-derived and nanomaterial-based inks, as long as the
rheology of the inks is adjusted to a suitable range.

The resolution of the printed structures largely depends
on the movement precision of the nozzle or the sample
holding platform. For extrusion-based 3D printing, the main
challenges are: (i) to achieve uniform dispersion of each
component in the ink,"®*?%?3%2% (ij) to adjust the rheological
properties of the ink not only with shear-thinning behaviour
for reliable extrusion, but also with enough viscoelasticity
to self-support and retain the shape immediately after
printing,'®186:231:232,240.249 andq (iji) to control/maintain the
nanostructures of the gels through adjustment of chemical
compositions on the basis of meeting the rheological requirements
for printing."

This journal is © The Royal Society of Chemistry 2021
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Fig. 12 Fabrication of PmSLA printed graphene aerogels using photo-activated GO resin. (a) Schematic illustration of a synthesis process of micro-
architectured graphene (MAG). (b) and (c) SEM images of crosslinked GO particle (XGO)-derived MAG. Adapted from ref. 244 with permission from the

Royal Society of Chemistry.

Based on the curing method, extrusion-based 3D printing
can be divided into three categories: (i) Direct ink writing
without curing or additive agent. For this, the ink consists of
nano-materials and solvents only. No curing agent or additive is
included. This ink usually has a high enough viscosity. (ii)
Gelation or thickening with cross-linking or gelating agent
which increases the ink viscosity, allowing it to self-support
and maintain the printed shape after the deposition. (iii) Curing
by freeze-casting. In this strategy, cooling is applied to solidify
the printed slurry immediately after deposition, stopping the
liquid flow to maintain the printed shape. Selected examples of
the print parameters for extrusion-based 3D printed aerogels are
summarized in Table 7. Below we discuss these abovementioned
extrusion strategies in more detail.

(i) For direct ink writing without curing or additive agent, it
is possible to reach the desired rheological properties through
direct mixing of nanomaterials with solvents. This is typically
achieved by exploiting the hydrogen bonding interaction on the
surface of the nanomaterials. This ink can be printed directly in
the air at room temperature. The deposited material can support
itself and retain the printed shape without additional curing
measures (Fig. 13). Using a single or multiple nanomaterial, such
as graphene,””’ % GO-,>'0?%32%62%3 and CNF-based,””**° and a
mix of 1D nanofibre and 2D nanosheet materials, inks have been
formulated without any additives. These inks have been demon-
strated to be directly 3D-printable for aerogel fabrication.

The printability of these inks largely depends on the solid
content which governs their rheological properties. For GO
aqueous inks from exfoliated layers, <5 mg mL™' concentration
is generally unsuitable for 3D extrusion printing due to low
viscosity.'® Experimentally, the demonstrated concentration
range of such dispersions to be printable is in the range of
5 to 50 mg mL~*.23%?36239263 ¢ avoid the use of a large amount
of solvent or surfactants prevalent in the conventional liquid
phase exfoliation method of 2D materials,>*’>* and maintain
the stability of high-concentration graphene inks against sedi-
mentation, an alkaline solution with a pH of 14 was used.>*’ This

This journal is © The Royal Society of Chemistry 2021

increased the viscosity of the slurry by two orders of magnitude
compared to that with a pH of 7. Using this strategy, the authors
could maintain a slurry concentration of up to 50 mg mL™" for a
prolonged period.”*”

The obvious advantage of this additive-free ink is that it does
not require any subsequent impurity removal process. However,
the disadvantage that comes with this approach is that the
viscosity of the ink is primarily determined by the concentration
of the nanomaterials. This limits the manoeuvrability with
material concentration and performance adjustment of the
resultant structure, such as the density, mechanical strength,
and electrical or thermal conductivity.

(ii) Ink viscosity can be better adjusted through gelation or
thickening with other cross-linking or gelating agents. This
adaptability allows the printing of a wider range of aerogel
types, in particular, those that are difficult to extrude, such as
molecule-derived Si0,"”**°” and RF sol'® with low-viscosity, or 1D
nanofibre CNCs"®' and metal nanowires*'” with a low number of
reactive sites. Based on whether the additive chemically reacts
with the original sol or ink, these additives can be further divided
into three types: cross-linker, gelation catalyst, and thickener.

Chemical cross-linking agents form stable covalent bonds
with the precursor or nanomaterials through chemical reactions,
thereby increasing the viscosity of the sol or ink and the
mechanical strength of the gel after printing. Generally, the
formed chemical structure is retained in the final aerogel, and
becomes a part of the aerogel’s 3D network. Examples of cross-
linking agents include silk fibroin biopolymers,>*®” RF,'®
Kymene,"’*'®" acrylamide (AAm) and N,N’-methylenebis-(acry-
lamide) (MBAA) with post-printing UV-gelation.?*° Examples of
aerogels printed using these agents include $i0,,>”” GO,
CNC,'81%2° and CNF.'7°

The gelation catalyst mainly changes the electric double
layer balance of the system by catalysing the reaction or
adjusting the pH value, so that the system undergoes cross-
linking for gel curing. Although after this process most of the
gelation catalysts generally remain in the pore solvent, a small

Chem. Soc. Rev., 2021, 50, 3842-3888 | 3859


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cs00757a

Open Access Article. Published on 01 February 2021. Downloaded on 3/8/2026 6:01:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Table 7 Printing parameters for extrusion-based 3D printed aerogels
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Nozzle Moving
Curing or gelation Concentration Viscosity Printing diameters speed
methods Main composition of the inks mg mL ™" Pa s Substrate  environment pm mm s~ Ref.
Direct ink writing GO + water 5-25 — — Air 200 3.5 235
without curing or GO + water 17.5-50 2 x 10>-2 x 10* Glass Air 108-210 1-8 263
additives Graphene + water 80-230 8 x 10° — Air 200-600 — 257
GO + water 15 — PET Air 200 — 259
GO + water 20 — PET Air 200 — 171
Large GO + water 20 1.4 x 10* — Air 400 10 256
CNT/GO, GO/CNF + water 180, 90 3 x10° — Air 305 — 216
CNF + water 5-21 1 x 10°-2 x 10° Plastic Air 410-840 5-12 230
CNF + water, CaCl, bath 20 2.7 x 10° Glass Air 300 5 227
Cross-linking or  SiO, sol, aerogel particle, — 1 x 10°-2 x 10° Glass Air 100-1190 12-18.4 179
gelating agent or PPGNH + 1-pentanol
thickening Si0,-SF sol + water 112, 126 — Silicone Air 838 10 207
RF, Na,CO; + water 164 6 x 10* — Air 410 30-150 180
RF, cellulose, SiO, + water 349 2 x 10* Glass Isooctane 100-400 3 19
CNC, Kymene, + water 118-300 — — Air 200-500 2 181
Ag nanowire, GO + water 187.5 8 x 10* PET Air 110-500 4-10 217
GO, fumed SiO, + water 156.7 2.3 x 10° Silicon Isooctane 250 — 18
Polyaniline, GO + NMP/water 17.6-20.9 6 x 10°-3 x 10 Polystyrene Air 400-600 — 248
T-CNF, Kymene + water 28.6 6 x 10° — Air 800 10 176
CNF, alginate, CaCl, + water 10-14 5 x 10*-3 x 10° Glass Air 580 2 225
CNF, alginate, CaCl,, water 19.5 — — Air 410 — 226
GO, EDA + water 10 — — Air — Inkjet 238
GO, CaCl, + water 20.1 1 x 10° Glass Air 100-400 4-10 41
GO, CaCl, + water 20 — Glass Air 250 4-6 236
CNT/GO, CaCl, + water 10 8 x 10* Glass Air 250 4-6 258
GO, ascorbic acid + water — 7 x 10° Glass Air 400 4-20 107
GO, GNP, SiO,, RF + water 284.6 2.4 x 10° Silicon Isooctane 250 — 20
GO, HPMC + water 90 — Glass Air 400 3 21
GO, HPMC + water 90 — Glass Air 400 5 237
GNP, EGB, DBP, PVB + ethanol 200 1 x 10° — Air 300-500 5-15 232
GO, HMPC, Pluronic F127, 40 1 x 10° — Air 250 — 234
(NH,4),CO; + water
CeZrLa/GO, methyl cellulose + water — — — Air 400-800 33 247
GO, NCOH, SA + water 50 4 x 10* — Air — 5 249
Graphene, Pluronic F127, Cu + water 25-60 — Graphite Air 100-1000 6-12 231
Graphene, DNa, PEG, PEI + water 366 5 x 10° Al,O5 Air 400 — 239
CNF, Cellulose + water 112.5 2 x 10°-6 x 10° PET Air 840 228
CNC, Au, AAm, MBAA + water 254 — Glass Air 500 1.6 229
g-C3Ny, Au, SA + water 90 3 x 10* Glass Glycerol-CaCl, 50-80 3-6 183
Freezing Graphene, rGO, CNT + Phenol or 2-100 — — Air 159 178
camphene
Cellulose, NMMO + water 50 — — Air 413 — 219
CNC, xyloglucan + water 40 30-2000 Cu plate —3°Cto1°C 838 3 220
Aramid, KOH + DMSO 20 1 x 10°-4 x 10> Cold plate —10 °C 330 14 223
Ag nanowire, PVA + water 10 — Cold plate —30 °C 120 Inkjet 54
GO + water 10 — Cold plate —25 °C — Inkjet 109
GO + water — — Cold plate —25 °C — Inkjet 241
ATM, GO + water 46 — Nickel foam —30 °C — Inkjet 242

amount still exists in the solid skeleton of the gel network.
Subsequent processes such as washing or drying can remove it.
For example, when printing GO-based inks, a trace amount
(15 mmol L") of calcium chloride can be used as a gelation
catalyst,*>**?%® increasing the storage modulus from 3500 Pa to
60000 Pa and the yield stress from 40 Pa to 160 Pa, improving
the printability and self-supporting property of the ink.*!
Thickeners, also known as viscosifiers, usually have high
molecular weights (organic) or high surface area (inorganic),
and can be used to increase the viscosity or storage modulus,
and thus the printability of these inks. Generally, they do not
chemically react with the gel network and only change the
physical properties of the ink. A range of organic (such as

3860 | Chem. Soc. Rev., 2021, 50, 3842-3888

hydroxypropyl methyl cellulose,"*"**” PPGNH,"”® and methyl
cellulose®"’) or inorganic materials (including fumed Si0,"*>°
and nanoclay®>’®) have been used as thickeners. In particular,
fumed SiO, has been used to prepare GO-'® and RF-based
inks"® for extrusion 3D printing. Adding ~ 10 wt% SiO, to the
inks could increase the storage modulus and yield stress by an
order of magnitude,'® improving the extrusion printability of
the inks. We note that the thickeners used in this example
remain in the gel network skeleton. Subsequent steps such
as high-temperature annealing or etching are required to
remove them.

Recently, based on a similar method, a breakthrough on
printing pure SiO,, polymer-reinforced SiO,, or SiO,-MnO,

This journal is © The Royal Society of Chemistry 2021
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Fig. 13 (a) Schematic illustration of 3D printing of a graphene-based
aerogel electrode. (b) Photographs of as-prepared G/ZnV,0s@Co03V,0g
aerogel. (c) SEM image. (d—h) Corresponding EDS mapping images. Adapted
with permission from ref. 260. Copyright 2019 WILEY-VCH.

aerogel objects was achieved."”® The authors demonstrated 3D
extrusion of hybrid molecule-(ethyl silicate) and nanomaterial-
derived (SiO, aerogels) inks, coupled with an ammonia vapour
post-treatment (Fig. 14),"”° followed by solvent exchange and
drying to solidify the printed structures. Here, SiO, aerogel
introduced to the ink formulation not only acts as a thickener
in the ink, but also as the skeleton in the final printed structure.

. SiO, aerogel particles 0 MnO, spheres

(b)
—

4 ‘3 ‘R:“!’

I

J‘J Si0, colloids
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(iii) For the case of freeze casting, the printing is carried out
on a plate or environment at a temperature lower than the
freezing point of the ink solvent. This ensures that the printed
material is rapidly cooled and solidified immediately after
deposition to retain the original shape. In addition to the
conventional extrusion,'”®>'%?>%??3 31y drop-on-demand inkjet
printing can also be combined with freeze-curing,>*'°%**1>4>
where overhanging structures using a multi-nozzle system can
be achieved. For this, water can be loaded in one of the nozzles
to print “blank” ice as a temporary support.'®® This strategy can
also be divided into low-temperature- and room temperature
freeze-curing.

For the case of low-temperature freeze-curing, water is used as
the ink solvent (Fig. 15). The temperature of the cold plate is
generally set from —30 °C to —25 °C when using 3D drop-on-
demand inkjet printing.>**°**1**> The newly deposited droplets
make successive thin layers at the top of the previously printed
layer, which usually melts and re-solidifies. Therefore, the dif-
ferent layers adhere well with each other without creating an
interface. Using this method, graphene,'® MnO,-graphene,*'
MoS,-graphene,>*> and Ag nanowire®® 3D aerogels have been
printed on ice supports or Cu plates. DMSO has also been used
as the solvent for aramid nanofibre-based inks. Since the freezing
temperature of DMSO (18.5 °C) is higher than that of water, the
cold plate can be set at —10 °C to ensure fast-enough casting.”**
When 3D printing CNC aerogels by the extrusion method,**° the
ambient temperature can be set between —3 °C and 1 °C. This
temperature ensures that the top two printed layers do not freeze,
ensuring good adhesion between all the printed layers.

Superecritical

Gelation CO, drying

“ﬁ\}i\\\‘h
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Y YY)
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Fig. 14 Extrusion-printed pure SiO, or SiO,—-MnO, aerogels from inks with thickeners. (a) Schematic diagram of the 3D printing process, (b) 3D printed
lotus flower of SiO, gel using 38 layers. Photographs of the hydrogel (c) before solidification, (d) after ammonia-vapour-induced gelation and (e) after
drying. Reproduced with permission from ref. 179. Copyright 2020 Springer Nature.

This journal is © The Royal Society of Chemistry 2021

Chem. Soc. Rev,, 2021, 50, 3842-3888 | 3861


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cs00757a

Open Access Article. Published on 01 February 2021. Downloaded on 3/8/2026 6:01:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

1 — Nozzle
2 — Deposited GO ink
3—Cold Si

graphen
aerogel

5mm

Fig. 15 3D printing of GO-based gels and CNC gels cured by the low
temperature freezing method. (a) 3D printing setup of GO-based gels. (b)
3D printed ice support. (c) 3D printed GO suspension. (d) Immersed
printed ice structure into liquid nitrogen. (e) Freeze drying. (f) 3D ultralight
graphene aerogel obtained by thermal reduction. (a—f) Reproduced with
permission from ref. 109. Copyright 2016 WILEY-VCH. (g) Schematic
illustration of the printing setup of CNC gels on a cold Cu plate, (h)
photograph of the printing process, and (i) the final CNC aerogel. (g—i)
Reproduced from ref. 220. Published by MDPI.

A simple room temperature freeze-curing method was first
reported to fabricate printed aerogels,'”® using solvents that are
solid at room temperature, have a high vapor pressure and are
prone to sublimation at room temperature. Solvents such as
phenol or camphene can be used, where they can be mixed with
graphene above their melting temperature (for example, 50—
60 °C), and be extruded in the air (Fig. 16). The ink solidifies as
it cools to room temperature. Using a similar principle, cellulose/
N-methylmorpholine-N-oxide (NMMO) ink at 70 °C could be 3D
printed through extrusion, to obtain self-supported 3D cellulose
gel.219

The advantage of a freeze-curing method is that because the
viscosity is not taken into account, even low viscous Newtonian
inks can be 3D printed. This allows printing of ultra-low concen-
tration inks (for examples, <10 mg mL ' or even as low as
2 mg mL~")’*'%'78 for ultra-low density 3D printed materials,
with densities as low as 0.5 mg cm™* for 3D graphene aerogel'®
and 1.3 mg cm™® for 3D Ag nanowire aerogel.’* On the other
hand, because of low viscosity, retaining dimensional stability
and size accuracy is challenging when using this method.

Aerogels from a 3D printed template. The 3D printed template
method uses one of the polymer 3D printing technologies

3862 | Chem. Soc. Rev, 2021, 50, 3842-3888
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Fig. 16 Printed graphene aerogels prepared by room temperature freeze
gelation (RTFG). (a) Schematic illustration of the RTFG process. (b) Photo-
graph of a three-layer thick graphene aerogel using phenol as a solvent.
SEM images of graphene aerogels produced (c) in phenol and (d) in
camphene. Reproduced from ref. 178. Published by WILEY-VCH.

(e.g., SLA) to first print out a 3D polymer mould, leaving the
desired aerogel volume empty with connected channels. Sols
are then injected into the mould and after gelation, the mould
is removed before or after drying, to finally obtain a 3D aerogel.
There are two basic requirements for this method: the template
should be removable without damaging the structure of the gel
or aerogel; the viscosity of the sol is low enough for its complete
filling into the tiny channels of the template.

The 3D printing templates that have been reported thus far
include hollow polymer architectures by mask-image-projection-
based SLA techniques,*** honeycomb pillar arrays by 3D printing
using an acrylonitrile butadiene styrene ink,>*> and hollow
mould of high impact polystyrene in an inverse gyroid shape
printed by a fused filament fabrication method."”” The sols or
inks that have been demonstrated to fill the templates are
traditional polyimide sol,'”” GO/ethylenediamine (EDA) ink,**?
and GO/i-ascorbic acid,*** which are all liquids with enough
fluidity to ensure complete filling. After gelation and drying, the
polymer templates could be removed either by demoulding,>*’
high temperature pyrolysis,>** or solvent dissolution,'”” to obtain
3D aerogels””?***?** with complex shapes (Fig. 17). Depending
on the resolution of the 3D polymer template, the wall thickness
of the GO-based aerogel can be as thin as 250 um.**

The advantage of this method is that it can be applied to
almost all the traditional sols used in the preparation of
aerogels. This is unlike SLA which is only applicable to limited
types of aerogels or extrusion printing with limitations in
structure and narrow operating time window determined by
the fluidity and cross-linking reaction."”” Furthermore, this 3D

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cs00757a

Open Access Article. Published on 01 February 2021. Downloaded on 3/8/2026 6:01:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

HPA/GLs

Casting of sol Sol-gel transition

Pr|nted-gyr0|d mold %)

Superecritical drying

Solvent exchange

Fig. 17 Fabrication process steps for (a—d) 3D graphene aerogel lattice
and (e—j) polyimide aerogel by means of a 3D printed template. (a)
Schematic diagram of using a 3D printed polymer mould to fabricate a
graphene aerogel lattice through thermal etching. (b and c) SEM images of
porous microstructures within the graphene aerogel lattice. (d) SEM image
of the multilayer graphene cellular wall with typical wrinkled morphology.
(a—d) Reproduced with permission from ref. 243. Copyright 2018 American
Chemical Society. (e) Printed gyroid mould for the fabrication of polyimide
aerogel, (f) cast sol in mould, (g) sol-gel transition, (h) mould removal
process, (i) solvent exchange, and (j) supercritical drying. (e—j) Adapted with
permission from ref. 177. Copyright 2019 American Chemical Society.

printed template method can produce more complex structures
with desirable resolutions.

4.3 Drying methods

When fabricating a 3D printed aerogel, the next step after
printing a static, well-defined gel is ‘drying’. This is a very
important stage that determines whether a low-density nano-
porous aerogel can be obtained. This is because conventional
drying in ambient air usually exerts high capillary tension,
which destroys the skeleton and induces large volume shrinkage,
producing only cracked fragments or dense bulk material. This
section discusses the phase change mechanism during drying,
the rules for successful drying of aerogels, and three commonly
used drying methods.

4.3.1 Rules for successful drying of aerogels. The liquid in
the pores of the gel must be replaced with a gas to obtain
aerogel. The aim here is to maintain the sizes of the skeleton
and pores after this process. If an attempt is made to dry the gel
directly in the air by raising the temperature, the magnitude of

This journal is © The Royal Society of Chemistry 2021
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hydrostatic pressure due to capillary forces (Fig. 18a) arising

from the surface tension can be expressed as>”*

2ycos b
pe =00 @)

’
where p; is the capillary stress, y is the surface tension of the
liquid, 0 is the contact angle of the liquid with the pore wall,
and r is the radius of the pore.

If the drying process is conducted at atmospheric pressure
with pore sizes in the nanometre range, it can be calculated
from eqn (2) that the skeletons would experience oblique pull-
ing stresses of ~10 MPa (for a typical aquagel with hydrophilic
skeleton and average diameter of 30 nm) as the liquids in the
pores are evaporated. Such a large stress compresses the gel
continuously during the drying process as the liquid evapo-
rates, causing the gel to gradually shrink and become dense,
thwarting the production of low-density aerogels. Additionally,
when the pore radiuses on the two sides of a common wall
are not equal, eqn (2) dictates that the two sides will be
subjected to unequal stresses, causing the pore wall to break
(Fig. 18a).'%%%7% In this case, only fragments can be obtained.
Indeed, the drying process in the air already starts, to some
extent, during printing in the ambient air which initiates the
shrinkage process. This is why it is a common practice for 3D
printing to be carried out directly in liquid baths.'® %83

Therefore, the principles of successful drying to obtain
aerogels are to: (i) minimize or (ii) avoid the capillary stress.
The minimization route generally follows drying the gel at
ambient pressure. This is why it is also called ambient drying.
There are two ways to minimize the capillary stress. One is to
change the liquid with a solvent with a lower surface tension,
i.e., to reduce y in eqn (2). The second is to modify the chemical
state of the pore wall surface with hydrophobic chemical
groups to increase the contact angle, ie., to increase 0 in
eqn (2). Both measures can reduce the capillary stress p,, and
thus minimize the shrinkage during drying. Furthermore, the
capillary stress can be eliminated by avoiding the interfaces
between liquid and gas, ie., to prevent the phase transition
from going through the curve connecting C-D-E in Fig. 18b.
This can be realized by supercritical or freeze drying by forming
a homogeneous supercritical fluid or by transforming the
liquid-gas interfaces to solid-gas interfaces, respectively.

4.3.2 Freeze, ambient, and supercritical drying for printed
aerogels

Freeze drying. Freeze drying involves freezing the solvent in
the gel first, followed by its sublimation into the gaseous stage,
under a vacuum environment, commonly realised by contin-
uous operation of a vacuum pump. From the perspective of
temperature, phase and vapor pressure changes, the liquid in
the gel goes through the liquid-solid phase equilibrium curve
connecting C-F-G by freezing to become a solid first, and then
through the solid-gas phase equilibrium curve connecting
A-B-C by sublimation under vacuum to become a gas
(Fig. 18b and c). Though this method can bypass the liquid-
gas phase equilibrium curve, avoiding the shrinkage of the gel
caused by the capillary stress, it still needs to undergo two

Chem. Soc. Rev,, 2021, 50, 3842-3888 | 3863
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Fig. 18 (a) Capillary forces inducing cracks or shrinkage in the pores of
the gels. Adapted with permission from ref. 272. Copyright 1998 Wiley-
VCH. (b) Typical phase diagram of solvent in the gel and the pressure—
temperature changes in three routes for drying the gels to make aerogels.
(c—e) Schematic illustrations of three drying routes (freeze, ambient, and
supercritical). Adapted with permission from ref. 27. Copyright 2017 Wiley-
VCH.

separate phase transitions (liquid-solid and solid-gas). The
latter transition does not affect the gel’s nanostructures. How-
ever, the liquid-solid transition process always results in a
volume change because the densities of solid and liquid phases
of the same solvent are typically different. In addition, this may
also change the nanopore structure of the gel due to the liquid-
solid transition process where solvent (such as water) crystals may
grow much larger than the pore size of the gel.””* Therefore, when
this drying method is used on conventional molecule-derived gels
with mainly nanometre-size pores, obtaining aerogel monoliths
could be challenging. Indeed, in such instances, only powders are
usually obtained.®

The freeze-drying method is mostly used for drying nano-
material-based gels, for example, of 0D metal nanoparticles,®>
1D CNC’181,220,221 CNF,22’176’218’228 and Ag nanowires’54,217 2D

3864 | Chem. Soc. Rev,, 2021, 50, 3842-3888
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Table 8 Relevant physical properties of commonly used solvents when
preparing or drying gels

Critical ~ Surface
Freezing Critical pressure tension”
Solvent temperature (°C) temperature (°C) (MPa) (mN m™")
Co, —78 31 7.3 0.59
H,0 0 374 22.1 72.0
Methanol —-97 239.4 8.1 22.3
Ethanol —114.3 243 6.3 21.9
Acetone -94.9 235 4.7 22.7
Isopropanol  —88.5 235 4.7 21.2
n-Hexane —89.5 234.7 3.0 17.9
n-Heptane —-90.5 267.3 2.7 19.7
Tert-butanol 25.7 233.2 4.0 20.1

Data collected from ref. 272 and 276-283. “ At room temperature.

graphene,>*"**” and GO.>*1,?12:2447246,254,264 yy/ater is the most
commonly used solvent. Tert-butanol, which has a freezing
point (25.7 °C, Table 8) close to room temperature, can also
be used as a solvent.>”* To prevent the solvent crystals from
growing too large, this process requires a fast cooling rate. This
is usually achieved by immersion in liquid nitrogen.””* In
addition, the room-temperature freeze-solidification method
that uses high vapor pressure phenol (freezing temperature =
40.5 °C) or camphene (freezing temperature = 51.5 °C) as
solvents'’® allows sublimation under ambient conditions with-
out the need for a vacuum unlike conventional freeze drying.

Ambient drying. Ambient drying involves slow evaporation of
the solvent in the gel pores at a heating temperature below the
boiling point under ambient pressure (Fig. 18d). Water is the
most commonly used solvent for inks to print gels, because of its
very high surface tension (72.0 mN m™', Table 8). However, the
wet gel or printed structure dried under ambient conditions
could exhibit a large linear shrinkage of >45%.2*7*3**7> There-
fore, before drying, to minimize the shrinkage, the gels are
always modified with water-repelling chemical groups to
increase the contact angle first, then exchanged with lower
surface tension solvents such as n-hexane’®*%® or n-heptane
(surface tensions of 17.9 and 19.7 mN m™ ', respectively;
Table 8)."®! In addition, to control the volatilization rate of the
solvent (such that the solvent can volatilize slowly, minimizing
the shrinkage), the printed gel is usually placed in a container,
leaving only a small hole to vent the vapour.>*® Ambient drying
has thus far been used to dry inkjet printed SiO, microspheres'®*
and CdSe/CdS films,"®* and 3D printed GO-based**” gels. These
gels always have small dimensions which may help the diffusion
of solvent from the inside of the structure to the surface. This
additionally improves the uniformity of the solvent distribution
in the overall structure such that it can be evaporated homo-
geneously, reducing the shrinkage to some extent.

1

Supercritical drying. Supercritical drying is the most com-
monly used method for traditional aerogel preparation. When
the temperature and pressure of the liquid exceed the critical
point (point E in Fig. 18b), the interface between the liquid
phase and the gas phase disappears and becomes a homo-
geneous fluid. This is also termed as a ‘supercritical’ fluid,

This journal is © The Royal Society of Chemistry 2021
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which fills the entire space, usually in an autoclave. In the
absence of a liquid-gas interface, the high-pressure supercritical
fluid can be slowly discharged through a pressure relief valve
while maintaining the temperature above the critical point,
producing an aerogel after releasing the pressure down to
ambient and then cooling down to room temperature
(Fig. 18e). This process essentially bypasses the liquid-gas phase
equilibrium curve connecting C-D-E in Fig. 18b, through a
liquid-supercritical-gas phase transition. The critical tempera-
ture and critical pressure data for common solvents are shown in
Table 8. Based on the critical temperature of the solvent used,
this process can be divided into low- and high-temperature
supercritical drying.

Low-temperature supercritical drying uses CO, as the drying
medium which has a relatively low (31 °C) critical temperature
(Table 8). The drying temperature of the autoclave is generally
set at a mild temperature of 40-90 °C.>°° The high-temperature
supercritical drying strategy usually uses alcohol (such as
ethanol and isopropanol) as the drying medium. In this case,
the critical temperature is always above 230 °C (Table 8), while
the drying temperature is set at 260-300 °C. The maximum
pressures applied for these two drying methods are typically
above 10 MPa.>*® For the case of printed aerogels for super-
critical drying, the most common route uses low-temperature
supercritical drying of CO,. Examples of this strategy have been
applied to SiO,-based,'”®?”” RF,'° aramid,*** alginate,>*® CdSe/
CdS,"®* graphene,'®****** and g-C;N,-sodium alginate'®® gels.
There are also a few examples of SiO,—-polymer aerogels prepared
by high-temperature supercritical drying of ethanol.>*>**® How-
ever, if the solvent in the printed gel is water, this process needs
some modification. The critical temperature and pressure of
water are difficult to achieve, and its solubility in supercritical
CO, fluid is small. Therefore, for both low- and high-temperature
supercritical drying, the water in the printed gel needs to be
replaced with an organic solvent, which is more CO,-soluble
or has lower critical temperature and pressure, such as
ethanol,>**?** methanol,°” and acetone.'®

4.3.3 Comparison of the drying methods. A comparison
between the three drying methods is summarized in Table 9.
From the perspective of the aerogel pore structure, the shrinkage
rate of supercritical drying is the lowest, offering the best
preservation of the nanostructures. On the other hand, the
shrinkage rate of ambient drying is the largest. From the
perspective of cost, the ambient drying appears to be the most

Table 9 Comparison of three drying routes for printed aerogels
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economical as no special equipment is needed. Conversely, the
cost of supercritical drying is the highest, as expensive high-
pressure equipment and a large amount of energy consumption
due to heating and cooling are required. In terms of industrial
production, ambient pressure drying is the most suitable as
aerogels can be continuously produced in an assembly line.
While freeze and supercritical drying need vacuum or high-
pressure conditions, each drying process requires opening and
closing the vacuum or autoclave chamber. They can therefore
only be dried in batches.

Based on the process characteristics, the degree of suitability
of the drying method is also dependent on the gel types. For
example, freeze drying is suitable for the drying of nanomaterial-
derived gels,****%* as the pores of these gels are usually larger.
On the other hand, it is not suitable for molecule-derived gels
with smaller pores. Likewise, ambient drying is suitable for gels
with small dimensions such as inkjet printed microspheres.'®*
This is because the small dimension allows easy and complete
replacement of the solvent and homogeneous evaporation.
Finally, supercritical drying is the most versatile of all, and is
suitable for almost all types of gels.

4.4 Post-treatment after drying

The step of post-treatment after the drying process is optional.
This mainly involves sintering, chemical reduction, or a wide
range of techniques for the removal of impurities. The basic
requirement of post-treatments is not to damage the aerogel
skeleton and pore structure. Therefore, the process is usually
carried out in a controlled gas atmosphere. If a liquid phase is
involved, a secondary solvent exchange and subsequent drying
process are always required. This section discusses the three
major post-treatment processes: heat treatment, chemical
reduction, and etching.

4.4.1 Heat treatment. Heat treatment is the most common
post-treatment method in aerogel preparation. Based on the
effects of heat treatment, they can be divided into the following
three categories: (i) Carbonization: Under a high-temperature
inert atmosphere, organic aerogels can be converted into
carbon aerogels. For example, under nitrogen atmospheres,
printed RF aerogels can be carbonized at 1050 °C to form
carbon aerogels.'®?° This process usually results in a large
mass loss and volume shrinkage. (ii) Removal of organic impu-
rities by thermal decomposition or oxidation: This process is
performed at high temperature in an inert atmosphere (thermal

Drying method Advantages Disadvantages

Preferable application

Nanomaterial-based gels, specifically those
with ultralow densities

Small size or thin gels

Solvent-exchange requires a large amount of solvent

Freeze Moderate cost of equipment  Phase change-induced volume change
Mild conditions Pore size expansion effect
High energy consumption
Ambient Simple process Large shrinkage
No pressure vessel required
Continuous production
Supercritical ~ Small shrinkage High equipment cost

Almost all kinds of gels

Best nanostructure preservation High energy consumption
Hidden dangers with high temperature and pressure

This journal is © The Royal Society of Chemistry 2021
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decomposition) or in the air (oxidation). For example, organic
binders in printed hybrid GO aerogels can be removed in an
inert atmosphere at 500 °C or in the air at 475 °C.**%*% (iii)
Thermal reduction: This process is usually performed when
preparing graphene aerogels, ie., turning GO into rGO to
improve its electrical properties. This reduction method can be
achieved purely through thermal reduction or by hydrogen
thermal reduction. Pure thermal reduction heats GO-based
aerogel to a high temperature of 800-2727 °C in an inert
atmosphere,'®**® to break the oxygen-containing chemical
bonds, causing small molecules of water and CO, to escape.
Hydrogen thermal reduction is based on a pure thermal
reduction process but uses 3-10% hydrogen in the flowing inert
gas (argon). This way the required temperature can be reduced to
600-900 oC'186,231,242,261

4.4.2 Chemical reduction. The chemical reduction process
is mainly performed on printed GO aerogels to reduce it to
graphene, improving its electrical conductivity. For the
chemical reduction of GO, many reducing agents have been
explored, including hydrohalic acids, borohydrides, and sulphur-
as well as nitrogen-containing reducing agents.”*® These reducing
agents can be applied either in gas or in a liquid phase. For
example, for gas phase reduction of printed GO aerogels, hydra-
zine hydrate can be used as a nitrogen-containing reducing
agent.”'”?** Examples of liquid-phase reduction reaction of GO
include hydroiodic acid in which the aerogel needs to be
immersed.”*>**® We note that because the liquid phase reduction
reintroduces a solvent, one of the three above-mentioned drying
methods must be used afterwards.>*

4.4.3 Etching. Etching usually uses a corrosive liquid to
dissolve impurities through a chemical reaction, followed by
washing with solvents (such as water) several times. When
formulating inks for printed aerogels, fumed SiO, can be added
as a viscosity modifier to improve the printability of the
ink."®2° The Si0, is an impurity itself and may affect the final
aerogel’s intended properties, and therefore, should be
removed. The most common approach to achieve this is
through etching, which is performed after the carbonization
process. This typically involves immersion of the resultant
structure in hydrofluoric acid, which reacts with the SiO,
content on the printed aerogel but does not affect its carbon
skeleton. Once the chemical etching is completed, the aerogel
is washed several times to remove the impurities. Again, to
recover the pure aerogel, one of the three drying processes must
be used. This method has been exploited to obtain printed
carbon'® and graphene'®*° aerogels.

In the above section, we have comprehensively reviewed the
technical aspects involved in the whole process of printing
aerogels, including raw materials, ink formulation, printing
methods, and drying and post-treatment strategies. Research
progress in recent years has demonstrated many advantages of
printed aerogels, including rich form factors (such as micro-
spheres, films, patterns, and 3D architectures), on-demand
shaping/fabrication, and the variety of materials (organic and
inorganic aerogels such as nanocellulose, alginate, SiO,, gra-
phene) that can be printed. In our opinion, these advantages
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will greatly promote the application of aerogels in conventional
as well as new application areas, by overcoming previously
unsurmountable obstacles.

5. Applications of printed aerogels

Traditional non-printed aerogels have already demonstrated
huge potential for a wide range of applications. The use of
printing technology can greatly promote these application oppor-
tunities, especially in the field of functional materials that
require intricate structures and shaping. Indeed, printing tech-
nology offers unparalleled processability and designability on
the micron scale, addressing a major weakness of traditional
aerogels due to their brittleness and poor structural strength. In
particular, printing enabled processability can be used to directly
form and readily redesign complex aerogel structures. This
makes aerogels significantly more versatile and designable for
target applications. Based on the published literature on printed
aerogels, we divide this section into six broad technology and
application areas of thermal management, energy storage, elec-
tronics, chemical, biomedical, and light-harvesting.

5.1 Printed aerogels for thermal management

Thermal insulation materials are widely used in aerospace,
petroleum pipelines, industrial furnaces, chemical reactors,
cold storage, and buildings. In terms of performance alone,
aerogels are widely considered as one of the best thermal
insulators because of their ultralow thermal conductivities.
Indeed, the conventional SiO, aerogel is also currently the most
successfully commercialized aerogel product for thermal insula-
tion. However, applications requiring thermal insulations
usually demand various shapes, which must be assembled
precisely and tightly to achieve effective insulation. The brittle-
ness and difficulty in shaping aerogels therefore put them at a
great disadvantage. Printing technologies can address the shaping
of aerogel thermal insulations, making materials with fine and
complex structures and ability to customize design and produc-
tion, a reality.

We note that the issue of mechanical reinforcement can be
partially addressed using a support structure. For example, a
honeycomb polymer reinforcement was in situ printed inside a
Si0, gel using photopolymerization (Fig. 11i).>® This allowed a
well-integrated, high strength SiO, aerogel, with a thermal
conductivity of 0.0136 W m~ " K~ ', between that of pure aerogel
and pure polymer.?®®

Using inks containing SiO, aerogel powder and an organic
binder, SiO, aerogel thin films with thicknesses of several
microns were inkjet-printed for thermal insulations.”'" The
printed aerogels keep a relatively low thermal conductivity of
0.05 W m ' K in the range of 30 to 300 °C, though higher
than that of pure aerogel powders (0.02 W m ™' K™ ).

Extrusion-printed pure SiO,"”® and SiO,-silk fibrion®*” aerogels
have also been investigated for thermal insulation. In particular,
printed pure SiO, aerogel (Fig. 19),"”° demonstrates an ultralow
thermal conductivity of 0.0159 W m ' K !, as low as most

This journal is © The Royal Society of Chemistry 2021
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Fig. 19 Performance of 3D-printed SiO, aerogels for thermal insulation. (a) Sketch and (d) photograph of a printed aerogel. Photographs (b and c) and
corresponding infrared images (e and f) of a circuit board, (b and e) without and (c and f) with the printed aerogel to cover the heat-generating
component. Protection of a temperature-sensitive capacitor from a heat source with a (g) polystyrene foam cap (XPS) and (h) printed SiO, aerogel cap.
(i) 3D-printed aerogel cap. (j) Temperature evolution of the capacitor after contact with the cartridge heater. Adapted with permission from ref. 179.

Copyright 2020 Springer Nature.

reported SiO, aerogels prepared by traditional sol-gel processes.”®”
As pointed out earlier, extrusion printing allows the manufacturing
of miniaturized and complex shapes of fragile aerogel objects,
which are extremely challenging to make using traditional shaping
methods (mould casting and subtractive manufacturing). Very
importantly, the printed objects can be applied to small electronic
components to ensure a low outer surface temperature (Fig. 19a—f),
or to protect temperature-sensitive parts from a nearby heat source

(Fig. 19g-)).
5.2 Printed aerogels for energy storage

Due to high specific surface area, good mass transfer ability
enabled by the open-pore structure and high electrical con-
ductivity, carbon-based and metal aerogels have great applica-
tion prospects in the field of energy storage. To fully realize the
potential of aerogels in energy storage, two challenges must be
overcome: (i) the formation of complex or even curved struc-
tures required by batteries or supercapacitors to minimize their
volume; (ii) highly connected, direct and unobstructed hier-
archical channels to ensure fast and effective mass transfer.'®
3D printing can address both the above. Indeed, printed
aerogels with excellent performance for supercapacitors,
lithium batteries, sodium ion batteries, and hybrid energy
storage have already been demonstrated, underscoring their
huge potential in the field of energy storage.

5.2.1 Supercapacitors. A supercapacitor is a type of energy
storage device between traditional capacitors and rechargeable
batteries, widely used in power systems and as the starting
power source for electric vehicles. The charging and discharging
process in a supercapacitor is always a physical process. It
therefore has the advantages of long life and wide operating
temperature limit. Although a high specific surface area is the
most basic requirement for supercapacitor electrode materials, it

This journal is © The Royal Society of Chemistry 2021

alone is insufficient for high-performance. This is because
electrolytes may not be able to access ultra-micropores and
narrow, long micropore channels even though they could con-
tribute to the overall specific area of the electrodes.?®® Therefore,
designing the channels of 3D architectures offers means to
improve the performance of supercapacitors. Thus far, the
demonstrated material platforms for printed aerogel-based
supercapacitors have exploited extrusion based 3D printing
technology of carbon,"® graphene,>®'7®**'*3* MnQ, loaded
graphene,”**! graphene-based hybrid,'****° rGO,*** and Ag
nanowire>"” aerogels. Typical photographs of printed aerogel
supercapacitors or electrodes are shown in Fig. 20a-d, under-
lining the versatility of printing technology to accommodate
arbitrarily shaped devices.

There have been detailed investigations to understand
whether 3D printing technology can improve the rate capability
of capacitors over non-printed bulk aerogels.'"**” The
results show that when ink formulations of the two super-
capacitors or electrodes are the same (ie., the surface area,
conductivity, and pore size of the aerogels are the same), 3D
printed aerogel electrodes show better specific capacitances,
1.4-12.9 times those of the corresponding non-printed aero-
gels;'*21*37 gee Table 10 for comparison. The capacitance
retention values are also better than those of the capacitors
based on non-printed aerogels (Table 10).

The ordered macropores formed between the printed gel
filaments improve the penetration of the electrolyte and hence,
ion diffusion, resulting in excellent rate capability.”® Compared
with bulk aerogel electrodes with mainly sub-micron or smaller
pores, which severely restricts ion diffusion, 3D printed aerogels
can be designed to have faster ion diffusion kinetics (Fig. 20e).'%°
Additional performance enhancements can be achieved by printing
finer aerogel features to further reduce the diffusion length.

Chem. Soc. Rev,, 2021, 50, 3842-3888 | 3867


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cs00757a

Open Access Article. Published on 01 February 2021. Downloaded on 3/8/2026 6:01:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

(a) (b)
3D- oo
graphene v
Separator —, composite .
aerogels
Graphene/Ag Graphene/MoS,
hybrid aerogel hybrid aerogel

View Article Online

Review Article

7 Cu current collector

Cu current collector | (d)

Graphene/CNT

Graph Is|
hybrid aerogel IR EEEEL

(f) 100 EPDISD by o
! P e B> g
()  Long-distance zigzag ion migration paths Shortcuts for rapid ion migration G 5%5;@4&35\@; e
5 —7\ - SRASRITRR RS
S ] IR K OO KL, O RS R
< él o X o
5 % O Ref231
’q::: 80 %} /A Ref.234
s i = < Ref.41 ;
Highly inte ected =
P B 205 QRef21 [ Frinted
5 e Ref.186
8 > Ref.237
S < Ref.288
= A Ref.294
Conventional thick-film electrode 3D-printed graphene/CNT MDHA electrode (&) 5 * Ref.295
— 1 T T T T T 1
0 10k 20k 30k 40k 50k
¥ Number of cycles
(9) (2)102 . (i) y
o K E o 107
=103 VIV § 10" My, | 27 =
43 = 3 £ g
§ 7 2 o] S N_*\%N
= - .
9 =5 3 2401d" V" Ref.231 ~Printed
z ] ‘\‘\‘H\.-D-R . z A - pA 3 10°3- - Ref260
210" -O- RZfA217L 210" 4 19510053)55>%) §  {—*Ref2ss v
21074 0. . - A Ref 186 [ Printed| 5 3 S ]—*—Ref293 Y
S E ) =102 - O- Ref.20 2 o | —P—Ref.296 v
[} 7 -X7- J E i E
. -259?333 g I¥Vvoy - A Ref.234} Printed ©10°3 _y Ref207
) ) el s 3] @ ] ©0-0mm0
5 —p—Ref.293 1074 —A— Ref.292 %) @ 00 o
5 —®Ref.204 B, —y— Ref.295 T
E‘IO- MRRLLLL | LB A ALLL | LELELRLLL | ML EALLL | LEMRARLLL g 107 vy AELELRLLL B R L | LR | LELRLALLLL B RLLL §10- T T oo Ty T Ty
z 10° 10’ 102 10°  10° 3 10" 10° 10" 10> 10° 10* © 10' 102 10° 10*
Areal power density (mW cm™) > Volumetric power density (mW cm™) o Gravimetric power density (W Kg™)

Fig. 20 Printed aerogels for supercapacitors and electrodes. (a) Schematic illustration of the 3D-GCA symmetric supercapacitor. Reproduced with
permission from ref. 20. Copyright 2016 American Chemical Society. (b) Photographs of the 3D-printed Graphene/Ag, Graphene/CNT, and Graphene/
MoS, mixed dimensional hybrid aerogels (MDHAs). Reproduced with permission from ref. 186. Copyright 2018 American Chemical Society. Photographs
of a printed graphene aerogel supercapacitor composed of a (c) two-leg electrode and (d) one-leg electrode, both with Cu current collectors. (c and d)
Reproduced with permission from ref. 231. Copyright 2017 American Chemical Society. (e) Schematic illustrations of insufficient ion migration for a
conventional thick-film electrode and sufficient ion migration for the 3D-printed Graphene/CNT MDHA electrode. Reproduced with permission from
ref. 186. Copyright 2018 American Chemical Society. Comparative survey from published literature: (f) capacitance retention as a function of cycle
number, (g) areal energy density as a function of areal power density, (h) volumetric energy density as a function of volumetric power density, and

(i) gravimetric energy density as a function of gravimetric power density.

From this perspective, deliberate design and printing of
graphene aerogel microlattices with a gradient porous structure
can further promote rapid diffusion of electrolyte ions and
effective usage of the electrode volume.*"**%?° In addition,
since extrusion-based 3D printing can increase the electrode
thickness,'>>"*'7?%° which linearly increases the corres-
ponding capacitance,*"**” this fabrication approach could also
be used to tailor the overall performance metrics.

Fig. 20f-i show comparisons between printed and the state-
of-the-art non-printed aerogel supercapacitors in terms of
capacitance retention at long cycles, areal energy density,
volumetric energy density, and gravimetric energy density. The
performance parameters of the printed devices are comparable,
and in the majority of the cases, better than their non-printed
counterparts.”®¥2912% In particular, we note that even after
50000 cycles at 10 A g™, two reports on supercapacitors fabri-
cated by 3D printed graphene aerogels show a high capacitance
retention of 90% (Fig. 20f),*">** in comparison to rapid retention
drops in the non-printed devices. This is very likely due to a

3868 | Chem. Soc. Rev, 2021, 50, 3842-3888

combination of factors, including structural and electrochemical
stability of the aerogel skeleton,** and better diffusion kinetics.
Therefore, the added advantage of creating complex structures
and customised geometries from 3D printing offer significant
device integration benefits over traditional bulk aerogels, which
can only be formed by hand cutting.>**

5.2.2 Lithium ion or metal batteries. The lithium-ion battery
(LIB) is a type of rechargeable battery which uses an intercalated
lithium compound as the electrode material. Its operation depends
on the movement of lithium ions between the electrodes. The
skeleton structure of the electrode material in LIBs should have a
high specific surface area to shorten the lithium ion diffusion path,
reduce the surface current density, and improve the battery’s
dynamic performance. Fully 3D printed LIBs have been
demonstrated,®* using lithium iron phosphate (LiFePO,) and
lithium titanium oxide (Li4TisO;,) as the active materials for GO-
based positive and negative electrodes, respectively, to obtain a pair
of miniaturized interdigitated electrodes (Fig. 21a). The fully
charged battery has initial charging and discharging capacities of

This journal is © The Royal Society of Chemistry 2021
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Table 10 Capacitive performance of various electrodes made from 3D printed and non-printed bulk aerogels

Capacitance (at highest

Category Electrode Rate capability current density) Thickness

3D printed  DIW-CA' 69% (from 1 to 10 A g ) 86 Fg '(10Ag™ ") —
GO-GNP-5i0,-2*° 88.7% (from 0.5 to 10 A g™ 1) 63.6 Fg ' (10Ag™) 1000 pm
3D G/MnO,*' 56% (from 0.5 to 50 mA cm ) ca. 6.43 F cm™ 2 (50 mA cm™2) 1000 pm
SF-3D GA*’ 73.2% (from 5 to 100 mA cm ™ 2) ca. 1.16 F cm™ > (100 mA cm ™) 2000 pm
DIW-ACA" 79% (from 1 to 10 A g™ Y) ca. 171 F g glo Agh —
PG/MWCNT 4:1'7% ca. 60.4% (from 1to 100 Ag™ ") ca 100.5F g ' (100 Ag™ ) —
rCMG/Cu*** ca. 75.9% (from3t0 30 Ag™") 13Fg '(30Ag™) —
PPy-GA-0.1M>** 90% (from 0.1 to 4 A g™ 1) 395 Fg ' (1Aagh) 2000 pm
3DGC-1" 85.9% (from 0.5t0 100 Ag™") 183 Fg '(100A g 1) 300 pm
MnO,/GA**! ca. 33% (from 1to 10 A g™ ) 90Fg '(10Agh —
G/ZnV,0,@C05V,04//G/VN>*® 78% (from 0.5to 8 A g™ ) 1168 Fg *(8Ag ) —
Graphene/MWCNT MDHA 2 mm**® 71.4% (from 4 to 40 mA cm™?)  456.69 mF cm ™ > (40 mA cm™2) 2000 pm

Bulk Bulk CA"™ 31% (from 1 to 10 A g ) ca.17Fg ' (10A g™ —

(non-printed) Bulk GO-GNP-Si0,-2°
Bulk G/MnO,**
Bulk SF GA**’
pCA-KOH-700%®
CNF/RGO/MoO,N,>**
AAP(rGO-C030,//rGO)***
FeOCI@CDCA***
AASC(MnO,@CNTs@3DGA//PPy@CNTs@3DGA)-3.9°%°
N-GA@V,0; NWAs>®
RGO/V,05>"7
Graphene hydrogel film-1 M H,S0,>%°
GAMOF(Fe*)**°

117 and 91 mA h g, respectively; Fig. 21c. This 3D printing
method proves that battery arrays can be designed and printed in
specific shapes and sizes to meet specific requirements of voltage
and current (Fig. 21Db).

Rechargeable lithium metal batteries (LMBs) using lithium
metal or lithium alloy as the anode material and non-aqueous
electrolyte solution are considered as the next-generation
Li-based rechargeable batteries. This is because of the highest
theoretical energy density and lowest standard reduction
potential of lithium metal among the candidate materials.*>*
However, the existing lithium metal electrodes are always
planar, making it difficult to meet the requirements of minia-
turization and customized form factors. Recently, CNF was
used to manufacture LMBs via 3D extrusion printing.”'® The
3D printed CNF (Fig. 21d) was first carbonised to obtain a
carbon aerogel (Fig. 21e). Molten lithium was then injected
to form a high aspect ratio carbon/Li anode (Fig. 21f).
Importantly, the fully 3D printed LMBs show a high capacity
of 80 mA h ¢! at a charge and discharge rate of 10C (Fig. 21g),
with an 85% capacity retention after 3000 cycles (Fig. 21h). This
stable cycling performance of the full cell is attributed to the
macroporous structure of the 3D printed carbon aerogel scaf-
fold. The authors suggest that the scaffold offers two benefits.
First, it allows the cathode to have good electrolyte accessibility,
which accelerates the charge transfer during cycling. Second, it
helps to improve the anode ion accessibility and reduce the
local current density of the lithium anode, effectively stabilizing
Li and suppressing dendrite formation.*'®

5.2.3 Sodium ion or metal batteries. The structure of a
sodium ion (Na') battery (SIB) is very similar to that of a LIB.
It works by insertion and extraction of Na' back and forth

This journal is © The Royal Society of Chemistry 2021
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between the two electrodes to store and release electrical
energy. Due to the rich reserves of sodium salt in the world,
SIBs have the advantage of low cost, while their energy density
is comparable to lithium iron phosphate batteries. Since the
size of Na® (0.102 nm) is larger than that of the lithium ion
(0.076 nm),”** the electrolyte penetration and diffusion of Na*
through the supported framework is harder than that in LIBs,
resulting in low reversible capacity and low energy storage rate.
Therefore, the design of electrode materials with a suitable pore
structure will be key to the widespread success of sodium ion
batteries.

Recently, highly porous aerogels of rGO****** and hybrid
MoS,-graphene®*” have been 3D printed to address this chal-
lenge. Using NagV,(PO,); (NVP)- and GO-containing aqueous
inks (Fig. 22),°** the first implementation of 3D printed SIBs
was demonstrated. The printed continuous frameworks and
hierarchically porous structure (Fig. 22b-d) can facilitate the
rapid transport of Na' and electrons. The capacity retention is
over 90% after 900 cycles at 1C (Fig. 22f). In another example, an
SIB with 3D inkjet printed hybrid MoS,-graphene aerogel elec-
trodes was demonstrated.>*> The results show that the 3D
printed macroporous structure can sustain fast and stable
high-capacity intercalation of large Na" ions.

For sodium metal applications, inkjet printing of a 3D gra-
phene lattice was demonstrated for sodium metal anodes.**® The
3D printed hierarchical and multiscale structure shows better
stability (reversible and stable beyond 500 cycles) in coulombic
efficiency than non-printed porous graphene papers (only stable
to ~170 cycles).

5.2.4 Hybrid energy storage devices. Battery-supercapacitor
systems which store charge through a battery-type faradaic

Chem. Soc. Rev., 2021, 50, 3842-3888 | 3869
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(a—c) Lithium-ion batteries and (d—h) lithium metal micro-batteries assembled by 3D printing of aerogels. (a) Digital image of a 3D-printed

miniaturized electrode pair. (b) Digital image of the 3D-printed electrode arrays. (c) Cycling stability of the 3D-printed full cell. The inset is a digital image
of the 3D-printed full cell consisting of LiFePO4/rGO, LisTisO12/rGO, and polymer electrolyte. (a—c) Reproduced with permission from ref. 261. Copyright
2016 WILEY-VCH. Photographs of a (d) 3D printed CNF aerogel scaffold, (e) carbon scaffold, and (f) carbon/Li electrode with designed 3D structure for
lithium metal micro-batteries. (g) Voltage profiles at various rates from 0.2 to 10C. (h) Long-term cycling performance at 10C for the full cell with carbon/
LiFePO4 cathode and carbon/Li anode. (d-h) Reproduced with permission from ref. 218. Copyright 2019 WILEY-VCH.

process in one electrode and a capacitor mechanism in the
other electrode fall into the category of hybrid energy storage
devices. Since these devices combine the characteristics of
supercapacitors and secondary batteries, they have the advantage
of both high energy density and high-power density. They are
considered as the ultimate source of power for multifunctional
electronic equipment and electric/hybrid power vehicles in the
future.>*’*** In 2018, such a hybrid energy storage device,”*® in
which both electrodes were aerogels, was manufactured by 3D
extrusion printing (Fig. 23). The half battery-electrode was a 3D
printed Nij 33C00 66S,/graphene (3DP-NCS/G) aerogel, while the
half supercapacitor-electrode was a 3D printed CNT/graphene
(3DP-CNT/G) aerogel."*®

The areal energy density of the printed aerogel device is higher
than that of other Ni-Co-S based electrodes (Fig. 23f),>**° partly
because of its higher mass loading (17.86 mg cm™*)**° compared
to other electrode materials (1.77-11.2 mg cm™ 2).***% Impor-
tantly, the capacitance of other electrodes with high mass loading
drops significantly, due to the limited electron/ion transport
capacity in the thick film electrodes.’”® The advantage of 3D
printing is that the architecture with interconnected network
and highly open macropores created during the 3D printing
process can improve both the electrical conductivity and serve

3870 | Chem. Soc. Rev,, 2021, 50, 3842-3888

as an effective mass transfer channel (Fig. 23e), shortening
the travel distance for electrons/ions in the redox reaction,
ensuring excellent electrochemical performance under high
mass loading.>*°

5.3 Printed aerogels for electronics

With the rapid development of artificial intelligence, the
demand for miniaturization of various electronic devices has
accelerated, especially in the field of wearables. Among them,
sensors and actuators, many of which can benefit from the
unique properties of aerogels, represent an important family of
devices. Requirements for miniaturization and flexibility for
direct integration of aerogels on wearable substrates bring
unprecedented challenges to their design and manufacture.
As a broad technology platform, functional printing can
address this need. Key applications in this category include
strain or tactile sensors, mechanical linear actuators or electrical
fuses, triboelectric nanogenerators (TENGs) and gas or chemical
Sensors.

5.3.1 Strain or tactile sensors. These sensors are an impor-
tant part of traditional or intelligent human-machine interaction
platforms for the measurement of displacement, pressure or
motion. Among these, resistive sensors, which use the mechanisms

This journal is © The Royal Society of Chemistry 2021
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Society.

where materials change their electrical resistance under mechan-
ical strain, are the most studied in the area of wearable
sensors.>'® Since the majority of application scope of these
devices require them to be directly or indirectly (e.g., through
textile) attached to the human body, they need to be lightweight,
sensitive, flexible and capable of withstanding a wide range of
strains, with long cycle life.

Graphene'**?*"*'? or fibrous carbon-based®"® aerogels are
highly flexible, and can endure high strain through expansion
and compression processes, resulting in a large change in the
contact area between the nanosheets or fibres, and conse-
quently, the overall electrical resistance.>"" The application of
printing technology can further increase the deformation range
of the flexible aerogels. For example, 3D printed porous GO-
CNT aerogel mesh can reach 200% elongation, whereas tradi-
tional aerogels break at 25%.>®

Materials for aerogel based 3D printed strain sensors demon-
strated to date have mainly focused on graphene,'®"%9171:235:259
and CNT-graphene hybrids.**® Tactile sensors from 3D printed
PDMS microbeads/GO nanocomposite,”*® or graphene®*

This journal is © The Royal Society of Chemistry 2021
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aerogels have also been demonstrated. The densities of these printed
aerogels are usually in the range of 0.5 to 25 mg cm ™ ,'%*3>28 with
typical electrical conductivity between 15.4 and 130 S m
We note that the miniaturization of these ultra-light sensors is
directly related to the nozzle diameter of the extruders. The
internal diameter of typical extrusion nozzles for current gen-
eration 3D printing is in the range of tens to hundreds of
microns, with the best printing accuracy of 50 um.>*®

Fig. 24 shows two examples of wearable strain®*® and
tactile*® sensors using 3D extrusion printed graphene aerogels.
In the first example, four serpentine resistive aerogel sensors
were integrated on to the finger joints on to gloves (Fig. 24a) to
accurately monitor the complex and subtle changes in human
finger joints (Fig. 24b and c).>*® Inspired by the structure-
activity relationship between the different microstructures of
the spiral and radial lines in the spider web, the second
example of an extrusion printed sensor (Fig. 24d-f) demon-
strated a multi-resolution tactile platform to analyse and clas-
sify touch in different directions, distances and locations.>’
The authors also designed a simulated graphene skin to
manipulate the corresponding mechanical fingers with very
small pressures (<3.83 x 107> Pa).>*®

The above examples imply that 3D printing technology has
brought these aerogel-based resistive sensors a degree of design
freedom that is difficult to achieve by traditional shaping
methods. With this flexibility, complex connected structures
in a millimetre-scale form-factor can be engineered to achieve a
desired impedance range and pressure detection accuracy,
promoting their development in customizable miniaturised
sensors.*'*

5.3.2 Actuators. Unlike the strain sensors which can be
used to convert mechanical forces into electrical signals, actuators
convert electrical signals directly into mechanical forces or dis-
placements. Miniaturization of such devices opens huge opportu-
nities in soft robotics, micromanipulation, and medical applica-
tions.>*>3'® In particular, conductive polymer based bending
actuators are very popular for these applications due to their low
operating voltage (0.5-7 V), thin form-factor and high force-to-size
ratio, even at the microscale regime. In addition to the linear
expansion actuators, there are bi- and tri-layer bending actuators
(Fig. 252).>" In the trilayer variety, which sometimes offers better
degrees of control, both sides of the polymer separator are coated
with conductive polymer electrodes. The entire actuator is satu-
rated with electrolyte. When an external voltage is applied, the
electrolyte ions move into or out of the electrode to compensate
for the charge, causing the electrode volume to expand and
contract, showing a bending drive.>"® If nanoporous aerogel is
used as an electrode, it may help in adjusting the porosity and
conductivity of the electrodes, affecting their driving performance.

Aerogels were first introduced in actuators in 2017, by inkjet
printing a mixture of PEDOT-poly(styrenesulfonate) (PED-
OT:PSS) conducting polymer and ACA on both sides of a PVDF
membrane.>'**"* Compared to the pure PEDOT: PSS variety,
the actuator with PEDOT:PSS-ACA electrodes achieved a higher
bending stress (Fig. 25b) due to the higher conductivity, ion
diffusion rate, and specific capacitance. In this example, inkjet

—1 109,235
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printing allowed the authors to control the shape and thickness
of the polymer-aerogel hybrid films.

In another example, 3D extrusion printing technology was
used to fabricate a micro oscillator based on graphene-shape
memory polymer (G-SMP) nanocomposite aerogels (Fig. 25¢-f).>*
The stretchable 3D printed graphene aerogel framework,
with high electrical (~1100 S m™") and thermal conductivity
(~3.6 Wm™ " K'), acts as an overall energy conversion grid for
rapid heat generation and injection (Fig. 25c). This method
increased the response speed of the oscillator to 50 milliseconds
which is several orders of magnitude better than traditional bulk
SMP composites, and is comparable to shape memory alloys.
The G-SMP aerogel oscillator (Fig. 25d) can respond and oscillate
with negligible hysteresis (80 ms) (Fig. 25e and f), because of its
fast thermal energy generation and injection. The performance
of the actuator is also very repeatable and stable, primarily due to
the highly stretchable and intricate grid structure printed by 3D
extrusion technology.

5.3.3 Triboelectric nanogenerators. TENGs are devices that
can convert mechanical energy into usable electrical energy
based on the triboelectric effect.>'”*'® When there is friction
between two different materials, opposite charges are generated
on both the surfaces under friction, forming a triboelectric
potential between them. The advantages of TENGs are that they
are lightweight and inexpensive, and can harvest almost all kinds
of mechanical energy from vibrations, including biomechanical
energy.’’® Besides the selection of two materials with large
differences in electronic affinity, increasing the area by changing
the physical structure of the surfaces under friction can improve
the performance of TENGs.*'® High elasticity is another important
requirement, especially for soft devices and wearables. Because

3872 | Chem. Soc. Rev,, 2021, 50, 3842-3888

nanomaterial-based aerogels have high surface area and elasticity,
they have excellent potential for TENG applications.

Based on 3D extrusion printing, two different types of TENGs
have thus far been fabricated by graphene (Fig. 26a—c)'®” and
CNF (Fig. 26d-f)**® aerogels, respectively. In one example, a 3D
printed graphene aerogel has been used as one of the electrodes
of the TENG, the other being an Al foil. The Young’s modulus of
this printed aerogel is more than three times higher than that of
the super-elastic bulk graphene materials (Fig. 26a). In this
TENG structure, the two electrodes are separated by a fluorinated
ethylene propylene (FEP) film (Fig. 26b). When the TENG is
manually tapped, ten LEDs connected in series could be fully lit
(Fig. 26c¢), indicating sufficient conversion efficiency.'®”

In an all-printed TENG (AP-TENG) design,**® the two friction
layers of PDMS and CNF aerogels, and the corresponding Ag
electrodes were fabricated by 3D extrusion (Fig. 26d). The output
voltage of this AP-TENG is 75% higher than that of a traditional
TENG (Fig. 26€) and is stable under different pressures (Fig. 26f).

The above examples demonstrate that the combination of
3D printing technology and nanoporous aerogels could
enhance the contact area, surface properties, and mechanical
flexibility of TENGs, improving the mechanical resilience and
triboelectric response.

5.3.4 Chemical sensors. Gas sensors are used to identify
and measure the concentration of target gases to investigate or
control an environment.>** Among the various types, resistive
(also called chemiresistive) gas sensors are the most widely used.
Their primary advantages include simple structure and support
electronics, and low cost. Printed chemiresistive gas sensors
offer additional advantages through easy processability, design
flexibility, and suitability for a variety of substrates.**"

This journal is © The Royal Society of Chemistry 2021
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with permission from the Royal Society of Chemistry.

The mechanism of resistive gas sensing is that the resistance of
the active sensing layer changes when gas molecules come in
contact with its surface.””* The main performance parameters of
the gas sensor include sensitivity, selectivity, detection limit,
response and recovery time, and stability.>***** Because aerogels
have high specific surface area and open-pore structures, they can
provide a large number of abundant active sites to efficiently adsorb
and detect gases. Aerogel-based gas sensors therefore usually have
high sensitivity, and can be designed to have low detection limits.?

Printing technology can be used to design aerogel’s macro-
porous structure and facilitate their direct integration on to the
substrates and contacts. The former may promote enhanced gas
diffusion and sensing compared to the bulk aerogels. Graphene
aerogel lattices by a 3D printed template method have already
been used to demonstrate sensors for volatile organic compound
(VOC) detection (Fig. 27).>* The conductivity of the graphene
aerogel decreases after it comes in contact with liquid reagents,
and the light intensity of the LED lamp becomes dim (Fig. 27a-
d). This sensor can be used to detect different types of chemical
reagents (Fig. 27e) and different concentrations (Fig. 27f), show-
ing excellent measurement repeatability (Fig. 27g).>*?

3D printing on aerogels allows engineering and fine tuning
of the pores and skeleton structures on multiple scales. There-
fore, the sensor sensitivity can be adjusted accordingly,>** while
the mass transfer can be improved by careful design of hier-
archical pores,””® increasing the adsorption and desorption
rate, and improved detection efficiency.

5.3.5 Other electronics. Flexibility, electrical conductivity,
and macrostructural designability of printed aerogels make

This journal is © The Royal Society of Chemistry 2021

them an attractive proposition for stretchable®*® or anisotropic

conductors.”* For example, a graphene honeycomb (GHC)
structure (Fig. 28b) by a 3D printed template was used to
fabricate a stretchable light-emitting display consisting of an
LED array with two sets of GHCs as conductors (Fig. 28a and c).
This structure greatly improves the flexibility of graphene
aerogels, allowing the LED array to exhibit a stable performance
under different load modes, such as stretching and bending
without any cracks or breaks (Fig. 28d-f).*> Such ordered
hexagonal honeycomb structures at a millimetre scale would
be challenging to fabricate using traditional shaping methods.
3D printing technology has also been used to directly print
Ag nanowire (AgNW) aerogel circular ring electrodes and ZnO
nanowire (ZONW) aerogels as cylindrical photosensitive mate-
rials (Fig. 28g) to fabricate UV sensors directly onto microfibres
(Fig. 28h). These UV sensors, which can be woven directly into
fabrics at a precise location, with specific material combination
through extrusion,>” offer stretchability or repeatable perfor-
mance (Fig. 28]j). Such manufacturing adaptability would be
challenging to replicate using conventional approaches.

5.4 Printed aerogels for chemical applications

The intrinsic characteristics of aerogels such as large surface
area, high porosity, and adjustable surface chemistry endow
them with excellent supporting and adsorption capacity. There-
fore, they are very attractive as potential catalyst supports or
adsorbents in chemical synthesis or environmental
protection.?*® However, the mesoporous structure of aerogels
exhibits relatively poor mass transfer performance. Therefore,

Chem. Soc. Rev, 2021, 50, 3842-3888 | 3873
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Copyright 2019 American Chemical Society.

when aerogel is used as a catalyst or adsorbent, it is generally
applied in the form of particles, not in large monoliths. How-
ever, the drawback of poor mass transfer inside the aerogel
particles, and low space utilization due to too large pores
between the particles still exist. Since 3D printing offers design
and regulation of aerogel macropores, it can be used to optimise
mass transfer in materials, for example, through designs following
Murray’s law which mimics animal respiratory or plant vascular
systems with hierarchical, area/volume preserving networks and
precise pore diameter ratios,”® promoting their application in
catalysis and adsorption.

5.4.1 Catalysts. Aerogels have been widely used as catalysts
in gas-solid and liquid-solid catalytic reactions due to its high
porosity and specific surface area.»>?>* Recently an extrusion-
printed 3D CeZrLa-GO nanocatalyst has been demonstrated
(Fig. 29)**” which allows the 3D aerogel structure to be directly
installed into the reactor (Fig. 29b) for propylene carbonate
production. Compared with the starting powder form, the 3D
printed CeZrLa-GO nanocatalysts show higher activity and
conversion, and no significant change in selectivity (Fig. 29c).
The all-in-one 3D printed nanocatalysts can be easily separated
from the reaction mixture. Compared to traditional methods,
this 3D printed catalyst reactor has many operational and
structural advantages, including direct and customizable
installation, high volume efficiency, and better mass and heat

3874 | Chem. Soc. Rev., 2021, 50, 3842-3888

transfer, as well as excellent mechanical and structural
integrity.>*”*>

5.4.2 Adsorbents. A large number of studies have investi-
gated aerogels as adsorbents for water treatment (such as water
and oil separation, heavy metal ion removal) and air purification
(such as volatile solvent, toxic gas removal, CO, capture).*>*326:3%7
Depending on the specific application, the general research in this
area focuses on the surface chemical modification, design of
porous structures, and mechanical flexibility and reusability.

3D printing technology can promote microstructure design,
and improve adsorption selectivity and capacity.'****® Indeed,
porous graphene lattices by 3D printed templates have been
demonstrated as selective adsorbents for inorganic and organic
solvents (Fig. 30),>** with adsorption capacities of organic solvents
as high as >2000% (Fig. 30a). The nanoporous structure of the
aerogels produces a strong adsorption by capillary tension, while
the macropores created by printing provide a mass transfer
channel to ensure that high-viscosity liquids like asphalt can be
adsorbed and removed by Joule heating. Such designs also ensure
the reusability and structural stability for multiple adsorption-
combustion cycles for various combustible liquids (Fig. 30b).

5.5 Printed aerogels for biomedical applications

The majority of aerogel applications in the fields related to
biocompatibility include tissue engineering, drug delivery and

This journal is © The Royal Society of Chemistry 2021
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biosensing. The high porosity of aerogels and their connectivity
in open nanostructures are conducive to cell attachment, provide
channels for nutrition and oxygen to cells, and additionally
eliminate cell metabolism by-products, making aerogels a very
attractive material for regenerative medicine.***

5.5.1 Tissue engineering. A large number of aerogels,
including those based on hybrid Si0,,**° rGO,**' collagen-
alginate,332 nanocellulose,**? and carbon®* have been investi-
gated in tissue engineering applications. However, traditionally
prepared aerogels often lack macropores, which are necessary
for bone ingrowth and vascularization.'®® This issue can be
addressed by 3D printing, which can precisely manufacture
aerogels with designed macropores, and additionally, with
shapes customised to certain organs or even individuals. Such
flexibility in design makes printed aerogels very attractive for
tissue engineering applications.'®®

For tissue regeneration, 3D printed aerogel scaffolds of a
range of materials, including CNC,"®" CNF,**° CNF/alginate,**
PEGDA/CNF,*? and gelatin/poly(lactic-co-glycolic acid) (PLGA)**
have been investigated. For example, 3D printed gelatin/PLGA**
has been evaluated for in vitro cartilage regeneration using
scaffolds in conjunction with chondrocytes (Fig. 31).>> A large
number of live cells (green) are observed in both the non-
printed (Fig. 31a) and the 3D printed (Fig. 31g) samples, with
cartilage-like tissue forming in both groups (Fig. 31b and h).
Indeed, as seen in Fig. 31c and i, chondrocytes produced rich
extracellular matrixes, covering both the scaffolds. However,
the specimens from the non-printed group are irregularly
shaped and form very thin tissues (Fig. 31d-f). In contrast,
the specimens in the 3D printed group with controlled pore

This journal is © The Royal Society of Chemistry 2021
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Fig. 27 Printed aerogels for chemical sensor applications. (a) Photograph
of a chemiresistive sensor with LED light detection. (b) The LED glows
brightly in the initial state before chemical reagent is added. (c) LED light
dimmed, indicating change in electrical resistance in response to chemical
agent. (d) Schematic illustration of sensing of acetone through interaction
with rGO. (e) Resistance changes of the chemiresistors for different
chemical agents. (f) Resistance changes of the sensor under different
volume% of acetone. (g) Cycling stability of acetone sensing over 10 times.
Reproduced with permission from ref. 243. Copyright 2018 American
Chemical Society.

structure retain their original square shape and form thicker tissues
(Fig. 31j-1). The authors propose that the improved cartilage
regeneration in the 3D printed samples is primarily due to the
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controlled pore structure of the 3D printed scaffolds, which ensures
uniform cell distribution and nutritional supply, forming a relatively
uniform cartilage-like tissue. This printed aerogel scaffold has good
biocompatibility and rich macroporous structure, all of which are
beneficial for its application in tissue engineering.”*>*

5.5.2 Drug delivery. Drug delivery involves loading drugs in
a carrier that provide accurate control of drug release rate in
both time and space, so that the drug can reach the target
efficiently to reduce the dosage and avoid unexpected side
effects. This is especially important for cytotoxic (toxic to cells)
drugs used to treat certain diseases. These delivery systems
need to protect the carried drugs from severe degradation by
the physiological environment in the body before arriving at the
target.'®® Additionally, the carrier should be sufficiently small
(micron-millimetre range) to be able to flow freely in the

3876 | Chem. Soc. Rev, 2021, 50, 3842-3888

human circulatory system (such as blood vessels, respiratory
tract, digestive tract, etc.) to reach the target site.
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Fig. 30 3D printed graphene aerogel lattices for adsorbent applications. (a)
Adsorption ratios of different chemical solvents. (b) Cycling stability of adsorption
capacity of alcohol with natural adsorption and fire discharge processes. Repro-
duced with permission from ref. 243. Copyright 2018 American Chemical Society.
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Fig. 31 3D printed gelatin/PLGA for in vitro cartilage regeneration. Fluorescence micrographs of chondrocytes seeded on (a) non-printed freeze-
shaped gelatin/PLGA scaffold and (g) 3D-printed scaffold for 24 h (live and dead cells are dyed green and red, respectively). Overall appearance of cell-
scaffold constructs in (b) non-printed and (h) 3D-printed groups after six weeks of in vitro culturing. SEM images present the extracellular matrix
deposition in the (c) non-printed and (i) 3D-printed groups after six weeks. Histological analysis of cell-scaffold constructs in (d—f) non-printed and (j-1)
3D-printed groups after six weeks of in vitro culturing. Reproduced with permission from ref. 23. Copyright 2019 Elsevier Ltd.

A wide variety of drug carrier materials in an aerogel form
have been investigated thus far, including Si0,,**® Ti0,,**
chitosan,*” pectin,**® carrageenan,** alginate,**® starch,*** and
cellulose.*** These aerogels are traditionally shaped by one of the
methods such as milling from monoliths, droplets through
syringe into solution, and emulsion polymerization.***3*3-343

Inkjet printing can produce fine ink droplets with diameters
of tens of microns and as discussed before, can be used to
fabricate ultrafine aerogel microspheres for drug delivery appli-
cations. Indeed, such a strategy to prepare alginate aerogel
microspheres has been demonstrated for lung inhalation delivery
of salbutamol sulphate (a drug used to treat bronchi or lung
diseases); Fig. 32.%% Inkjet printing was used to obtain uniform
and fine particle size (23.8 + 4.5 um, Fig. 32a and b) for high
fluidity. Importantly, the salbutamol sulphate-loaded micro-
sphere’s fine particle fraction (indicating the flowability) is close
to 50%, better than some commercial salbutamol sulphate formula-
tions (26-28%).>***" Additionally, fine nanopores in the aerogels
ensure low continuous drug release for up to 10 hours (Fig. 32c).
This method can be universally extended to other drug delivery
approaches.

5.6 Printed aerogels for light-harvesting applications

Solar energy can be harvested through conversion to heat, elec-
tricity, and energy-rich chemicals (fuel), based on mechanisms
such as solar-thermal conversion, photovoltaic effect, photoca-
talysis, photosynthesis, and photoelectrochemistry.*****° Thus
far, non-printed aerogels have been used for a range of light-
harvesting applications, including rGO-polyacrylamide (rGO-
PAM),**® hollow-carbon-nanotubes,*>' conjugated microporous
polymer nanotubes,*** graphene,** and MoS,-graphene®** for
solar-steam generation, g-C3;N,/GO for broad-spectrum photo-
catalysts,** g-C3N,/graphene/NiFe hydroxide for solar-driven

This journal is © The Royal Society of Chemistry 2021

photoelectrochemical water oxidation,®®® and SiO,-TiO, for
dye-sensitized solar cells.>*® Printing technologies allow for
fabrication and direct integration of these aerogels into light-
harvesting devices, especially in fine and gradient structure
configurations, and therefore, can greatly enhance device perfor-
mance and overall manufacturability.
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Fig. 32 Inkjet-printed aerogels for drug delivery. (a and b) SEM images of
alginate aerogel microspheres obtained by inkjet printing. (c) In vitro
release profile of salbutamol sulphate from the aerogel microspheres
(white circles) in phosphate buffer solution, compared to the dissolution
profile of salbutamol sulphate (black squares) under the same operating
conditions. (d) Drug deposition profile of salbutamol sulphate loaded in
alginate aerogel microspheres with a next generation impactor. Adapted
with permission from ref. 209. Copyright 2018 Elsevier B.V.
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Fig. 33 All-in-one 3D printed aerogel structure for solar steam genera-
tion. (a) Schematic diagram showing the 3D printing enabled fabrication
process. (b) Three-layer structure of the 3D printed evaporator. (c) Photo-
graph of light-weight evaporator. (d) Schematic illustration of solar steam
generation. (e) Infrared images of pure water and the generator at various
time points under 1 Sun illumination. (f) Curves showing surface tempera-
ture change of pure water and the generator as a function of irradiation
time. (g) Cumulative weight loss of pure water and the generator through
water evaporation over time. Reproduced with permission from ref. 216.
Copyright 2017 WILEY-VCH.

5.6.1 Solar steam generation. A solar steam generator is a
device that can directly absorb sunlight, and turn it into heat to
create steam from water. To achieve a highly efficient energy
conversion, it is necessary to have strong light absorption,
stable water transmission, and effective heat insulation of the
steam generators.*>”**® To address these, a layered 3D printing
technology has been used to fabricate an integrated device with
a concave structure that can efficiently generate solar steam
with a high efficiency of 85.6% under 1 sun illumination
(Fig. 33).>'° The integrated structure is composed of three parts
of aerogels, CNT/GO sunlight absorbing layer, GO/CNF water
diffusion layer, and GO/CNF water delivery wall (Fig. 33b). The
air surrounded by the GO/CNF wall can act as an effective
thermal insulation, reducing the heat loss at the top. This
example of 3D printing to create an integrated stacking of three
different aerogels provides a new method to efficiently convert
sunlight energy into steam, which may promote its use in areas
such as desalination.
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Fig. 34 Photocatalysis application of printed Au/CN-SA aerogels.
(@) Schematic illustration of the aerogel fabrication/printing process.
Photographs of (b) a structure printed directly in air, (c) the printed
structure after thorough cross-linking in a CaCl, solution, and (d) super-
critically dried aerogel. (e) Comparison of the photocatalytic methylene
blue degradation rates (4 > 420 nm) of the 3D-printed structure and non-
printed contrast aerogel sample. Adapted with permission from ref. 183.
Copyright 2018 WILEY-VCH.

5.6.2 Photocatalysis application. 3D printed aerogel mem-
branes with patterned macrostructures have also been used for
solar wastewater remediation (Fig. 34)."®* The extrusion printed
Au/g-C3N,-sodium alginate (Au/CN-SA) aerogel shows excellent
photodegradation activity of methylene blue, reaching an effi-
ciency of more than 93% in 60 minutes; this is 1.5 times more
active than a control sample of non-printed aerogel (Fig. 34e). The
authors propose that the performance enhancement is due to the
fast liquid flow and efficient dye diffusion facilitated by the
ordered 3D printed macropore structure. These examples all show
that printing technologies bring clear advantages in device fabri-
cation and integration, and specific performance improvement in
the application of aerogels in photovoltaics and photocatalysis.

6. Conclusions and perspectives
6.1 Research perspectives: challenges and future directions

In the past 5 years, significant breakthroughs have been
achieved in combining aerogels and advanced printing tech-
nologies, leading to the realization of a variety of printed
aerogels with a wide range of functionalities. Indeed, this has
clearly brought a great improvement in aerogel properties and
application-specific adaptability, considerably expanding their
scope. However, this field is still in its infancy and great strides
are needed before they can be widely accepted and exploited on
an industrial scale as an additive manufacturing technology. In
this section, we summarize the research achievements, and
present our opinion on the key challenges that need to be

This journal is © The Royal Society of Chemistry 2021
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overcome in the near- to mid-term from the perspectives of
design and ink formulation, printing process, and application.

6.1.1 Design and ink formulation. Considerable recent
progress has been made in the formulation of inks for printed
aerogels. Examples include a new type of photocurable siloxane
precursor designed for light-based printing,”*® SiO,-based'”**"”
and RF'® sol prepared from the traditional molecule-derived
route, and a variety of ink formulation approaches with 1D
(Table 4) and 2D (Table 5) nanomaterials. Nevertheless, the
range of suitable material types in these formulations is still
limited, and faces a series of following challenges:

(i) Design and synthesis of precursors: For printing oxide
aerogels from molecule-derived formulation, the types of aero-
gel precursors that have been studied thus far are very few, and
are limited to only SiO,-based precursors. New types of pre-
cursors and chemical structures need to be designed and
synthesized for printing other materials and oxides such as
polymers, Al,O; and ZrO,.

For photocurable printed aerogels, the design and synthesis
of new precursor materials containing both photocurable groups
and hydrolysable polycondensation groups are required.

For the formulation of inks using the nanomaterial-derived
route, another important research direction is the development
of inexpensive material synthesis strategies such that the
materials can be directly used for ink preparation without any
purification and other processes.

(ii) Standardization of ink formulation: Generally, the lower
the target aerogel density, the lower the concentration of
corresponding materials in the ink, and consequently, the ink
viscosity (and vice versa). To meet various printing require-
ments and wide target application performance (such as a wide
density range), designing and synthesizing inks with appropri-
ate rheological properties to fit different printing technologies
has always been a difficult research challenge. For example, 3D
extrusion requires inks not only with suitable viscosity but also
with shear-thinning behaviour to ensure smooth extrusion and
self-supported filaments after printing. This can be addressed
by introducing different ink additives. Rapid gelation formula-
tions through light excitation, gas reaction, and liquid bath are
also promising means to address this issue. However, these
approaches are mostly empirically derived and do not currently
have a general understanding or standardized protocol. Such
universal criterion for extrusion ink formulation can considerably
simplify this step.

(iii) Design of hierarchically porous structures: For applica-
tions such as tissue engineering and catalysis, pore size gra-
dient and hierarchical distribution is critical to reconcile and
coordinate two competing properties of volume utilization rate
and mass transfer.**>>>° For 3D printing aerogel scaffolds, the
pore structure of the printed aerogel consists of the nanopores
of the aerogel itself and the voids between the printed filament
structures (i.e., pores above the micrometer range). The design
and optimization of these pore structures, including their pore
size hierarchy and proportions are important determinants of
the aerogel performance. In spite of this, very limited research in
this area has been carried out thus far. For specific applications,
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conceiving the hierarchically ideal pore structure through
theoretical calculations,*® then adjusting the print parameters,
ink formulation, and gelation process to realize the designed
pore structure and to verify mass transfer and related perfor-
mance would be a game changer for the aerogel family of
materials.

(iv) Strengthening of aerogel structure: Since aerogels are
low-density, high-porosity materials, their mechanical strength
is very low. For the case of layer by layer 3D printing, additional
structural weakness may appear at the interface between the
layers. The traditional method of reinforcement is to add fibres
to form a composite material. In the field of printing, this may
lead to new challenges in terms of ink rheology and printability.
Therefore, understanding the effect of reinforcements, and the
design of skeleton crosslinking through chemical reactions
while maintaining the print performance, could form an
important research direction. Adding short fibres or introducing
special supramolecular interaction or dynamic covalent bond
linking between the printed layers may address this, and
improve the Z-direction strength. This could offer huge flexibility
in ink formulation for printed aerogels.

6.1.2 Printing process. Thus far, a variety of printing
technologies for aerogels have been developed and verified,
such as inkjet, screen, light-based, 3D extrusion printing, and
3D printed templates. On the printed shape, aerogel micro-
spheres, films, patterns, complex shapes, and 3D scaffolds have
been successfully printed, breaking the boundaries of tradi-
tional machining or mould shaping methods. Despite these
achievements, there are still some significant challenges.

(i) Printing of fine and intricate structures: Certain applica-
tions demand extremely strict size and resolution, and require
the basic structural unit to be sufficiently small. For example,
tissue engineering requires very high print dimensional accuracy
to mimic the environment of the cell.**® In addition to the
dimensional accuracy, the availability of printing complex struc-
tures to achieve the best mechanical strength is also an important
prerequisite for structural design.*®" Since 3D extrusion printing
of aerogels requires the use of a slurry in a semi-gel state,
controlling the dimensional accuracy of printing is very challen-
ging. The size of the extrusion nozzle and the step resolution of
the stages, also directly affects the print dimensions and accuracy.
However, reducing the nozzle diameter may not always offer a
solution as narrower nozzles are prone to clogging when nano-
material derived inks are used. Although PmSLA 3D printing has
been used to demonstrate print resolutions down to 10 microns,
this has only been demonstrated on GO inks.>** Printing aerogels
with high-resolution and intricate structures still remains as one
of the key research challenges. To this end, research advances in
two-photon polymerization could allow achieving print resolutions
as fine as 100 nm.**°

(ii) Exploitable aerogel materials: The majority of the printed
aerogels have focused on nanomaterial-derived inks such as 1D
CNF or CNC (Table 4) and 2D nanosheets (such as GO, Table 5).
Formulation of molecule- (such as for Al,03, ZrO,) or 0D
nanoparticle- (such as metal, non-oxide ceramics) derived inks
is less common. This is, in our opinion, primarily due to the
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challenges involved in ink formulation. For example, control of
the cross-linking degree of Al,O; or ZrO, precursors, and therefore
the viscosity, is more difficult than that of the precursors of SiO,.
The time window of printability is also shorter. Similarly, the 0D
nanoparticle-derived inks (such as metal and non-oxide ceramics)
may struggle to form a solid structure after the binder is removed
as the particles do not entangle like 1D nanofibres or 2D
nanosheets. The investigation into these materials is critical to
expand the application scope of aerogels. Indeed, the huge
potential of these materials for high temperature catalysis or
support (AL,Os, Pt, SiC, etc.), and electromagnetic shielding and
energy devices (e.g., MXene) make them worth exploring.

(iii) Improving the print speed: The efficiencies of inkjet or
screen printing for aerogel microspheres or films are somewhat
acceptable. However, for 3D printing such as light- or extrusion-
based techniques, the print speed and overall print efficiency
are low for mass production. Light-based 3D printing usually
has a very low print speed of only a few millimetres per hour in
the vertical direction,"** and is limited by the rheology of the
inks. The print-head movement speed in extrusion-based 3D
printing is usually less than 20 mm s~ ' (Table 7). These are
unacceptable for industrial scale production. Therefore, rele-
vant research in improving the efficiency of 3D printing of
aerogels is very important towards their industrial exploitation.
The development of new printing methods, such as multi-
nozzle, multi-material printing may greatly increase the pro-
duction efficiency.*®® For light-based printing, computed axial
lithography'*® or DLP assisted by continuous liquid interface
production™** could be used. However, considerable challenges
in ink formulation with these photocurable resins and aerogel
precursors remain, and require extensive investigation.

6.1.3 Application. As discussed above, example applica-
tions of aerogel printing include inkjet printed aerogel micro-
spheres for drug delivery, and intricate and customised 3D
architectures for thermal insulations,’”® supercapacitors,*!
batteries,>'® TENGs,?*® catalysis,>” and even tissue engi-
neering.”> The motivations for those examples are typically,
either to achieve superior performance, or to conquer the
difficulty of shaping and integration that cannot be addressed
by the traditional methods. However, from the perspective of
practical applications, these developments are still very preli-
minary and imperfect. We believe that the near and mid-term
challenges in these areas are:

(i) Comprehensive testing of printed aerogels: Printed aerogels
clearly exhibit advantages in both mechanism and performance
parameters in a wide range of application areas. However, for
printed aerogel technologies to be adopted in industrial produc-
tion for commercial applications, in-depth research into long-term
performance and stability is needed, in particular, the changes in
microstructure under realistic operating conditions, performance
degradation rates, and their causes. In addition, the toxicity,
health effects, and degradation of printed aerogels are also sub-
jects that need close investigation, especially for tissue engineering
and drug delivery.

(ii) Standardization of design and processing: the use of
printing technologies can greatly improve the flexibility of design
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and allow customization and quick realization of prototypes.
However, the presence of multiple design software, materials,
printing and drying methods, and application fields, without
standardization, is a hindrance towards their practical use. To
serve a wider range of applications, we believe that it is necessary
to learn from the experience of industrialized large-scale produc-
tion, and standardize the design software, ink, process, testing
methods, product performance, and protective measures for
handlers to achieve complete and comprehensive quality control,
ensuring continuity, repeatability and unity of production.

The above research perspectives and directions involve
multiple disciplines and require strengthening the relationship
not only between different branches of academia (such as
experts in software and hardware, chemistry, chemical engi-
neering, materials, environment, bioengineering, medicine,
and health and safety), but also between industry and academia.
This would promote joint interdisciplinary research and accelerate
the transfer of knowledge and expertise from the laboratory to the
pilot scale, and then to large-scale industrial production to serve
industrial progress, economic development, and environmental
and societal wellbeing.

6.2 Concluding remarks

The world of aerogels is exciting and fascinating. Apart from
the mature thermal insulation industry, research and applica-
tions of aerogels have thrived in the past decade. From thermal
insulation to energy and biotechnology applications, the social
and economic impact of these porous solids, in our opinion,
will become increasingly apparent in the coming years. How-
ever, in combination with the rapidly progressing additive
manufacturing technologies, printed aerogels have only just
begun to appear in the past 5 years. Indeed, recent research
efforts and attempts in this direction already indicate great
potential in many fields of applications and new market
opportunities by overcoming the limitations of current aerogel
materials. This statement is especially relevant to processing.
For example, the unique designs of macrostructures such as
minimum-surface Schwarts, Gyroid, and Diamond structures
could be efficiently realized by 3D printing to fine-tune and
improve application-specific aerogel properties. Therefore, in
spite of the future technological challenges discussed above, we
are convinced that the adoption of printing technologies could
herald a new generation of low-cost, customizable, and adaptable
aerogels that could potentially create new functionalities and
boost the existing application areas, in particular, in energy,
sensing, and bio-medical fields.
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