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Herein, we propose a freeze-assisted transfer printing strategy to realize freely-shapable fabrication of
graphene aerogels. The competition of interfacial adhesion between the stamp and substrate was
evaluated, providing the basis for controllable positioning and shaping of patterned aerogel arrays.
Taking advantage of the diverse geometry building blocks, large area or complex 3D aerogel
architectures can be prepared efficiently. This strategy is compatible with various concentrations of
graphene inks and has no viscosity dependence, so aerogel patterns of different densities can be printed
in a single pass. A gradient graphene aerogel was prepared by multilayer printing, satisfying the sensitive
pressure sensing under both small deformation and large strain conditions. In addition, we have
demonstrated that the strategy is applicable to abundant colloidal systems including composite
nanomaterials and biopolymers. Therefore, heterogeneous aerogel structures can be realized through
the principle of laminated printing using multiple materials. A bilayer aerogel with an auxetic pattern was
designed, which showed magnetically controlled stretchability and stable conductivity. This
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1. Introduction

Assembly of functional nanomaterials into three dimensional
(3D) aerogels has attracted great interest due to their distinct
high specific surface area, elasticity, porosity and ultra light-
weight properties."™ Low dimensional materials including
graphene, carbon nanotubes and MXenes are widely used as
building blocks for the construction of functional aerogels.’®
Their superior mechanical, thermal, and conductive perfor-
mance provides a broad application prospect in energy storage,
pollutant adsorption, heat insulation, electromagnetic shield-
ing, flexible sensing, catalysis and other fields."*"> Graphene
aerogel is a kind of macroscopic material assembled from
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demonstrates the potential application of our approach in functional device integration.

graphene or its derivatives, with an interconnected porous
network structure, which is also known as graphene foam or
graphene sponge. Although the bulk form of graphene aerogel
has shown functional applications in many aspects, its devel-
opment from a macroscopic scale toward miniaturized patterns
is of great importance for the realization of high-performance
integrated devices."®*

The methods for constructing graphene aerogels mainly
include hydrothermal or chemical reduction,> >’ sacrificial
templates and etching process,”®*° 3D printing techniques,** >
etc. The graphene aerogels prepared through reduction assembly
and sacrifice templates are generally in simple bulk forms, which
are limited by the shape of the container used in the preparation
process. In addition, the hydrothermal or chemical reduction
method tends to result in a large degree of volume shrinkage, so
it is not easy to control the structure of graphene aerogel accu-
rately. Moreover, due to the fragile and deformable mechanical
properties of aerogel materials, they are not suitable for the
subtractive manufacturing process to achieve shaping and pattern-
ing like traditional materials. Therefore, 3D printing has been
utilized for the patterning of functional aerogels.>***

The 3D printing approach of graphene aerogel is mainly
based on micro-extrusion, which relies on a high concentration
ink with high viscosity to ensure printability.***>** Although
this method allows for the creation of graphene aerogels with

This journal is © The Royal Society of Chemistry 2023
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desired shapes, the limitation of printable inks restricts the
density distribution and compositional diversity of the printed
structures. In the process of printing large and complex struc-
tures, it is hard to maintain the structural integrity due to ink
drying causing structural collapse and deformation. Thus, the
overall processing size range is limited. Additionally, layer by
layer extrusion printing is also not conducive to large-scale
manufacturing in terms of processing speed and efficiency.
Therefore, achieving freely-shapeable fabrication of aerogel
patterns and 3D architectures remains a challenge.

In this work, we have developed a freeze-assisted transfer
printing (FATP) strategy to address the shortcomings of existing
approaches. Transfer printing allows high-throughput assem-
bling of patterned aerogel arrays. Complex 3D aerogel archi-
tectures can also be achieved through multilayer printing,
with the assistance of freezing that offers interfacial bonding.
Through a combination of transfer printing and freezing,
freely-shapeable aerogels can be efficiently prepared, which
have rich material applicability and an adjustable processing
size range. We demonstrate the wide adaptability of this
approach to various concentrations of graphene inks and
abundant colloidal materials. Moreover, we have prepared
gradient graphene aerogels and heterogeneous aerogels for
device integration, showing remarkable properties in pressure
sensing and stretchable electronics.

2. Results and discussion
2.1. Patterning of graphene aerogel by FATP

In Fig. 1a, we propose a process flow for the fabrication of
patterned graphene aerogel by FATP. First, a flexible polydi-
methylsiloxane (PDMS) mould with a groove pattern was pre-
pared, which served as the printing stamp. Then, the printing
ink was injected into the stamp. In this case, a dispersion of
graphene oxide (GO) was taken as an example. The GO ink was
frozen in the grooves of the stamp, and converted into an array
of GO ice cubes. Subsequently, the filled stamp was affixed to
the glass substrate at a low temperature, and left for a certain
time to allow the frozen ink to bond with the glass substrate.
After peeling off the stamp, the GO ice cubes were transfer
printed onto the glass substrate, maintaining their patterned
arrays. Followed by freeze-drying, patterned GO aerogel can be
obtained. GO aerogel can further be transformed into graphene
aerogel through chemical or thermal reduction, so as to achieve
desirable electrical or thermal conductivities.

Fig. 1b shows the optical image of the GO aerogel array.
A total of 120 aerogel units are distributed on a glass slide. Each
unit has a cubic shape with a side length of 1.5 mm and
a spacing of 2 mm, like an individual pixel. A resolution of
20 x 6 was achieved across the size range of the glass slide. The
morphologies were uniform and consistent. In addition, linear
and circular shaped aerogel arrays are also shown in Fig. 1c,
with distributions of 20 x 2 and 10 x 3, respectively. It was
observed that these tiny aerogel units undergo minimal volume
shrinkage after freeze-drying. The speculated reason is that the
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small volumetric aerogel units have a large specific surface;
thus the ice crystals sublimate rapidly in a short period of time.
In our experiment, the time for freeze-drying can be as low as
10 minutes, far less than the common durations of hours to
tens of hours. These miniature aerogels can be used as basic
geometric elements for the construction of graphical graphene
aerogels. The typical microscopic morphology of the aerogel
unit is shown in Fig. S1 (ESIY).

In the process of FATP, there exists a competition between
adhesive forces among different interfaces. In order to transfer
the frozen GO units from the PDMS stamp to the glass
substrate, the following condition should be satisfied:

Vice—stamp < Vice-substrate (1)

where yice-stamp represents the adhesive strength of the interface
between the frozen GO and the PDMS stamp, 7ice-substrate
represents the adhesive strength between the frozen GO and
the glass substrate.

Disc-shaped GO ices were used to investigate the relation-
ships between adhesive forces, where the initial density of GO
was 2 mg mL~". As shown in Fig. 1d, when the diameter of the
disk increases from 10 mm to 30 mm, the pjcestamp Vvalue
decreases from 24.33 kPa to 9.85 kPa, while the 7jcesubstrate
value decreases from 133.25 kPa to 54.86 kPa, which is always
larger than yjcestamp- In Fig. 1e, when the thickness of the disk
increases from 1 mm to 3 mm, the Jjcesamp value increases
from 10.35 kPa to 34.76 kPa, while the yjce.substrate Value has no
significant change. Within the test range, eqn (1) can be
satisfied. The results illustrate that it is easier to achieve the
transfer printing of ice patterns with a larger diameter, or with
a smaller thickness. For the GO ices of different densities, the
Vice-stamp ANd Vice-substrate TéMained at similar values, fulfilling
the conditions stated in eqn (1) (Fig. 1f). Therefore, the FATP
strategy has a wider range of ink options for the printing of
aerogel structures, whereas typical extrusion-based 3D printing
often relies on a high concentration ink, and the inkjet-based
3D printing requires the use of low concentration ink.*?

Glass is selected as the printing substrate, because it offers
suitable adhesion strength to satisfy the competition condi-
tions in eqn (1). Several common materials besides glass are
also investigated, including Teflon, PET and PDMS. The test
results are shown in Fig. S2 (ESIT). There are several advantages
of using PDMS as a printing stamp. First, PDMS has low
adhesion with GO ice. Second, it has an appropriate elastic
modulus. Thus, the GO ice cubes can be released gradually by
bending the PDMS stamp during the peeling process. Third,
the light transmittance of PDMS is convenient to complete the
pattern transfer at the specific position of the substrate, and
also beneficial to the pattern alignment when preparing multi-
layer structures.

2.2. 3D fabrication of graphene aerogel by FATP

To achieve complex 3D aerogel structures, multilayer transfer
printing was executed. The process flow of layered manufactur-
ing is shown in Fig. 2a. Similar to the array pattern depicted in
Fig. 1a, the first layer of frozen ink was transferred from the
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Fig. 1 Patterning of graphene aerogel by FATP. (a) Schematic of the fabrication process for aerogel patterning. (b) Optical images of the cubic shaped
aerogel units in a 20 x 6 array. Scale bar: 5 mm. (c) Optical images of the aerogel arrays with linear and circular shape. Scale bars: 5 mm. (d—f) The
adhesive strength of ice-stamp @Nd Yice-substrate @S @ function of sample diameter, thickness and density.

PDMS stamp to the glass substrate. After that, additional layers
of frozen ink were stacked to their previous layers step by step.
Each intermediate structure was maintained for a certain time
under pressure after printing, thereby enabling the layers to fit
together tightly without leaving any gaps.

During the overprinting process, the substrate is changed
from glass to a pre-set layer of frozen ink. Therefore, the
following conditions are required to complete multilayer trans-
fer printing:

Yice-stamp < Vice-ice < Vice-substrate [2)

10836 | J. Mater. Chem. C, 2023, 11,10834-10842

where yjce-ice represents the adhesion strength of the interface
between two frozen layers.

We investigated the yjce-ice Value using two samples of frozen
GO ink with a typical disc shape, as shown in Fig. S3 (ESIT). The
value of Vice-ice is between the Yice-stamp and Vice-substrate values,
which satisfies the equation and is feasible for transfer
printing.

After the construction of the whole structure, arbitrary
shaped aerogels can be obtained followed by the subsequent
procedure of freeze-drying. In Fig. 2b-m, we demonstrate the
ability of FATP to create complex 3D architectures through

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 3D fabrication of graphene aerogel by FATP. (a) Schematic diagram of the layered manufacturing process for complex aerogel architectures.
(b—m) Design sketches of the building blocks and optical images of the assembled 3D architectures, in which n represented the number of repeating

layers. The scale bars in the figures are 1 cm.

several sets of examples. In the multilayer transfer printing process,
the frozen ink layers can be regarded as the building blocks. They
were assembled into macroscopic 3D structures according to
different geometric patterns, orientations and order of arrange-
ment, in which n represented the number of repeating layers.

In the first set of examples (Fig. 2b and c), parallel linear
arrays served as the building blocks and were arranged in a 90°
cross pattern to form a micro-lattice structure. The orientation
of interlayer arrangement can also be set at different angles by
controlling the direction of transfer printing. As a special
printing technique for the patterning of the aerogel structure,
the processing accuracy reaches the submillimetre scale. The
linear array has a width of 800 um and an interspace of 200 um,
representing the feature size of FATP in our experiment.

As shown in Fig. 2d and e, a group of string-bead arrays was
assembled. The beaded parts were connected between layers
and provided a relatively strong bond. Consequently, the string
parts maintained a certain span to achieve a suspended
configuration. The ratio of span to width was more than 5 times,
which is among the highest records in aerogel printing.

The basic design elements for FATP are not limited to
filaments compared to extrusion-based 3D printing, but can

This journal is © The Royal Society of Chemistry 2023

be a variety of geometric shapes. For instance, the third group
consists of hollow triangles as assembly units (Fig. 2f and g),
and the fourth group utilized rhombic-shaped grids as basic
elements (Fig. 2h and i). Each layer regardless of its complexity
can be printed in a single pass. More examples are shown in
Fig. S4 (ESIY).

In addition, different asymmetric patterns can also be used
as building blocks to create the overall 3D structures. In the fifth
group, two different hexagonal mesh patterns were assembled
into a complex structure through four layers of transfer printing.
A long-span suspended configuration was formed due to the
staggered arrangement of hexagonal grids (Fig. 2j and k).

We show through the last set of examples that non-planar
patterns were used as building blocks for transfer printing
(Fig. 21 and m). A structure containing torus shapes with pillars
was directly printed, and assembled layer by layer into a spring-
shaped 3D architecture. The design details are described in
Fig. S5 (ESIY).

Through the above examples, we demonstrate the flexibility
of FATP in constructing complex 3D structures. In particular, it
can be used to construct aerogel architectures that are difficult
to achieve with conventional printing methods. Moreover, this

J. Mater. Chem. C, 2023, 11,10834-10842 | 10837
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printing approach has a long operation window, so it has
advantages in the processing of large size components. Structure
shrinkage or deformation caused by ink drying often occurs in the
conventional printing process, but the phenomenon would be
avoided in this freeze-assisted printing method.

2.3. Gradient aerogel structure by FATP

As mentioned in the previous discussion, the GO inks with
various concentrations were suitable for the FATP method to
prepare graphene aerogel. Furthermore, we prepared gradient
graphene aerogels by arranging the GO ice cubes with different
densities. An array pattern of graphene aerogels with densities
of 1 to 10 mg mL™' is shown in Fig. 3a. GO inks of ten
concentrations were loaded into a PDMS stamp, and the
gradient aerogel array was prepared through a single pass of
transfer printing. As shown in Fig. 3b and c, each density of GO
ice cubes was taken as a separate layer, and the 3D structure of
density-gradient aerogel was prepared by stacking. It shows obvious
difference of brightness and shade in these layers, both in the
frozen (Fig. 3b) and dry (Fig. 3c) states. Fig. 3d shows the SEM
images of graphene aerogel, with densities of 2, 4, 6, and
8 mg mL ", The GO sheets assembled into cellular networks with
different porosities, which follows the mechanism of ice-templating.
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To demonstrate the performance advantages of gradient
aerogel, a gradient 4-layer structure was prepared through a
multiple printing process. The initial density of each layer was
8, 6, 4, and 2 mg mL ™, in the descending order of super-
position. After freeze drying and chemical reduction, the gra-
dient graphene aerogel was filled with PDMS, and turned into a
conducting elastomer. This conducting elastomer was applied
in pressure sensors, as shown in Fig. 3e. For a comparative test,
pressure sensors having homogeneous structures were also
prepared. Each device was printed individually using a single
concentration ink, with the process repeated four times. From
the results shown in Fig. 3f and g, the response characteristics
of pressure sensors with homogeneous structures varies with
their initial concentrations, but there is no obvious regularity.
Under the condition of small strain (0.2-1.0%), the response
change rate of pressure sensor with an initial concentration of
4 mg mL™" is higher than that of the other homogeneous
sensors, while the sensor with a concentration of 2 mg mL ™"
has a relatively minimal performance. In the range of large
strain (10-30%), the 2 mg mL ' sensor presents a higher
response change rate, while the 8 mg mL ™" sensor has a lower
performance. However, in both test ranges, the pressure sensor
with a gradient structure shows the most superior response
characteristics, which proves that the gradient sensor can meet

e f 254 ——2mgimL
Press — 4 mgimL
204 — 8mg/mL

— Gradient

AR/ Ry (%)

e 4 mg/mL
— 8 mg/mL
— Gradient 540,

Time (s)

Fig. 3 Gradient aerogel structure by FATP. (a) Patterning of gradient aerogel through a single pass of transfer printing. (b and c) Multilayer transfer
printed gradient aerogel in the frozen and dry states. (d) SEM images showing the typical morphology of graphene aerogel with different densities.
(e) Schematic showing the conductive elastomer made from gradient aerogel for pressure sensing. (f and g) Resistance change rates of the pressure
sensors with homogeneous and gradient structures under small deformation and large strain. Scale bars: 1 cm (a—c); 50 pm (d).

10838 | J Mater. Chem. C, 2023, 11, 10834-10842

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3tc01121f

Published on 06 juni 2023. Downloaded on 22.06.2024 09.27.26.

Paper

the requirements under both small deformation and large strain
conditions. Therefore, the gradient aerogels achieved through
rational structural design have great potential for application.

2.4. Multi-material integration by FATP

Taking graphene-based materials as an example, we have
demonstrated that FATP can be used as an effective method
to prepare aerogel patterns or complex 3D structures. The
method is also suitable for various systems of colloidal materials,
including polymer solutions, low-dimensional nanomaterials,
and their composites. Fig. 4a respectively shows the aerogel
patterns prepared using GO, sodium alginate, bacterial cellulose,
silver nanowires and GO/Fe;O,. The common feature of these
materials is that they can be assembled through an ice-templating
mechanism to form a porous 3D morphology. Aerogels of each
material start from functional inks consisting of various compo-
nents, and can further be patterned through the FATP approach.
Combined with specific shape and structure design, these aero-
gels provide a rich material basis for the fabrication of functional
devices, which will promote their application in lithium-ion
batteries, catalysis, sensors, solar distillation, electric heating
and other fields.
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According to the principle of laminated manufacturing,
heterogeneous aerogels were produced through FATP using
multiple materials. The integration of multiple materials was
realized on different layers or even in different areas of the
same layer. The heterogeneous aerogel structures of tai-chi,
panda, petal and other patterns are presented in Fig. 4b and
Fig. S6 (ESIf). Sodium alginate and GO were used for sample
preparation, corresponding to the white area and the dark area.
The two components were first connected in the frozen state by
the interaction of ices. Then, the GO sheets and sodium
alginate molecules were self-assembled through the mecha-
nism of freeze-drying, and bonded together at the interface.
Additionally, we printed an integrated structure using four
types of materials. Three groups of heterogeneous interfaces were
formed between the adjacent layers, as shown in Fig. S7 (ESIY).

Through the integration of heterogeneous materials, we
designed a stretchable aerogel device that can be operated by
magnetic field (Fig. 4c). The device includes a conductive layer
and a magnetic layer. The conductive layer consists of a
graphene aerogel with an auxetic structure, and the magnetic
layer was made using a nanocomposite aerogel of GO/Fe;0,.
The interface between the two layers can clearly be seen from
the SEM image. Aerogel materials generally show compression

Cc

40

304

AR/ Ry (%)

201

104 H
15% elongation 30% elongation

o1 o AL

0 20 40 60 80 100 120 140 160
Time (s)

Fig. 4 Multi materials integration by FATP. (a) Various colloidal systems are suitable for the FATP approach, including GO, sodium alginate, bacterial
cellulose, silver nanowires and GO/FesO,4 hanocomposites. The images respectively show the corresponding inks and the morphology of aerogels. (b) A
heterogeneous aerogel structure with a tai-chi pattern by integration of GO and sodium alginate. (c) A heterogeneous aerogel device with an auxetic
pattern by integration of a conductive layer and a magnetic layer. (d) The current—voltage curves of the aerogel device under initial state and elongation.
The inset photograph shows the stretchability of the device that is operated using magnets. (e) The aerogel device as a lightweight conductor showing
small fluctuations in rates of resistance change during cyclic stretching. The inset photographs demonstrate the shape change of the auxetic pattern.
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properties, but without the ability to stretch. While in this case,
the auxetic pattern design and the porous nature of the aerogel
synergistically counteracts the tensile stress, which enables the
device to be stretchable. Attributed to the lightweight property
of aerogel materials, magnetic field is sufficient to drive the
device for controllable deformation. We conducted a test on
this patterned aerogel, and found that the device can maintain
good stability under large strain (Fig. 4d). In the strain range of
15% or 30%, the overall change rate of electrical conductivity is
less than 5%. It is further used as a lightweight conductor, as
shown in Fig. 4e. Two sets of the designed aerogel electrodes
were connected with LEDs, and loaded on the stepping motor
system for cyclic tensile experiment. The detailed construction
for the stretchable device is shown in Fig. S8 (ESIt). When the
elongation was controlled as 15% or 30%, the electrical signals
of the conducting aerogel electrodes showed very uniform and
small fluctuations over at least 20 continuous cycles. Along with
the movement of the magnet on the stepping motor, the auxetic
patterned aerogel electrodes can stably expand and shrink at a
speed of 50 mm s '. The LEDs maintained consistent bright-
ness during the stretching process (Movie S1, ESIt). This light-
weight, stretchable, magnetically controlled aerogel electrode
can be used in flexible electronics, micro-robotics and other
fields for potential applications.

3. Conclusions

We have demonstrated that FATP is an efficient strategy to
assemble aerogel materials into miniature patterns and 3D
structures. In contrast to extrusion-based 3D printing, the inks
used in this method are viscosity independent, making it applic-
able to a wide range of materials. Gradient graphene aerogels are
prepared with inks of various concentrations. The results show that
gradient aerogels show more sensitive pressure-response properties
than homogeneous aerogels. It provides enlightenment for the
future development of aerogels with composition or structural
gradient to explore novel applications. In addition, heterogeneous
aerogels can be achieved by printing multiple materials. We have
prepared a lightweight, stretchable, magnetically controlled aerogel
electrode. The porous characteristics and auxetic configurations of
the aerogel enable it to maintain stable conductivity, making it
suitable for application in stretchable electronics. The 3D electro-
des designed through this approach can also find opportunities in
the research fields such as micro batteries and catalytic platforms.
Moreover, the FATP method benefits from the advantages of the
long operation window, high-throughput printing of building
blocks in a single pass, and availability for the long-span suspended
structures. Therefore, it can act as an effective alternative or an
important supplement to extrusion-based 3D printing, which will
inspire the exploration of aerogels with expanded functions.

4. Experimental section
4.1. Materials and ink preparation

The GO sheets were synthesized according to our previous
research.?’ Sodium alginate and Fe;O, nanoparticles were

10840 | J Mater. Chem. C, 2023, 11,10834-10842
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purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. Bacterial cellulose was purchased from Guilin Qihong
Technology Co. Ltd. Silver nanowires were obtained from
Qingdao Nanoprinting Technology Co., Ltd. Graphene flakes
were obtained from Deyang Carbonene Technology Co., Ltd.
The above materials were uniformly dissolved or dispersed in
water to yield the aqueous inks.

4.2. Fabrication of printing stamps

The printing stamps were fabricated through a replica mould-
ing method. First, the target pattern or structure was printed
using a stereolithography 3D printer (FormLabs, Form2);
thereby a resin mould with an embossed pattern was obtained.
Subsequently, the 3D printed resin mould was replicated using
PDMS (Dow Corning, Sylgard 184). The PDMS was cured at
80 °C for 3 h. After peeling from the 3D printed resin mould, a
soft mould with groove patterns was formed. It was used as the
printing stamp for ink filling and transfer printing of aerogels.

4.3. Process of transfer printing

The inks were filled into the grooves of the printing stamps
using an air-powered fluid dispenser (EFD, Ultimus I). Then the
filled stamps were kept in a cryogenic refrigerator at —80 °C.
The freezing time depends on the size of the patterns. After that
the printing stamps were attached to the glass substrate under
pressure or through wetting with a trace amount of water. The
operation was executed with the assistance of a semiconductor
chilling plate. Finally, the PDMS stamp was peeled off to leave
the frozen ink onto the glass substrate. The transfer printing
process was completed.

4.4. Fabrication of pressure sensors and stretching devices

The pressure sensors with gradient structure and homogeneous
structure were both fabricated by repeating four layers of
printing process. Each layer was cake-shaped, with a diameter
of 15 mm and a height of 1.5 mm. The chemical reduction of
GO aerogel was conducted by fumigation with hydrazine
hydrate at 95 °C for 3 h. Pressure sensors were then encapsu-
lated with PDMS and connected to copper electrodes with
conductive silver glue for subsequent tests.

The stretching device was fabricated by using two types of
inks. The ink for the conducting layer was prepared by disper-
sion of graphene flakes in 2 wt% sodium alginate solution, in
which the concentration of graphene flake was 10 mg mL™".
The ink for the magnetic layer was based on GO/Fe;0,
nanocomposites, with concentrations of 8 mg mL™"' and
20 mg mL ™, respectively.

4.5. Characterization of structures and properties

The SEM images were acquired on a Phenom Nano proX
system. The adhesion data were recorded using a gauge meter
(0-100 N, WD-100) attached with a displacement platform
(EFD, EV4). The digital source meter (Keithley 2450) equipped
with an electromechanical testing system (Suns Technology,
UTM6103) was used to measure the electrical signals under
pressure and tension.
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