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Abstract   Aerogels are widely used as thermal insulation materials because of their high porosity and low bulk density. However, the insulation

performance of aerogels is limited to a narrow temperature range. Besides, the preparation of aerogel materials with precisely controlled and

complex architectures is still challenging. Here, we report 3D printed polyimide/silica aerogel particle (PI/SAP) composite aerogels for thermal in-

sulation in a wide range of temperature with customized applications. The printability and shape fidelity of 3D printed composite aerogels is im-

proved by adding hydrophilic SAP as a rheology modifier. The resulting PI/SAP composite aerogel exhibits excellent flame-retardant properties

and thermal insulation from −50 °C to 1300 °C. Moreover, the PI/SAP composite aerogel with customized shape can be applied for battery insula-

tion at subzero temperatures, promising to be used as customizable and stable insulating materials in a variety of complex and extreme applica-

tions.
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INTRODUCTION

With the continuous development of  technology and industry,
there is  an increasing demand for thermal insulation materials,
which  can  maintain  excellent  thermal  insulation  performance
and  flame-retardant  effect  in  high  and  low-temperature  envi-
ronments.[1−4] While  most  thermal  insulation  materials  can
maintain good thermal insulation performance at low tempera-
tures,  their  thermal  insulation performance decreases  seriously
with  an  increase  of  temperature.[5−7] Additionally,  common
commercial  insulation materials,  such as polystyrene foam and
polyurethane foam, are flammable and lose insulation ability at
elevated temperatures.[8−10] Therefore, it is of great significance
to  design  and  develop  thermal  insulation  materials  that  can
maintain  excellent  thermal  insulation  and  flame-retardant  per-
formance in both high and low-temperature environments.

Aerogel  is  a  solid  material  with  a  porous  network
structure.[11−15] Its  low  volume  density  and  porous  structure
make  it  effective  in  preventing  heat  conduction.[16] Hence,
compared  to  traditional  thermal  insulation  materials,  aero-
gels  exhibit  lightweight and much better  insulation capabili-
ty.  As  a  typical  aerogel  material,  silica  aerogels  show  good
flame  retardancy,  thermal  stability,  and  ultra-low  thermal
conductivity.[17−20] However,  its  mechanical  brittleness  leads
to the poor formability and processability, and long-term use
can lead to fatigue damage, powder loss and other issues. Re-
cent  studies  showed  that  polyimide  aerogels  exhibit  excel-
lent  mechanical  properties  and  thermal  stability  due  to  the
rigid five-membered ring structure in the main chain, as well
as excellent thermal insulation performance.[14,15,18,21] The in-
troduction  of  inorganic  fillers  can  further  improve  the  flame
retardancy and thermal  insulation of  polyimide aerogels.[4,22]

Composite  aerogels  combine  the  excellent  mechanical
strength of polyimide and the good thermal stability of inor-
ganic  fillers,  while  maintain  their  thermal  insulation  proper-
ties at medium to high temperatures. However, current fabri-
cation  methods  of  composite  aerogels  are  limited  to  mold
casting with limited design flexibility, restricting their applica-

 

* Corresponding author, E-mail: weifan@dhu.edu.cn
            or weifan@jiangnan.edu.cn

Special Issue: Functional Polymer Materials
Received January 12,  2024;  Accepted March 28,  2024;  Published online
May 17, 2024

Chinese Journal of
POLYMER SCIENCE RESEARCH ARTICLE 
 

   
© Chinese Chemical Society www.cjps.org
     Institute of Chemistry, Chinese Academy of Sciences link.springer.com

 

https://doi.org/10.1007/s10118-024-3130-8
https://doi.org/10.1007/s10118-024-3130-8
https://doi.org/10.1007/s10118-024-3130-8
https://doi.org/10.1007/s10118-024-3130-8
https://doi.org/10.1007/s10118-024-3130-8
https://doi.org/10.1007/s10118-024-3130-8
https://doi.org/10.1007/s10118-024-3130-8
mailto:weifan@dhu.edu.cn
mailto:weifan@dhu.edu.cn
http://www.cjps.org
http://link.springer.com


tion in specific complex structures.
3D  printing  technology  enables  aerogels  to  achieve  com-

plex  structural  design,[23−27] making  it  easy  to  customize  the
shape  to  be  applied  to  scenes  with  precise  shape  require-
ments.[28] According  to  previous  work,  it  is  known  that  the
good rheological behavior of the ink, and the curing and dry-
ing of the printed product are the key for the preparation of
3D  printed  aerogels.[29−32] Some  studies  reported  the  addi-
tive  manufacturing  of  polyimide  aerogels,  which  are  mainly
prepared  by  direct  ink  writing  (DIW)  or  photo-curing.[33−37]

However,  due  to  the  low  printability  of  the  ink,  short  print
window,  and  shrinkage  during  the  imidization  process,  the
resolution of the product is reduced, and the shape is not ac-
curately  replicated.  Therefore,  it  is  crucial  to  add  rheological
modifiers  and  skeleton  fillers  to  improve  ink  properties  for
stable  printability  and  enhance  performance  of  printed  pro-
duct.

In this work, 3D printed polyimide/silica composite aerogel
has been prepared by utilizing poly(amic acid) (PAA) aqueous
solution as the base ink and hydrophilic silica aerogel particle
(SAP) as the rheological modifier and reinforcement filler. The
silicon hydroxyl group on SAP can form hydrogen bonds with
the carbonyl  group of  PAA,  which can effectively  ensure  the
uniform  dispersion  of  the  filler  in  the  ink  and  improve  the
yield stress and modulus of the ink to achieve direct ink writ-
ing.  The printed PI/SAP composite aerogel exhibits effective-
ly improved mechanical properties, enhanced heat insulation,
and  improved  flame-retardant  properties.  It  maintains  low
thermal  conductivity  in  medium-high  temperature  environ-
ments and can still maintain its original structure at tempera-
tures  of  thousands  of  degrees  Celsius.  Moreover,  the  PI/SAP
composite aerogel with customized shape can be applied for
battery  insulation at  subzero temperatures,  indicating its  ex-
cellent thermal insulation performance.

EXPERIMENTAL

Preparation of PAA/SAP Inks
According to our previous work, the PAA solution was obtained
by  condensation  polymerization  of  pyromellitic  dianhydride
(PMDA)  and  4,4’-oxidianiline  (ODA)  in N,N-
dimethylacetamide.[14,34] Hydrophilic silica aerogel particle (par-
ticle  size  of  ~20  μm,  pore  size  of  20  nm)  was  obtained  from
Erico New Materials Co., Ltd. SAP was then dispersed in 15 mL of
deionized water,  followed by the addition of  1.2  g  of  PAA and
0.5 mL of triethylamine. The mixture was then stirred at 40 °C for
complete dissolution and even distribution of SAP. According to
the different SAP contents (20, 53 and 120 mg·mL−1),  the theo-
retical content of SAP in the PAA/SAP composite were 20 wt%,
40  wt%  and  60  wt%,  respectively.  Accordingly,  the  composite
inks were named as PAA/SAP-20, PAA/SAP-40 and PAA/SAP-60,
respectively.

3D Printing Process and Fabrication of
Polyimide/Silica Composite Aerogel
The syringe filled with the PAA/SAP ink was installed on a ma-
chine  for  direct  ink  writing  under  a  certain  programmed  path
(EFL-BP6601,  China).  The diameter  of  needle  used in  the print-
ing process was 0.4 mm, the air pressure was maintained at 600
kPa, and movement speed of the needle was 4−6 mm·s−1. After

printing,  the  PAA/SAP  products  obtained  from  printing  were
quickly placed in liquid nitrogen atmosphere to be fully frozen,
and then put into a freeze dryer for ice crystal sublimation for 72
h  to  obtain  PAA/SAP  aerogel  products.  Finally,  the  products
were thermally  imidized in a  tube furnace under nitrogen pro-
tection at a ramp rate of 2 °C·min−1 and held at 100, 200 and 300
°C  for  30  min,  respectively.  Finally,  the  3D  printed  polyimide/
silica  aerogel  particle  (PI/SAP)  composite  aerogels  were  ob-
tained.

Characterizations
The morphologies  of  the  PI/SAP aerogel  frame and silica  aero-
gel particle were investigated by scanning electron microscope
(FESEM,  JSM-7500F,  Japan)  and  transmission  electron  micro-
scope  (TEM,  JEM-2100F,  Japan).  Rheological  properties  of
PAA/SAP  composite  inks  were  tested  by  a  modular  compact
rheometer (MCR302, Anton Paar, China). Compression and ten-
sile tests were performed using the Electronic Universal Testing
Machine (UTM2102, China). In stretch mode: the sensor is 100 N,
and the speed is 10 mm·min−1;  in compression mode: the sen-
sor  is  2  kN  at  a  rate  of  10  mm·min−1.  The  thermal  stability  of
PI/SAP composites was analyzed using a thermogravimetric an-
alyzer (TA Q5000IR) under air atmosphere at the heating rate of
10 °C·min−1.  Thermal conductivity is measured by Hot Disk TPS
2500  S  instrument  (Hot  Disk  AB,  Sweden).  Thermographic  im-
ages were taken by an infrared thermal camera (TiS40, Fluke Co.,
Ltd., USA). Fourier-transform infrared spectra (FTIR) were record-
ed  with  a  Nicolet  6700  FTIR  spectrophotometer  (Bruker  Spec-
trum  Instruments,  USA).  The  charge  and  discharge  test  of  the
battery was performed using the New Land battery test system
(CT2001A, China), using a current of 4 mA with a voltage range
of 2−4.5 V. The commercial ML1220 lithium manganate battery
was used in the battery capacity test.

RESULTS AND DISCUSSION

Fabrication of the PI/SAP Aerogel
The preparation process of PI/SAP aerogel is shown in Figs. 1(a)
and 1(b). Briefly, SAP and PAA were dispersed in deionized wa-
ter to obtain uniform PAA/SAP ink (photograph shown in Fig. S1
in  the  electronic  supplementary  information,  ESI).  Then,
PAA/SAP  inks  with  different  SAP  contents  were  filled  into  the
printing  syringes  and  stacked  layer  by  layer  on  the  platform
through an extrusion-based 3D printer. Afterwards, the printed
products were frozen in liquid nitrogen atmosphere, and PI/SAP
aerogels  with  thermal  insulation  properties  were  finally  ob-
tained  by  subsequent  freeze-drying  and  thermal  imidization.
The chemical  structure of PI/SAP aerogel was analyzed by FTIR
spectroscopy (Fig.  S2 in ESI).  Typical imide ring carbonyl bands
appearing  at  1776  and  1721  cm−1,  combined  with  the  C―N
band  at  1363  cm−1 and  the  C―N―C  bands  at  1007  and  736
cm−1, indicated that PAA was completely converted to PI in the
composite.  A  strong  absorption  band  appears  at  1095  cm−1,
which was attributed to the antisymmetric stretching vibration
of  Si―O―Si  bond,[38,39] indicating  the  good  combination  of
SAP and PI.

The key premise for DIW is printable ink with proper rheo-
logical properties. The presence of silicon hydroxyl groups on
SAP  can  form  hydrogen  bond  with  the  carbonyl  groups  on
the surface of PAA (FTIR spectra in Fig. S3 in ESI), which effec-
tively ensures good interfacial  interaction and forms a stable
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three-dimensional  network  in  the  solution.  From the steady-
state shear test  (Fig.  1c),  it  can be observed that with the in-
crease of SAP content, the initial viscosity of the ink increases,
and its shear thinning behavior is more obvious, which proves
that SAP can significantly improve the extrusion ability of PAA
composite  ink  and help  to  form a  stable  and continuous  ex-
trusion.  In the amplitude scan (Figs.  1d and 1e),  the addition
of SAP significantly increased the storage modulus from 5000
Pa to 40000 Pa and yield stress from less than 2000 Pa to 2700
Pa of the ink, which could improve the anti-deformation abili-
ty  of  the  ink,  effectively  ensuring  the  stability  of  the  printed
structure.  From  the  rheological  results,  it  can  be  found  that
PAA/SAP composite ink has good printability in a wide range
of  SAP  content  (20  wt%−60  wt%).  Besides,  due  to  the  addi-
tion of large-size fillers,  the movement of polymer molecular
chains  is  limited,  thus  effectively  inhibiting  the  shrinkage  of
the  products  during  the  freeze-drying  and  thermal  imidiza-

tion process.
Figs.  2(a)−2(c)  show  the  PI/SAP  aerogels  with  different

structures such as frame, maple leaf, and snowflake obtained
by 3D printing, which shows the good printability and forma-
bility  of  the  composite  aerogel.  The  volume  shrinkage  of
PI/SAP-20 samples during the whole printing process is about
23%,  and  the  volume  shrinkage  can  be  reduced  to  14%  for
PI/SAP-60  sample  (Fig.  2d).  Different  from  the  general  fillers,
the  addition  of  SAP  does  not  increase  the  density  but  re-
duces the density of the composite aerogel (Fig. 2e). The den-
sity  of  PI/SAP-20  is  0.186  g·mL−1,  while  the  density  of  the
PI/SAP-60  sample  is  only  0.167  g·mL−1.  When  the  silica  con-
tent is increased, the skeleton density of the composite aero-
gel increases while the apparent density decreases, leading to
a  significant  increase  in  porosity  from  87%  to  about  92%.
Therefore, adding SAP as a filler can reduce the shrinkage and
improve  the  porosity  of  PI/SAP  composite  aerogels,  which
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Fig. 1    3D printing of PI/SAP composite aerogels. (a) Schematic illustration of the preparation of PI/SAP composite aerogel; (b) Photographs of
3D printed PI/SAP aerogel frame from inks to aerogels; (c) Steady-state shear viscosity of the PAA/SAP inks; (d) Storage modulus and loss modulus
of PAA/SAP inks as a function of shear stress; (e) Yield stress of PAA/SAP inks containing different SAP contents.
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would effectively  ensure the thermal  insulation performance
of the product.

In  order  to  study  the  microstructure  of  printed  products,
we  printed  an  orthogonal  grid  structure  of  PI/SAP  aerogel.
The  grid  surface  was  observed  by  a  low-magnification  SEM
image  (Fig.  2f).  It  can  be  observed  that  the  printed  frame
structure is distinct and has a certain adhesion between adja-
cent  layers,  which  proves  the  good  interfacial  bonding  be-
tween the adjacent filaments. The cross-sectional SEM image
of the filament (Fig. 2g) shows a typical porous structure with
pore size of  tens of  microns,  indicating a typical  freeze-dried

aerogel structure. The silica nanoparticle network in the aero-
gel can be observed under TEM image in Fig. 2(h). Through el-
emental  analysis  of  the  aerogel  (Fig.  2i),  it  is  observed  that
carbon  (C),  oxygen  (O),  and  silicon  (Si)  elements  are  evenly
distributed  on  the  cross-section  of  the  composite  aerogel,
which  further  illustrates  the  good  dispersion  of  SAP  in  the
composite aerogel.

Mechanical and Thermal Properties of Printed PI/SAP
Composite Aerogels
The  mechanical  properties  of  PI/SAP  composite  aerogel  were
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Fig.  2    Morphology  and  structural  characteristics  of  the  PI/SAP  aerogel.  (a−c)  3D  printed  PI/SAP  aerogel  with  frame,  maple  leaf,  and
snowflake  structure;  (d)  Shrinkage,  and  (e)  density  and  porosity  of  3D  printed  PI/SAP  aerogels  with  different  SAP  contents;  (f−g)  SEM
images of PI/SAP-40 aerogel; (h) TEM image of PI/SAP-40 aerogel; (i) SEM-EDS mapping of PI/SAP-40 aerogel.
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evaluated by the compressive stress-strain curves.  As shown in
Fig.  3(a),  the  compression  process  of  the  composite  aerogel  is
mainly divided into three sections. The first section is the elastic
deformation  zone  below  10%  strain,  which  mainly  reflects  the
deformation resistance of the aerogel skeleton. The second sec-
tion  is  the  10%−50%  yield  section.  At  this  stage,  the  pore  size
compression occurs, accompanied by a certain degree of skele-
ton yield collapse. The higher modulus at this stage means that
the skeleton maintains the strength level of the pore structure.
In  the  third  section,  when  the  strain  is  greater  than  60%,  the
pore size is completely collapsed and densified, and the stress is
greatly  increased,  indicating  the  intrinsic  compression  perfor-
mance  of  the  skeleton.  When  the  addition  of  SAP  increased
from  20  wt%  to  40  wt%,  the  slope  of  the  initial  section  of  the
stress-strain  curve  increased,  demonstrating  the  higher  modu-
lus of PI/SAP-40. Besides, the slope and value of the second sec-
tion of the curve increased, indicating that the skeleton strength
increased  enough  to  maintain  the  pore  structure  under  com-
pression.  When  the  content  of  SAP  increased  to  60  wt%,  al-
though it showed a higher modulus, a typical yield platform ap-
peared in the second stage, which indicates an irreversible con-
tinuous  damage of  the  pore  structure  during the  compression
process.[40] Fig.  3(b)  shows that  although the modulus  of  com-
posite aerogel increases gradually with the increase of SAP con-
tent (from 8 MPa to 22 MPa), the compressive strength of the PI
aerogel is maintained when the addition of SAP is less than 40
wt%. When the SAP content reaches 60 wt%, the compression
strength  falls  off  a  cliff,  indicating  the  brittle  structure  of  the
composite  aerogel,  which  is  unfavorable  for  practical  applica-
tions.[41] In  addition,  the  compression  cycle  test  of  PI/SAP-40
showed  that  PI/SAP-40  still  maintained  its  maximum  stress  of
2.9  MPa  after  compression,  and  no  significant  collapse  was

found  in  the  macroscopic  structure,  indicating  its  good  me-
chanical stability (Fig. S4 in ESI).

Due to the intrinsic nanoporous structure of the silica aero-
gel particles (Figs. S5a and S5b in ESI), thermal conduction in
the silica  aerogel  particles  is  greatly  inhibited.  Therefore,  un-
like  general  inorganic  fillers,  silica  aerogel  particles  can  fur-
ther  improve  the  thermal  insulation  of  the  composite  aero-
gels  at  a  high  addition  amount.  As  shown  in Fig.  3(c),  the
overall thermal conductivity of the aerogel gradually decreas-
es with the increase of SAP content. When the SAP content in-
creased from 20 wt% to 60 wt%, the thermal conductivity of
PI/SAP composite aerogels decreased from 59 mW·m−1·K−1 to
about 44 mW·m−1·K−1 at 25 °C (Fig. 3c). Then the thermal con-
ductivity  of  PI/SAP-40  were  tested  under  different  tempera-
tures  (Fig.  3d).  The  thermal  conductivity  of  the  PI/SAP-40
aerogel is 42 mW·m−1·K−1 at −50 °C. As the temperature rises,
the  thermal  conductivity  of  PI/SAP-40  increases  slightly,  and
its thermal conductivity is only 81 mW·m−1·K−1 at 250 °C, indi-
cating the good thermal insulation properties in a wide range
of  temperatures.  Subsequently,  the  heat  resistance  of  the
composites  was  evaluated  by  thermogravimetric  analysis  in
air  atmosphere.  As  shown  in Fig.  3(e),  the  initial  thermal  de-
composition temperature of pure PI aerogel in the air is about
350  °C,  while  the  initial  thermal  decomposition  temperature
of  PI/SAP-20,  PI/SAP-40  and  PI/SAP-60  reaches  450,  509  and
516 °C, respectively.  In addition, the actual content of SAP in
PI/SAP-20,  PI/SAP-40  and  PI/SAP-60  composite  aerogels  is
14.3 wt%, 32.4 wt%, and 53.6 wt%, respectively, according to
the TGA curves. Therefore, the increase of SAP content can ef-
fectively reduce the thermal conductivity and significantly im-
prove  the  thermal  stability  of  the  PI/SAP  composite  aerogel.
With  the  consideration  of  mechanical  properties,  PI/SAP-40
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Fig. 3    Mechanical and thermal properties of PI/SAP aerogels. (a) Compressive stress-strain curves of PI/SAP aerogels; (b) Compression modulus
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samples  were  used  for  subsequent  testing  and  application.
Furthermore,  the  maximum  working  temperature,  density,
and  thermal  conductivity  of  PI/SAP  aerogel  were  compared
with  other  3D  printed  insulation  materials  (Fig.  3f),  such  as
polyimide/cellulose  nanocrystal  composite  aerogels,[33] poly-
imide/bacterial cellulose composite aerogels,[34] carbon nano-
tubes  and carbon nanofibers  composite  aerogel,[42] cellulose
nanofibril aerogel,[43] lignocellulose nanofibril aerogel,[43] and
silk  fibroin/silica  aerogel.[44] The  3D  printed  PI/SAP  aerogels
remain thermally stable and well insulated at higher tempera-
tures,  suggesting  great  potential  for  application  in  a  wide
range of temperature environments.

Flame Retardant and Fireproof Characterization of
Printed PI/SAP Aerogels
Polyimides  are  inherently  self-extinguishing  after  leaving  the

flame. However, when subjected to prolonged flame exposure,
they  undergo  decomposition  and  carbonization,  ultimately
leading  to  the  structure  collapse  of  the  polyimide  aerogel.[45]

The addition of  inorganic  fillers  is  expected to  significantly  im-
prove  the  flame  retardancy  of  the  polymers  and  maintain  the
stability.  As  shown  in Figs.  4(a)−4(c),  combustion  experiments
were  carried  out  on  polystyrene  (PS)  foam,  PI  aerogel,  and
PI/SAP-40 composite aerogel using alcohol lamps, respectively.
From  the  photos,  it  is  obvious  that  the  commercial  PS  foam
burns  violently  when  it  contacts  with  an  open  flame,  and  al-
most  burns  out  finally.  Neat  PI  aerogel  is  ignited  in  the  flame
and  carbonized  rapidly  with  a  large  volume  change,  and  the
flame was extinguished by itself after 60 s. In contrast, no obvi-
ous flame can be found for PI/SAP-40 after contacting with the
flame, and the overall shape and structure did not change obvi-
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Fig.  4    Flame  retardant  characterization  of  printed  PI/SAP  aerogels.  Photography  of  (a)  PS  foam,  (b)  PI  aerogel,  and  (c)  PI/SAP-40
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ously,  indicating  its  excellent  flame  retardant  properties.  In  or-
der to quantitatively characterize the flame retardancy of PI/SAP
composite  aerogels,  we  performed  a  microcalorimetry  test  on
the  PI/SAP-40  sample  and  characterized  its  heat  release  rate
(HRR),  peak  heat  release  peak  (pHRR),  and  total  heat  release
(THR). As shown in Figs. 4(d) and 4(e), PI/SAP-40 exhibits a slow-
er  HRR  throughout  the  whole  process,  and  the  pHRR  value  of
PI/SAP-40  is  only  40.6  W·g−1,  which  is  45%  lower  than  that  of
neat PI sample. Moreover, the THR value of PI/SAP-40 (6.4 kJ·g−1)
is much lower than that of PI aerogel (13 kJ·g−1), demonstrating
the excellent flame retardant performance of PI/SAP composite
aerogels. The morphology of PI/SAP-40 composite aerogel after
burning was further investigated (Fig. S6 in ESI). Photograph of
the  PI/SAP-40  aerogel  after  combustion  mainly  displays  three
layers: the white dense layer on the surface, the char layer in the
middle,  and the unaffected aerogel  layer in the back (Figs.  S6a
and S6b in ESI). The surface layer that in direct contact with the
flame  was  fully  burned  except  SAP,  and  ultimately  only  dense
silica remained in the surface layer (Fig. S6c in ESI). The remain-
ing dense silica can effectively block the erosion of combustible
small  molecules  and  oxygen,  protecting  the  internal  structure.
Therefore, the porous structure of the char layer is retained (Fig.
S6d in ESI), which hinders heat transfer and effectively protects

the remaining aerogel body.
Benefiting from the good thermal insulation and flame re-

tardancy,  the printed PI/SAP aerogel  block is  expected to be
used for actual fire insulation. As a demonstration, we used a
butane  blowlamp  to  test  the  high-temperature  heat  insula-
tion performance of the printed PI/SAP aerogel block (Fig. 5a),
and the commercial  aluminum silicate  fireproof  felt  with the
same  size  (the  thickness  of  1  cm)  was  used  for  comparison.
The  front  surface  temperature  that  in  direct  contact  with
flame  is  about  1289  °C  as  monitored  by  an  infrared  camera
(Fig.  5b).  The  temperature  changes  on  the  back  of  the  alu-
minum silicate felt and PI/SAP-40 within 180 s were recorded
by  an  infrared  camera.  The  back  surface  temperature  of  the
aluminum silicate felt rises to 290 °C after burning for 60 s and
then rises to 377 °C after 180 s (Fig. 5c).  In contrast,  the back
surface temperature of PI/SAP-40 sample only rises to 132 °C
after  60  s  of  burning,  and  about  298  °C  after  180  s  (Fig.  5d).
The  results  demonstrate  the  good  heat  insulation  perfor-
mance  of  PI/SAP  composite  aerogel  at  high  temperature  up
to ~1300 °C.

3D Printed PI/SAP Aerogel for Battery Insulation
Due  to  the  good  thermal  insulation  performance  in  a  wide
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range of temperatures, the PI/SAP composite aerogel is expect-
ed to be applied for thermal insulation for lithium-ion batteries,
to improve its capacity in a low-temperature environment. As a
proof  of  concept,  a  PI/SAP  aerogel-based  battery  protective
shell with thickness of about 2 mm was printed according to the
size  of  the  battery  (commercial  ML1220  button  cell)  (Fig.  6a).
Then the battery was placed in the protective shell  and placed
in  a  cold  incubator  together  with  bare  battery  for  comparison
(Fig.  6b).  Due  to  the  excellent  thermal  insulation  properties  of
the  PI/SAP  aerogel,  the  temperature  of  the  protected  battery
was  stabilized  at  13  °C  after  20  min  in  a −20  °C  environment,
while  the  temperature  of  the  unprotected  battery  decreased
rapidly and finally maintained at −15 °C (Fig. 6c). Subsequently,
the  charge  and  discharge  capacities  of  the  two  batteries  were
tested in  the incubator,  and the results  are  shown in Figs.  6(d)
and 6(e).  Under the temperature of −20 °C,  the capacity of  the
bare battery gradually  decreased from 0.12 mA·h at  the 5th cy-
cle to 0.05 mA·h at 20th cycle, while the capacity of the protect-
ed battery increased from 0.15 mA·h to 0.18 mA·h (Fig. 6f).  The
slightly increased capacity is probably due to the thermal insu-
lation of PI/SAP that increased the temperature in the insulation
shell, which accelerates the ion migration rate in the battery and
improves  the  battery  capacity.  Therefore,  the  PI/SAP  with  cus-
tomized shape exhibits excellent thermal insulation in subzero-
temperature  environment,  making  it  easy  to  be  applied  to
scenes with precise shape requirements.

CONCLUSIONS

In summary, 3D printed PI/SAP composite aerogel with precise-
ly  controlled  and  complex  structures  has  been  prepared  for
good thermal insulation over a wide range of temperatures. The
addition of  SAP greatly  improves  the yield  stress  and modulus

of the ink, and effectively inhibits the shrinkage of the 3D print-
ed  aerogel  products  (~14%)  to  maintain  a  higher  porosity
(~92%).  The  3D  printed  PI/SAP  composite  aerogels  can  main-
tain this excellent heat insulation ability in a wide range of tem-
peratures (42 mW·m−1·K−1 at −50 °C and 81 mW·m−1·K−1 at 250
°C). Moreover, the printed PI/SAP composite aerogels exhibit ex-
cellent  heat  insulation  and  flame  retardant  ability  and  can  still
maintain  their  original  porous  structure  under  the  flame  burn-
ing at  1300 °C.  In addition,  the printed PI/SAP composite aero-
gel as battery protective shell can maintain the capacity of bat-
teries under −20 °C. Therefore, the 3D printed PI/SAP composite
aerogels  show great potential  as  a  customizable and stable in-
sulating  material  in  a  variety  of  complex  and  extreme  applica-
tion occasions.
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