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Abstract   It  remains  a  significant  challenge  to  fabricate  self-healing  aerogels  with  excellent  flame  retardancy.  Herein,  we  develop  a  class  of

biomass aerogels by electrostatically assembling chitosan (CS), phytic acid (PA), and itaconic acid (IA). The electrostatic interaction between CS

and IA is weak and dynamic, so freeze-drying the solution of CS and IA enables the formation of continuous aerogel skeleton with self-healing

ability and re-programmability; in comparison, the electrostatic interaction between CS and PA is strong and less dynamic, and thus mixing PA

with CS in aqueous solution leads to fine precipitates of high flame retardancy due to the synergistic phosphorus-nitrogen effect. Integrating the

continuous  skeleton  and  the  fine  precipitates  results  in  self-healing  aerogles  with  UL-4  V-0  rating  of  flame  retardancy  aerogels  and  auto-

extinguishable feature. Interestingly, the aerogels after burning in flame for 30 s form a skin-core structure, and the carbonized skin protects the

integrity  of  the  aerogels  and  the  self-healing  ability  of  the  internal  parts.  Therefore,  this  work  provides  a  facile  strategy  to  develop  multi-

functional aerogels which hold great promise for advanced applications.
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INTRODUCTION

Aerogels  are  a  class  of  porous  materials  of  light  weight,  large
surface  area,  high  porosity,  and  low  thermal  conductivity,[1−3]

and thus hold great promise in thermal insulating applications,
such  as  buildings,  airplanes,  space  crafts,  military  facilities,
packages,  outdoor  sports,  and  so  on.[4−6] In  these  applications,
the  aerogels  are  usually  confronted  with  severe  vibration  and
stress  environment,  and  meanwhile  undergo  complicated
deformation.  Thus,  cracks  are  easily  generated  in  the  aerogels;
if  the  cracks  cannot  be  repaired  in  time,  it  will  result  in
catastrophic  failure  of  the  materials.  Moreover,  fire  safety  is  a
major  concern  in  these  applications,  for  the  reason  of  preven-
ting  the  occurrence  of  fire  and  ensuring  the  safety  of  human
beings. It is, therefore, highly desirable to develop aerogels with
a  combination  of  flame  retardancy  and  self-healing  ability,
which cannot only avoid catastrophic fire disaster but also repair
themselves after mechanical damage.

To impart materials with self-healing property, dynamic co-

valent  bonds  and  supramolecular  interactions  are  generally
utilized  to  construct  reconfigurable  networks  in  the  mate-
rials.[7−12] Yet, it is still challenging to design self-healing aero-
gels,  as  their  porous  structure  minimizes  the  contact  area
between  fractured  skeletons.  To  impart  aerogels  with  self-
healing  ability,  solvent  assistance  is  needed  to  generate  a
solvated layer on the fractured surfaces.[13] The solvated layer
can  maximize  the  contact  area  between  the  fractured  sur-
faces,  which  allows  dynamic  interactions  to  re-associate
across the damaged sites.  After  the quick evaporation of  the
solvent,  the  porous  structure  is  reformed  between  the  frac-
tured surfaces, enabling the self-healing of aerogels. Unfortu-
nately,  the  aerogels  with  self-healing  ability  are  very  limited
and  these  materials  are  not  flame-retardant.  Usually,  it  is
very  efficient  to  fabricate  non-combustible  materials  by  in-
troducing  halogenated  flame  retardants  as  additives  which
can  defer  and  astrict  the  occurrence  of  fires.[14] However,
these  types  of  flame  retardants  have  been  regarded  as  per-
sistent  environmental  pollutants  owing  to  their  enormous
toxicity  and  easy  bioconcentration.[15] Thus,  it  is  desirable  to
develop  non-toxic,  harmless,  and  accessible  non-combust-
ible  materials.  In  previous  studies,  much  attention  has  been
devoted to the design of flame-retardant materials by mixing
or  coating  them  with  various  flame  retardants,  including  or-
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ganic  and  inorganic  flame  retardants  such  as  ammonium
polyphosphate  (APP),[16] poly(p-phenylene  benzobisoxazole)
(PBO),[17] polydopamine  (PDA),[18,19] halloysite,[20] sepiolite
nanorods,[21] SiO2,[22,23] and  so  on.[24−26] Although  these  ma-
terials treated with the flame retardants have high fire proof-
ing  capability  and  environmentally-friendly  characteristics,
they do not have self-healing ability.

Herein,  we  design  a  new  generation  of  biomass  aerogels
with  remarkable  self-healing  ability  and  flame  retardancy.
Such  aerogels  are  fabricated  by  electrostatic  assembly
between chitosan (CS)  and phytic  acid (PA)/itaconic acid (IA)
in aqueous solution followed by lyophilization. Weak electro-
static  interaction  formed  between  the  amine  groups  of  CS
and  the  carboxyl  groups  of  IA  is  highly  dynamic,  imparting
the aerogel  skeleton with self-healing ability.  Strong electro-
static  interaction  between  the  phosphate  groups  of  PA  and
the amine groups of CS leads to precipitates in aqueous solu-
tion. In the precipitates, CS can promote the formation of char
and  non-combustible  gases  during  burning  due  to  multiple
hydroxyl  and  amino  groups,[27,28] meanwhile  PA  can  form  a
dense  protective  char  layer  during  degradation  as  the  six
phosphate groups can yield  phosphoric  acid.[29,30] Therefore,
integrating the continuous 3D skeleton with the precipitates
results in aerogels with flame retardancy and self-healing abil-
ity.  In  addition,  these  aerogels  can  be  easily  recycled  by  re-
dissolving and re-shaping. Particularly, all raw materials come
from  natural  biomass  or  its  derivatives,  which  are  environ-
mentally  friendly  and  pollution-free.  Therefore,  this  work
provides  a  facile  and  green  strategy  to  develop  multi-func-
tional  aerogels  that  can  meet  the  severe  conditions  of  ad-
vanced applications.

EXPERIMENTAL

Materials
Chitosan (CS, viscosity 60 MPa·s, degree of deacetylation ≥ 85%,
industrial grade) was purchased from Haidebei company (Jinan,
China),  which  was  produced  from  the  shells  of  shrimp.  Itaco-
nic  acid  (IA,  with  a  purity  over  99%)  synthesized  through
industrial  fermentation  of  starch  or  sucrose  was  provided by
Adamas-Beta Reagent Ltd. Phytic acid (PA, 50 wt% in H2O) was
purchased from Sinopharm Reagent Co., Ltd. (Shanghai, China).

Preparation of the Flame-retardant and Self-healing
Aerogels
CS (1.0 g) was first ultrasonically dissolved in 50 mL of 2 wt% IA
aqueous solution to form 2 wt% CS-IA solution. Then, 1.0 g of PA
solution  was  dropped  slowly  into  the  CS-IA  solution.  In  the
dropping process, the speedily stirring should be kept because
CS is easily paired with PA to form insoluble complex. The mixed
solution  containing  the  complex  and  leftover  CS  was  freeze-
dried (freeze-dryer FD-1C-50, China) at low temperature (−50 °C)
and  low  pressure  (8  Pa)  for  48  h,  and  then  grinded  for  2  h  to
obtain smooth fine flame retardant (FR)  powder.  Next,  1.0 g of
FR  powder  was  added  to  50  mL  of  2  wt%  CS-IA  solution  and
ultrasonically dispersed for 0.5 h to obtain homodisperse slurry.
The  resulting  slurry  was  freeze-dried  to  form  CS-FR1.0  aerogel
with different  shapes and sizes,  in  which the ratio  between CS
and  FR  was  1:1.  Changing  the  addition  content  of  FR  powder,
we can get other aerogels with different flame retardancy.

Characterization
Fourier  transform  infrared  spectra  (FTIR)  were  recorded  with
KBr  powder  by  using  a  VERTEX70  in  the  range  of  4000−
500  cm−1 under  the  resolution  of  4  cm−1 in  32  scans.  The
micrographs  were  observed  by  a  Zeiss  Ultra  55  scanning
electron microscope (SEM, Germany) under the voltage of 20 kV.
Compression/tensile  tests  were  performed  on  a  universal
testing machine (Instron 3367,  USA) at  room temperature,  and
the compression/tensile  rate  was fixed at  5  mm·min−1.  At  least
five specimens for each sample were tested in order to calculate
the average value. The thermal conductivity was measured with
samples  (5  cm  ×  5  cm  ×  1  cm)  using  a  DRPL-III  thermal
conductivity tester (plate heat flow meter method).

The limiting oxygen index (LOI) was tested according to the
standard oxygen index test method of ASTM D2863. The ap-
paratus used was a JF-3 oxygen index meter (Jiangning ana-
lysis  instrument  company,  Nanjing,  China).  And  the  vertical
burning  test  (UL-94)  was  carried  out  according  to  the  ASTM
D3801  test  standard.  The  dimension  of  the  cylindrical  speci-
mens  used  for  the  test  was  150  mm  × Φ10  mm.  The  results
presented were an average value of five replicates.

Evaluation of flammability of the CS-FR0 and CS-FR1.0 aero-
gels  was  performed  using  a  cone  calorimeter  test  (FTT  Co.,
Ltd.) according to the standard ISO 5660-1. Samples with a di-
mension of 100 mm × 100 mm × 15 mm were tested at a hori-
zontal position with a heat radiant flux density of 35 kW·m−2.
And  specimens  were  wrapped  in  aluminum  foil,  leaving  the
upper surface exposed to the radiator,  and then placed on a
ceramic backing board at a distance of 25 mm from the cone
base. The experiments were repeated three times.

RESULTS AND DISCUSSION

Fabrication and Characterization of the Aerogel
To prepare the aerogels,  CS was firstly  dissolved in IA aqueous
solution.  In  this  process,  the ―NH2 group of  CS  is  protonated
while  IA  is  deprotonated,  leading  to  the  formation  of  weak
electrostatic  interaction  in  this  system.  Then,  PA  solution  was
dropped  slowly  into  the  CS-IA  solution.  Due  to  the  stronger
electrostatic  interaction  between  CS  and  PA,  CS  preferentially
pairs  with PA to form insoluble complex flocculent  precipitate.
The precipitate  was freeze-dried and grinded into fine powder
with  average  diameter  of  5  μm  (Fig.  S1  and  Table  S1  in  the
electronic  supplementary  information,  ESI),  which  can  serve  as
flame retardant (FR) due to the favorable P-N synergism effect.
In the second step, the FR powder was uniformly re-dispersed in
the  CS-IA  solution,  which  was  eventually  freeze-dried  to  form
flame-retardant  and  self-healing  aerogels.  The  preparation
process  of  the  aerogels  is  shown  in Fig.  1(c).  The  aerogels  are
denoted as CS-FRn, where n represents the weight ratio of FR to
CS used in the second step.

To  demonstrate  the  electrostatic  interactions  in  the  aero-
gels, Fourier transform infrared spectroscopy (FTIR) was used
to  analyze  the  functional  groups  of  raw  materials,  FR,  and
CS-FR  aerogels.  The  FTIR  spectra  of  raw  materials  are  shown
in Fig.  2(a).  PA  shows  two  characteristic  bands  at  1216  and
1055  cm−1,  which  can  be  attributed  to  the  P＝O  and  P―O
stretching  vibrations,  respectively.[31,32] IA  also  displays two
characteristic  bands  at  1703  and  1633  cm−1,  corresponding
to  C＝O  of ―COOH  and  C＝C  bonds.  The  neat  CS  power
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shows  the  characteristic  absorption  of  glycosidic  linkage  at
896  cm−1,  and  the  absorption  at  3404  cm−1 attributed  to
O―H  stretching  vibration  of  hydroxyl  groups  and  N―H
stretching  vibration  of  amino-groups.  Besides,  the  N―H
bending  vibration  of  CS  is  clearly  observed  at  1597  cm−1.
Upon  mixing,  the ―NH2 group  of  CS,  the ―COOH  group  of
IA, and the ―H2PO4 group of PA are ionized, and the electro-
static  interactions  are  formed  between  CS  and  PA/IA,  which
can be confirmed by their  band shifts  on the FTIR  spectra  in
Fig.  2(b) and  the  enlarged  figure.  In  the  CS-FR0  aerogel,  the
―COOH group of  IA is  deprotonated into ―COO−,  and thus
its  characteristic  band  shifts  from  1703  cm−1 to  1561  cm−1;
meanwhile, the ―NH2 group of CS is protonated into ―NH3

+,
corresponding  to  the  band  shift  from  1597  cm−1 to  1630
cm−1.[33,34] Compared  with  IA  (pKa 3.8−5.6),  PA  (pKa 1.9−9.5)
has  stronger  combining  ability  with  CS,[35] and  therefore
―H2PO4 transforms  into ―O-PO3

2− in  PA  when  adding  PA
into  the  system  of  CS/IA,  corresponding to  the  band  shift
from  1055  cm−1 to  1072  cm−1,  and  the ―O-PO3

2− groups
wrest ―NH3

+ from ―NH3
+−OOC―, which leads to the forma-

tion  of  free ―COO– at 1540  cm−1 and  the  upshift  of ―NH3
+

band to 1637 cm−1.  We assume that  the changes in  FTIR  are
attributed  to  the  stronger  interaction  between  CS  and  PA,

and thus IA is replaced by PA in FR.
In order to verify that IA is released and becomes free mo-

lecules  when  adding  PA,  FR  is  washed  repeatedly  with  dis-
tilled water by centrifugation. The free molecules of IA can be
washed away in this  process.  Thereafter,  FR and the product
after  treatment  (written  as  unwashed  and  washed)  are  im-
mersed into potassium permanganate solution (Fig. S2 in ESI).
As  we  expected,  the  potassium  permanganate  solution  with
unwashed FR is faded, while the other solution is unchanged,
indicating that  IA can be washed off  by centrifugation in FR.
This  further  confirms the  strong interaction between CS and
PA,  which  results  in  the  formation  of  P-N  flame  retardant.  In
the CS-FR1.0 aerogel, the characteristic peaks of ―NH3

+,  free
―COO−, associated ―COO− and ―O-PO3

2− are all clearly de-
tected on their FTIR spectra, indicating weak and strong elec-
trostatic  interactions  coexist  in  materials.  The  weak  interac-
tion  between  CS  and  IA  constructs  the  skeleton  structure  of
the aerogels,  and the strong interaction between CS and PA
leads to the formation of P-N flame retardant.

The  morphology  and  structure  of  the  CS-FR  aerogels  are
examined with scanning electron microscopy (SEM). Fig.  2(c)
clearly shows that the CS-FR0 aerogel has a porous structure
with pore diameter of about 200 μm, and the pores of arbit-
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Fig. 1    The chemical structures of (a) chitosan (CS) and (b) phytic acid (PA), and (c) the preparation process of the flame-retardant and
self-healing aerogels.
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rary shape are randomly distributed. After introducing FR, the
CS-FR  aerogels  display  significant  changes  in  the  porous
structure. In fact, with the continuous increase of FR content,
the  pore  size  of  the  aerogels  becomes  smaller  and  smaller
(Fig.  S3  in  ESI).  Eventually,  CS-FR1.0  has  a  pore  size  of  about
100  μm.  Besides,  the  enlarged  view  shows  that  the  FR  pow-
der is finely dispersed in the CS-FR aerogel matrix, as there is
no  agglomeration  phenomenon  in Fig.  2(d).  Moreover,  EDS
map  also  reveals  that  phosphorus  element  of  FR  is  evenly
distributed in the aerogel (Fig. 2e).

Thermal and Mechanical Properties
Upon  introducing  FR,  the  apparent  density  of  the  CS-FR  aero-
gels increases gradually from 44.6 mg·cm−3 to 72.6 mg·cm−3, as
shown in the Fig. 3(a),  which is in line with the densification of
pore structure in the CS-FR aerogels. Despite the increase in the
apparent  density,  thermal  conductivity  of  the  CS-FR  aerogels
gradually decreases from 45 mW·mK−1 to 40 mW·mK−1 with the
content  of  FR  (Fig.  3b).  Such abnormal  phenomenon is  closely
related  to  the  interfaces  between  the  FR  particles  and

continuous  CS/IA  skeleton  and  the  reduced  pore  size  of  the
aerogels.  The  interfaces  generated  by  introducing  FR  particles
have  phonon  scattering  effect,  and  meanwhile  the  reduced
pore  size  has  stronger  restriction  on  the  convection  of  gas
molecules inside the pore.[36−38] Both factors lead to the reduced
thermal  conductivity  with  increasing  content  of  FR.  On  the
contrary,  the  mechanical  properties  of  the  aerogels  increase
significantly  with  the  introduction  of  FR,  as  shown  in Figs.  3(c)
and 3(d).  The  compression  stress  at  80%  strain  and  Young’s
modulus  of  CS-FR0 are  0.07 and 0.03 MPa,  respectively,  whi-
le  CS-FR0.6  manifests  increased  compression  stress  and
Young’s  modulus  of  0.22  and  0.20  MPa,  respectively.  With
further  increasing  content  of  FR,  the  compression  stress
continues  to  rise  while  the  Young’s  modulus  starts  to
decrease possibly because the continuous skeleton of CS/IA is
disrupted upon excess FR particle.

Combustion Behaviors and Cone Calorimeter
To investigate the influence of FR on the combustion behaviors
of the CS-FR aerogels, their flame retardancy is tested by limiting
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Fig.  2    Characterization  of  flame-retardant  and  self-healing  aerogels:  (a)  FTIR  spectra  of  CS,  IA,  PA,  FR,  CS-FR0,  and  CS-FR1.0;  (b)  the
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oxygen  index  (LOI)  and  vertical  burning  tests,  and  the  results
are presented in Table 1. The CS-FR0 aerogel has a low LOI va-
lue  of  17.6%.  However,  LOI  is  remarkably  improved  with  the
increasing content of FR. Eventually, CS-FR1.0 has a LOI value of
48.4%, which has achieved non-flammable grade defined as an
LOI  value  exceeding  27%.  In  order  to  more  intuitively  under-
stand the effect of FR on improving the fire resistance of the CS-
FR  aerogels,  a  digital  camera  is  used  to  record  combustion
process during vertical burning tests and the video snapshots of
CS-FR0 and CS-FR1.0 are shown in Fig. 4(a). We can see that the
CS-FR0  aerogel  is  ignited  quickly,  followed  by  rapid  flame
propagation, and moreover it keeps burning for 2 s after being
moved  away  from  the  fire.  After  that,  the  aerogel  has  a  long
afterglow time of 55 s. For the CS-FR1.0 aerogel, the addition of
FR  evidently  decreases  the  flame  propagation  speeds  and
burning length. Moreover, after the aerogel is moved away from
the  fire,  the  flame  immediately  extinguishes  without  any
afterglow,  indicating  the  auto-extinguishable  feature  of  the
material.  In fact,  once FR is  added into the aerogels,  no matter
how  much  the  FR  content  is,  all  the  aerogels  show  UL-94  V-0
rating  of  flame  retardancy  and  auto-extinguishable  feature.  If
igniting the aerogel again, it  begins to glow red without blaze,
suggesting that the sample has turned into ceramized residue.
In  addition,  the  statistical  data of  vertical  combustion  tests

reveal that the combustion length of the aerogels prominently
decreases  and  the  residue  after  combustion  markedly  rises
compared with those of the CS-FR0 aerogel.

To quantitatively analyze the combustion and monitor the
real-time flame condition,  cone calorimeter  test  was  used to
provide more information on the burning behavior. Fig.  4(b)
shows  heat  release  rate  (HRR)  curves  (solid  lines)  and  total
heat  release  (THR)  curves  (dotted  lines)  obtained  from  cone
calorimeter tests and some important parameters are listed in
Table 2. The HRR curves of CS-FR1.0 demonstrate that the in-
tensity of the first peak of heat release rate (pHRR1) decreases
greatly to 44.7 kW·m−2, which is much lower than 79.4 kW·m−2

of CS-FR0. At the same time, the intensity of the second peak
of heat release rate (pHRR2) shows a slight decline and the ar-

Table 1    LOI values and vertical burning data of the CS-FR aerogels.

Sample LOI (%) Burning
time (s)

After glow
time (s)

Length of
char (cm) Residue (%)

CS-FR0 17.6 ± 0.2 2.3 ± 0.3 54.6 ± 6.2 3.7 ± 0.6 60.9 ± 1.6
CS-FR0.2 25.1 ± 0.2 0 0 2.4 ± 0.2 82.4 ± 1.9
CS-FR0.4 36.0 ± 0.1 0 0 1.9 ± 0.6 86.7 ± 1.7
CS-FR0.6 41.5 ± 0.1 0 0 2.2 ± 0.2 83.8 ± 2.1
CS-FR0.8 44.6 ± 0.1 0 0 2.3 ± 0.3 85.4 ± 2.0
CS-FR1.0 48.4 ± 0.5 0 0 2.4 ± 0.1 80.4 ± 1.3
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Fig.  3    Density,  thermal  conductivity,  and  mechanical  properties  of  the  CS-FR  aerogels:  (a)  density  of  the  aerogels;  (b)  thermal
conductivity of the aerogels; (c) the compression stress-strain curves of the aerogels and (d) the corresponding compressive stress and
Young’s modulus.

  Yang, J. Y. et al. / Chinese J. Polym. Sci. 5

 
https://doi.org/10.1007/s10118-020-2444-4

 

https://doi.org/10.1007/s10118-020-2444-4


riving time of the signal peak is postponed by about 20 s. Be-
sides,  THR  characterized  as  the  total  available  energy  of  the
material in a fire situation also reduces from 5.7 MJ·m−2 of CS-
FR0  to  4.3  MJ·m−2 of  CS-FR1.0,  which  suggests  that  many
volatile products are catalytically carbonized to participate in
the  charring  process  rather  than  undergoing  combustion
heating. In fact, compared with CS-FR0, the total organic car-
bon  (TOC)  of  CS-FR1.0  in  the  volatile  products  decreases  by
24%, and the char yield increases substantially from 16.5 wt%
to 33.2 wt%. These results indicate that FR is  highly effective
in  flame-retarding  and  promoting  the  formation  of  carboni-
zation.

The release of toxic gases (especially CO) is an important is-

sue for flame-retardant polymers during combustion, since it
is  one  of  the  deadly  factors  in  fires.  The  CO  production  rate
(COPR)  and  CO  yield  (COY)  of  the  aerogels  were  tested  by
cone  calorimeter,  and  the  correlation  curves  (solid  lines  are
curves of COPR and dotted lines are curves of COY) are shown
in Fig.  4(c).  The  inclusion  of  FR  significantly  decreases  the
maximum  intensities  of  COPR  and  COY.  The  maximum  in-
tensities  of  COPR  and  COY  of  CS-FR0  are  0.0020  g·s−1 and
0.76 kg·kg−1, respectively, while the corresponding values are
suppressed to 0.0010 g·s−1 and 0.20 kg·kg−1 in CS-FR1.0. These
data demonstrate that FR can significantly restrain the CO re-
lease to improve the safety of released gases.

To  clearly  demonstrate  an  improvement  in  the  flame  re-
tardancy,  we  have  collected  some  data  on  phosphorus  and
chitosan flame retardant composites and aerogels, and listed
them in Table S2 (in ESI). Compared with that, our developed
aerogels have higher LOI value and char yield and lower peak
of  heat  release rate,  total  heat  release,  and total  organic car-
bon, which indicates better flame retardancy.

Table 2    Cone calorimeter data of the aerogels.

Sample
PHRR1

(kW·m−2)
PHRR2

(kW·m−2)
THR

(MJ·m−2)
TOC
(g)

Char yield
(wt%)

CS-FR0 79.4 ± 2.2 73.5 ± 7.1 5.7 ± 0.3 4.2 ± 0.2 16.5 ± 2.2
CS-FR1.0 44.7 ± 5.6 70.4 ± 1.6 4.3 ± 0.3 3.2 ± 0.2 33.2 ± 0.4
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Fig. 4    (a) Video screenshots of CS-FR0 and CS-FR1.0 aerogels during vertical burning tests, (b) HRR (solid lines) and THR (dash lines) of CS-FR0
and CS-FR1.0 aerogels, and (c) COPR (solid lines) and COY (dash dot lines) of CS-FR0 and CS-FR1.0 aerogels.
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Analysis of Char Residues
In order to analyze the chemical structure of residual carbon, the
chars  were  investigated  by  using  EDS  and  FTIR.  EDS  measure-
ments  indicate  that  CS-FR1.0  shows  much  more  increase  in
carbon and phosphorus contents after burning compared with
CS-FR0,  which  confirms  the  significant  effect  of  FR  on  carbon
formation  (Fig.  5a).  The  FTIR  spectrum  of  CS-FR1.0  char  shows
three  new  absorption  bands  at  1259,  887,  and  710  cm−1,
corresponding  to  P＝O  bond,  P―O―P  bond,  and  P―O―C
bond, respectively (Fig.  5b).[16,39] These new bands indicate the
formation of phosphoric acid during combustion. It is reported
that  the  phosphoric  acid  layer  is  dense  and  its  formation
consumes  a  large  quantity  of  heat;  meanwhile,  such  layer  is
helpful  to  protect  low  molecular  chains  from  combustion  and

realize  the  formation  of  more  residue.[40,41] Indeed,  the  char
residue of  CS-FR1.0  also  shows absorption band at  2800−2950
cm−1 corresponding  to  the  stretching  vibration  of  C―H  of
aliphatic compounds on the FTIR spectrum, demonstrating that
the  presence  of  phosphoric  acid  layer  can  delay  the  further
decomposition  of  interior  molecular  chains  to  form  more  fatty
compounds.

The  post  combustion  residues  after  cone  calorimeter  test
were observed by digital images, as shown in Fig. 5(c). CS-FR0
manifests  long  afterglow  time  after  extinguishing  open  fire
during  the  cone  calorimeter  test,  similar  to  what  was  ob-
served  in  the  vertical  combustion  test.  In  addition,  CS-FR0
char  shrinks  significantly  and  the  surface  of  the  sample  be-
comes  white,  suggesting  full  combustion  of  the  material.  By
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contrast, CS-FR1.0 quickly auto-extinguishes after leaving the
fire and CS-FR1.0 char contracts slightly on the horizontal dir-
ection  while  expands  on  the  vertical  direction.  Meanwhile,
the surface forms densified char residue. A closer observation
of  the  resulting  char  residues  using  SEM  reveals  that  the  in-
terior of CS-FR0 char shows abundant spherical micro-bubbles
(Fig.  5d).  The bubbles are the legacy of the non-combustible
gases  produced  and  released  during  the  combustion  of
chitosan,  which  supports  the  intumescent  flame-retardant
mechanism  of  CS.  However,  CS-FR1.0  char  has  smaller
bubbles  because  FR  promotes  carbon  formation  and  limits
gas  generation,  which  agrees  well  with  the  experimental
results  of  cone  calorimeter  and  confirms  a  potential  phos-
phorus-nitrogen synergism.[42,43]

On the other hand, the volatile components of CS-FR0 and
CS-FR1.0  were  tested  by  TGA-FTIR  technique  to  investigate
the  influence  of  FR  on  the  evolved  gaseous  products  of  the
aerogels.  The  FTIR  spectra  of  gaseous  products  indicate  that
the  thermal  degradation  of  two  samples  generates  non-
combustible  gases,  including  water  and  NH3 (around
3500−3950  cm−1),  CO2 (around  2250−2400  cm−1),  hydrocar-
bon  with  C＝O  functionality  (including  aldehydes,  ketones
and  carboxylic  acid,  around  1580−1950  cm−1),  and  NO
(around  1320−1580  cm−1)  (Fig.  S4  in  ESI).[44] Compared  with
CS-FR0,  CS-FR1.0  generates  more  non-combustible  gases  at
lower temperature,  implying that  FR facilitates  earlier  forma-

tion of residual carbon barrier layer and provides better flame
retardancy.  In  fact,  this  conclusion  can  further  be  confirmed
by  TGA  results  of  the  aerogels  (Fig.  S5  and  Table  S3  in  ESI).
Due to the presence of a large number of hydroxyl and ami-
no  groups,  the  CS-FR  aerogels  adsorb  water  in  air,  which
leads to a bit of weight loss starting from 70 °C. Subsequently,
the  thermal  degradation  of  the  CS-FR0  aerogel  shows  two
stages with the maximum mass losses occurring at 182.3 and
307.8  °C,  respectively.  The  first  stage  starting  around  140  °C
can  be  attributed  to  the  volatilization  and  degradation  of
acids due to the relatively low thermal stability of IA, whereas
the second stage of  the weight loss in the high temperature
range is associated with the decomposition of the molecular
chains of CS. It is suggested that the degradation of CS takes
place  by  a  random  split  of  glycosidic  bonds,  followed  by  a
further  decomposition  forming  a  series  of  lower  fatty  com-
pounds.[45,46] With  the  addition  of  FR  in  the  aerogels,  de-
composition  temperature  of  the  second  stage  reduces  by
over  40  °C,  which  may  be  caused  by  the  catalysis  effects  of
phosphoric  acid.[47] This  decreased degradation temperature
is  actually beneficial  because char formation can be initiated
earlier  in  the  fire,  preventing  the  further  pyrolysis  of  the
aerogels that in turn retards flame spread. Indeed, compared
with CS-FR0, the existence of FR obviously increases the char
residue yield amount at 800 °C (Table S2 in ESI).
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Fig. 6    Self-healing performance of the CS-FR1.0 aerogel:  (a)  burning after self-healing site and (b) self-healing aerogel after burning.
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Self-healing Property and Application
Since  mechanical  damages  and  cracks  are  readily  initiated
during  practical  applications,  it  is  highly  desirable  to  impart
aerogels  with  self-healing  capacity  by  some  external  stimuli
such as heat or water. In fact, the weak electrostatic interaction
between CS and IA is highly dynamic, enabling the self-healing
and  recyclability  of  the  CS-FR  aerogels  (Figs.  S6−S8  in  ESI).
However, many flame retardant aerogels or foams do not have
these  capabilities.[16,24,48,49] To  explore  the  influence  of  com-
bustion on the self-healing of the aerogels, the CS-FR1.0 aerogel
is cut into halves and only one of the cut surfaces is wetted with
red  water  that  can  help  us  better  observe  the  changes  in  the
repair  site  (Fig.  6a).  The  wetted  surface  is  then  brought  into
contact with the other dry surface for geometric matching. After
being dried under room temperature for 10 min, the two halves
are welded into an integral sample that can support a weight of
500 g and shows considerable compression resistance (Fig. S6 in
ESI), suggesting nearly complete repairing of structural integrity
as  well  as  mechanical  property  by  the  electrostatic  interaction
between  CS  and  IA  of  CS-FR1.0.  Then  the  healed  site  of  the
aerogel  is  burned  on  flame  for  about  30  s.  It  is  noted  that  the
sample surface has been carbonized but the healed sample still
bears a weight of at least 200 g.  Seeing from the profile of the
healed  part,  the  burned  sample  shows  a  skin-core  structure:
outer  carbonized layer  of  1−2 mm thickness  and core of  initial
matrix  with  the  clear  red  self-healing  interface,  indicating  that
the  flame  or  heat  flux  is  difficult  to  directly  penetrate  through
the  charring  protective  layer  and  invade  along  the  repaired
interface in the matrix. The CS-FR1.0 aerogel can also be burned
at first for 30 s and then cut into two pieces. Due to the skin-core

structure, the bisect parts could also be healed with water. After
healing,  the  sample  can  withstand  a  weight  of  350  g  (Fig.  6b).
Compression  test  shows  that  compressive  stress  and  modulus
of burned CS-FR1.0 aerogel are enhanced to 0.40 and 0.42 MPa,
respectively,  because  of  the  carbonization  layer.  And  after
healing  the  fractured  bisect  parts  of  the  burned  sample,  the
compressive  stress  of  the  healed aerogel  slightly  rises  because
of  the  restoration  of  structure  (Figs.  6c and 6d).  These  results
evidently  demonstrate  that  the  CS-FR  aerogels  not  only  are
highly flame retardant but also possess fascinating self-healing
property.

We use a temperature sensitive toy to demonstrate the ex-
cellent thermal insulation, fire retardancy, and self-healing of
the aerogels, as shown in Fig. 7(a). Once the temperature rises
up to 65 °C, the toy will change from red to white. The toy is
placed on the disc sample of the CS-FR1.0 aerogel with thick-
ness of  about 1 cm; the sample is  continuously burned from
the bottom with the flame of alcohol lamp (the temperature
is  about  660  °C).  During  burning,  the  aerogel  does  not  pro-
duce open flame and it is not burned through. Therefore, the
toy  does  not  change  its  color  in  the  initial  stage.  After  25  s,
only the bottom of the toy starts to fade, indicating the excel-
lent heat-flow barrier and fire-retardant properties. Of course,
increasing  the  thickness  of  the  aerogel  will  greatly  enhance
the heat-flow barrier ability, and the fading time is prolonged
to 4 min at the thickness of 3 cm (Fig. S9 in ESI). Moreover, if
the aerogel is damaged and then healed by water, and it even
possesses better heat-flow barrier capability, as shown in Fig.
7(b).  This  is  because  the  healed  site  is  more  densified,  and
thus the heat flux is more difficult to penetrate the aerogel.

CONCLUSIONS

A  novel  class  of  flame-retardant  and  self-healing  aerogels  is
successfully  developed  by  assembling  biomass  materials,
including  CS,  PA,  and  IA.  The  key  factor  for  fabricating  the
aerogels  relies on electrostatic  interactions of  different binding
strength.  The  strong  electrostatic  interaction  between  CS  and
PA leads  to  retardants  of  high flame retardancy,  and the weak

electrostatic  interaction  between  CS  and  IA  generates  a
continuous  3D  skeleton  with  self-healing  ability.  Assembly
through these electrostatic interactions generates aerogels that
not only possess a flame-retardant property of UL-94 V-0 rating
but also show self-healing and recyclability.  More interestingly,
the  burnt  aerogels  are  still  able  to  repair  mechanical  damages
automatically.  This  work  not  only  provides  a  facile  strategy  to
develop  sustainable  materials  based  on  biomass  but  also
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Fig.  7    Applications  of  the  flame-retardant  and  self-healing  aerogels:  (a)  demonstration  of  flame  barrier  of  the  CS-FR1.0  aerogel;  (b)
demonstration of flame barrier of the CS-FR1.0 aerogel after self-healing.
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enables  a  class  of  multi-functional  aerogels  which  hold  great
promise for advanced applications.
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