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Abstract   A novel synergistic structure (GNS-LDH) was synthesized by modifying graphene with Ni/Fe layered double hydroxide hybrids via hy-

drothermal method, which have successfully constructed high-performance acrylonitrile butadiene styrene (ABS) nanocomposites in terms of

strength, toughness, and smoke toxicity safety through solution blending technology. The composites exhibited excellent mechanical proper-

ties, with a tensile strength of 46.23 MPa, elongation at break of 5.78%, and flexural strength of 53.16 MPa. In terms of flame retardancy, the heat

release rate of the composites was reduced by 33.2% and the total heat release was reduced by 12.3% with the addition of 2.0 wt% GNS-LDH.

Moreover, the generation of toxic gases, such as CO, CO2 and HCN, during the combustion process was effectively suppressed, and the smoke

generation rate was significantly reduced. The comprehensive performance of this ABS nanocomposite based on GNS-LDH in terms of enhance-

ment and toughening, flame retardancy, smoke suppression, and reduction in toxicity has surpassed that of many similar materials reported in

the current literature, which provides a new way of thinking for the design and development of high-performance protective materials.
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INTRODUCTION

Acrylonitrile-butadiene-styrene  (ABS)  copolymers  are  excellent
thermoplastic  polymers  for  a  wide  range  of  automotive,  elec-
tronic,  and  construction  applications.  It  has  good  mechanical
properties,  easy  processing  and  excellent  chemical  resistance,
but ABS is flammable and releases large amounts of toxic gases,
such  as  CO  and  HCN,  during  combustion,  which  is  a  serious
safety  hazard.[1] The  traditional  flame-retardant  method  in-
volves the addition of halogenated flame retardants, which can
improve  the  flame  retardant  properties.  Combustion  results  in
the production of large amounts of smoke and toxic gases, and
halogenated  compounds  may  harm  the  environment  and  hu-
man  health.[2] Inorganic  layered  materials  have  shown  signifi-
cant advantages over flame-retardant polymers.[3] However, it is
difficult to meet the demand for high-performance flame-retar-
dant materials for ABS because of the limited dispersion of inor-
ganic  fillers  in  the  matrix  and  the  inherent  limitations  of  their
flame-retardant  efficiency,  large  number  of  additives,  and  sig-
nificant impact on the mechanical properties of the materials.

Layered  double  hydroxide  (LDH)  have  attracted  much  at-
tention  recently  because  of  their  hydrotalcite-like  structure
and  unique  properties.  It  is  formed  by  replacing  some  diva-
lent  cations  with  trivalent  cations via intercalation,  thus  pro-
viding compositional tunability and flexible ion-exchange ca-
pabilities.[4,5] In the field of flame retardancy, LDH, particular-
ly  those  containing  transition  metal  elements  such  as  iron
and  nickel,  have  shown  high  efficiency  in  reducing  polymer
fire  hazards  by  facilitating  char  formation  during  polymer
degradation.[6−8] An et  al. synthesized  caprolactam-modified
three-dimensional  floral  templated  layered  double  hydrox-
ides  (LDHs)  and  reduced  graphite  oxide  (rGO)  and  applied
them  to  composite  emulsions,  which  reduced  the  leather
emulsion  heat  release  rate  and  smoke  generation  rate  of
leather  latex  and  significantly  improved  the  flame  retardant
and smoke inhibition properties.[9] Song et al. constructed de-
fective  Co-LDH@ZIF-67  (d-LDH@ZIF)  heterostructures in  situ
using  Co-LDH  as  the  sacrificial  template  and  carrier.[10] The
presence  of  many  cobalt/oxygen  vacancies  and  lattice  de-
fects  in  the  heterostructure  endows  it  with  better  catalytic
performance.  When  applied  to  polyurea  composites,  they
have  obvious  advantages  in  terms  of  flame  retardancy  and
mechanical  properties.  However,  similar  to  graphene,  high-
charge-density  LDHs  suffer  from  aggregation  problems  and
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their dispersion in a polymer matrix remains a challenge.
Graphene  oxide  (GO),  with  its  large  specific  surface  area

and  multiple  functionalized  substrates,  is  an  ideal  carrier  for
building  nanomaterials.[11] Combining  LDH  with  GO  can  en-
dow  graphene  with  a  larger  specific  surface  area  and  desir-
able electrical conductivity and capacitance, allowing it to be
widely  used  as  an  electrode  material  for  lithium  batteries  or
supercapacitors.[12,13] In  addition,  the  combination  of
graphene  with  LDH  is  expected  to  play  an  important  role  in
enhancing  flame-retardant  polymers.  On  the  one  hand,  the
introduction of  LDH on the graphene surface can inhibit  the
aggregation  of  graphene,  which  improves  the  dispersion  of
the blends in the matrix and enhances the mechanical prop-
erties of the composites. On the other hand, hybrid materials
can synergize the physical barrier effect of graphene with the
thermal desorption heat and catalytic effect of LDH, thus ex-
ploiting the advantages of  both materials  in  the flame-retar-
dant field. For example, 8-hydroxyquinoline (8-HQ)-intercalat-
ed CaAl-based bilayer hydroxide (CaAl-8HQ-LDH) was loaded
onto  reduced  GO  (rGO)  and  used  as  a  nanofiller,  which  im-
parts excellent flame retardancy to epoxy resin (EP/CaAl-8HQ
LDH@rGO)  and  ensures  the  effective  protection  of  mild
steel.[14] The  multifunctional  additive  piperazine  pyrophos-
phate@layered  double  hydroxide@reduced  graphene  oxide
(PPAP@LDH@rGO),  which  has  a  layered  core-shell  structure,
was  constructed via solvothermal  and  electrostatic  self-as-
sembly  methods.[15] Owing to  the  synergistic  effect  of  PPAP,
LDH and rGO, the EP thermoset material achieved a UL-94 V-0
rating with an ultimate oxygen index of 29.8% in the vertical
combustion  test.  During  the  combustion  process,
EP/PPAP@LDH@rGO  significantly  reduced  the  release  of
smoke and harmful products such as carbon monoxide. In ad-
dition,  the  EP  thermosets  maintained  good  electrical  insula-
tion and mechanical properties.

Based on the synergistic effect of graphene and nickel-iron
layered  double  hydroxide  (LDH),  we  prepared  a  high-perfor-
mance  ABS  nanocomposite via an in  situ hydrothermal
method and a solution blending strategy. This nanocompos-
ite  combines  the  advantages  of  NiFe-LDH  and  reduced
graphene oxide (GNS), and its structure is designed such that
the NiFe-LDH nanosheets are tightly anchored on the surface
of the GNS to form a unique two-dimensional hybrid architec-
ture,  which  effectively  inhibits  the  agglomeration  phe-
nomenon  of  the  graphene  flakes  and  greatly  expands  their
dispersion in the polymer matrix. Moreover, the introduction
of GNS-LDH hybrids into the ABS matrix not only significantly
enhanced  the  mechanical  properties,  with  a  tensile  strength
as  high  as  46.23  MPa  and  elongation  at  break  as  high  as
5.78%, but also led to an overall improvement in the thermal
stability  and  flame  retardancy  of  the  material.  Thermogravi-
metric analysis revealed that the thermal decomposition tem-
perature of the ABS/GNS-LDH composite was moderately re-
duced, but the final residual char amount was significantly in-
creased,  indicating  that  it  could  form  an  effective  protective
char  layer  at  high  temperatures.  More  importantly,  the  re-
lease  of  toxic  gases  from  the  composite  during  combustion
was significantly reduced, with a 33.2% reduction in the heat
release rate (PHRR) and a 12.3% reduction in the total heat re-
lease (THR). This is strong evidence of the excellent efficacy of

GNS-LDH hybrids in enhancing the fire  safety of  ABS materi-
als.

EXPERIMENTAL

Materials
The materials used in this study are listed in the electronic sup-
plementary information (ESI).

Synthesis of GNS-LDH
Graphite  oxide  (GO)  was  obtained  by  oxidizing  expandable
graphite via the  Hummers  method.  GNS-LDH  hybrids  (Ni/Fe
molar  ratio  of  4)  were  prepared  in  one  step via an  in  situ  hy-
drothermal  method  as  follows:  GO  was  dissolved  in  80  mL  of
deionized  water  and  ultrasonicated  for  30  min.  Then,
Ni(NO3)2·6H2O, Fe, Ni(NO3)2·6H2O, Fe(NO3)3·9H2O and urea were
added after 30 min of ultrasonication, and the concentrations of
the  three  were  controlled  to  be  16,  4  and  35  mmol/L,  respec-
tively.  Sodium  citrate  was  subsequently  added  to  the  above
mixture  and  magnetically  stirred  for  2  h  at  room  temperature,
after  which  the  mixture  was  transferred  to  a  polytetrafluo-
roethylene-lined  high-pressure  reactor  and  allowed  to  react  at
160 °C for  48 h.  The hydrothermal  reaction was carried out for
48  h.  The  reaction  was  carried  out  in  the  same  way  as  the  hy-
drothermal  reaction.  At  the  end  of  the  hydrothermal  reaction,
the  slurry  was  centrifuged,  washed  with  a  large  amount  of
deionized  water  and  ethanol  and  collected.  For  comparison,
GNS were obtained by hydrothermal treatment of GO under the
same conditions.

Preparation of ABS/GNS-LDH Nanocomposites
Owing  to  the  high  interlayer  force  and  easy  agglomeration  of
the  graphene  sheets,  the  ABS/GNS-LDH  composites  were  pre-
pared via a solution blending method. The GNS-LDH slurry was
added to 200 mL of acetone and sonicated for 30 min to form a
suspension. ABS particles were then added to the solution and
mechanically  stirred.  The  mixture  was  heated  to  70  °C  and  re-
fluxed for 4 h. The mixture was then poured into an open petri
dish and dried in a vacuum oven for 12 h. Finally, the resulting
ABS composites were placed at 205 °C and 10 MPa for 15 min to
obtain flakes of suitable thickness. For comparison, the ABS/GNS
composites were prepared using the same procedure. All com-
posite formulations are listed in Table 1.

Characterization
The  instruments  and  related  characterization  methods  used  in
this study are listed in ESI.

RESULTS AND DISCUSSION

Morphological and Structural Characterization of
GNS-LDH
Fig.  1 shows  a  schematic  of  the  process  of  synthesizing  GNS-
LDH hybrids via an in situ hydrothermal method and preparing
ABS/GNS-LDH composites via the solution blending method.[16]

First,  Ni2+,  Fe3+ and GO formed a homogeneous aqueous solu-
tion, and Ni2+ and Fe3+ were adsorbed on the GO surface due to
the  electrostatic  force  of  attraction  between  the  metal  cations
and the hydroxyl and carboxyl groups on the GO surface. When
the system reacts for a long time at 160 °C, urea is hydrolyzed by
heat, and the generated alkali reacts with Ni2+ and Fe3+ to form
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NiFe-LDH nuclei. Moreover, under high-temperature hydrother-
mal conditions, GO was reduced to GNS using urea, and the ag-
glomeration of GNS was suppressed to a certain extent because
of  the  uniform  distribution  of  NiFe-LDH  on  the  surface  of  the
GNS. The heterocompounds were dispersed via ultrasonication
to form a suspension in the solution, and then the ABS polymer
was added. Under constant stirring and heating,  the ABS poly-
mer  chains  were  adsorbed  and  inserted  into  the  graphene
flakes, and the polymer was sandwiched between the GNS-LDH
layers  to  form  an  ABS/GNS-LDH  composite  material  after  the
solvent was removed.

Fig.  2(a)  shows  the  Raman  spectra  of  GO,  GNS,  and  GNS-
LDHs.  The  increase  in  the ID/IG ratio  for  GNS  compared  with
that  for  GO may be due to the smaller  size  of  graphene and
the defects introduced into the structure by hydrothermal re-
duction.[17] GNS-LDH  has  weak  D- and  G-band  peaks,  which
may be due to the attachment of NiFe-LDH, resulting in disor-
ganization  of  the  conjugated  structure  of  graphene.  Raman
peaks  located  at  198,  297,  465,  538,  and  671  cm–1,  corre-
sponding to the vibrations of Ni―O and Fe―O in NiFe-LDH,
were  also  observed.[18] The  morphological  features  of  GNS
and GNS-LDHs were observed by TEM. As shown in Fig. 2(b),
the  GNS  had  a  lamellar  structure  with  a  size  of  more  than  a
few micrometers, and there was also a stacking phenomenon
in  the  local  area.  As  shown  in Fig.  2(c),  many  NiFe-LDH

nanosheets are uniformly distributed on the GNS surface. Ow-
ing  to  the  domain-limiting  effect  of  GNSs,  the  size  of  NiFe-
LDH  was  small  and  the  particle  size  distribution  was  narrow
(6‒14 nm).  The stacking of  GNSs was effectively avoided be-
cause  of  the  surface  loading  of  the  NiFe-LDH  nanosheets.
HRTEM characterization of GNS-LDH revealed that the lattice
stripes of the loaded nanoparticles had a spacing of 0.23 nm,
which corresponds to the (015) plane of LDH (Fig. 2d).[19]

Fig.  3 shows  AFM  images  and  profile  height  maps  of  GO,
GNS, and GNS-LDH (c). Fig. 3(a) shows that GO is a large and
thin sheet material  with a size of a few micrometers or more
and thickness of approximately 1.1 nm. The GNS, on the oth-
er  hand,  has  a  curled  and  twisted  morphology  with  a  thick-
ness of several tens of nanometers, indicating severe agglom-
eration  (Fig.  3b).  For  GNS-LDH,  the  surface  appeared  rough
owing  to  the  attachment  of  NiFe-LDH  nanosheets.  The  pro-
file  height  map  indicated  that  the  nanoparticle  size  was  ap-
proximately 8.2 nm and that there was no obvious agglomer-
ation owing to the presence of GNSs, although the NiFe-LDH
stacking density was high (Fig. 3c).

Dispersion of GNS-LDH in ABS
Graphene is well  dispersed in the matrix and strongly interacts
with the matrix to significantly improve the properties of com-
posites.[20] Fig.  4 shows  the  ABS  composite  films  obtained via
the solution blending method. The pure ABS film is light yellow

 

Table 1    Compositions of ABS nanocomposites with GNS and GNS-LDH and their tensile and bending properties.
 

Sample ABS (wt%) GNS (wt%) GNS-LDH (wt%) Tensile strength (MPa) Elongation at break (%) Bending strength (MPa)

ABS 100 28.84 27.96 39.00
ABS/GNS0.5 99.5 0.5 36.05 6.54 43.57
ABS/GNS1 99 1 37.38 1.68 51.71
ABS/GNS2 98 2 37.53 2.76 53.71

ABS/GNS-LDH0.5 99.5 0.5 41.16 6.43 48.44
ABS/GNS-LDH1 99 1 46.23 5.78 53.16
ABS/GNS-LDH2 98 2 45.23 2.16 56.79
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Fig. 1    Schematic outline of the preparation of the GNS-LDH hybrid and its ABS composite.
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in  color,  and the addition of  0.5  wt%–2 wt% GNS changes the
color  of  the  film  completely  to  black.  With  the  addition  of  0.5
wt% GNS-LDH, the composite becomes a translucent film, and
the color intensifies with increasing addition. However, its color
was lighter than that of the GNS-based polymer at the same lev-
el. No obvious black spots were observed on any of the films, in-
dicating  that  GNS-LDH  was  dispersed  uniformly  in  the  matrix
macroscopically.

The dispersion of GNSs and GNS-LDH in ABS was observed

using SEM and TEM. Figs.  5(a)  and 5(b)  show the frozen-sec-
tion  SEM  images  of  the  ABS/GNS2  and  ABS/GNS-LDH2  com-
posites, respectively. The fracture surface of pure ABS was rel-
atively  smooth  (not  shown).  In  contrast,  the  fracture  surface
of  the  ABS/GNS2  composites  was  rougher,  and  individual
graphene  flakes  could  be  observed  in  some  areas,  probably
because of the weak interfacial forces between the graphene
and ABS matrix, which were removed from the matrix during
brittle  fracture.  The surface of  the ABS/GNS-LDH2 composite
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Fig. 2    (a) Raman spectra of GO, GNS and GNS-LDH; TEM images of (b) GNS and (c) GNS-LDH, and (d) HRTEM image of GNS-LDH. The inset in (c)
shows the size distribution of NiFe-LDH nanoparticles on the GNS sheets.
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Fig. 3    AFM images and height profiles of (a) GO, (b) GNS and (c) GNS-LDH.
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system  was  smoother  with  no  obvious  agglomeration,  and
the heteroconjugates were well  dispersed and embedded in
the matrix. Figs.  5(c)  and 5(d) show the TEM images of  ultra-
thin  sections  of  the  ABS/GNS2  and  ABS/GNS-LDH2  compos-
ites,  respectively.  The  black  stripes  in  the  figures  represent
the side views of the graphene flakes. In general, graphene is
well dispersed in the matrix; however, some stacking still  oc-
curs locally. In addition, GNS-LDH exhibits an intercalation-ex-
foliation  state  in  the  matrix,  which  achieves  molecular-level
dispersion.  These  results  indicate  that  the  introduction  of
NiFe-LDH  can  hinder  the  agglomeration  of  GNSs  and  pro-
mote their dispersion in the ABS matrix to form nanocompos-
ites.

Mechanical Properties of the ABS/GNS-LDH
Nanocomposites
Table 1 lists the compositions of the ABS composites and their

corresponding  mechanical  properties.  Compared  with  that  of
the  ABS  resin,  the  tensile  strength  of  all  the  composites  im-
proved,  but  the  elongation  at  break  gradually  decreased  with
increasing  addition  amount.  The  tensile  strength  of  the
ABS/GNS  composites  slightly  increased  to  36.05,  37.38,  and
37.12  MPa  with  the  addition  of  0.5  wt%,  1  wt%,  and  2  wt%
graphene, respectively, and the tensile strength of the compos-
ites  reached  41.1  MPa  with  the  addition  of  0.5  wt%  GNS-LDH,
which was greater than the increase of 0.5 wt% GNS-LDH in the
ABS/GNS-LDH  system.  The  tensile  strength  of  the  composites
reached 41.1 MPa after adding only 0.5 wt% GNS-LDH, which in-
creased by 25%. With the addition of 1 wt% GNS-LDH, the ten-
sile strength of the material reached a maximum value of 46.23
MPa,  which  is  an  increase  of  39%.  The  tensile  strength  of  the
material  decreased  slightly  when  the  hybrid  content  was  in-
creased  further.  This  indicates  that  there  is  a  critical  value  for
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Fig.  4    Photographs  of  (a)  ABS,  (b)  ABS/GNS0.5,  (c)  ABS/GNS1,  (d)  ABS/GNS2,  (e)  ABS/GNS-LDH0.5,  (f)  ABS/GNS-LDH1  and  (g)  ABS/GNS-LDH2
composite films.
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Fig.  5    SEM images  of  the  fractured surfaces  of  the  (a)  ABS/GNS2 and (b)  ABS/GNS-LDH2 composites;  TEM images  of  the  (c)  ABS/GNS2 and (d)
ABS/GNS-LDH2 composites.
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graphene-based materials added to the matrix at which the me-
chanical properties are optimal, which is in line with previous re-
ports  on  polymers  reinforced  with  carbon  nanomaterials.[21,22]

However,  with  the  addition  of  GNS-LDH,  there  is  an  inevitable
deterioration in the elongation at break of the material, which is
often observed in carbon-material-reinforced matrices.[23]

The effect of nanofillers on the flexural strength of the ABS
systems  was  examined  in  a  similar  manner.  As  shown  in
Table  1,  the  flexural  properties  of  the  composites,  whether
GNS or GNS-LDH, were greater than those of the pure matrix
(39  MPa),  and  increased  with  increasing  pressure.  The  rein-
forcement effect of GNS-LDH on ABS was greater than that of
GNS at the same additive amount, and the tensile strength of
ABS increases to 56.79 MPa, which was 45.6% when the addi-
tive amount of GNS-LDH was 2.0 wt%. The obvious improve-
ment  in  the  mechanical  properties  of  the  materials  also
proves  that  GNS-LDH  is  well  dispersed  in  the  ABS  matrix,
which  is  attributed to  the  fact  that  the  introduction of  NiFe-
LDH inhibits  the  re-agglomeration of  GNS and promotes  ex-
foliation in the matrix.

Fig. 6 shows the energy-storage modulus curves of the ABS
composites. The energy storage modulus of ABS was approxi-
mately 1.8 GPa at 40 °C. The energy storage modulus and ten-
sile  strength  of  the  composites  tended  to  increase  but  then
decreased with increasing nanofiller content. Compared with
the  same  GNS-LDH  content,  the  increase  in  the  energy  stor-
age modulus was more obvious. At 1 wt% GNS-LDH, the ener-
gy storage modulus of the material reaches 2.38 GPa, which is
an increase of 31.7%. In addition, Tg of the material increased
with  the  addition  of  either  GNS  or  GNS-LDH,  which  was  at-
tributed  to  the  limited  mobility  of  the  ABS  chains  by  the
graphene hybrids.[24]
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Fig.  6    Storage modulus (E’)  plots of  ABS and its  nanocomposites
with various GNS and GNS-LDH contents.
 

Thermal Stability of the ABS/GNS-LDH
Nanocomposites
Fig. 7 shows the TGA curves of ABS and its composites under ni-
trogen;  the  relevant  data  are  listed  in Table  2.  ABS  undergoes
one-step thermal degradation under nitrogen, which mainly oc-
curs at 300–550 °C, and corresponds to the process of random
breakage  of  molecular  chains,  which  is  essentially  residue-free
at  high  temperatures.  The  addition  of  a  small  amount  of  GNS
slightly increased the T-5% of the material, which may be related
to  the  sheet-barrier  effect  of  graphene.  The  char  formation  of
the  ABS/GNS  composites  at  high  temperatures  gradually  in-

creased with the addition of GNS, and the addition of GNS-LDH
decreased T-5% of the material, which may be related to the ear-
ly  decomposition  and  dehydration  of  NiFe-LDH  when  subject-
ed  to  heat.  However,  the  residual  amount  of  the  material  in-
creased significantly with an increase in NiFe-LDH. According to
the local amplification curve,  the residual amount of ABS/GNS-
LDH composites gradually increased from 4.5 wt% to 12.2 wt%,
which indicates that GNS-LDH can effectively promote the char
formation  of  ABS.  From  the  DTG  curve,  the  maximum  thermal
decomposition  rate  of  ABS/GNS-LDH  decreased,  and  the  de-
crease  became  increasingly  obvious  with  increasing  addition
amounts, which indicated that GNS-LDH could delay the degra-
dation of ABS. The improvement in the thermal stability of the
ABS/GNS-LDH composites  was  attributed to  the  following two
factors:  the  homogeneous  dispersion  of  GNS  formed  a  good
physical barrier layer, which could prevent the escape of volatile
gases and diffusion of oxygen.[25] The improved thermal stabili-
ty  of  the  ABS/GNS-LDH  composites  can  be  attributed  to  two
factors:  the  uniform  dispersion  of  GNS  forms  a  good  physical
barrier layer, which can prevent the escape of volatile gases and
the diffusion of oxygen, and the loaded NiFe-LDH can catalyze
the formation of char from cracking products.[5,26]

Flame Retardant Properties of ABS/GNS-LDH
Nanocomposites
Fig. 8 shows the temperature dependence curves of the heat re-
lease rates of the ABS and its nanocomposites, and the specific
parameters  are  listed in Table  3.  A  sharp peak appeared when
the pure ABS was burned, and the peak heat release rate (PHRR)
was  556  W/g.  The  PHRR  of  the  material  decreased  gradually
with  the  increasing  addition  of  GNS,  which  was  related  to  the
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Fig. 7    (a) TG and (b) DTG curves of ABS and its nanocomposites at
various loadings in nitrogen.
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barrier of cracking gases by the GNS.[27] Compared with that of
the ABS/GNS composites,  the PHRR of  the ABS/GNS-LDH com-
posites  with  the  same  GNS-LDH  content  was  lower  and  de-
creased  with  increasing  GNS-LDH  content.  For  example,  at  2
wt% GNS-LDH, the PHRR of the composites decreased to 371.5
W/g,  which  was  33.2%  lower  than  that  of  pure  ABS. Table  3
shows  that  the  PHRR  of  the  ABS/GNS  composite  decreased  to
371.5  W/g.  Heat  release  capacity  (HRC)  is  defined  as  the  peak
heat release rate per unit temperature rise. The lower the value,
the better the flame retardancy.

As  shown  in Table  3,  the  total  heat  release  (THR)  of  the
ABS/GNS  composites  did  not  change  significantly  compared
to that of the pure samples, indicating that most of the resin
was consumed during combustion. The THR of the ABS/GNS-
LDH  system,  however,  decreased  to  a  certain  extent,  with  a
THR value of 29.9 kJ/g at 2 wt% addition, which is a decrease
of  12.3%.  GNS-LDH  acts  as  a  flame  retardant  by  promoting
the formation of  char  during the combustion of  ABS and re-

ducing the escape of volatile gases.[28]

Flame Retardant Mechanism
The TG/FTIR coupling technique can be used to investigate the
changes  in  the  volatile  gas  products  generated during the  py-
rolysis of the samples. Fig. 9 shows three-dimensional diagrams
of  the  TG/FTIR  results  for  the  ABS  and  ABS/GNS-LDH  pyrolysis
processes.  The  infrared  absorption  spectra  of  all  volatile  prod-
ucts produced by cracking as a function of time are shown. The
sample started to produce cracking gases at  22.1 min,  and the
characteristic  absorption  peaks  appeared  mainly  in  the  follow-
ing  wavenumber  ranges:  3300–2800,  2250–2400,  1800–1450
and 900–700 cm–1.

Fig. 10(a) shows the infrared spectra of the gas-phase prod-
ucts of ABS and ABS/GNS-LDH2 at the maximum degradation
rate. The possible cleavage products can be identified by sev-
eral characteristic absorption peaks: hydrocarbons (3069 and
2930 cm–1), CO2 (2362 cm–1), olefinic compounds (1599 cm–1),
and aromatic compounds (772 cm–1).[29] The gas-phase com-
positions of  the two samples are similar,  but the overall  gas-
phase product concentration of ABS/GNS-LDH is much lower
than  that  of  ABS. Figs.  10(b)−10(d)  show  the  characteristic
gas-phase products of the two cracks as functions of time. Al-

 

Table 2    TGA data of ABS and its nanocomposites with GNS and GNS-LDH in nitrogen.
 

Sample T-5% (°C) T-50% (°C) Tmax (°C) Char residue (700 °C)

ABS 376.4 425.0 425.0 0.1
ABS/GNS0.5 377.2 423.6 423.9 1.1
ABS/GNS1 378.1 423.0 421.9 1.9
ABS/GNS2 373.0 427.0 426.3 2.9

ABS/GNS-LDH0.5 371.7 427.0 425.5 4.5
ABS/GNS-LDH1 371.8 424.4 422.4 6.8
ABS/GNS-LDH2 370.1 425.6 423.4 12.2

 

Table 3    MCC data of ABS and its nanocomposites with GNS and GNS-
LDH.
 

Sample HRC (J/(g·K)) PHRR (W/g) THR (kJ/g) Temp. (°C)

ABS 557 556 34.1 447.6
ABS/GNS0.5 459 460.8 33.2 448.5
ABS/GNS1 442 438.9 34.1 450.0
ABS/GNS2 405 406.3 33.1 450.3

ABS/GNS-LDH0.5 452 451.5 32.8 446.4
ABS/GNS-LDH1 395 395.7 29.3 447.9
ABS/GNS-LDH2 370 371.5 29.9 449.5
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Fig. 8    Heat release rate versus temperature curves for ABS and its
nanocomposites.
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Fig. 9    3D diagrams of the gaseous volatiles in the thermal pyrolysis of (a) neat ABS and (b) ABS/GNS-LDH2.
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though  the  cracking  time  of  the  ABS/GNS-LDH2  composite
was  slightly  shorter,  the  concentration  of  several  typical
cracking products was much lower than that of ABS. Owing to
the  presence  of  GNS-LDH,  the  concentration  of  flammable
volatile  gases,  such  as  hydrocarbons,  olefins,  and  aromatic
compounds, is reduced, thereby reducing the rate of heat re-
lease from the material.

Several  studies  have  reported  the  use  of  carbon  materials
as  flame-retardant  additives  in  polymers.  For  example,  CNTs
form a network-like nanostructure during matrix combustion,
blocking the escape of volatile gases and the diffusion of oxy-
gen, thus providing a good flame-retardant effect.[30]

Graphene,  with  its  large  specific  surface  area  and  lamellar
barrier, also exerts a flame-retardant effect, mainly in the con-
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Fig. 10    (a) FTIR spectra of gaseous products at the maximum evolution rate and (b) hydrocarbons, (c) alkenes, and (d) aromatic compounds versus
time from ABS and ABS/GNS-LDH2 nanocomposites.
 

a b c

d e f

 
Fig. 11    Digital photographs of the char residues of the (a) ABS/GNS0.5, (b) ABS/GNS1, (c) ABS/GNS2, (d) ABS/GNS-LDH0.5, (e) ABS/GNS-LDH1, and
(f) ABS/GNS-LDH2 nanocomposites.

8 Hong, N. N. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3762-y

 

https://doi.org/10.1007/s10118-026-3762-y
https://doi.org/10.1007/s10118-026-3762-y
https://doi.org/10.1007/s10118-026-3762-y
https://doi.org/10.1007/s10118-026-3762-y
https://doi.org/10.1007/s10118-026-3762-y
https://doi.org/10.1007/s10118-026-3762-y
https://doi.org/10.1007/s10118-026-3762-y


densed phase. The flame retardancy of a material is closely re-
lated  to  the  quality  of  the  char  layer;  the  higher  the  char
residue content,  the denser  and stronger  the char  layer,  and
the  slower  the  combustion  process,  the  better  the  flame  re-
tardancy  of  the  material.[31] Photographs  of  the  charcoal
residue  after  the  cone  calorimetric  test  were  taken,  and  are
shown  in Fig.  11.  Pure  ABS  burned  vigorously  without  any
residue (data  not  shown).  When a  small  amount  of  GNS was
added, the sample contained only a small amount of uniform-
ly distributed residue in the form of loose silos. As the amount
of  added  GNS  increased,  the  residue  became  denser,  but
cracks  and  pores  remained.  In  contrast,  the  ABS/GNS-LDH
composite  formed  a  brown  char  residue  after  combustion,
which became denser and stronger with increasing GNS-LDH
content,  and  was  greater  than  that  of  ABS/GNS  at  the  same
content.  GNS-LDH  promotes  the  charring  of  the  ABS  matrix
during combustion to form a protective char layer, which pre-
vents the volatilization of gases and diffusion of oxygen.

The microscopic morphology of the char layer was further
investigated  using  SEM,  as  shown  in Fig.  12.  SEM  of  the
ABS/GNS2 char slag revealed that a network structure formed
after  combustion,  but  there  were  obvious  gaps  and  holes
(Fig.  12a).  The enlarged SEM images show that  the char  slag
consists  of  many  layered  structures  that  are  derivatives  of
graphene. However, the surface of the graphene was relative-
ly smooth, with almost no change in morphology and no ad-
ditional  carbon  generation  (Fig.  12b).  In  contrast,  ABS/GNS-
LDH2  formed  a  continuous  and  dense  char  layer  after  burn-
ing,  and most  of  the GNS-LDH was encapsulated in  the char
layer  (Fig.  12c).  Under  high-magnification  SEM,  the  tightly
packed charcoal particles on the surface of GNS-LDH formed
an  effective  barrier  (Fig.  12d).  In  this  sense,  GNS-LDH  has  a
flame-retardant effect by promoting the formation of a dense
and strong charcoal  layer on the substrate,  which blocks the
volatilization of flammable gases and the diffusion of oxygen
into the bottom material.

CONCLUSIONS

GNS-LDH  hybrids  and  ABS/GNS-LDH  composites  with  various

additions were successfully prepared through in situ hydrother-
mal reactions and solution blending methods, with graphene as
a  reference.  GNS-LDH  significantly  influences  the  mechanical
properties, thermal stability,  and flame retardancy of ABS com-
posites, and the flame-retardant mechanism has been revealed
from  both  gas  and  condensed  phase  perspectives.  Among
them,  the unique structure  of  GNS-LDH,  with  its  hard skeleton
and  catalytic  detoxification  properties,  enables  structural  inte-
gration with the soft ABS matrix, endowing the composites with
excellent comprehensive performance. The ABS/GNS-LDH com-
posites exhibited a uniform dispersion. SEM and TEM images re-
vealed  molecular-level  exfoliation  of  NiFe-LDH  in  the  matrix.
Mechanical  tests  revealed that  compared with GNSs,  GNS-LDH
improved the tensile and flexural strengths more effectively. At
1 wt% GNS-LDH, the tensile strength increased by 39% and the
flexural strength increased by 36.3%. DMA tests indicated an in-
creased storage modulus. The TGA results demonstrated an im-
proved thermal stability. Compared with ABS, the residue of the
ABS/GNS-LDH2 composite increased to 12.2 wt%. The MCC and
CONE results indicate better flame retardancy for the ABS/GNS-
LDH  composites  than  for  the  ABS/GNS  composites  with  the
same  content.  The  TG/FTIR  results  revealed  that  the  GNS-LDH
promoted  char  formation,  reduced  volatile  gas  escape,  and
achieved flame retardancy. The ABS/GNS-LDH composites, with
their enhanced mechanical properties, improved thermal stabil-
ity,  and  remarkable  flame  retardancy,  hold  great  potential  for
application in fields requiring high-performance materials.
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Graphical Abstract

Effect of Graphene/Nickel-iron Layered Double Hydroxide Hybrids on the Thermal Decomposition and
Flame Retardancy of Acrylonitrile-butadiene-styrene Copolymer Composites
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A novel synergistic structure (GNS-LDH) was synthesized by modifying graphene with layered double hydroxide hybrids
via hydrothermal method. The introduction of GNS-LDH imparted ABS with enhancement and toughening, flame retar-
dancy and smoke suppression, and a reduction in toxicity, which promoted char formation, reducing volatile gas escape
and achieving flame retardancy.
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