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ABSTRACT: Traditional flame-retardant materials often
show poor tolerance to oxidants, strong acidic/alkaline
reagents, organic solvents, along with toxicity problems.
Herein, highly fire-retardant ultralight graphene foam has
been developed, which possesses not only ultralight and
compressible characteristics but also efficient flame-
retardant properties, outperforming those traditional
polymer, metallic oxide, and metal hydroxide based flame
retardant materials and their composites. The newly
developed unconventional refractory materials are promis-
ing for specific applications as demonstrated by the
observed high temperature resistant microwave absorption
capability.
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The development of new materials that can reduce fire
risk to save lives and protect property has been
attracting a great deal of interest.1−3 The commonly

used organic flame retardant materials often show poor
tolerance to oxidants, strong acidic/alkaline regents, and
organic solvents, along with toxicity problems.4,5 Therefore, it
is highly desirable to develop flame-retardant materials with
good chemical stability and environmentally friendly character-
istics. Graphite is the most thermodynamically stable form of
the carbon allotropes.6,7 Superior to graphite in some
properties, graphene (a single-layer of graphite) has emerged
as a new functional material for construction of various devices
because of its excellent electrical conductivity, high surface area,
and good chemical, environmental and mechanical stability.8,9

Graphene-assembled architectures with 3D structure (e.g.,
foam8−10) have a high surface area and can form tunable
hierarchical morphology with a lightweight, high porosity, good
mechanical stability, and electrical property attractive for a
variety of sustainable applications, including energy storage, gas
adsorption, and catalysis.11 Although graphene has been
regarded as a flame-retardant additive for polymers with
simultaneous improvement of mechanical, thermal, electrical,
and gas barrier properties,12−15 little attention has been paid to
systematically investigate flame retardancy of graphene based
materials.

In view of the positive role of phosphorus and nitrides in
enhancing the flame retardation,16,17 we herein developed the
highly fire-retardant ultralight graphene foam by mixing
graphene oxide (GO) solution with hexachlorocyclotriphos-
phazene (HCTP, molecular formula: P3N3Cl6) to form a
continuous GO−HCTP (GOTP) foam. Once thermally
treated, the resultant graphene−phosphorus oxide/nitride
(GPO) foam exhibited not only ultralight and compressible
characteristics but also efficient flame-retardant properties,
outperforming those traditional polymer, metallic oxide, and
metal hydroxide based flame retardant materials and their
composites (Table S1). These results are promising for the
development of unconventional refractory materials, as
demonstrated by the observed high temperature resistant
microwave absorption for the newly developed GO−HCTP
(GOTP) foam.

RESULTS AND DISCUSSION

Having considerable amounts of hydroxyl, epoxide, carboxyl,
and carbonyl functional groups,18−20 GO sheets disperse well in
aqueous solutions and interact strongly with polar components.
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As such, the mixture of GO solution and HTCP can form the
GOTP foam in mass scale by freeze-drying (Figure 1a−c,
Figure S1). Upon thermal treatment (on the outer flame with a
temperature of ca. 500 °C for 2 min), the C−O/CO bonds
on the GO react with the adsorbed HCTP to form the GPO

foam immediately (Figure 1d). Herein, the mass ratio between
GO and HCCP was fixed at 10:1. The formed ultralight GOTP
foam (density: 2 mg cm−3) with a dark brown color (Figure 1c)
exhibits a 3D porous structure of GO sheets (Figures S1a and
S2). The homogeneous distribution of P element in the GOTP

Figure 1. (a) Scheme of HCTP dispersed in GO solution. (b) Photograph of mass GOTP solution. (c, d) The photographs of freeze-dried
GOTP foam before and after burning on the flame. (e) GPO foam (left) and graphite power (right) with the same mass on the balance. (f)
Stress−strain curves of the GPO foam at different set strains (ε) of 40%, 60%, and 80%, respectively.

Figure 2. (a−c) SEM images of GPO under different magnifications. (d) Corresponding EDS of the GOTP. (e) TEM image of GPO. (f)
Bright-field TEM image of GPO. (g) HAADF-STEM image of a corner of one piece of graphene in GPO. (h−k) HAADF-STEM-EDS mapping
images of C, N, O, and P elements, respectively.
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sample recorded by an enlarged scanning electron microscopic
(SEM) imaging (Figure S1b) and the corresponding energy
dispersive spectroscopy (EDS) mapping (Figure S1c) indicates
that the HCTP organic compound is uniformly anchored on
the sheets of 3D GO, and the atomic ratio of C/N/O/P in the
GOTP from XPS and EDS analysis is ca. 2.1/0.11/1/0.13
(Figure S1d and Figure S3). X-ray diffraction (XRD) patterns
of GO and GOTP also indicate that HCTP has been
homogeneously intercalated into GO interlayers without
phase separation (Figure S1e,f). GOTP foam was converted
into the GPO instantly by a simple treatment with a hot flame
(Figure 1c,d). The resultant GPO foam has an ultralight 3D
framework with a density of ca. 1 mg cm−3. A four-probe
electrical resistance of ca. 9000 Ω is obtained for the GPO
foam, and the moderate resistance is most likely due to its loose
3D structure. Additionally, the GPO foam exhibits a thermal
conductivity of 20 mW m−1 K−1,21 which is a relatively small
value among the flame-retardant materials, which is beneficial
to prevent thermal diffusion and, thus, enhance its retardant
properties.
As shown in Figure 1f, the GPO foam with the same mass as

that of the graphite powder at the opposite end of a pair of
scales shows a much larger volume than that of the graphite
powder, indicating a potentially high compressibility for the
GPO. Indeed, GPO foam can sustain large-strain deformations
(e.g., ε = 40%) under manual compression and recover most of
the original volume without structural fatigue (Figure 1f).
Compression tests at differently set strains (40−80%) show
reproducible results in which all stress−strain curves contain an
approximate linear region at initial ε < 40%, which can be
explained by the high strength and modulus of graphene sheets
of the macropores;22,23 the large strain should induce heavy
bending and buckling of graphene pore walls; and the loading
curve is flatten as expected. The successive short linear region
with a steeper slope between 40% and 53% is caused by the
high membrane stresses of graphene sheets. Although the
tensile strength of graphene is high, its elongation at the break

is smaller than that of an elastic polymer. Therefore, this region
was short and followed an inflection point of 53%, indicating
the graphene sheets were torn and partially irreversibly
damaged.23 The unloading curves almost return to the origin,
indicating a complete volume recovery without any plastic
deformation. The observed high compressibility of the GPO
foam is attributable to inherent pore-rich structures, rather than
the possible formation of densely stacked graphene sheets via
strong π−π interaction under compression as in the case of the
pure 3D graphene with an irreversible compressibility.24

Therefore, the highly uniform deposition of HCTP layers
among GO sheets has facilitated the formation of the well-
defined 3D porous structures and ensures the structural
strength to achieve the compression-tolerant foam feature.
As shown in Figure 2, the field-emission SEM (FE-SEM)

images (Figures 2a−c) indicate that the thermally reduced GO
maintain an incompact but highly cross-linking 3D porous
structure as that of the GOTP without any collapse. The EDS
in Figure 2d reveals the presence of C, O, and P elements with
an atomic ratio of C/N/O/P in the GOTP sample to be ca.
13.1/0.59/1/0.27, indicating an effective reduction of GO. The
inset in Figure 2d further confirms the existence of a small
amount of P element. The morphology of GPO was confirmed
by transmission electron microscopy (TEM) images in Figure
2e,f and high-resolution TEM (HR-TEM) in Figure S4, in
which nanoparticles with a size of less than 5 nm were revealed
to homogeneously anchor onto the graphene sheets. This is
also confirmed by the bright-field TEM image (Figure 2f) of a
piece of graphene sheet. Since small nanoparticles are
composed of heavier elements (P, N) than surrounding
graphene (C), they appear darker in the bright-field TEM
image.15 The high-angle annular bright-field scanning trans-
mission electron microscopy (HAABF-STEM, Figure 2g) and
the corresponding elemental mappings (Figure 2h−k) further
reveal that C, N, and O elements are coexistent and evenly
distributed over the graphene sheet, along with P-containing
nanoparticles on the graphene surface.

Figure 3. (a) XRD patterns of RGO and GPO. (b) Corresponding Raman spectra. (c) XPS survey of GPO. (d) High-resolution spectrum of P
2p XPS peak in (c).
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XRD patterns of RGO and GPO confirm the representative
peak of GO (2θ ≈ ca. 11°, Figure S1e)25,26 has completely
disappeared in the as-obtained GPO, accompanied by a new
broad peak centered at ca. 24.8° (the bottom curve in Figure
3a), corresponding to the (002) plane of stacked graphene
sheets with an interlayer spacing of 0.358 nm. This value is
larger than the displacement (0.346 nm) of RGO (2θ ≈ ca.
25.7°, the upper curve in Figure 3a), suggesting the uncompact
stacking of graphene sheets in the GPO with P-containing
nanoparticles. Raman spectra of GPO and RGO (Figure 3b)
show the clearly separated G-band at 1596 cm−1 and D-band
located at 1347 cm−1, with an ID/IG ratio of 0.90 for GPO and
0.81 for RGO plus a sharp 2D-band peak at 2692 cm−1 for
RGO only. These results clearly indicate that there might be a
interaction between the graphene structure and the P-
containing nanoparticles.27 XPS survey of GPO (Figure 3c)
and amplified region of P (inset in Figure 3c) indicate, once
again, the sample is mainly composed of C, O, N, and P
elements. The atomic ratio of C/N/O/P in the sample
calculated from the XPS survey spectrum is ca. 12.5/0.61/1/
0.23, matched well with the EDS data. Furthermore, the high-
resolution (HR) P 2p XPS spectra of GOPT and GPO (Figure
3d and Figure S5) were collected to gain more insight into
phosphorus doping. It reveals that the predominant P−Cl bond
(133.9 eV) in HCTP has been replaced and the coexistence of
both C-POx (133.8 eV) and P−O (132.8 eV) bonds in the
GPO, which has been widely regarded as the critical factor for
flame retardant.28,29 Because of the relatively large atomic
radius of Cl and the large difference in chemical properties
between C and Cl, the insertion of Cl in the graphene skeleton
seems impossible during a short thermal treatment, and hence,
the Cl element was not found in the final GPO foam (Figure
S6). However, the doping of N element in the graphene was
demonstrated by the HR-XPS spectrum of N 1s (Figure S7).
Figure 4a shows the thermogravimetric analysis (TGA)

curves of RGO, GPO, and HCTP measured in air with a
heating rate of 10 °C min−1. As can be seen, the GPO
composite shows a higher decomposition temperature
compared with those of RGO and HCTP. The GPO shows a

T10 (the temperature of 10% decomposition) of 662 °C, which
is higher than that of RGO (426 °C) by ca. 236 °C. At 700 °C,
the instant amount of residue is 82% for GPO whereas only 1%
for RGO, suggesting a much slower oxidative degradation of
GPO. This value of 82% for GPO is also much higher than that
of polymer, metallic oxide, metal hydroxide based flame-
retardant materials and their composites, as summarized in
Table S1.15,21,30−34 The residual weight percentage of GPO at a
temperature of up to 1000 °C in air is still 18%, while RGO and
HCTP samples are fully oxidized or decomposed before 700
and 200 °C, respectively. The thermal stability of GPO and
RGO was also assessed on a hot flame (Figure 4b) up to 15
min, which caused only a slight mass loss from GPO, whereas
RGO lost 100% of its initial mass in just 10 min. The GOTP
foam synthesized in this study has a 3D interconnected porous
structure (vide supra), which effectively maximizes the
accessibility of HCTP to the graphene surface to prevent the
structural collapse of graphene sheets from serious oxygen
etching (Figures S8 and S9), making GPO (even with an
extremely limited amount of HCTP) far more stable than
RGO. Therefore, the observed enhancement in fire-retardance
for the GPO foam can be attributed to its unique 3D structure.
Figure 4c−g displays the photographs of the GPO foam flown
on the flame with different times. To prevent the GPO foam
from flying out the quartz tube during burning, a Cu mesh was
placed above the GPO foam in a suitable position along the
quartz tube. The photographs taken for the first 3 min (Figure
S10) and the enlarged views of the GPO foam for long time
flame retardant test (15 min, Figure 4e−g) further show that
the GPO foam on the flame did not change in appearance,
demonstrating a high thermal stability of the GPO foam. A
simple comparison of the photograhs for the GPO and RGO
foams directly on the flam for different times (Figure S11) also
indicated that the compound GPO has excellent flame-
retardant properties.
It was found that the incorporation content of P in the GPO

was not changed with the increased amount of raw material
(HCCP), as the additional HCCP decomposed completely. For
example, for samples with different mass ratios between GO

Figure 4. (a) TGA curves of GPO, RGO, and HCTP were conducted under air atmosphere. (b) Mass loss as a function of the burning time for
GPO and RGO on the flame of alcohol lamp. (c−g) Photographs of the GPO foam flowing on the out flame with different times (the GPO
was confined in a quartz tube).
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and HCCP (e.g., 10:1, 5:1, 2.5:1) on the outer flame with a
temperature of ca. 500 °C for 20 s, the density of the N,P-
containing particles varies (Figure S12). However, when the
reaction was prolonged to 2 min, all of the obtained samples
had a similar composition. Even at a high mass ratio of 2.5:1,
the content of P in the obtained GPO was just 1.9% (Figure
S13). Of course, when the content of raw material (HCCP) in
the GOTP was extremely low, e.g., 4.7 wt %, the P content in
GPO was almost negligible (Figure S14). The mechanical
strength and the TGA analysis of the samples of GO/HCTP
with different mass ratios are presented in Figures S15 and S16,
respectively. It was found that HCTP in the GOTP will result
in some changes of the 3D structures (Figure S17) and, thus,
worse performance in mechanical strength and flame retardant
property. Therefore, the HCCP in GOTP was fixed at ca. 9 wt
%.
The ultralight foam structure of GOTP (Figure 5a−c) can be

converted into flexible thin films (Figure 5b) by simply pressing
the 3D GOPT with relatively large pressure (e.g., 40 MPa),
resulting in the formation of fire-retardant films. The SEM
image in Figure 5d reveals that the zigzag buckles without
cracks were formed along the GOTP film, making the film
tolerate a certain extra force as shown in Figure 5e (cf. Figure
1f). The GOTP film has a tensile strength of up to 32 MPa with
a typical elongation at break of ca. 3.4%, presumably originating
from the possible displacement of the graphene sheets within
the film.35 Parts f−j of Figure 5 display the photographs for a
GOTP film on a hot flame for different times. The shape of the
GOPT film (Figure S18) maintained well even after burning on
the outer flame of the alcohol lamp for 5 min. On the contrary,
pure GO film became unstable on the flame and was burned
out at 5 min (Figure 5f′−j′).

Microwave-absorbing materials are currently in high demand
for many expanded electromagnetic interference shielding and
radar cross section reduction applications for both commercial
and defense purposes. However, conventional microwave-
absorbing materials are usually heavy and bulky, which limits
their applications, especially in aircrafts. Here, the lightweight,
flame-retardant GPO materials provide a promising candidate
for the development of new types of microwave-absorbing
materials and devices. Those features GOP materials owned
make them are highly tolerant toward high temperature and
suitable for the application in the aerospace industry.
Microwave absorption is mainly attributed to two types of
contributions: dielectric loss and magnetic loss.36 To investigate
the performance of microwave absorption of the GPO flame-
retardant material, we measured both the complex relative
permittivity (ε) and permeability (μ) of the sample associated
with the dielectric loss and magnetic loss, respectively.37,38

Figures S19 and S20 show the real and imaginary parts of the
complex relative permittivity (ε′, ε″) and permeability (μ′, μ″)
measured for the samples before and after burning on a hot
flame for frequencies between 26.5 and 40.0 GHz. The
simulated microwave reflection loss (RL) versus frequency was
obtained according to the transmission line theory by eqs 1 and
2 in the Methods section. Accordingly, the RL of GPO before
and after burning is shown in Figure S21. The samples of GPO
before and after burning show similar wave-absorbing abilities,
and the dielectric constant of GPO gradually decreased as the
frequency increased within the range of 26.5−40.0 GHz from
the complex permittivity and permeability. The absorption
peaks for the samples of GPO before and after burning are less
than −6.4 and −8.4 dB. Obviously, there were two strong wave-
absorbing peaks at 37.8 and 38.5 GHz, and the minimum

Figure 5. (a) Photographs of deliberately cracked GOTP carvings. (b, c) GOTP film. (d) SEM image of the GOTP film. (e) Typical stress−
strain curve of the as-prepared GOTP film. (f−j) Photographs of a GOTP film on a hot flame with different times. (f′−j′) Pure GO film on a
hot flame with different times.
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reflection loss of GPO before and after burning reached about
30.6−37.2 and 35.7−42.4 eV, respectively, indicating an
excellent microwave absorption capacity. The GPO with a
large contact surface and 3D structure acts as an excellent
substrate for the effective absorption of microwaves.
Furthermore, the enhanced both dielectric loss and magnetic
loss of GPO after burning caused slightly better electro-
magnetic wave absorption characteristics.

CONCLUSIONS
In summary, GOTP foams (HCTP functionalized GO) has
been successfully synthesized via a facile freeze-drying-assisted
strategy, which has advantages in terms of manufacturing
simplicity, scalability, and environment friendliness. Upon
exposure to flame, the resultant HCTP-functionalized GO
spontaneously converted into 3D graphene decorated with P-
and N-containing nanoparticles. The resulting GPO exhibited
an efficient flame-retardant feature, plus an ultralight,
compressible structure and microwave absorption capacity,
which make them useful for various applications particularly as
potential candidates in the aerospace industry.

METHODS
Synthesis of GO. GO was prepared from natural graphite powder

via acid-oxidation according to a modified Hummers method.39−41

Synthesis of GO−GOTP Foam. GO solution was mixed well with
HCTP; after freeze-drying, HCTP adsorbed on the surface of GO
sheets in situ, producing the continuous foam of GOTP. The mass
ratio between GO and HCCP for a typical experiment was fixed at
10:1. For comparison, GOTP samples with different mass ratios
between GO and HCCP (eg., 20:1, 5:1, 2.5:1) were prepared.
Synthesis of GPO/Nitrides and RGO. After the heat-treatment

process (on the outer flame of alcohol lamp with a temperature of ca.
500 °C for 2 min), GOTP foams were quickly converted into GPO
foams.
For comparison, RGO foams were obtained in the absence of

HCTP under experimental conditions identical to those used in the
preparation of GPO.
The samples were characterized by X-ray diffraction (XRD) on a D/

max-2200/PC X-ray diffractometer with a Cu K radiation source. The
particle size and morphology of the samples were determined by
JEOL-100CX high-resolution transmission electron microscopy (HR-
TEM) at an acceleration voltage of 200 kV. Thermogravimetric
analysis (TGA) was performed on a NETZSCH STA 449C. Raman
spectroscopy (Renishaw Rm-1000) was conducted with a He/Ne laser
at a wavelength of 457.5 nm. Microwave scattering parameters (S
parameter, Sij, i, j = 1, 2) were measured using an Agilent E8363B
vector network analyzer (VNA) in the frequency range of 2−18 GHz.
Complex permittivity (εr = ε′ − jε″) was calculated from the S
parameters according to the literature.42,43 The tests of magnetic
properties were carried out using Lake Shore’s vibrating sample
magnetometer (VSM model 7307).
Microwave Absorption Test. To investigate the performance of

microwave absorption of the flame retardant material, we independ-
ently measured the complex relative permittivity (ε) and permeability
(μ) of the sample. The reflection loss curves for these samples were
calculated with two formulas36,40

=
−
+

RL
z
z

(dB) 20 log
1
1

in

in (1)

where zin is the normalized input impedance calculated with the
following formula

μ ε π με=z h j c d/ tan [ (2 / ) ]in r r r r (2)

where c is the speed of light, d is the thickness of sample, and f is the
microwave frequency. Apparently, reflection loss is significantly

influenced by complex relative permittivity and μr permeability εr of
test sample. It should be noted that direct data collected from the test
facility (vector network analyzer) is the real part of permittivity μ′, the
imaginary μ″ and the real part of permeability ε′, and the imaginary
part of permeability ε″. As important parameters for microwave
absorption properties, the real part (ε′) and imaginary part (ε″) of
complex permittivity of the samples were measured in the frequency
range of 26.5−40 GHz in this work. To obtain the complex relative
permittivity and permeability, two additional equations are used:43

μ μ μ= ′ − ′′jr (3)

and

ε ε ε= ′ − ″jr (4)

After solving these two equations we obtained the values of μr and εr.
To examine the microwave absorption properties of these samples, a
certain amount of the test sample was mixed with paraffin wax, after
thorough stirring at 90°, a mold was used and the mixture was made
into a test model following a typical measurement procedure in order
to combine powder- or paper-like materials together.
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