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Super flame-retardant lightweight 
rime-like carbon-phenolic 
nanofoam
Haiming Cheng, Changqing Hong, Xinghong Zhang, Huafei Xue, Songhe Meng & Jiecai Han

The desire for lightweight nanoporous materials with high-performance thermal insulation and 
efficient anti-ablation resistance for energy conservation and thermal protection/insulation has greatly 
motivated research and development recently. The main challenge to synthesize such lightweight 
materials is how to balance the relationship of low thermal conductivity and flame retardancy. Herein, 
we propose a new concept of lightweight “rime-like” structured carbon-phenolic nanocomposites 
to solve this problem, where the 3D chopped network-structured carbon fiber (NCF) monoliths are 
incorporated with nanoporous phenolic aerogel to retain structural and functional integrity. The 
nanometer-scaled porous phenolic (NP) was synthesized through polymerization-induced phase 
separation and ambient pressure drying using phenolic resin (PR) solution as reaction source, ethylene 
glycol (EG) as solvent and hexamethylenetetramine (HMTA) as catalyst. We demonstrate that the 
as-prepared NCF-NP nanocomposite exhibits with a low density of 0.25–0.35 g/cm3, low thermal 
conductivity of 0.125 Wm−1K−1 and outstanding flame retardancy exceeding 2000 °C under arc-jet wind 
tunnel simulation environment. Our results show that the synthesis strategy is a promising approach for 
producing nanocomposites with excellent high-temperature heat blocking property.

Traditional carbon fiber reinforced phenolic resin (C-Ph) composites have played an important and strategic role 
in the field of energy efficiency for buildings and thermal protection/insulation1–5. However, C-Ph composites 
have relatively high density and thermal conductivity, owing to its densified structure consisting of dispersive 
carbon fiber and thermosetting phenolic resin. Lightweight nanostructured organic-inorganic hybrid composites 
have received increasing attentions applied in the energy conversation, fire-resistant construction and chemical 
engineering6–10, because of the possibility to combine the enormous functional variation of organic chemistry 
with the advantages of a thermally stable and robust inorganic substrate11. The symbiosis of organic and inorganic 
components can lead to outstanding material properties, which differing considerably from their individual or 
isolated components12,13.

Quasi-stable, low-density, three-dimensional assemblies of nanoparticles are referred to as aerogels and typi-
cally are derived from drying wet-gels by supercritical, subcritical or ambient pressure to remove the pore-filling 
solvent and retain its formed skeleton structure simultaneously14,15. Their large internal nanoporous void space 
is responsible for ultra-low thermal conductivity and thermal insulation application. Recently nanostructured 
organic polymer materials, particularly those constructed with uniform nanopores in inorganic matrix, have 
received interesting attentions in materials science16–18. However, pure organic aerogels constructed by conven-
tional approaches are easily brittle in the aspect of mechanical strength and stiffness preserving.

Inspired by “rime-like” structure in nature, we describe lightweight (0.25–0.35 g/cm3), highly porous NCF-NP 
composites that are produced by impregnating nanostructured NP sol into 3D porous NCF framework by 
polymerization-induced phase separation of PR, EG and HMTA (Fig. 1a), and subsequent ambient pressure 
drying. The anisotropic NCF-NP nanofoam is mechanical stiff and without presence of shrinkage after dying. 
It has been found that NP easily occupies the space void of NCF and also adequately coats the surface of carbon 
fiber (Fig. 1b). The resultant nanocomposites exhibit sufficiently low thermal conductivity and also show high 
flame retardancey.

National Key Laboratory of Science and Technology on Advanced Composites in Special Environments, Harbin 
Institute of Technology, Harbin 150001, P.R. China. Correspondence and requests for materials should be addressed 
to C.H. (email: hongcq@hit.edu.cn) or X.Z. (email: zhangxh@hit.edu.cn) or J.H. (email: hanjc@hit.edu.cn)

Received: 03 March 2016

Accepted: 23 August 2016

Published: 15 September 2016

OPEN

mailto:hongcq@hit.edu.cn
mailto:zhangxh@hit.edu.cn
mailto:hanjc@hit.edu.cn


www.nature.com/scientificreports/

2Scientific RepoRts | 6:33480 | DOI: 10.1038/srep33480

Results
Concept of synthesizing route for rime-like NCF-NP nanofoam. Figure 1 describes the synthe-
sis pathway. A fibrous 3D NCF monolith (step 1, Fig. 1a) with a low density (~0.192 g/cm3) and high porosity 
(~88.0%) is adopted owing to its low thermal conductivity and controllable microstructure, which is prepared by 
pressure filtration technique19. The chopped carbon fibers in NCF framework distribute with network structure 
in xy direction and quasi-layered distribution in z direction (Fig. 1b). The 3D NCF is first immersed and impreg-
nated in phenolic resin/HMTA/EG solution (step 2, Fig. 1a). The impregnated NCF substrate is then heated at 
90 °C for 1 h, and then 120 °C for 3 h, and lastly 180 °C for 3 h to make the mixture solution gel and cure (step 3,  
Fig. 1a). The cured NCF-NP composite was conducted to immerse in IPA to exchange redundant EG and directly 
dried under ambient pressure (step 4, Fig. 1a), and the final NCF-NP composite had a relatively low density 
of 0.25–0.35 g/cm3. Homogeneous phenolic nanofoam in NCF framework without macroscopic cracks and 
agglomeration was achieved. Micrographs of the as-prepared nanocomposites show that the phenolic nanofoam 
uniformly occupies the void volume between fibers, and adequately coats the surface the fibers (Fig. 1c). The 
constructed NCF-NP nanocomposite exhibits a rime-like morphology, in which the NP nanofoam has physically 
wrapped via van der Waals forces and partially chemically bonded on 3D NCF network with interconnected pore 
size of 20~40 nm20.

Control of pore structure for NP. The as-prepared NP nanofoams have the typical bi-continuous and per-
colating structures that prepared by polymerization-induced phase separation21, in which the formed rime-like 
phenolic aggregates attached to the fibers upon gelation, and the nanopores were maintained after NP curing22. 
The pore structures for NP nanofoam can be controlled by changing the content of HMTA from 0.5% (sample 
NP0.5) to 1.0% (sample NP1.0) and 2.0% (sample NP2.0) while keeping the EG weight fraction constant at 80% 
(Supplementary Table S1). The examined value of SBET, Smic and Smeso decreases with the increasing of HMTA 
content (Table 1), which is in agreement with the variation of pore volume for the three samples (inserts in 
Fig. 2). Furthermore, the particle size of NP increases with increasing of HMTA addition (see Fig. 2a), and the 
NP aerogel grains became more aggregated and coarse, leading to the appearance of more macropores and thus 
less micro- and mesopores simultaneously. However, the interior of NP nanofoam still retrains large mesopores  
(Smeso from 90.55 to 40.36 m2/g) and small micropores (Smeso between 5.356 and 0.614 m2/g). Neither the surface 
nor the interior pore structure resembles typical aerogels in which the pore structure is predominantly meso-
porous. The N2 adsorption-desorption isotherms (Fig. 2b) show type IV nitrogen isotherms with a H3 hysteresis 
loop at high relative pressure according to the IUPAC classification23–25. The pore size distribution by the BJH 
method show that the pore size mainly distributes between 20 nm and 40 nm with an increasing concentration of 
HMTA from 0.5% to 2.0%.

Figure 1. Schematic preparation diagram of NCF-NP nanocomposite foam. (a) Specific synthesized 
pathway and steps: 1. NCF with chopped carbon fiber network. 2. Vacuum impregnation of NCF composite in 
PR/HMTA/EG solution. 3. Gelation and polymerization in PR/HMTA/EG solution. 4. “Rime-like” NCF-NP 
nanocomposite after curing, IPA exchange and drying under ambient pressure. (b) Representative SEM image 
of a NCF framework in xy and z direction. (c) SEM image of NCF-NP nanocomposite in xy and z direction. 
Inset: higher magnification image of phenolic nanofoam in the space void between fibers and on the surface of 
fibers.
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The FTIR spectra analysis is depicted in Fig. 2c. The adsorption peaks at 2924, 2867 and 1477 cm−1 are asso-
ciated with -CH2- stretching vibrations26–28, while the peaks at 1455, 1277, 1204, 1148, 1083 and 1038 cm−1 
are attributed to -CH2-O-CH2- stretching vibrations of methylene ether bridges between benzene rings29,30. 
Simultaneously, the aromatic C-H out-of-plane deformation vibrations (823, 758 and 730 cm−1, respectively) 
become gradually smaller in transmittance with the increased HMTA content, indicating more aromatic nuclei 
are cross-linked by the methylene (-CH2-) and dibenzyl ether (-CH2-O-CH2-) bridges in the NP nanofoam. The 
absorption peaks at 3467, 1630, 1540, 1247 and 762 cm−1 corresponded to stretching vibration of N-H (3467 and 
762 cm−1), the deformation (1630 cm−1) and stretching vibration (1247 cm−1) of C-N31–34. It is noticeable that 
the content of the N-containing functional groups increases with the amount of HMTA, and the characteristic 
absorption peak (945 cm−1) of benzoxazine does not appear, revealing that N-methylene from HMTA was intro-
duced into the backbone of the phenolic nanofoam35–37.

The N1s XPS spectra analysis were found the appearance of two typical peaks: the HNC2 group at 399.6 eV and 
the NC3(4) group at 401.0 eV38–40. The group of HNC2 and NC3(4) are the characteristic structure of N-methylene 
bridges and tertiary/quaternary nitrogen, respectively, which is the main intermediate of the cured NP 

Sample SBET (m2/g) Smic (m2/g) Smeso (m2/g) Vmeso (cm3/g) Daverage (nm) T5% (°C) T10% (°C) Td,max (°C) R1000 °C (%)

NP0.5 104.546 5.356 90.550 0.212 5.845 373.6 452.3 530.2 56.4

NP1.0 60.366 5.541 46.568 0.121 5.469 408.0 467.1 536.3 58.9

NP2.0 51.268 0.614 40.360 0.089 4.876 339.3 432.6 521.4 54.8

Table 1.  Textual characteristics of the prepared porous phenolic resin. Note: SBET: BET surface area; Smic: 
Micropore surface area; Smeso: BJH Adsorption cumulative surface area of pores between 1.7 and 300 nm 
diameter; Vmeso: BJH desorption cumulative pore volume of pores between 1.7 and 300 nm diameter; Daverage: 
Adsorption average pore width. T5% and T10%: Thermal decomposition temperature at 5% and 10% weight loss; 
Td,max: Maximum rate of the weight loss; R1000 °C: Residue weight at 1000 °C.

Figure 2. Porous NP synthesized with different HMTA content. (a) SEM micrographs: sample NP0.5, NP1.0 
and NP2.0. Scale bars, 500 nm. (b) N2 adsorption–desorption isotherms at 77 K, STP =  standard temperature 
and pressure, P/Po =  the ratio of the adsorption pressure (P) and the saturation vapor pressure (Po). Insets show 
quite broad BJH desorption plots, they look like overlapping pore-size distributions. (c) FTIR spectra reveal 
HMTA functioned not only as a catalyst but also as a cross-linking reagent into the cured resin. (d) TGA and 
DTG curves from room temperature to 1000 °C with a heating rate of 10 °C/min under argon atmosphere.  
(e) N1s XPS from the porous phenolic resin.
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nanofoam41,42. The HNC2 is the major product and the mole fraction reaches up to 81% for NP0.5, and even over 
92% for NP1.0, accounting for the higher T5%, T10%, Td.max and char yield (Table 1). The carbon, oxygen and nitro-
gen peaks were observed in the full-scan XPS spectra of sample NP0.5, NP1.0 and NP2.0 (Supplementary Fig. S1),  
and the nitrogen content increases proportionally with the HMTA content (Supplementary Table S2 and S3).  
The initial decomposition temperature T5% and T10% for the sample NP1.0 are higher than that of NP0.5 and 
NP2.0, and the Td,max reaches 536.3 °C, which are increased by 6.1 and 15.9 °C, respectively (Fig. 1f and Table 1). 
Furthermore, the maximum char yield of 58.9% was obtained for NP1.0, showing that the amount of HMTA has 
an important effect on the char yield and ablation-resistance of the cured NCF-NP nanofoam43 (Supplementary 
Fig. S2 and Table S6).

Materials properties for NCF-NP composites. The compressive stress-strain measurements in Fig. 3a,b 
display the typical deformation behavior of NCF-NP nanofoam with different NCF density (0.118, 0.163, 0.192, 
and 0.227 g/cm3). The initial sections of both curves increase linearly up to the point A which is taken as the 
compressive strength. The compressive strength increases from 1.337 to 2.940 MPa in xy direction and 0.577 to 
1.592 MPa in z direction with densities of 0.257–0.346 g/cm3, respectively (Supplementary Table S4). The elastic 
deformation of this stage is believed to be formed through elastic bending and rotation of fibers. In the follow-
ing non-elastic stage, the stress in xy direction decreasing with strain indicates that plastic instability occurs 
because of the buckling of bonded fibers. However, in z direction, linear elastic behavior at low strain, followed 
by a nanofoam collapse-related stress reduction at intermediate strains, and finally a plastic yielding plateau 
with subsequent stiffening at high strain44. The NCF-NP nanofoam is inclined to be tightly compressed and thus 
absorb more external energy, because most carbon fibers in NCF are perpendicular to the compressive force in 
z direction.

The NCF-NP nanofoam has a compressive modulus of E =  42.2~80.1 MPa along xy direction and 
15.3~18.7 MPa in z direction for NCF-NP nanofoams (Fig. 3c), which is significantly higher than the values for 
NCF in this study (E =  3.5~40.5 MPa in xy direction and 3.7~12.6 MPa in z direction). This high modulus for 
NCF-NP nanofoam is related to the addition of NP and the fact that NP makes the NCF surface and voids of 
fiber-fiber stiffer by in-situ crosslinking (Fig. 1c). The co-continuous interlock structure for NCF-NP nanofoam is 
likely to be responsible for preserving the structural integrity and mechanical strength under loading conditions.

The thermal conductivity of the NCF-NP nanofoam is observed to increase from 0.188–0.289 Wm−1K−1 and 
0.125–0.154 Wm−1K−1 in xy and z direction with an increase density of NCF from 0.118 to 0.227 g/cm3. The 
examined thermal conductivity is much lower than that of commercial carbon foam or traditional C-Ph com-
posites, and actually comparable to that of glass fiber and carbon aerogels45,46. Noticeably, in z direction, chopped 

Figure 3. Mechanical properties and thermophysical parameters of NCF and NCF-NP nanofoams.  
(a,b) Representative compressive stress-train curves of NCF-NP nanofoam in xy and z direction, respectively. 
(c) Modulus of NCF monolith and NCF-NP1.0 nanofoam with different initial NCF. (d) Thermal conductivity 
of NCF and NCF-NP1.0 nanofoam in z direction.
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carbon fibers appear to be aligned and form a quasi-layered structure perpendicular to the direction of heat flow, 
which can enhance the thermal resistance. Moreover, Due to the formed fiber-aerogel-fiber pattern in NCF-NP 
nanofoam, the thermal transfer of fiber-fiber in NCF is separated by the NP aerogels, which helps to decrease 
heat-bridge and decrease the thermal conductivity. Though the use of nanosized NP may impart a significant 
interfacial thermal resistance, the increased density of NCF will decrease the porosity (Supplementary Table S5), 
and therefore the solid thermal conduction of NCF-NP will increase to a certain extent.

Flame retardancy of NCF-NP nanofoam. Conventional polyurethane and polyethylene foam insu-
lation materials are easily ignitable, and require the addition of flame retardants. Unfortunately, many of the 
commonly used flame retardants are halogenated or phosphorous compounds with negative environmental and 
health impacts47. Recent work has verified that the fire retardancy of NCF-NP nanofoams display very good fire 
retardancy, where the flame does not self-propagate. For NCF0.192-NP0.5, NCF0.192-NP1.0, NCF0.192-NP2.0 
nanocomposite foams, the limiting oxygen index (LOI), which gives the oxygen concentration (in %) needed 
to keep a material burning, is as high as 34, 34 and 32, respectively, which is 60% higher than the O2 level in 
air (21%). The as-prepared NCF-NP nanofoams have a significantly higher LOI value than commercial, flame 
retardant-containing polymer-based foams.

To further evaluate the flame and fire-resistance of NCF-NP nanofoam under extreme environment, the 
flame-retardant behaviour was assessed with air-containing flame plasma arc tunnel. NCF-NP nanofoams were 
exposed to a defined heat flux of 3.7 MW/m2, and it was found the surface temperature quickly reached over 
2000 °C after the three-group samples exposure. However, the internal temperature rise of NCF0.192-NP1.0 
sample approximately reaches 77.3 °C and linear ablation rate is 0.057 mm/s, which is much lower than that of 
NCF0.192-NP2.0 sample (i.e., 93.3 °C and 0.063 mm/s) at 40 in-depth position from the surface during 500 sec-
onds (Table S6). The resulted good heat blocking property and flame-retardancy is attributed to a higher Td,max 
and maximum char yield for NP1.0 compared to NP0.5 and NP2.0, therefore the surface radiation will take away 
more heat and heat conduction can be inhibited. Figure 4b shows the flame ablation images of NCF0.192-NP1.0 
nanocomposite during 60 s heating time, and the surface morphology of the tested aerodynamic shape is essen-
tially unchanged besides the appearance of small recession after thermal ablation (see Supplementary Table S6). 
For conventional high and mid-density C-Ph composite, when flame heated, the generating gaseous products 
generally produce a reduction of convective heating. Chemical reactions can be endothermic (vaporization, sub-
limation) or exothermic (oxidation) and will lead to surface recession and charred structure. This result shows 
the NCF-NP nanofoam behaves a super thermal insulation performance and comparable ablation recession that 
assessed in wind tunnel or oxy-acetylene flame48–52.

Figure 4c exhibits photographs of transverse slices of NCF0.192-NP1.0 nanofoam after flame plasma test. As 
evident from Fig. 4c, it is possible to visually estimate the transition from char to pyrolysis to virgin matrix for 
NCF-NP nanofoam. Visual observations on transitions in nanofoam from segments agree with the density value 
generated for each slice. We have observed densities approaching the virgin matrix at position of slice 11, which 
further verifies the efficient thermal insulation capability of NCF-NP nanofoam.

Figure 4. Wind tunnel testing of NCF-NP nanofoam. (a) Surface and internal temperature responses 
measured by a non-contact pyrometer and thermocouples located at 40 and 50 mm from initial stagnation 
point during the ablation and corresponding heat-sink period of NCF0.192-NP0.5, NCF0.192-NP1.0 
and NCF0.192-NP2.0, respectively. Insert: Sample before and after ablation test. (b) Screenshot of sample 
NCF0.192-NP1.0 during ablation test recorded by camera at 5 to 60 sec. (c) Photograph of transverse slices 
of NCF0.192-NP1.0 after the ablation test. As evident from photographs, it is possible to visually estimate the 
transition from char to pyrolysis zone to virgin material for NCF-NP composites and observed material color 
approaching the virgin material at slice 9 in the near stagnation core.
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Figure 5 shows typical morphology as a function of depth of ablated NCF-NP nanofoam. Note that the mor-
phology (Fig. 5a–c) of charred NCF-NP at the surface (about ~1.5 mm of the surface char) does not contain the 
NP phase at all other locations imaged, and the degradation of fibers present in the char can be observed, as the 
fiber diameter of the char is not comparable to that of the virgin fiber used to make NCF-NP nanofoam. The 
residual fibers still maintain 3D network bonded with each other, preventing them to blow away by the plasma 
flow and to inhibit the removal the fibers from the ablation surface53,54.

Figure 5(d–f) is the charred morphology composed of the fibrous NCF carbon perform and of the carbonized 
phenolic resin. A carbonaceous char layer was formed after thermal degradation of the NP, the formation of 
which has long been recognized as an efficacious way of enhancing the flame-retardancy of polymers. Char for-
mation, being an endothermic process, critically defines the heat dissipation properties of ablative composite. A 
char layer dissipates a large fraction of the incident convective heat flux through surface radiation [61]. Therefore, 
along with efficient char formation, char retention for an extended duration guarantees better thermal insulating 
properties during thermal heating55–59.

Figure 5(g–i) is the pyrolyzed morphology of NCF-NP nanofoam. During pyrolysis, the phenolic resin is pro-
gressively carbonized into a low-density carbon or charred and loses around 50% of its mass, producing pyrolysis 
gases (i.e., CH4, CO, and H2). NCF-NP nanofoam remains its virgin state (Fig. 5(j–l)), which is made of a fibrous 
carbon perform consolidated by a micro- and meso-porous and high surface area NP.

Discussion
A general strategy for fabrication of NCF-NP nanofoam with high-performance thermal insulation and super 
flame retardancy is presented with phenolic resin/HMTA/EG precursor solution by polymerization-induced 
phase separation. The co-continuous interlock structure for NCF-NP nanofoam includes nanoporous structured 
phenolic resin and 3D chopped carbon network, which is responsible for preserving the structural integrity and 
mechanical strength. The anisotropic thermal and mechanical properties of the prepared NCF-NP nanofoams are 
suitable for applications such as high-temperature fire-retardance in field of advanced buildings and aerospace 
thermal protection, where the high strain in the z direction and a low thermal conductivity in the z direction 
can be fully utilized. The as-prepared NCF-NP nanofoam has good thermal stability (Td.max up to 536.27 °C). 
NCF-NP nanofoam exhibits low thermal conductivity (as low as 0.125 Wm−1K−1), and super flame-retardance 
under arc-jet wind tunnel simulation environment (small ablation recession, surface temperature up to 2200 °C 
and internal temperature below 60 °C at 40 mm in-depth position). These results provide substantial motivation 
to continue the development of high-performance lightweight thermal insulating and flame-retardant nanocom-
posites based on widely abundant resources for the improvement of energy efficiency and thermal protection/
insulation.

Figure 5. SEM of transverse slices of NCF0.192-NP1.0 at different height after the ablation test, (a–l) were 
taken in the centre part of slice, number 1, 3, 11, and 27 in Fig. 4c.
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Methods
NCF preparation. The fibrous low-density 3D chopped network-structured carbon fiber (NCF) monoliths 
have porosity up to 90% and were produced by carbonization (in argon atmosphere at 1000 °C for 1 h) of mixtures 
of chopped rayon based carbon fiber (1.6 mm in length) and powdered phenolic resin (200 mesh) attained by 
pressure filtration technique19. The NCF was washed with isopropyl glycol (IPA, 99.5%), followed by drying in 
air-circulated oven (50 °C for 1 h). To investigate the loading level of NCF affect the mechanical as well as flame 
retardant performance of NCF-NP nanofoam, NCF with densities of 0.118, 0.163, 0.192, and 0.227 g/cm3 were 
fabricated and named as NCF0.118, NCF0.163, NCF0.192, and NCF0.227, respectively.

Fabrication of NCF-NP nanocomposite. Dried NCF monoliths (approximate diameter, 70 mm) were 
immersed in 300 ml of freshly prepared transparent resin solution of phenolic resin (PR), ethylene glycol (EG) 
and hexamethylenetetramine (HMTA) with weight ratio of EG/PR =  4. These were assisted by impregnating in 
vacuum chamber to ensure that the solution fully infiltrated in the carbon fabrics. The aforementioned four NCF 
and three different solutions with HMTA concentrations (ratio of HMTA to total weights of EG and PR) of 0.5% 
(sample NP0.5), 1.0% (sample NP1.0) and 2.0% (sample NP2.0) were used. The systems were heated at 90 °C for 
1 h, and then 120 °C for 3 h, and lastly 180 °C for 3 h to bring about phase separation in the PR/HMTA/EG solu-
tion and further curing NP. The color of the resin samples changed from reddish brown to buff as nanoparticles 
formed in the co-precursor solution. The wet NP impregnated NCF artefacts were immersed in IPA to exchange 
the EG, and dried directly in air under ambient pressure at room temperature (≤ 30 °C) until constant weight 
was obtained. This resulted in NCF-NP composites with densities in the range of 0.247 to 0.346 g/cm3, and they 
were denoted as NCFx-NPy, where x is the density of NCF framework and y is the concentration of HMTA in the 
solution, respectively.

Characterization. The surface morphology was obtained by field emission scanning electron microscopy 
(FESEM, Quanta 200 F). The elemental compositions and chemical binding states were analyzed by X-ray photo-
electron spectroscopy (XPS, Escalab 250) and Fourier transform infrared spectroscopy (FTIR, PerkineElmer2000) 
using KBr disks. The thermal stability of aerogel was characterized by thermogravimetric analyses (TG/DSC, 
STA-409C, Netzsch) at a rate of 10 °C/min under Argon. N2 adsorption and desorption isotherms were taken 
using a surface area analyzer. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) 
method. Using the Barrett-Joyner-Halenda (BJH) model, the pore size distribution was derived from the desorp-
tion branch of the nitrogen adsorption isotherm. Before N2 adsorption, the samples were degassed at 100 °C for 
24 h until the mass attained a constant value. Compression tests were performed on samples with dimensions of 
10 ×  10 ×  12 mm3 using an Instron 5569 test stand at a compression rate of 0.5 mm/min. The thermal conductivity  
was determined by the Hot Disk TPS 2500 thermal constant analyzer at room temperature with sample with 
dimensions of 30 ×  30 ×  20 mm3.

The limiting oxygen index (LOI) was measured using a Dynisco LOI instrument, with the bar dimensions 
of 100 mm ×  10 mm ×  10 mm, according to the international standard ASTM D2863.The flame retardancy in  
z direction was evaluated in arc-jet facility at cold wall heat flux of 3.7 MW/m2, enthalpy of 35 MJ/kg and surface 
pressure of 2.5 kPa for 60 seconds with iso-Q sample. The sample was a cylinder with a spherical nose, the nose 
radius and the diameter were both 40.0 mm, and length was 50 mm. Surface and internal temperatures were 
measured by infrared pyrometer and K-type thermocouples. Also, the changes in shape during the testing process 
were also received and recorded by camera.

References
1. Gardziella, A., Pilato, L. A. & Knop, A. Phenolic resins: chemistry, applications, standardization, safety and ecology. (Springer, Berlin, 

2000).
2. Pilato, L. A. Phenolic resins: a century of progress. (Springer, Berlin, 2010).
3. Pascault, J. P., Sautereau, H., Verdu, J. & Williams, R. J. Thermosetting polymers. (Marcel Dekker, New York, 2002).
4. Minges, M. L., Alelio, G. F. & Parker, J. A. (Eds). Ablative plastics, (Marcel Dekker, New York, 1971).
5. Trick, K. A. & Saliba, T. A. Mechanisms of the pyrolysis of phenolic resin in a carbon/phenolic composite. Carbon 33, 1509–1515 

(1995).
6. Chakravarty, D. et al. Zirconia-nanoparticle-reinforced morphology-engineered graphene-based foams. Adv. Mater. 27, 4534–4543 

(2015).
7. Gilman, J. W. Flammability and thermal stability studies of polymer layered-silicate (clay) nanocomposites. Appl. Clay Sci. 15, 31–49 

(1999).
8. Gilman, J. W. et al. Flammability properties of polymer-layered-silicate nanocomposites. polypropylene and polystyrene 

nanocomposites. Chem. Mater. 12, 1866–1873 (2000).
9. Pandey, J. K. et al. Recent advances in biodegradable nanocomposites. J. Nanosci. Nanotechno. 5, 497–526 (2005).

10. Zou, H., Wu, S. & Shen, J. Polymer/silica nanocomposites: preparation, characterization, properties, and applications. Chem. Rev. 
108, 3893–3957 (2008).

11. Spange, S. & Grund, S. Nanostructured organic–inorganic composite materials by twin polymerization of hybrid monomers. Adv. 
Mater. 21, 2111–2116 (2009).

12. Banerjee, S., Paira, T. K., Kotal, A. & Mandal, T. K. Surface-confined atom transfer radical polymerization from sacrificial 
mesoporous silica nanospheres for preparing mesoporous polymer/carbon nanospheres with faithful shape replication: functional 
mesoporous materials. Adv. Funct. Mater. 22, 4751–4762 (2012).

13. Wu, Z. et al. Silica-templated synthesis of ordered mesoporous tungsten carbide/graphitic carbon composites with nanocrystalline 
walls and high surface areas via a temperature-programmed carburization route. Small 5, 2738–2749 (2009).

14. Wang, H. W. et al. One-step preparation of single-crystalline Fe2O3 particles/grapheme composite hydrogels as high performance 
anode materials for supercapacitors. Nano Energy 7, 86–96 (2014).

15. Chen, H. J. et al. Synergistic carbon nanotube aerogel –Pt nanocomposites toward enhanced energy conversion in dye-sensitized 
solar cells. J. Mater. Chem. A 4, 3238–3244 (2016).

16. Liu, J. et al. A facile soft-template synthesis of mesoporous polymeric and carbonaceous nanospheres. Nat. Commun. 4, 2798 (2013).
17. Koh, S., Yuri, K., Tsuguyuki, S. & Akira, I. Partitioned airs at microscale and nanoscale: thermal diffusivity in ultrahigh porosity 

solids of nanocellulose. Sci. Rep. 6, 20434 (2016).



www.nature.com/scientificreports/

8Scientific RepoRts | 6:33480 | DOI: 10.1038/srep33480

18. Guan, X. Y. et al. Carbon Nanotubes-Adsorbed Electrospun PA66 Nanofiber Bundles with Improved Conductivity and Robust 
Flexibility. ACS Appl. Mater. Interface 8, 14150− 14159 (2016).

19. Liu, C., Han, J. C., Zhang, X., Hong, C. & Du, S. Lightweight carbon-bonded carbon fiber composites prepared by pressure filtration 
technique. Carbon 59, 551–554 (2013).

20. Gu, H. B. et al. An overview of multifunctional epoxy nanocomposites. J. Mater. Chem. C, 4, 5890–5906 (2016).
21. Liang, C. & Dai, S. Dual phase separation for synthesis of bimodal meso-/macroporous carbon monoliths. Chem. Mater. 21, 

2115–2124 (2009).
22. Nakanishi, K. Pore structure control of silica gels based on phase separation. J. Porous Mater. 4, 67–112 (1997).
23. Kruk, M. & Jaroniec, M. Gas adsorption characterization of ordered organic-inorganic nanocomposite materials. Chem. Mater. 13, 

3169–3183 (2001).
24. Rouquerol, J., Rouquerol, F., Llewellyn, P., Maurin, G. & Sing, K. S. Adsorption by powders and porous solids, principles, methodology 

and applications. (Academic Press, 2013).
25. Zarzycki, J., Prassas, M. & Phalippou, J. Synthesis of glasses from gels: the problem of monolithic gels. J. Mater. Sci. 71, 3371–3379 

(1982).
26. Mulik, S., Sotiriou-Leventis, C. & Leventis, N. Time-Efficient Acid-Catalyzed Synthesis of Resorcinol−  Formaldehyde Aerogels. 

Chem. Mater. 19, 6138–6144 (2007).
27. Manfredi, L. B., De la Osa, O., Fernandez, N. G. & Vazquez, A. Structure-properties relationship for resols with different 

formaldehyde/phenol molar ratio. Polymer 40, 3867–3875 (1999).
28. Choi, M. H., Chung, I. J. & Lee, J. D. Morphology and curing behaviors of phenolic resin-layered silicate nanocomposites prepared 

by melt intercalation. Chem. Mater. 12, 2977–2983 (2000).
29. Ouchi, K. Infra-red study of structural changes during the pyrolysis of a phenol-formaldehyde resin. Carbon 41, 59–64 (1966).
30. Kang, S., Baginska, M., White, S. R. & Sottos, N. R. Core-Shell Polymeric Microcapsules with Superior Thermal and Solvent Stability. 

ACS Appl. Mater. Interfaces 7, 10952–10956 (2015).
31. Simons, W. W. The sadtler handbook of infrared spectra; Sadtler Research Laboratories. (Philadelphia, PA, 1978).
32. Wang, D., Li, B., Zhang, Y. & Lu, Z. Triazine-containing benzoxazine and its high performance polymer. J. Appl. Polym. Sci. 127, 

516–522 (2013).
33. Kosonen, H. et al. Functional porous structures based on the pyrolysis of cured templates of block copolymer and phenolic resin. 

Adv. Mater. 18, 201–205 (2006).
34. Yu, Z. L. et al. General and straightforward synthetic route to phenolic resin gels templated by chitosan networks. Chem. Mater. 26, 

6915− 6918 (2014).
35. Cheng, Y., Yang, J., Jin, Y., Deng, D. & Xiao, F. Synthesis and properties of highly crosslinked thermosetting resins of 

benzocyclobutene-functionalized benzoxazine. Macromolecules 45, 4085–91 (2012).
36. Ran, Q. C., Zhang, D. X., Zhu, R. Q. & Gu, Y. The structural transformation during polymerization of benzoxazine/FeCl3 and the 

effect on the thermal stability. Polymer 53, 4119–27 (2012).
37. Xu, H., Zhang, W., Lu, Z. & Zhang, G. Hybrid polybenzoxazine with tunable properties. RSC Adv. 3, 3677–82 (2013).
38. Wang, B., Huang, Y. & Liu, L. Effect of solvents on adsorption of phenolic resin onto g-aminopropyl-triethoxysilane treated silica 

fiber during resin transfer molding. J. Mater. Sci. 41, 1243–1246 (2006).
39. Iwazaki, T., Obinata, R., Sugimoto, W. & Takasu, Y. High oxygen-reduction activity of silk-derived activated carbon. Electrochem. 

Commun. 11, 376–378 (2009).
40. Wang, D. et al. Nitrogen-doped carbon monolith for alkaline supercapacitors and understanding nitrogen-induced redox 

transitions. Chem. Eur. J. 18, 5345–5351 (2012).
41. Wang, Y., Wang, S., Bian, C., Zhong, Y. & Jing, X. Effect of chemical structure and cross-link density on the heat resistance of 

phenolic resin. Polym. Degrade. Stabil. 111, 239–246 (2015).
42. Zhang, X., Looney, M. G., Solomon, D. H. & Whittaker, A. K. The chemistry of novolac resins: 3. 13C and 15N nmr studies of curing 

with hexamethylenetetramine. Polymer 38, 5835–5848 (1997).
43. Wan, J. et al. G. Effect of molecular weight and molecular weight distribution on cure reaction of novolac with 

hexamethylenetetramine and properties of related composites. Thermochimica Acta 530, 32–41 (2012).
44. Cheng, H., Hong, C., Zhang, X. & Xue, H. Lightweight carbon-bonded carbon fiber composites with quasi-layered and network 

structure. Mater. Des. 86, 156–159 (2015).
45. Yun, S., Luo, H. & Gao, Y. Ambient-pressure drying synthesis of large resorcinol–formaldehyde-reinforced silica aerogels with 

enhanced mechanical strength and superhydrophobicity. J. Mater. Chem. A 2, 14542–14549 (2014).
46. Feng, J., Feng, J., Jiang, Y. & Zhang, C. Ultralow density carbon aerogels with low thermal conductivity up to 2000 °C. Mater. Lett. 65, 

3454–3456 (2011).
47. Wicklein, B. et al. Thermally insulating and fire-retardant lightweight anisotropic foams based on nanocellulose and graphene oxide. 

Nature Nanotech. 10, 277–283 (2015).
48. Kang, T. J., Shin, S. J., Jung, K. & Park, J. K. Mechanical, thermal and ablative properties of interplay continuous/spun hybrid carbon 

composites. Carbon 44, 833–839 (2006).
49. Park, J. K., Cho, D. & Kang, T. J. A comparison of the interfacial, thermal, and ablative properties between spun and filament yarn 

type carbon fabric/phenolic composites. Carbon 42, 795–804 (2004).
50. Eslami, Z., Yazdani, F. & Mirzapour, M. A. Thermal and mechanical properties of phenolic-based composites reinforced by carbon 

fibres and multiwall carbon nanotubes. Compos. Part A 72, 22–31 (2015).
51. Park, J. et al. Effects of carbon nanotubes and carbon fiber reinforcements on thermal conductivity and ablation properties of 

carbon/phenolic composites. Compos. Part B 67, 22–29 (2014).
52. Bian, L. P., Xiao, J. Y., Zeng, J. C., Xing, S. L. & Yin, C. P. Microstructural interpretation of the ablative properties of phenolic-quartz 

hybrid fabric reinforced phenolic resin composites. Mater. Des, 62, 424–429 (2014).
53. Torre, L., Kenny, J. M. & Maffezzoli, A. M. Degradation behaviour of a composite material for thermal protection systems: part 

I-experimental characterization. J. Mater. Sci. 33, 3137–3143 (1998).
54. Vignoles, G. L., Lachaud, J., Aspa, Y. & Goyhnche, J. M. Ablation of carbon-based materials: multiscale roughness modelling. 

Compos. Sci. Technol. 69, 1470–1477 (2009).
55. Cho, D. & Yoon, B. I. Microstructural interpretation of the effect of various matrices on the ablation properties of carbon-fiber-

reinforced composites. Compos. Sci. Technol. 61, 271–280 (2001).
56. Lin, W. S. Quasi-steady solutions for the ablation of charring materials. Int. J. Heat Mass Tran. 50, 1196–1201 (2007).
57. Badhe, Y., Balasubramanian, K. & Gupta, R. Cost-effective, low density, carbon soot doped resorcinol formaldehyde composite for 

ablative applications. RSC Adv. 5, 23622–23634 (2015).
58. Bahramian, A. R., Kokabi, M., Famili, M. H. N. & Beheshty, M. H. Ablation and thermal degradation behaviour of a composite based 

on resol type phenolic resin: process modeling and experimental. Polymer 47, 3661–3673 (2006).
59. Mazzaracchio, A. & Marchetti, M. A probabilistic sizing tool and Monte Carlo analysis for entry vehicle ablative thermal protection 

systems. Acta Astronaut. 66, 821–835 (2010).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:33480 | DOI: 10.1038/srep33480

Acknowledgements
The present work is financially supported by the National Natural Science Foundation of China (No. 51272056, 
51525201 and 91216301).

Author Contributions
The experiments were conceived and designed by H.C., C.H. and X.Z. The materials were synthesized and 
characterized by H.C. The results were analyzed by H.C., C.H., X.Z., H.X., S.M. and J.H. All authors contributed 
to the discussion and preparation of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Cheng, H. et al. Super flame-retardant lightweight rime-like carbon-phenolic 
nanofoam. Sci. Rep. 6, 33480; doi: 10.1038/srep33480 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Super flame-retardant lightweight rime-like carbon-phenolic nanofoam
	Introduction
	Results
	Concept of synthesizing route for rime-like NCF-NP nanofoam
	Control of pore structure for NP
	Materials properties for NCF-NP composites
	Flame retardancy of NCF-NP nanofoam

	Discussion
	Methods
	NCF preparation
	Fabrication of NCF-NP nanocomposite
	Characterization

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Super flame-retardant lightweight rime-like carbon-phenolic nanofoam
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33480
            
         
          
             
                Haiming Cheng
                Changqing Hong
                Xinghong Zhang
                Huafei Xue
                Songhe Meng
                Jiecai Han
            
         
          doi:10.1038/srep33480
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33480
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33480
            
         
      
       
          
          
          
             
                doi:10.1038/srep33480
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33480
            
         
          
          
      
       
       
          True
      
   




