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Abstract 

Aiming at improving fire retardancy of epoxy resin (EP), the thermal-exfoliated boron 

nitride nanosheets (BN) underwent the bio-inspired polydopamine (PDA) 

nano-coating and in-situ interfacial growth of iron-derived nanocatalyst (Fe) to 

prepare nanohybrid (BN@PDA@Fe). The design complied with principles: 1) PDA 

promoted the dispersion of BN in EP matrix and offered active sites for 

functionalization 2) bio-stabilized iron-derived nanoparticles catalyzed the 

polyaromatic reaction towards higher quality. Resultantly, 6wt% BN@PDA@Fe 

increased limiting oxygen index (LOI) of EP by 10.0% and suppressed fire spread in 

UL-94 test. The peak heat release rate (pHRR) was reduced by 38.9% with notably 

suppressed CO and smoke production. Ignition time, as a key aspect of fire safety, 

was effectively delayed due to enhanced thermal conductivity of BN-based EP 

nanocomposites. The optimization of char structure due to the interfacial charring 

accounted for the improved fire retardancy. In perspective, the bio-inspired 

engineering of BN offered a viable approach to improving fire safety of polymers. 

 

Keywords: Boron nitride; Epoxy resin; Fire retardancy; Ignition; Interfacial 

charring 
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1. Introduction 

Due to prominent thermal stability, mechanical property and superior flexibility in 

choosing monomers and curing agents, epoxy resin (EP) has aroused considerable 

focuses in the academic and industrial field. EP enjoys extensive applications in 

electric and electrical devices and laminates etc.[1]. However, the further utilization 

of EP is restricted especially in high-demanding circumstances due to its 

standard-below fire retardancy (ease of flammability) [2-5]. In order to address the 

issue, the prevailing nano-technique is capable to impart EP with satisfied fire 

retardancy and delayed ignition, accompanied by improved mechanical and thermal 

property [6, 7]. Recently, 0D nanoparticles (e.g., silica [8]), 1D nanotubes (e.g., 

carbon nanotubes [9, 10]) and 2D nanosheets (e.g., layered double hydroxide [11] and 

graphene [12]) are evidenced as effective nanofillers to decrease fire hazard of 

polymers. Generally, 2D nanosheets exhibited a better fire retardancy compared with 

0D and 1D nanofillers due to the formation of more protective carbonaceous layer 

[13]. 

Analogous to graphene nanoplatelets with carbon atom linked via sp2, boron nitride 

nanosheets show lamellar structure with an equal quantity of boron and nitrogen 

atoms connected through sp3 hybridization [14]. Resultantly, EP nanocomposite with 

boron nitride nanosheets was conferred with improved fire safety in terms of delayed 

ignition time (TTI), reduced heat release and smoke production [15-17]. Compared 

with other nanofillers [18-20], boron nitride nanosheets presented the superiority in 

simultaneously delaying ignition and reducing heat release of polymers [14, 21]. 

However, in order to promote fire-retardant efficiency, the organic functionalization 

with cyclotriphosphazene on boron nitride surface was performed [21]. In comparison, 

the rarely reported inorganic modification on the surface of boron nitride nanosheets 

(surface modification) enabled to offer an alternative to ameliorate fire hazard of EP 

matrix. It was expected that the interfacial (or surface) location of nanocatalyst 

between EP matrix and BN nanosheets contributed to the catalytic charring of EP 

matrix, which resulted in the optimized char structure [22]. However, the direct 
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growth of inorganic nanoparticles on boron nitride nanosheets encountered difficulty 

owing to the lacking of essential active sites. Fortunately, the dopamine chemistry 

presented the strong bio-adhesion toward inert surface with polydopamine (PDA) as 

the bridging nano-layer. The result was the inhibition of aggregation of boron nitride 

nanosheets in polymer matrix, favoring the thermal stability and conductivity [23]. In 

parallel, the presence of PDA on BN nanosheets facilitated the interfacial growth of 

inorganic nanomaterials due to the intensive coordination interaction. Iron-derived 

nanoparticles (Fe) were regarded as excellent charring catalyst toward polyaromatic 

reaction of pyrolyzed products of EP in consideration of the intensive Lewis acidic 

sites [22]. The fire retardancy was profited after the incorporation of Fe on boron 

nitride surface, which combined the prominent barrier effect of boron nitride against 

external heat and the catalytic charring capacity of Fe nanocatalyst. Meanwhile, the 

thermal exfoliation of boron nitride nanosheets was evidenced to possess more active 

sites and favor the dispersion in EP matrix [14]. Herein, the thermally exfoliated 

boron nitride will perform as the substrate for sequential functionalization rather than 

pristine boron nitride. 

Aiming to impart EP matrix with enhanced fire retardancy, the bio-inspired 

sequential engineering of thermally exfoliated boron nitride nanosheets (BN) with 

PDA and iron-derived nanocatalyst were executed and verified successfully. The 

dispersion of nanofillers in EP matrix was investigated via X-ray diffraction (XRD) 

and scanning electron microscopy (SEM). The fire retardancy was investigated by 

limiting oxygen index (LOI), UL-94 horizontal burning test and cone calorimeter test 

(CCT). The condensed-phase mechanism was analyzed via digital image, SEM and 

XRD. The thermal degradation was probed by thermogravimetric analyzer (TG) and 

thermogravimetric analyzer coupled with Fourier transform infrared spectra 

(TG-FTIR). The thermal conductivity was analyzed to account for the ignition 

behavior. 

2. Experimental 

2.1 Chemicals 
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Hexagonal boron nitride powder (h-BN), condensed hydrochloric acid (HCl, 37wt%)，

dopamine hydrochloride (DA·HCl), tris(hydroxymethyl)aminomethane (tris), iron (Ⅲ) 

chloride (FeCl3), sodium borohydride (NaBH4) and diethylenetriamine (DETA) were 

bought from Sigma-Aldrich. Epoxydharz C was purchased from 

Faserverbundwerkstoffe Composite Technology Company as epoxy resin monomer. 

Tris(hydroxymethyl)aminomethane buffer solution with pH value of 8.5 and 

concentration of 0.05mol/L was prepared in our lab. Deionized water was prepared in 

our institute. 

2.2 Thermal exfoliation of h-BN and its PDA functionalization  

In the typical procedure, the exfoliated BN nanosheets (BN) were obtained after 

thermal-oxidation exfoliation with treatment of h-BN powder at 1000oC in tubular 

furnace under air atmosphere [24]. Subsequently, 10g exfoliated BN nanosheets were 

charged into 1L three-neck flask with 800mL buffer solution. The ultrasonication 

treatment was applied for 30min prior to addition of 2g DA·HCl with vigorous 

stirring. The encapsulation and polymerization process occurred with colour turning 

black (Scheme 1). After the reaction for 24h, the products (BN@PDA) were collected 

after vacuum filtration, washing with deionized water and drying overnight. The 

weight percentage of PDA in BN@PDA was measured as 11.2wt%. 

 

Scheme 1 Preparation route of BN@PDA and BN@PDA@Fe 
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2.3 In-situ growth of iron-derived nanoparticles on BN@PDA (BN@PDA@Fe) 

10g BN@PDA was dispersed into 350mL deionized water prior to the ultrasonication 

for 30min. Subsequently, the addition of 2g FeCl3 was carried out with vigorous 

stirring. In order to guarantee the coordination of Fe3+ and PDA molecules, the 

reaction persisted for 3h, followed by the drop-wise addition of NaBH4 solution (1g 

NaBH4 and 50mL water). During the slow dripping, the bubbles were generated, 

which inferred the reduction of Fe3+. After additional 30min reaction, the materials 

were filtrated and washed with deionized water for several times. Finally, the product 

was obtained after vacuum drying overnight and labelled as BN@PDA@Fe. The 

procedure was illustrated in Scheme 1. The percentage of iron derivatives was 

measured as 5.7wt% in BN@PDA@Fe.  

2.4 Preparation of EP nanocomposites 

EP nanocomposites with the fraction of 6wt% BN, BN@PDA and BN@PDA@Fe 

were respectively prepared. In the typical procedure, EP monomer was mixed with 

nanofillers at 60oC to acquire the preliminary dispersion. Subsequently, the 

triple-milling treatment was applied to generate the better nano-dispersion under the 

strong shear. With vigorous stirring, the curing agent DETA with stoichiometric 

amount was added to mixture, after which the degas treatment was executed using the 

ultrasonication for 5min. The degassed mixture was then casted into the silicon mold 

prior to the static curing process for 24h at ambient temperature. After the ambient 

curing, the resultant samples were transferred for heated curing at 120oC for 

additional 2h. In parallel, the neat EP was fabricated via the identical steps. 

2.5 Instrumental 

Raman spectra were recorded in Raman spectroscopy (Renishaw PLC) with a 532nm 

Nd:YAG laser (50mW at 532 nm). X-ray diffraction (XRD) was conducted in 

diffractometer (Empyrean, PANalytical) with Cu Kα X-ray source and Ni filter. X-ray 

photoelectron spectroscopy (XPS) was conducted on VG ESCALAB MK II 

spectrometer with Al Kα radiation. Scanning electron microscopy (SEM) was 

performed on EVO MA15, Zeiss with EDS (Oxford INCA 350). Transmission 
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electron microscopy (TEM) was carried out on FEG S/TEM microscopy (Talos 

F200X, FEI) under the accelerating voltage of 200kV. STEM mode was employed to 

analyze element and element distribution. Thermogravimetric analysis (TG) was 

recorded on equipment (Q50, TA Instruments) at 10oC/min from ambient temperature 

to 800oC. Thermogravimetric analyzer coupled with Fourier transform infrared 

spectra (TG-FTIR) were conducted on FTIR spectrometer (Nicolet iS50) connected 

with TG analyzer (Q50, TA Instruments) through a heated pipe. The constant weight 

(15±0.2mg) sample underwent the heating from ambient temperature to 800oC at 

10oC/min. The evolved volatiles were directed to gas chamber for FTIR measurement. 

Limiting oxygen index (LOI, FTT) was carried out according to D2863-2013 on 

samples with 12.7mm×6.5mm×3.0 mm. UL-94 horizontal burning test (FTT) was 

performed on samples with 127.0mm×12.7 mm×3.0mm. The horizontal samples were 

flamed 25s prior to analysis by spread rate. Cone colorimeter test (CCT, FTT) was 

used to characterize the combustion behavior on samples with 

100.0mm×100.0mm×4.0mm under 35kW/m2 according to ISO 5660-1. The ignition 

behavior (time to ignition, TTI) was analyzed in CCT. At least 2 specimens were 

tested for average values. Thermal conductivity was conducted in Hot Disk Thermal 

Constants Analyzer (Switzerland). 

3. Result and discussion 

3.1 Characterization of targeted BN@PDA@Fe 

Raman and XRD spectra 

Raman and XRD spectra were illustrated in Fig.1. In terms of BN in Fig.1 (a), the 

peak at 1366 cm-1 was attributed to E2g tangential mode. The PDA modification on 

BN surfaces generated an additional peak at 1606cm-1, which was originated from the 

catechol structure of PDA macromolecules [25]. Moreover, the fitting of the new peak 

gave rise to two different peaks at 1570 cm-1 and 1618 cm-1 with assignments to the 

deformation and stretching vibration of the catechol structure respectively [26]. 

Actually, the catechol structure was apt to form the π-π interaction with six-member 

ring structure of BN, which favoured the bio-adhesion and encapsulation. The polar 
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and hydrophilic groups (-OH) in activated BN also facilitated the adhesion via 

hydrogen-bond. However, the invariable location of E2g tangential mode with PDA 

functionalization showed that the π-π interaction was relatively weak. Furthermore, 

the incorporation of Fe component shifted the peaks at 1570 cm-1 and 1618 cm-1 

toward the lower locations of 1555 cm-1 and 1606 cm-1 separately. The red shift of the 

deformation and stretching vibration was due to the coordination effect between Fe 

and PDA [26]. The coordination effect facilitated the vibration shift toward 

low-energy state for the structural stabilization [22].  

 

Fig.1 (a) Raman Spectra and (b) XRD spectra of BN, BN@PDA and BN@PDA@Fe 

  XRD pattern (Fig.1 (b)) of thermally exfoliated boron nitride nanosheets (BN) 

exhibited the peaks at 26.4o, 27.2o, 41.2o, 43.5o, 49.6o and 54.6o, which were assigned 

to the crystal faces of (002), (010), (100), (101), (102) and (004) respectively. 

Additionally, compared with the pristine BN, the new peak at 27.2o from (010) 
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reflection of B(OH)3 was due to the high-temperature thermal exfoliation [14, 24]. 

After the PDA encapsulation, all the peaks of BN persisted with the exception of 

B(OH)3 reflection. The possible cause for the disappearance of B(OH)3 reflection was 

due to the compression-derived shrinkage from encapsulation. In parallel, the Fe 

nanocatalyst on BN@PDA gave rise to additional peaks at 36.5o, which was 

corresponded to γ-Fe2O3 [27]. According to the preparation of BN@PDA@Fe, the 

reduction of Fe3+ instantly generated zero-valent iron (Fe0), followed by the oxidation 

to γ-FeOOH and subsequent dehydration to γ-Fe2O3. The relatively large peak size at 

36.5o illustrated that γ-Fe2O3 constituted the major part of the nanocrystal. 

XPS spectra 

Aiming to further confirm the composition of BN@PDA@Fe, XPS measurement was 

performed and showed in Fig.2. In Fig.2 (a), the full XPS spectra illustrated the 

inclusion of B, N, C, Fe and O in BN@PDA@Fe. O1s peak fitting in Fig.2 (b) 

displayed the C=O and C-O bands at 331.5eV and 332.5eV, which were attributed to 

catechol structure. N1s fitting results in Fig.2 (c) manifested the presence of different 

N sources of BN and PDA. Fe 2p spectra certified the presence of a trace of 

zero-valent iron (706.5eV) and γ-Fe2O3 (Fe2p3/2 at 712.2eV and Fe2p1/2 at 725.8eV) 

[28]. 
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Fig.2 (a) Full XPS spectra; (b) O1s spectra; (c) N1s spectra and (d) Fe2p spectra of 

BN@PDA@Fe 

TEM and EDS analysis 

In SEM images (Fig S1 (a) and (b)), the bio-inspired engineering of PDA on 

thermally exfoliated boron nitride nanosheets (BN) did not influence the morphology. 

In contrast, the incorporation of Fe nanocatalyst on the surface of BN@PDA 

generated slight alteration with stretched nanosheet (red circles in Fig S1 (c)). 

In TEM images (Fig.3 (a)), BN possessed lamellar structure with lateral size in 

micron-scale and thickness in nano-scale. The analysis of BN edge in Fig.3 (a) and 

the inset selected area electron diffraction (SAED) revealed the ordered stacked 

structure. The combination of the ordered structure and the single-sheet BN in Fig.3 

(d) reflected the limited thermal exfoliation. Meanwhile, the high angle annular dark 

field (HAADF) image with B and N mapping (Fig.3 (e)) and O mapping (Fig.3 (f)) 

presented the consistent results with XPS results, which evidenced the successful 

thermal-oxidation exfoliation of BN. In parallel, the PDA encapsulation of BN 

generated obscure edge (Fig.3 (b) and (g)) without notable change in SEAD patterns 

(inset in Fig.3 (b)). The formation of obscure edge revealed the encapsulation of BN 

surface by PDA nano-coating. Also, the retained SEAD patterns demonstrated the 

absence of the exfoliation of lamellar structure of BN. In parallel, in Fig.3 (c) and (h), 

Fe nanocatalyst was successfully dispersed on BN@PDA in the strip shape, which 

indicated that the Fe nanocrystal grown along the specific direction. In Fig.3 (i) with 

higher magnification, some irregular Fe nanocatalysts were surrounding the 

nano-strips, which revealed the disordered dispersion of Fe nanocatalyst. Moreover, 

the exploration of Fig.3 (i) verified the main component of γ-Fe2O3 in the Fe 

nanocatalyst, which was in a good agreement with the XRD result. 
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Fig.3. TEM images with of (a) and (d) BN, (b) BN@PDA and (c, i) BN@PDA@Fe 

with the inset SAED; (d) High angle annular dark field (HAADF), (e) B and N 

mapping and (f) O mapping of thermally exfoliated BN; (g) HAADF mapping of 

BN@PDA, (h) Fe mapping of BN@PDA@Fe 

3.2 Dispersion state of EP nanocomposites 

XRD pattern 

EP, EP/6BN and EP/6BN@PDA@Fe were selected for bulk XRD test (Fig.4) in 

consideration of the similar blending property of BN@PDA and BN@PDA@Fe. The 

peaks emerged at around 18.5o and 41.2o, which were characteristic of EP matrix. 

After the addition of BN and BN@PDA@Fe, the peaks of EP matrix retained. 

Additionally, BN and BN@PDA@Fe brought extra peaks located at 26.4o, which was 

assigned to (002) crystal face of BN. The invariable location of (002) reflection 

demonstrated that the lamellar BN nanosheets were not intercalated or completely 

exfoliated during processing and curing process, which was consistent with limited 

thermal exfoliation in XRD (Fig.1) and TEM image (inset in Fig.3 (c)). 
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Fig.4. XRD patterns of EP, EP/6BN and EP/6BN@PDA@Fe 

SEM observation 

The dispersion state of nanofillers in EP matrix was further investigated by SEM 

(Fig.5). EP matrix possessed relatively smooth cryo-fractured surface (Fig.5 (a)). The 

addition of BN generated notable wrinkled surface with the aggregates of BN, which 

were confirmed by EDS spectra (Fig S2) and B mapping (inset in Fig.5 (b)). The EDS 

spectra presented the asymmetric shape with the preferential B peak in the left side.  

In parallel, the PDA modification of BN generated slightly more wrinkled surface 

with better BN nano-dispersion (marked with arrows) (Fig.5 (c)). EP/6BN@PDA@Fe 

illustrated more wrinkled surface than that of EP/6BN@PDA with more uniform 

nano-dispersion in EP matrix (marked with arrays). Hence, BN, BN@PDA and 

BN@PDA@Fe demonstrated increasingly better nano-dispersion state in EP matrix. 

In combination of XRD results, BN@PDA@Fe revealed more uniform dispersion in 

EP matrix (Fig.5 (e) and (f)) but not more exfoliation relative to BN and BN@PDA. 
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Fig.5. Cryo-fractured surface of (a) EP, (b) EP/6BN with inset EDS spectra and B 

mapping of selected area, (c) EP/6BN@PDA with inset B mapping of selected area 

and (d) EP/6BN@PDA@Fe; schematic illustration of (e) EP/6BN and (f) 

EP/6BN@PDA@Fe 

3.3 Thermal stability 

The thermal stability was exhibited in Table 1 and Fig.6 at N2 atmosphere. The 

addition of BN and BN@PDA did not change the T5wt% and T50wt% notably, which 

indicated that the initial thermal stability of EP matrix was maintained [29]. 

Meanwhile, the calculation was carried out through the simple numerical combination 

of EP matrix and nanofillers (BN and BN@PDA) (Fig S3 (a) and (b)). The calculated 

char yield at 650oC of EP/6BN reached 16.1wt%, which was notably lower than 

experimental values (18.3wt%). Reasonably, the increase of experimental char yield 

relative to the calculated value was attributed to the barrier effect of lamellar BN 

toward heat and volatiles. In terms of EP/6BN@PDA, the calculated char yield of 

15.9wt% was close to the experimental value of 16.7wt%. In the experimental TG 

curves (Fig.6 (a)), the PDA modification slightly decreased char yield at 650oC 

compared with EP/6BN even though the better nano-dispersion of BN@PDA (Fig.5 

(c)) was formed. In order to clarify the underlying reason why the PDA encapsulation 

exerted the notable effect on the thermal degradation of EP/6BN, PDA microspheres 

were prepared via the modified oxidation polymerization [30]. The investigation of 

TG curve of PDA and the calculated TG curve of EP/6BN@PDA (Fig.6 (b)) (from the 
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numerical combination of EP/6BN and PDA) illustrated that the PDA component was 

able to degrade over the test temperature and probably deteriorate the char structure 

and barrier effect of EP/6BN [31]. Meanwhile, the relatively high percentage of PDA 

in BN@PDA also played a critical role in promoting the damage. 

The growth of Fe on BN@PDA slightly decreased the initial thermal stability 

(T5wt%, 328oC) and T50wt%, which manifested that Fe nanocatalyst promoted the 

thermal degradation of EP matrix at the initial and medium stage [22]. In a general 

sense, the earlier thermal degradation facilitated the charring effect, which was 

beneficial to fire retardancy [32]. The comparison of experimental and calculated char 

yield of EP/6BN@PDA@Fe in Table 1 illustrated the barrier effect of BN@PDA@Fe 

in EP matrix. Compared with that of EP/6BN@PDA, the char yield of 

EP/6BN@PDA@Fe at 650oC was 19.8wt%, which displayed a 3.1wt% increment. 

The incorporation of Fe promoted the catalytic charring behavior of EP/6BN@PDA 

via overcoming the high-temperature instability of PDA. The increased char yield 

played an important role in fire retardancy based on the formation of more robust 

carbonaceous layer [33-35]. 

Table 1 TG result of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe 

 T5wt% (oC) T50wt% (oC) CY (%) at 650oC Calculated CY 

(%) at 650oC 

EP 336 373 10.7 10.7 

EP/6BN 336 375 18.3 16.1 

EP/6BN@PDA 335 377 16.7 15.9 

EP/6BN@PDA@Fe 328 363 19.8 15.8 

T5wt%: Temperature at 5% mass loss   T50wt%: Temperature at 50% mass loss   CY: char yield 
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Fig.6 (a) TG curves of EP and EP nanocomposites at N2 atmosphere; (b) TG curve of 

PDA and calculated TG curve of EP/6BN@PDA 

3.4 Combustion behavior 

LOI investigation 

The LOI result was showed in Fig.7 (a). Compared with neat EP (24.2%), EP/6BN, 

EP/6BN@PDA and EP/6BN@PDA@Fe possessed the increased LOI value to 31.2%, 

28.5% and 34.2% respectively. The addition of BN into EP matrix increased LOI 

value, which was attributed to the dominant barrier effect against heat and volatiles as 

well as the increased thermal conductivity (Fig.7 (b)). The char of EP/6BN shielded 

the heat and flammable gases, interrupting the combustion. From another aspect, the 

increased thermal conductivity possibly had a stronger effect than the increased 

flammable gases from the thermal degradation of underlying EP matrix, which 
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resulted in the stronger heat dissipation and extinguished the fire. In contrast, the PDA 

functionalization unexpectedly decreased the LOI value of EP/6BN despite thermal 

conductivity was increased. The probable reason was originated from the worse char 

quality, incited by high-temperature instability of EP/6BN@PDA (Fig.6 (a)). The 

continuous thermal degradation of PDA (at the interface between EP and BN) 

damaged the char structure and barrier effect of EP/6BN with more transportation of 

heat and flammable gases (Fig.6 (b)).  

In contrast, the incorporation of Fe nanocatalyst increased LOI value by 5.7% 

relative to that of EP/6BN@PDA. The thermal conductivity of EP/6BN@PDA and 

EP/6BN@PDA@Fe remained almost equal. In the sense, the improved char quality 

with higher char yield (Fig.6 (a)) probably accounted for enhanced LOI value of 

EP/6BN@PDA@Fe relative to that of EP/6BN@PDA. The comprehensive 

investigation of relationship between LOI value and the char at 650oC of EP, EP/6BN, 

EP/6BN@PDA and EP/6BN@PDA@Fe implied that the char yield and barrier effect 

played a more important role during combustion. Apart from it, the addition of 6wt% 

BN@PDA@Fe increased the thermal conductivity by 29.9% to 0.339 W m-1 K-1 

compared with EP, which offered alternative routes to manage the heat behavior [23]. 

 

Fig.7 (a) LOI values and (b) thermal conductivity of EP and EP nanocomposites 

UL-94 horizontal burning test 

In UL-94 horizontal burning test (Fig S4), EP and EP nanocomposites possessed the 

self-extinguishing feature with the difference in burning length and time. At 44s, 

EP/6BN and EP/6BN@PDA@Fe generated slightly weaker fire than EP and 
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EP/6BN@PDA, which was in good consistency with LOI result. As the flame was in 

the critical point of self-extinguishment, EP, EP/6BN, EP/6BN@PDA and 

EP/6BN@PDA@Fe took the burning time of 3min 55s, 1min 30s, 1min 56s and 1min 

16s, correspondingly. In parallel, the burning length (marked in red dot-line rectangle) 

revealed the burning sequence of EP>EP/6BN@PDA>EP/6BN>EP/6BN@PDA@Fe. 

The burning time and length demonstrated that BN improved fire retardancy of EP but 

PDA modification deteriorated fire retardancy. The growth of Fe nanocatalyst 

enhanced fire retardancy with stronger self-extinguishment. 

Cone calorimeter test 

Cone calorimeter test (CCT) is considered as the closest forced flame test to realistic 

fire scenario [29, 36]. Herein, the CCT result was presented in Fig.8 and Table 2. In 

HRR curves (Fig .8 (a)), two peaks inviably emerged in terms of the four samples, 

which indicated the generation, damage and reconstruction of carbonaceous layer. The 

addition of 6wt% BN, BN@PDA and BN@PDA@Fe changed the pHRR value of EP 

(1208±45 kW/m2) to 907±32 kW/m2, 1158±39 kW/m2 and 738±27 kW/m2 

respectively. Amongst them, BN@PDA@Fe after the sequential functionalization of 

PDA and Fe nanocatalyst imparted EP matrix with the most significantly reduced 

pHRR by 38.9%. However, the single-step PDA modification unexpectedly increased 

pHRR value relative to EP/6BN which was in agreement with LOI and TG results.  

In parallel, the fire growth index (FIGRA), which was defined as the pHRR divided 

by time to pHRR, illustrated the fire-growth behavior of polymers. 

EP/6BN@PDA@Fe possessed FIGRA of 4.59 kW/(m2·s), which was notably reduced 

compared to EP (6.75 kW/(m2·s)), EP/6BN (4.72 kW/(m2·s)) and EP/6BN@PDA 

(7.65 kW/(m2·s)). Reasonably, the remarkable reduction of FIGRA implied the 

suppression effect of fire growth of EP via the sequential modification of BN. 

Moreover, the study of THR at 350s (Fig.8 (b)) disclosed that EP/6BN@PDA@Fe 

possessed lower value of 83.2±2.5 MJ/m2 than EP (14.6% reduction), EP/6BN (5.8% 

reduction) and EP/6BN@DPA (22.0% reduction). The average mass loss rate (AMLR) 

was employed to assess the fire behavior. In Fig. 8 (c), EP/6BN@PDA@Fe had 
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AMLR value of 0.085 g/s, which was reduced by 34.6%, 9.6% and 34.7% 

respectively compared with EP, EP/6BN and EP/6BN@PDA. The lower AMLR value 

illuminated the lower fire intensity. In parallel, the char yield at flameout of 

EP/6BN@PDA@Fe was 29.0%, 11.3% and 21.2% higher than EP, EP/6BN and 

EP/6BN@PDA4 separately, which was in consistency with the char yield in TG 

(Fig.6 and Table 1). The lower char yield after PDA modification relative to EP/6BN 

was due to the triggering effect of PDA located at the interface of BN and EP towards 

worse char-stability. In contrast, the incorporation of Fe improved charring capacity of 

EP/6BN@PDA via catalytic process.  

Time to ignition (TTI) was an important indicator that reflected fire hazard 

according to the standard ISO/IEC 13943. Compared with neat EP (80±3 s), the 

addition of BN notably increased TTI to 102±3 s (27.5%), which was strongly related 

to the enhanced thermal conductivity. Reasonably, the heat imposed on the surface 

was conducted to underlying layers more swiftly prior to ignition in terms of EP/6BN, 

thus resulting in less temperature on the surface. The PDA modification on BN did 

not change TTI noticeably even through the thermal conductivity was increased. The 

reason was possibly due to the decreased specific heat of capacity, which 

compensated the impact of thermal conductivity. The incorporation of Fe nanocatalyst 

slightly reduced TTI value to 89±1 s compared with 98±3 s of EP/6BN@PDA, which 

disclosed the critical influence of thermal degradation on TTI based on the almost 

identical thermal conductivity. However, compared with neat EP, EP/6BN@PDA@Fe 

possessed the delayed TTI by 9s, which revealed that the ignitability turned more 

difficult with lower fire hazard. 
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Table 2 CCT data of EP and EP composites (35kW/m2) 

Sample TTI(s) 
pHRR 

(kW/m2) 

THR 

(MJ/m2) 

at 350s 

TSP(m2) 

at 350s 

AMLR 

(g/s) 

FIGRA 

(kW/(m2
·s)) 

EP 80±3 1208±45 97.4±3.7 21.5±0.9 0.130±0.007 6.75 

EP/6BN 102±3 907±32 88.3±3.1 18.2±1.3 0.094±0.006 4.72 

EP/6BN@PDA 98±3 1158±39 106.7±4.2 22.4±1.4 0.131±0.006 7.65 

EP/6BN@PDA@Fe 89±1 738±27 83.2±2.5 14.5±0.5 0.085±0.003 4.59 

TTI: Time to ignition   pHRR: Peak heat release rate   THR at 350s: Total heat release at 350s    

TSP at 350s: Total smoke production at 350s   AMLR: Average mass loss rate   FIRGA: Fire growth index 

 

Fig.8 (a) HRR, (b) THR, (c) weight profile and (d) TSP of EP and EP nanocomposites 

As another component of fire safety, the smoke profile was investigated in Fig. 8 (d) 

and Fig S5. The smoke production rate (SPR in Fig S5) exhibited the similar trend as 

HRR, which demonstrated the typical condensed-phase smoke-suppression behavior. 

Total smoke production (TSP) value in Fig.8 (d) at 350s of EP/6BN@PDA@Fe was 

14.5±0.5 m2, which was reduced by 32.6% compared to neat EP. Additionally, 

carbon monoxide (CO) production was the important constituent in fire safety. In 

Fig.9 (a), EP/6BN@DPA@Fe possessed the peak CO production rate of 0.025±
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0.001g/s, which was 40.1%, 16.7% and 39.0% lower than those of EP (0.042±

0.002g/s), EP/6BN (0.030± 0.001g/s) and EP/6BN/PDA (0.041± 0.002g/s) 

respectively. Similarly, the PDA modification deteriorated CO profile with higher 

peak CO production rate relative to EP/6BN. In parallel, the released amount of CO 

(Fig.9 (b)) illustrated the similar trend to peak CO production with the CO weight at 

350s of EP/6BN@PDA@Fe 2.2±0.1g compared to 3.1±0.1g of neat EP. Fig.9 (c) 

demonstrated the delayed and reduced ratio of COP and CO2P of EP/6BN@PDA@Fe 

compared to neat EP at the after-flame stage. The delayed and reduced ratio of COP 

and CO2P revealed the suppressed CO production relative to CO2 production at the 

after-flame stage. In particular, the incorporation of iron nanocatalyst into 

EP/6BN@PDA suppressed the CO production relative to CO2 production due to the 

catalysis of iron, which was in agreement with the previous report probably [37].  

Conclusively, the sequential functionalization of BN by PDA and Fe reduced the fire 

hazard of EP. 

 

Fig.9 (a) CO production rate, (b) weight of CO production and (c) ratio of COP and 
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CO2P of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe 

In order to study the cause to better fire safety with BN@PDA@Fe, the char after 

CCT was visually analyzed in Fig .10 and Fig S6. EP generated a small amount of 

char with isolated and loose structure (Fig.10 (a1) and (a2)). The incorporation of BN 

resulted in a larger amount of char with closer stacking and more compact structure 

(Fig.10 (b1) and (b2)). SEM image showed fluffy surface that contained the naked 

particles and macroscopic pores (Fig S6 (b)). After the PDA modification, the char 

possessed the hollows in the center with loosely stacked char pieces (Fig.10 (c1) and 

(c2)). SEM observation of the interior surface illustrated that naked BN particles 

partially merged into surface with unexpected generation of more holes relative to EP 

and EP/6BN (Fig S6 (c)). The probable cause was closely correlated to the continuous 

thermal degradation of PDA component. It was reasonable that compared to EP/6BN, 

the char from EP/6BN@PDA generated less protection towards the underlying 

undecomposed EP matrix. The incorporation of Fe nanocatalyst on BN@PDA gave 

rise to continuous and compact char structure with less fracture, which was regarded 

as the excellent carbonaceous layer structure (Fig.10 (d1) and (d2)). SEM analysis 

(Fig S6 (d)) revealed that even though the holes were maintained, the naked and 

undamaged BN nanosheets (evidenced by XRD in Fig S7) were almost embedded 

into char. Even though the detected fluffy char structure was present, the more 

continuous and compact char structure possessed the better performance in resisting 

the penetration of external heat and volatiles. At the microscale, the newly-formed 

char due to the possible interfacial catalysis covered on BN surface, which promoted 

the reinforcement effect of BN nanosheets. Imaginarily, the improved solid char 

structure compensated the impact of the holes. 
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Fig.10. Digital images of (a1) side and (a2) top views of EP, (b1) side and (b2) top 

views of EP/6BN, (c1) top and (c2) side views of EP/6BN@PDA and (d1) top and (d2) 

side views of EP/6BN@PDA@Fe 

3.5 Effluent study 

The effluent evolution was analyzed via TG-FTIR with the intensity of evolved 

effluents exhibited in Fig.11. In Fig.11 (a), the addition of BN and BN@PDA slightly 

reduced the peak intensity. In contrast, EP/6BN@DPA@Fe presented slightly 

increased peak intensity compared to those of EP/6BN and EP/6BN@PDA. However, 

at the late stage after 40s, EP/6BN@DPA@Fe possessed notably lower intensity than 

its counterparts, which was probably due to the higher charring capacity. Resultantly, 

in the integral curves of Gram-Schmidt curves (Fig.11 (b)), EP/6BN@DPA@Fe 

exhibited remarkably reduced intensity value. The significant reduction of whole 

intensity at late stage and its integral value of BN@PDA@Fe showed that the hazard 

of evolved effluents was weakened. Moreover, the less effluent entered the flaming 
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zone, resulting in the lower fire intensity. 

  It was notable that in Fig.11 (b), the integral curve of EP/6BN@PDA at 70min was 

lower than those of EP and EP/6BN, which was different from the order of THR in 

CCT. The underlying reason lied in the flammability of evolved products and the 

deteriorated char structure. In Fig.6 (a), compared with EP and EP/6BN, the 

degradation stage to determine the less char yield of EP/6BN@PDA occurred at the 

late stage, which was attributed to the decomposition of newly-formed carbonaceous 

layers. Hence, at the higher temperature in TG (longer time in TG-FTIR), 

EP/6BN@PDA generated much more aromatic compounds relative to that of EP and 

nearly the identical amount compared with EP/6BN (Fig S8). Meanwhile, in the CCT, 

the barrier effect became stronger relative to the small-scale TG-FTIR analysis. The 

deterioration of barrier effect due to the continuous thermal degradation of PDA was 

supposed to be more pronounced, which resulted in the much release of flammable 

gases into the vapor phase. Therefore, it was reasonable that the flammability of 

evolved products of EP/6BN@PDA and the deteriorated barrier effect resulted in the 

increased total heat release. 

 

Fig.11 (a) Gram-Schmidt intensity curves and (b) integration curves of Gram-Schmidt 

curves of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe 

3.6 Fire-retardant mechanism 

The fire-retardant mechanism (Scheme 2) in combination with increased thermal 

conductivity was proposed to account for improved fire safety and delayed TTI of 
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EP/6BN@PDA@Fe. After imposing heat on top surface, the heat was conducted to 

the underlying polymer. In consideration of higher thermal conductivity, the surface 

temperature increased more slowly than neat EP, which resulted in the higher TTI to 

reach the ignition temperature [38]. During combustion, the Fe nanocatalyst located at 

the interface of EP and BN strengthened the charring reaction toward integrity and a 

larger amount of char through the catalysis. The probable molecule-level 

interpretation was that iron atoms promoted the generation of polyaromatic 

compounds from the aliphatic and aromatic compounds based on the C-C coupling 

reaction [39, 40]. The generated char with undestroyed BN nanosheets as the 

reinforcement possessed stronger barrier effect towards oxygen, heat and flammable 

effluents [41]. Resultantly, heat release, smoke and CO production were improved in 

CCT. Conclusively, the fire retardancy associated with heat, smoke, CO and delayed 

ignition was enhanced after the sequential modification of BN with PDA and Fe 

nanocatalyst. 

 

Scheme 2 The proposed fire-retardant mechanism for EP/6BN@PDA@Fe 

4. Conclusion 

In the manuscript, in order to improve fire retardancy of EP matrix, thermally 

exfoliated boron nitride nanosheets (BN) underwent the bio-inspired nanocoating of 

polydopamine (PDA) and interfacial growth of iron-derived nanocatalyst (Fe) to 
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prepare BN@PDA@Fe. Resultantly, the thermal conductivity of EP/6BN@PDA@Fe 

showed a notable enhancement of 39.9% compared with EP due to the improvement 

of dispersion. 6wt% BN@PDA@Fe imparted EP with enhanced LOI value by 10.0% 

and suppressed fire spread. Moreover, peak heat release rate of EP was reduced by 

38.9% with remarkable reduction of CO and smoke production with BN@PDA@Fe. 

The optimization of char structure based on the interfacial catalytic charring 

accounted for the improved fire retardancy. The increased thermal conductivity to 

carry out excessive heat on the surface was proposed for delayed ignition. In 

perspective, the bioinspired interfacial engineering of BN offered a viable approach to 

improving fire safety of polymers. 
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1. Exfoliated BN was hierarchically modified with polydopamine and iron derivatives 

2. The targeted BN@PDA@Fe showed better dispersion than its counterparts in 

epoxy resin. 

3. BN@PDA@Fe efficiently suppressed integral fire hazard of epoxy resin. 

4. Ignition of epoxy resin was delayed based on the increased thermal conductivity. 

5. Interfacially catalytic charring toward high-quality char accounted for fire safety. 


