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ARTICLE INFO ABSTRACT

Keywords: Acrylonitrile-butadiene-styrene (ABS) resin is a commonly used engineering thermoplastic. Nevertheless, the fire

MXene toxicity hazards (HCN, NO,, NH3 and CO) generated from the combustion of ABS remains a major concern,

ig]S)IPY_ especially in building fire scenarios. To address this issue, boron dipyrromethene (BODIPY) modified MXene
resin

(Ti3C2Ty) nanosheets were prepared and utilized as a flame retardant for ABS. The loading of 0.5 wt% BODIPY-
MXene resulted in the uniform dispersion in ABS. Accordingly, the tensile strength, Young’s modulus and
elongation at break of ABS/BODIPY-MXene0.5 were improved by 27.8%, 18.6% and 17.9% respectively
compared to neat ABS, suggesting the enhanced mechanical properties. The limiting oxygen index (LOI) value
was increased from 19.5% for neat ABS to 21.5% and 23.5% for ABS/BODIPY-MXene0.5 and ABS/BODIPY-
MXene2.0 benefitted from the rapid carbonization. The cone calorimeter coupled with FTIR analysis showed
that the reductions in peak heat release rate (—24.5%), peak smoke production rate (—18.4%), peak concen-
tration of HCN (—33.5%), NO (—22.0%), N3O (—46.6%), NH3 (—76.0%) and CO (—28.8%) were achieved by
incorporating 0.5 wt% BODIPY-MXene to ABS in comparison with pure ABS. The improved fire safety properties
were primarily attributed to the excellent barrier, free radical capture, and catalytic carbonization effect of
BODIPY-MXene nanosheets within ABS matrix.

Mechanical properties
Flame retardant

1. Introduction mechanism, yet the reduction in smoke and toxicity hazards are found to

be insignificant.

ABS resin has been commonly utilized as engineering thermoplastic
for multiple industrial and domestic applications owing to its excellent
mechanical performance, outstanding chemical resistance and ease of
processing [1-3]. However, ABS is highly flammable with a low LOI of
17-19%. Furthermore, the melting point of ABS is low and its com-
bustion leads to the generation of high intensity flames, dripping fire
debris, soot particles, as well as toxic gases (i.e. HCN, NO,, NH3 and CO),
which are extremely harmful to human health [4,5]. Halogen- and
phosphorus-based flame retardants, including decabromodiphenyl
oxide [6,7], polyphosphates [8-10], phosphinate [5,11,12], hypo-
phosphite [13,14] and DOPO derivatives [15,16], can effectively reduce
the heat release of ABS via gas- and/or condensed-phase flame retardant
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Nanoparticles, such as nanoclay [17-19], carbon nanotubes (CNTs)
[18,20,21], layered double hydroxides [22-24], graphene [24-28],
have attracted extensive attention due to their flame retardant and
smoke suppression effect for ABS. Generally, untreated nanoparticles
tend to self-aggregate leading to the heterogeneous dispersion in poly-
mers. Chemical functionalization is a suitable approach to address this
issue. Ma et al. [21] prepared functionalized CNTs grafted with intu-
mescent flame retardant, which was shown to reduce the peak heat
release rate (PHRR) and average specific extinction area (ASEA) of ABS.
Zhang et al. [23] carried out the intercalation of perfluorobutane sul-
fonate (PFBS) into ZnMgAI-LDH. The flammability tests demonstrated
that ABS/ZnMgAIl-PFBS-LDH possessed superior flame retardancy and
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Table 1

Fire and smoke hazards of ABS nanocomposites in the reported work.
Sample Filler loading PHRR" Smoke Ref.
ABS/MWNT 0.5 wt% —44.4% —32.3%" [21]
ABS/MWNT-PDSPB 0.5 wt% —-51.3% —19.7%" [21]
ABS/ZnMgAI-NOs-LDH 2.0 wt% / —0.3% ¢ [23]
ABS/ZnMgAl-PFBS-LDH 2.0 wt% / —6.5% © [23]
ABS/GNS 2.0 wt% +1.4% —6.7%" [25]
ABS/RGO1 1.0 wt% —8.2% ~19.1% ¢ [26]
ABS/PN-RGO1 1.0 wt% —19.0% —27.6% ¢ [26]
ABS/La@PN-RGO1 1.0 wt% —38.5% —43.8% ¢ [26]
ABS/SbMo-BrG0.5 0.5 wt% -16.2% ~26.1% ¢ [27]
ABS/SbMo-BrGO0.1 1.0 wt% —28.4% —45.2% ¢ [27]
ABS/Mo5/PN-1GO 1.0 wt% ~50.7% —60.3% ¢ [28]

# Reduction of peak heat release rate (PHRR).

b Reduction of average specific extinction area (ASEA).
¢ Reduction of smoke density.

4 Reduction of peak smoke production rate (PSPR).

smoke suppression properties compared to ABS/ZnMgAl-NOz-LDH.
Huang et al. [26-28] fabricated a series of functionalized graphene
nanosheets (f-GNS) by using phosphorus-, bromine- and metal-based
compounds for reducing the heat release and toxic fumes of ABS.
Compared to the undecorated GNS, the improvement of fire safety
performance for f-GNS was more significant, which was principally
attributed to the interface catalysis carbonization (i.e. charring of
organophosphorus, rare earth and Sb/Br system) [25-28]. Additionally,
two-dimensional (2D) nano-fillers with surface engineering show more
remarkable smoke suppression compared to 1D CNTs (see Table 1),
because of the unique sheet barrier effect from layered nanomaterials.
Despite the huge achievement, incorporating nano-fillers to ABS for
reducing toxicity hazards have yet to be reported.

MXenes (transition metal carbides and/or nitrides), a new genera-
tion of 2D nanomaterials, have drawn enormous research interest due to
their outstanding conductivity [29], tunable terminal groups [30] and
intercalation ability [31]. MXene (TizC2Tyx) (<5 wt%) has exhibited its
exceptional effectiveness as a multifunctional additive that significantly
improves the mechanical, thermal, conductivity, gas barrier and flame
retardant properties of a range of polymers [32-39]. In our previous
works [36-38], the surface modification of MXene nanosheets using
organics (i.e. alkyl ammonium bromide, tetrabutyl phosphine chloride
and POSS) based on charge attraction was successfully implemented.
The introduction of 2.0 wt% functionalized MXenes into polymers (i.e.
TPU, PS) showed effective inhibition on heat release and toxic fumes,
including smoke and CO, owing to the barrier effect and interface
catalysis carbonization. Nevertheless, the fragility will improve if the
concentration of nano-fillers increases due to self-aggregation [34-36].
Consequently, this work aims to significantly reduce the thermal and
non-thermal hazards of ABS with a minimal amount of MXene loading.

Boron dipyrromethene (BODIPY), a fluorochrome with high extinc-
tion coefficient, outstanding bio-compatibility, good thermal and

1) Etching
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photochemical stability, is commonly used as bio-labeling [40], photo-
dynamic therapy [41] and dye-sensitized solar cell [42]. Owing to the
unique chemical structure composed of multiple elements (i.e. F, B, N),
BODIPY is a good option for fire retardant applications. In this work,
BODIPY was utilized as a modifier to decorate MXene nanosheets on the
basis of charge attraction between amino-BODIPY and MXene (see
Scheme 1). The as-prepared functionalized MXene (BODIPY-MXene)
was introduced into ABS resin to prepare nanocomposites. The thermal
stability, mechanical and flammability properties of the ABS nano-
composites were evaluated. The heat release and toxicity emissions in
burning were emphatically studied by means of cone calorimeter
coupled with FTIR, and the underlying mechanisms that led to flam-
mability and smoke reductions were discussed.

2. Experimental
2.1. Raw materials

ABS resin (AG15A1) was supplied by Taiwan Petrochemical In-
dustry. MAX (Ti3AlCy) was provided by the 11 Nano Technology Co.,
Ltd., (Changchun, China). N, N’-dimethylformamide (DMF, AR),
dichloromethane (AR), ethanol (AR), tetrahydrofuran (THF, AR),
acetone (AR), p-nitrobenzaldehyde (AR), 2, 4-dimethylpyrrole (AR),
petroleum ether (AR), triethylamine (AR), boron trifluoride diethyl
etherate (AR), anhydrous sodium sulfate (AR), hydrochloric acid (HCI,
36.0-38.0 aq.) were purchased from the Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). Lithium fluoride (LiF, AR, 99%) was sup-
plied from the Aladdin Reagent Co. Ltd., China. All chemicals were used
without further purification.

2.2. Synthesis of BODIPY

BODIPY containing amino group was synthesized via the reaction
between 2, 4-dimethylpyrrole and p-nitrobenzaldehyde followed by the
reduction of the nitro group [42]. The detailed procedure was described
in the Supplementary Material.

2.3. Preparation of BODIPY-MXene nanosheets

Before interface decoration, MAX (Ti3AlCy) was etched in the
mixture of concentrated HCl (9 M) and LiF followed by the ultrasonic
treatment in deionized (DI) water for preparing exfoliated MXene
(TigCoTx) nanosheets, as detailed in our previous work [36-38].
Amino-BODIPY dissolved in ethanol was protonated to form -NH3 using
HCI aqueous solution (0.1 M) until pH = 1, named as BODIPY-NH3
BODIPY-MXene nanosheets were fabricated by electrostatic interactions
between negative MXene and protonated positive-charge BODIPY, as
illustrated in Scheme 1. Typically, BODIPY-NH3 dissolved in ethanol (1
mg/mL) was added slowly into the MXene suspension (1 mg/mL) at
BODIPY/MXene weight ratio of 1/1 with continuous stirring for 1 h.
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Scheme 1. Schematic preparation route of BODIPY-MXene nanosheets.
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Fig. 1. XRD patterns (a) and TGA curves (b) of TizAlC,, MXene and BODIPY-MXene; (c) XPS spectra of MXene and BODIPY-MXene; (d) high resolution O 1s spectra

of MXene and BODIPY-MXene.

After the reaction, dark green BODIPY-MXene precipitates were
collected by centrifugation followed by washing with ethanol and DI
water, and subsequently freeze-drying procedures.

2.4. Fabrication of ABS/BODIPY-MXene nanocomposites

ABS/BODIPY-MXene nanocomposites were prepared via a co-
coagulation method followed by compression molding according to a
similar procedure reported in our previous work [36-38]. To manu-
facture the ABS nanocomposites filled with 0.5 wt% of BODIPY-MXene,
BODIPY-MXene (0.1 g) was dispersed in 100 mL of THF with sonication
assistance (45 min) to attain a uniform dispersion. ABS (19.9 g) was
subsequently added into the BODIPY-MXene dispersion with mechanical
stirring until complete dissolution of the ABS. Finally, the
ABS/BODIPY-MXene suspension was poured into DI water followed by
washing with ethanol. The ABS/BODIPY-MXene floccules were
collected and dried at 60 °C for 12 h in a vacuum oven to remove the
residual solvent. All the ABS samples with standard sizes were prepared
via hot press. In this work, ABS/BODIPY-MXene0.5 and
ABS/BODIPY-MXene2.0 respectively represent the ABS nanocomposites
with 0.5 and 2.0 wt% concentration of BODIPY-MXene. For comparison,
ABS/BODIPY2.0 containing 2.0 wt% of BODIPY was prepared according
to the same procedure.

2.5. Characterizations and measurements

The chemical structure of BODIPY-NO, and BODIPY-NH, was char-
acterized by 'H NMR spectra recorded on a 400 MHz AVANCE III Bruker
NMR spectrometer, using deuterated chloroform (CDCls3) as the solvent
and tetramethysilane (TMS) as an internal standard.

X-ray diffraction (XRD) was conducted on an X-ray diffractometer
(Rigaku Co., Japan) with a Cu Ka radiation (A = 0.1542 nm).

Thermogravimetric analysis (TGA) was conducted using a TGA
Q5000IR thermo-analyzer (TA Instruments Inc., USA) at a heating rate
of 20 °C/min under nitrogen/air condition. 5-10 mg specimen was used
to characterize the thermal/thermal-oxidation decomposition behaviors

of neat ABS and ABS composites. Each sample was repeated for three
times.

X-ray photoelectron spectroscopy (XPS) was utilized to study the
surface chemical composition of samples using a VG Escalab Mark II
spectrometer equipped with an Al Ka excitation radiation (hv = 1486.6
eV).

Scanning electron microscope (SEM) was conducted on a Hitachi
SU8200 SEM (Tokyo, Japan) with the acceleration voltage of 10 kV.
Sample powders were coated on the surface of conductive tapes, fol-
lowed by the deposition of gold on the surface of samples by magnetron
sputtering.

Transmission electron microscopy (TEM) was employed to observe
the morphology of samples using a JEOL JEM-2100 instrument (Tokyo,
Japan) with an acceleration voltage of 200 kV. Prior to observation, the
nanocomposite specimens were cut into ultrathin slices under cryogenic
conditions with an ultramicrotome (Ultraacut-1, U K) equipped with a
diamond knife.

The tensile properties of neat ABS and ABS composites were deter-
mined by using a Universal Mechanical Testing Machine (YF-900,
Yuanfeng testing equipment Co., Ltd, Yangzhou, China). The crosshead
speed was 50 mm/min for tensile properties. An average of five indi-
vidual determinations was gained.

Limiting oxygen index (LOI) of neat ABS and ABS composites was
evaluated by means of an HC-2 Oxygen Index instrument (Jiangning
Analytical Instrument Co. Ltd., Nanjing, China) according to ASTM
D2863-2008. The sample size in the test was 100 x 6.5 x 3 mm®.

Cone calorimeter coupled with FTIR (iCone Classic, Fire Testing
Technology, UK) was employed to evaluate the burning behavior and
toxicity hazards of neat ABS and ABS composites at an incident flux of
35 kW/m?. Prior to tests, all the samples with the dimensions of 100 x
100 x 3 mm?® were wrapped with aluminium foil. Each sample was
repeated for three times.

The residues collected in cone calorimeter tests were analyzed by
using a SU8010 field-emission SEM (FESEM, Japan) at an acceleration
voltage of 10 kV, XRD (Rigaku Co., Japan) and Raman spectra in the
wavenumber range of 500-2000 cm ! (Laser confocal micro Raman
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Fig. 2. SEM images of BODIPY-MXene (a, b) and elemental mapping (c1-c6); (d) Dispersion of BODIPY-MXene in various solvents for a period of time: 1-water, 2-

CH,Cl, 3-THF, 4-ethanol, 5-DMF.

spectrometer of Thermo Fisher, DXR, USA).

3. Results and discussion

3.1. Structure, morphology and dispersion of BODIPY-MXene

Fig. 1a shows the XRD patterns of Ti3AlCe, MXene (Ti3CyTyx) and
BODIPY-MXene. Compared with Ti3AlCy, MXene (TizCyTx) exhibits a
completely different structure. The (002) diffraction peak of TizAlCy
shifts from 9.5° to 6.3°, and the corresponding interlayer distance in-
creases from 0.93 to 1.40 nm. The (104) diffraction peak of Ti3AlC, at
38.8° is attributed to Al layer. There are almost no diffraction peaks at
35-40° in MXene, indicating that the Al layer in TizAlC, has been suc-
cessfully etched. After modification by BODIPY, the (002) diffraction
peak of MXene moves from 6.3° to 5.0° corresponding to the increase in
interlayer distance from 1.40 to 1.77 nm. This shift indicates that the
BODIPY is attached to the surface of MXene nanosheets, which further
expands the interlayer distance. Simultaneously, compared with MXene,
the intensity of the (002) diffraction peak for BODIPY-MXene is signif-
icantly reduced, indicating that the highly ordered arrangement of
MXene nanosheets is disrupted by the introduction of BODIPY, resulting
in the decrease of crystallinity.

Fig. 1b exhibits the TGA curves of BODIPY, MXene and BODIPY-
MXene under nitrogen condition. BODIPY decomposes at 260 °C (the
temperature at 5% weight loss, T_se,) with 30.5 wt% residues at 700 °C,
which is attributed to the thermal decomposition of organics. MXene
starts the decomposition at 135 °C (T_5¢,). At 700 °C, the residual amount
is 90.6 wt% corresponding to the removal of adsorbed water and the
decomposition of organic functional groups (i.e. OH, O, F). The thermal
decomposition temperature of BODIPY-MXene is obviously higher than
that of MXene. It begins to decompose at 260 °C. The residual amount at
700 °C is 62.2 wt% that is ascribed to the decomposition of BODIPY and
functional groups on MXene. In the interface decoration reaction, the
mass ratio of BODIPY and MXene is 1:1. According to the complete re-
action calculation, the overall weight loss should be 39.5 wt%, whereas
the actual weight loss is 37.8 wt%. The experimental weight loss is lower
than calculated value, indicating that all the BODIPY molecules are

grafted on the MXene nanosheets. The improved char residues amount
implies the interaction between MXene and BODIPY. It is probably
attributed to the carbonization of BODIPY catalyzed by MXene leading
to the increased volume of char residues.

XPS analysis (Fig. 1c) exhibits that Al layer is etched from TizAlC; to
generate Ti3CyTx (MXene) with traces of Li 1s, Cl 2p and F 1s at 59.5,
199.2 and 684.5 eV, respectively. The introduction of BODIPY to MXene
leads to the increasing intensity of C element. The C/Ti atomic ratio in
BODIPY-MXene is approximately 29.7, much higher than that in MXene
(2.7) (see Table S2). Additionally, the peaks corresponding to Ti 3p, Ti
2s and Cl 2p almost disappear in the spectrum of BODIPY-MXene. It
suggests that numerous BODIPY molecules are well coated on the sur-
face of MXene nanosheets. As a result, the concentration of C element
sharply increases, and the characteristic elements (Ti 3p, Ti 2s and Cl 2p)
are hardly detected. The peak at 399.5 eV (N 1s) can be observed in
BODIPY-MXene, which further confirms the decoration of BODIPY on
MXene nanosheets. In O 1s spectra (Fig. 1d), the peaks at ~529.8, 531.1,
532.2,533.3 and 534.4 eV are ascribed to O-Ti (TiO3), C-Ti-O (I), C-Ti-
(OH)x (ID), O-Al (Al;03) and H30,4s bonds, respectively [43-45]. The
atomic percentage of C-Ti-(OH)y in all fitted components increases from
30.0% for MXene to 57.5% for BODIPY-MXene, indicating the strong
interaction between BODIPY and MXene layers (see Table S3). In
addition, the atomic percentage of O-Ti (TiO2) is reduced from 45.8%
for MXene to 12.3% for BODIPY-MXene, suggesting that the oxidation of
MXene is significantly suppressed.

SEM images of BODIPY-MXene at various magnifications are shown
in Fig. 2 (a, b) and Fig. S5. The exfoliated MXene (Ti3CyTx) nanosheets
possess a hexagonal crystalline structure with the lateral size distribu-
tion ranged from 0.1 to 1.3 pm, concentrating at approximately 0.3-0.5
pm, and ultrathin thickness (around 2 nm), which has been character-
ized in our previous studies [36,46-48]. After etching and exfoliation,
there are many negative charges on the surface of as-prepared MXene
(Ti3CyTy) nanosheets. The BODIPY cationic modifiers play a role in
controlling the size, shape and surface polarity of the negative nano-
sheets [36-38]. As illustrated in Fig. 2 (a, b) and Fig. S5, BODIPY-MXene
clearly exhibits graphene-like nanosheets with ripples. They are stacked
with fluffy morphology rather than aggregation, which is beneficial for
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Fig. 3. TEM images of ABS/BODIPY-MXene0.5 (a) and ABS/BODIPY-MXene2.0 (b); XRD patterns (c) neat ABS and ABS composites.

the dispersion in organic solvents or polymers. Fig. 2 (c1-c6) shows the

element mapping of BODIPY-MXene nanosheets. It is observed that all 45 L
the elements, Ti, C, O, F, B and N, are uniformly distributed in the L ABS/BODIPY-MXene(.5
coverage of Fig. 2a. B and N are the characteristic elements of BODIPY, 40| Na USBOUEX N Re2 0 /

indicating the grafted BODIPY on MXene nanosheets.

To evaluate the dispersion of BODIPY-MXene in common solvents,
BODIPY-MXene was dispersed in five solvents for a fixed period of time,
including water, CHCl,, THF, ethanol and DMF (see Fig. 2d). BODIPY-
MXene exhibits poor dispersion in polar solvents (i.e. water and
ethanol), which is evidenced by the apparent sediment at the bottom of
the bottle after standing for 24-48 h. This is because the introduction of
BODIPY promotes a change in the surface property of MXene nanosheets
from hydrophilic to hydrophobic. As expected, BODIPY-MXene nano-
sheets are steadily dispersed in CH,Cly, THF and DMF for 72 h. After 96
h, the precipitation in CHyCly can be observed, while the uniform
dispersion in THF and DMF can be maintained for 168 h or longer (see
Fig. S6). The phenomenon indicates that it is more suitable for BODIPY- 0 5 10 15 20 25 30 35 40
MXene to be dispersed in low-polar solvents facilitating the fabrication Strain (%)
of polymer nanocomposites via solvent blending and dispersion of
BODIPY-MXene in polymer matrix.

ABS/BODIPY2.0

Stress (MPa)

Fig. 4. Stress-strain curves of neat ABS and ABS composites.

3.2. Morphology and structure of ABS composites Table 2

Tensile properties of neat ABS and ABS composies.

The morphology and structure of ABS/BODIPY-MXene composites

. o k Sample Tensile strengh Young’s modulus Elongation at
were evaluated by TEM and XRD. As illustrated in Fig. 3a and Fig. S7a, (MPa) (MPa) break (%)
BODIPY-MXene nanosheets with a low loading can be homogeneously
di d in ABS. There i byi tion. Furth it 1 Neat ABS 31.3+52 2223 + 248 33.5+5.0

ispersed in . There is no obvious aggregation. Furthermore, it is ABS/BODIPY- 40.0 + 1.4 2636 & 295 305405
observed that single-/few-layer MXene nano-flakes are distributed in the MXene0.5
ABS matrix, suggesting the good dispersion. However, when the con- ABS/BODIPY- 38.4 3.7 2770 + 212 28.5 £ 2.2
centration of BODIPY-MXene increases to 2.0 wt%, the aggregation MXene2.0
ABS/BODIPY2.0 31.9 + 4.9 2277 + 359 37.4 £ 6.2

appears (see Fig. 3b and Fig. S7b). Fig. 3c shows the XRD patterns of neat
ABS and ABS composites, in which the broad peaks at around 20° for all
samples are observed, indicating that ABS resin is amorphous in nature more significant compared to ABS/BODIPY-MXene0.5.
[49]. The weak peak at 5.0° in ABS/BODIPY-MXene2.0 is attributed to
the (002) diffraction of BODIPY-MXene (see Fig. 1a). The unchanged 26

suggests that the ABS macromolecules can not enter into the interlayers 3.3. Tensile properties of ABS composites
of BODIPY-MXene nanosheets to expand the interlayer distance. As a
result, the nanoparticles aggregation for ABS/BODIPY-MXene2.0 is Fig. 4 shows the stress-strain curves for pure ABS and ABS
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TGA data of neat ABS and ABS composies. (20 °C/min, 5-10 mg; error: + 1 °C, & 0.2 wt%; 25-700 °C).

Sample Nitrogen atmosphere Air atmosphere

T.s9 (°C) Tmax (°C) MLRmax (Wt%/°C) Res “ (wt%) T.s06 (°C) Tmax1/Tmaxz2 (°C) MLRmax (Wt%/°C) Res (wt%)
Neat ABS 399 442 2.0 1.0 362 412/535 2.1 0.1
ABS/BODIPY-MXene0.5 384 438 1.9 1.9 343 412/542 1.9 0.7
ABS/BODIPY-MXene2.0 379 434 1.7 4.7 286 413/545 1.6 1.9
ABS/BODIPY2.0 383 434 1.8 1.2 339 416/551 1.6 1.1

# Res: Residues at 700 °C (wt%).

composites. The related data are listed in Table 2. The addition of
BODIPY into ABS has no fundamental influence on tensile strength,
Young’s modulus and elongation at break. On the contrary, the intro-
duction of BODIPY-MXene can efficiently improve the tensile strength
and modulus of ABS. For example, the tensile strength and Young’s
modulus increase from 31.3 MPa and 2223 MPa for neat ABS to 40.0
MPa and 2636 MPa for ABS/BODIPY-MXene0.5 with the improvement
of 27.8% and 18.6% respectively. In addition, the elongation at break for
ABS/BODIPY-MXeneO.5 is increased by 17.9% compared to the control
ABS. It suggests that a low loading of BODIPY-MXene can enhance the
mechanical strength and toughness of ABS via the excellent dispersion
and strong interfacial adhesion between BODIPY-MXene and ABS chains
that allow for a large deformation to maintain integrality [S0]. When the
nano-additive loading increases to 2.0 wt%, the elongation at break is
dramatically reduced despite the improved tensile strength and modulus
(see Fig. 4 and Table 2). From Fig. 3b and Fig. S7b, it can be observed
that the loading of BODIPY-MXene nanosheets at 2.0 wt% in ABS tend to
aggregation leading to the reduction of interfacial interaction between
BODIPY-MXene and ABS. Accordingly, micro-voids may occur at the
interface resulting from the reduced interfacial adhesion that can
destroy the continuous structure of ABS. On the other hand, the aggre-
gation restricts the mobility of ABS molecular chains more significantly
compared to ABS/BODIPY-MXene0.5. Therefore, the toughness of
ABS/BODIPY-MXene2.0 is reduced.

3.4. Thermal decomposition behaviors of ABS composites

The thermal decomposition behaviors of neat ABS and ABS com-
posites under nitrogen condition are illustrated in Fig. 5 (a, b), and the
related data are summarized in Table 3. ABS, a copolymer composed of
three components, undergoes a one-stage decomposition that produces
large amounts of flammable aromatic and aliphatic hydrocarbons and
toxic gases (i.e. HCN, NHs) [51]. ABS starts to decompose at 399 °C
(T-59,) with a maximum decomposition rate at 442 °C and negligible
char residues at about 500 °C [51]. It indicates that the carbonization of
ABS is very difficult. Both the addition of BODIPY and BODIPY-MXene
reduce the onset decomposition temperature due to the early degrada-
tion of BODIPY and surface termination groups (i.e. F, O, OH). The 0.5
wt% loading of BODIPY-MXene has the lowest influence on the thermal
stability of ABS (see Table 3). Fortunately, the presence of
BODIPY-MXene promotes the char formation of ABS composites and the
effect increases with the loading (2.0 wt%) compared to BODIPY. For
example, the theoretical char yield of ABS/BODIPY-MXene2.0 is calcu-
lated at around 2.2 wt% based on the char yields of BODIPY-MXene
(62.2 wt%) and ABS (1.0 wt%) at 700 °C under nitrogen condition,
while the sample has a higher experimental char yield of 4.7 wt%.
Conversely, the theoretical char yield of ABS/BODIPY2.0 is approx-
imatively 1.6 wt%, and the experimental char yield is 1.2 wt%. It in-
dicates that the introduction of BODIPY-MXene can promote the
carbonization of ABS. In addition, ABS/BODIPY-MXene2.0 records the
lowest peak of mass loss rate (MLRpax) compared to all the other
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composites (Fig. 5b and Table 3), further confirming the enhanced char
formation effect of BODIPY-MXene which will increase the thermal
protection of the underlying matrix against fire.
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The thermal-oxidation decomposition behaviors of neat ABS and ABS
composites in air atmosphere are exhibited in Fig. 5 (c, d), and the
related data are listed in Table 3. The thermo-oxidative decomposition
of ABS is more complicated due to the two-step degradation [52]. The
first step occurs from 362 to 448 °C with a weight loss of 82 wt% for neat
ABS. The second step ranges from 495 to 610 °C with only 0.4 wt%
residues left indicating the complete degradation. Both the addition of
BODIPY and BODIPY-MXene cause the earlier thermal-oxidation
decomposition owing to the lower thermal stability of BODIPY and
BODIPY-MXene compared to ABS. ABS/BODIPY-MXene2.0 shows the
lowest initial decomposition temperature (286 °C). It is probably
attributed to the ease of oxidation and degradation of BODIPY-MXene
inducing the formation of various polymer radicals that accelerate the
degradation of ABS chains [53] (Fig. S8). After the first decomposition
step, the ABS composites exhibit obviously improved char residues
compared to neat ABS. The char residues at 460 °C are 12.3 wt%, 13.2
wt%, 14.8 wt% and 14.1 wt% for neat ABS, ABS/BODIPY-MXeneO0.5,
ABS/BODIPY-MXene2.0 and ABS/BODIPY2.0. Combined with the
thermal-oxidation degradation of BODIPY and BODIPY-MXene (see
Fig. S8), BODIPY-MXene shows more significant charring effect on ABS
resin than BODIPY. In the second decomposition step, the higher Trax2
values for ABS composites indicate that the char residues generated in
the first step inhibit the degradation of ABS fragments. Moreover, the
lowest MLRyax for ABS/BODIPY-MXene2.0 (1.6 wt%/°C) further con-
firms the charring effect of BODIPY-MXene in comparison with pure ABS
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Fig. 7. HRR (a), THR (b), SPR (c), TSP (d), CO, (e) and CO (f) production as a function of the burning time for ABS and its composites.
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Cone calorimeter data of ABS and its composites at 35 kW/m? (TTI: time to ignition; PHRR: peak heat release rate; THR: total heat release; PSPR: peak smoke pro-
duction rate; TSP: total smoke production; PCOP: peak CO production; PCO,P: peak CO, production.)

Sample TTI (s) PHRR (kW/m?) THR (MJ/m?) PSPR (m?%/s) TSP (m?) PCOP (g/s) PCO,P (g/s)
Error +2 +15 +0.5 40.01 +0.5 40.005 +0.02

Neat ABS 51 1174 81.2 0.315 24.7 0.035 0.84
ABS/BODIPY-MXene0.5 35 886 79.8 0.257 25.7 0.023 0.64
ABS/BODIPY-MXene2.0 40 900 81.0 0.296 27.6 0.025 0.64
ABS/BODIPY2.0 45 1032 81.3 0.296 25.6 0.028 0.73

(2.1 wt%/°C).

3.5. Fire safety performance of ABS composites

LOI is one of the most commonly used benchmark measurements for
evaluating the burning behaviors of polymeric materials. Fig. 6 shows
the LOI results for neat ABS and ABS composites. ABS is a flammable
plastic with a LOI of 19.5%. In the burning of pure ABS, there is an
obvious molten droplet that continuously flows downward along the
specimen leading to the acceleration of combustion (Fig. 6). Interest-
ingly, both the introduction of BODIPY and BODIPY-MXene restrain the
dripping of ABS through rapid carbonization even at the low loading of
0.5 wt% BODIPY-MXene, which is in good agreement with the thermal
decomposition behaviors under air condition (see Fig. 5 and Table 3).
Furthermore, ABS/BODIPY-MXene2.0 shows more remarkable charring
effect than the other composites resulting in the enhancement of LOI
(23.5%). In consideration of the low concentration (0.5 and 2.0 wt%),
the improved LOI values (+2% and +4%) respectively for ABS/BODIPY-

MXene0.5 and ABS/BODIPY-MXene2.0 imply that the flame retardancy
of BODIPY-MXene for ABS is more effective than that of BODIPY
(increased by 2.5% at 2.0 wt%).

Cone calorimeter coupled with FTIR was utilized to measure the
flammability, smoke and toxic fumes of ABS and its composites. The
results are shown in Fig. 7 and Table 4. The control ABS is ignited at
around 51 s (time to ignition, TTI), and has the highest heat release rate
with a peak heat release rate (PHRR) of 1174 kW/m?, which is regarded
as a highly flammable polymer. The loading of all the additives reduces
the TTI values, which may be attributed to the early degradation of
BODIPY and BODIPY-MXene and the endothermic effect of dark green
BODIPY-MXene causing heat accumulation on the specimen surface
[38]. The introduction of 2.0 wt% BODIPY to ABS leads to the slight
reduction of PHRR (reduced by 12.0%), which is attributed to the free
radical capture by halides decomposed from BODIPY. In the thermal
oxidative degradation of BODIPY, the volatiles, including HF, CO2, HoO
and N, are released, leaving B,Og3 solids [54]. HF plays the dominant
role of scavenging free radicals in a gas phase which is similar to
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Fig. 8. FTIR gas analysis of ABS and its composites.
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Table 5

FTIR data-Peak concentration of gases releases.
Sample HCN (ppm)  NO (ppm)  N2O (ppm)  NH3 (ppm)  CO(ppm)  CO2 (%)  HCHO (ppm)  CeHsOH (ppm)  HxO (%)  CoHg (ppm)
Error +5 +5 +0.5 +0.1 +10 +0.1 +0.1 +0.1 +0.1 +0.5
Neat ABS 200 268 11.8 2.5 1041 3.4 12.5 45 2.6 34.0
ABS/BODIPY-MXene0.5 133 209 6.3 0.6 741 2.3 8.4 3.8 2.1 22.2
ABS/BODIPY-MXene2.0 142 198 7.1 0.4 747 1.8 8.6 3.0 2.2 24.3
ABS/BODIPY2.0 167 239 8.3 1.0 877 2.7 9.5 5.0 2.4 25.1

Table 6

FTIR data-Quantification of gases releases.
Sample HCN (ppm) ~ NO (ppm)  N;O (ppm)  NH3(ppm)  CO(ppm)  CO2(%)  HCHO (ppm)  CeHsOH (ppm)  HzO (%)  CzH4 (ppm)
Error +500 +500 +50 +20 +500 +20 +50 +50 +20 +100
Neat ABS 12,410 18,002 690 243 72,687 214 762 323 356 2253
ABS/BODIPY-MXene0.5 11,508 17,460 574 55 69,385 192 645 522 304 2014
ABS/BODIPY-MXene 2.0 12,434 16,756 599 43 74,293 182 733 327 306 2223
ABS/BODIPY2.0 12,079 18,861 672 149 69,114 198 682 586 361 2074

chlorinated and brominated flame retardants [55]. Compared to the
control ABS, the PHRR reduces from 1174 kW/m? to 886 kW,/m? for
ABS/BODIPY-MXene0.5 with a reduction of 24.5%. In addition, the
incorporation of BODIPY-MXene can also inhibit the release of smoke
and CO, COs. As shown in Fig. 7 (c, e, f) and Table 4, the reduction of
peak smoke production rate (PSPR), peak CO production (PCOP) and
PCO4P for ABS/BODIPY-MXene0.5 is 18.4%, 34.3% and 23.8% respec-
tively, compared to the control ABS. However, increasing the loading of
BODIPY-MXene cannot lead to the further reduction in heat release,
smoke, CO, and CO2 productions. On the contrary,
ABS/BODIPY-MXene2.0 shows the highest TSP. There are two primary
reasons: 1) the aggregation of BODIPY-MXene nanosheets results in the
limited flame retardant effect; 2) the introduction of numerous HF in-
hibitors into the flame remarkably reduces the concentration of
hydrogen, hydroxide, and hydrocarbon radicals leading to the increase
of the C, diradicals and soot [55]. The flame retardant mechanism will
be discussed in depth later .

The evaluation of toxic and asphyxiant gases generated during
polymer combustion is vital to the assessment of fire hazards in
compartment or wildland fire scenarios [4,36,56]. Taking advantages of
FTIR real-time monitoring in the combustion, various toxicity volatiles,
including HCN, NO, N»O, NHs, CO, CO,, formaldehyde (HCHO) and
phenol (CgHsOH), have been detected, as shown in Fig. 8 and Table 5. As
expected, these curves follow a similar shape with HRR curves in the
cone calorimeter tests except NHs. The control ABS records higher peak
concentration of toxic and asphyxiant gases compared to its composites.
With the introduction of 2.0 wt% BODIPY, the reductions of peak con-
centration for HCN, NO, N;O, CO and CO; are not remarkable, sug-
gesting that the smoke suppression of BODIPY is very limited. For
comparison, the loading of 0.5 wt% BODIPY-MXene into ABS leads to
the reduced peak concentration of HCN (—33.5%), NO (—22.0%), N2O
(—46.6%), NHsz (—76.0%), CO (—28.8%), CO2 (—32.4%), HCHO
(—32.8%) and CgHsOH (—15.6%), which is probably attributed to the
better dispersion of BODIPY-MXene nanosheets in ABS contributing to
the catalytic flame retardant effect. ABS/BODIPY-MXene2.0 shows the
lower peak concentration for NH3 (—84.0%), CO2 (—47.1%) and
CeHsOH (—33.3%) compared to ABS/BODIPY-MXene0.5 and ABS/BO-
DIPY2.0, indicating the synergistic inhibition effect between BODIPY
and MXene.

To further evaluate the toxicity hazards, the volatiles were quantified
based on the integral area of toxic gases yield curves in Fig. 8 [4], which
are listed in Table 6. It is observed that both the addition of BODIPY and
BODIPY-MXene can not dramatically reduce the total amounts of these
gases, which are in agreement with the THR trends (see Fig. 7b).
Interestingly, ABS/BODIPY-MXene2.0 shows more significant reduction
of the total amounts of NO (—7.0%), N2O (—13.2%) and NH3 (—82.3%)

compared to ABS/BODIPY2.0. These results indicate that the loading of
BODIPY-MXene to ABS leads to a change in combustion reaction
chemistry as well as the reduction of toxic gases containing nitrogen. We
planned to compare ABS composites with other reported results to
benchmark the remarkable progress in toxicity hazards reductions.
Unfortunately, the related studies were very limited. Prieur et al. [4]
reported that the addition of 30 wt% phosphorylated lignin (P-LIG) into
ABS reduced the peak concentration of HCN (—27%), NO (—47%), CO
(—30%), CO2 (—47%). Despite the suppression effect on toxic gases, the
wt% loading of P-LIG is much higher than that of BODIPY-MXene in this
work. Consequently, it can be concluded that the toxicity reduction by
BODIPY-MXene is highly efficient.

3.6. Flame retardant mechanism

The flame retardant mechanism of ABS composites can be clarified
on the basis of gas- and condensed-phase analysis. In gas-phase, the
release of CO, CO, and H,O is the indicator of the combustion. As shown
in Fig. 8 (e, f, i), the inhibition on CO, CO3 and H,0 by BODIPY-MXene is
more significant than BODIPY. Additionally, the CO/COx ratios in total
amount for ABS/BODIPY-MXene0.5 and ABS/BODIPY-MXene2.0 are
0.036 and 0.041 respectively, which are higher than that for control ABS
(0.034) and ABS/BODIPY2.0 (0.035), suggesting the higher incomplete
combustion of ABS/BODIPY-MXene nanocomposites. Ethylene (CoHy) is
a flammable fuel decomposed from ABS that is another indicator of the
combustion. As illustrated in Fig. S9, the broad and lower peaks for ABS/
BODIPY-MXene nanocomposites confirm the reduced PHRR. Despite the
decreased peak concentration of ethylene, the total amount is un-
changed. It indicates that the addition of BODIPY-MXene prolongs the
burning of ABS composites leading to the reduction of PHRR while most
of the decomposed products are burnt. On the other hand, the higher
degree of incomplete combustion for ABS/BODIPY-MXene2.0 suggests
more soot production. The higher TSP value for ABS/BODIPY-MXene2.0
can support this assumption (see Fig. 7d and Table 4). The formation of
carbon particles is attributed to the free radicals trapping effect caused
by BODIPY-MXene. In the decomposition of BODIPY-MXene, a large
number of fluorine atoms are released to the gas phase. Simultaneously,
the barrier and catalytic effect contributed by MXene nanosheets pro-
long the residence of fluorine atoms in the flame zone so that more “hot”
radicals derived from ABS are scavenged [55]. In the combustion of ABS
composites, the traces of HF are detected as shown in Fig. S10. It in-
dicates that F atom and HF are involved in the radical reaction, which
promotes the incomplete combustion, leading to more soot formation.

The carbonization of ABS is very difficult due to its extremely rapid
degradation under elevated temperatures. To evaluate the condensed
phase, the char residues for ABS/BODIPY2.0, ABS/BODIPY-MXene0.5
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Fig. 10. XRD patterns (a) and Raman spectra (b) of the char residues for ABS composites.

and ABS/BODIPY-MXene2.0 after LOI tests were studied with SEM, XRD
and Raman spectra. ABS/BODIPY2.0 shows a solid char morphology
with cracks (Fig. 9a). In higher magnification (Fig. 9b), there are some
tiny pores distributed on the char surface. The obvious cracks and pores
indicate that the inhibition on the emission of flammable decomposed
products is limited during the combustion of ABS/BODIPY2.0, which is
consistent with LOI and cone calorimeter testing results. For ABS/
BODIPY-MXeneO0.5, tightly stacked char layers can be clearly found in
the cross-section of residues (Fig. 9¢). The higher magnified SEM image
(Fig. 9d) shows the compact char residues embedded with lots of
MXene-derived sheets. In the SEM image for ABS/BODIPY-MXene2.0

10

(Fig. 9e), it is more clear that the residues are composed of multiple
char layers stacked one above the other. Moreover, the wrinkled surface
showed in Fig. 9f confirms the carbonization of BODIPY-MXene result-
ing in the formation of compact and solid char residues. In combination
with the LOI test results (Fig. 6), it can be concluded that the chars for
ABS/BODIPY-MXene2.0 are more mechanically and thermally stable
than that for the other composites, which is more efficient to inhibit the
flame spread and molten dripping of ABS.

From XRD patterns (Fig. 10a), it can be seen that the char residues for
ABS/BODIPY2.0 are mainly composed of amorphous carbon. For ABS/
BODIPY-MXene2.0, the peaks located at 25.5°, 38.0°, 48.0°, 54.6°,
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Scheme 2. Illustration of flame retardant mechanism of ABS/BODIPY-MXene
nanocomposites.

62.9°, 69.2° and 75.2° are assigned to (101), (004), (200), (211), (204),
(220) and (215) diffraction planes for anatase-phase TiO,, respectively
[57]. Except (101) plane, the other diffraction peaks corresponding to
TiOy are not detected in XRD pattern of ABS/BODIPY-MXene0.5.
Because the broad peak at 25.5° also corresponds to amorphous car-
bon, the <char residues for ABS/BODIPY-MXene0.5 and
ABS/BODIPY-MXene2.0 are likely a complex composition of TiOy
nanosheets, amorphous carbon and a few B503 solids. Fig. 10b exhibits
the Raman spectra of the char residues. All the samples show two pri-
mary peaks at ca. 1365 em™! (D band) and 1590 cm™! (G band), which
are assigned to amorphous and graphitized carbons, respectively [58].
The graphitization degree of the residues is calculated according to the
ratio of the integrated intensities of D/G bands (Ip/Ig), which de-
termines the thermal and mechanical stability of char residues.
ABS/BODIPY-MXene0.5 shows the lowest Ip/Ig value (3.14) compared
to ABS/BODIPY-MXene2.0 (3.45) and ABS/BODIPY2.0 (3.60) (see
Fig. 10b and Fig. S11). It indicates that the presence of BODIPY-MXene
can more effectively promote the formation of graphitized carbon than
BODIPY. In addition, the peaks appearing at ca. 634, 510, 403 and 155
cm ! are ascribed to the anatase phase of TiO, [59], which further
confirms the integrated carbon-TiO; nanosheets.

Combined with the gas-phase radical reaction, it can be concluded
that the “tortuous path” effect caused by the high aspect ratio of uni-
formly dispersed BODIPY-MXene nanosheets plays an important role in
the flammability suppression of ABS (see Scheme 2). The barrier layers
provide a reaction room called “micro-reactor” for F atoms and/or HF to
capture hydrogen, hydroxide, hydrocarbon and hydro-nitrogen radicals
[55]. On the surface of MXene nanosheets, titanium atoms rapidly react
with oxygen and/or hydroxide radicals to generate TiO,, which con-
tributes to the catalytic effect facilitating the delivery of F atoms in the
gas phase. In the “micro-reactor”, radicals are immobilized to generate
carbon particles leading to the soot formation and amorphous and
graphitized carbon adhered on the surface of TiO, nanosheets. The
thermally and mechanically stable char layers prevent the release of
flammable and toxic segments decomposed from ABS chains resulting in
the reduction in thermal and toxicity hazards.

4. Conclusions

A facile approach for the interface decoration of MXene nanosheets
with BODIPY was achieved in this work. The BODIPY-MXene was uti-
lized as a flame retardant additive for ABS resin. Owing to the excellent
dispersion of BODIPY-MXene, the addition of 0.5 wt% BODIPY-MXene
into ABS resulted in the improvement of the tensile strength
(+27.8%), Young’s modulus (+18.6%) and elongation at break
(+17.9%). The LOI value was increased by 2.0%. Furthermore, the cone
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calorimeter coupled with FTIR analysis demonstrated the reductions in
PHRR (—24.5%), PSPR (—18.4%), peak concentration of HCN
(—33.5%), NO (—22.0%), N3O (—46.6%), NH3 (—76.0%) and CO
(—28.8%). The enhanced fire safety performance of BODIPY-MXene is
attributed to the “tortuous path” barrier effect, preventing the
combustible gas volatiles and smoke particulate products from
migrating onto the polymer surface. The barrier and catalytic effect
contributed by MXene nanosheets facilitates the delivery of F atom in
the gas phase and prolongs the residence of F atom in the flame zone so
that more “hot” radicals are scavenged. Subsequently, the remaining
flammable radicals become soot particulates and fixed char residues
with TiO nanosheets. The results provide a strong demonstration of the
potential future applications of BODIPY-MXene nanosheets as a highly
effective flame retardant, toxic fume suppressant and dying agent for
polymers.
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