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ABSTRACT

Due to poor interfacial interaction between titanium dioxide (TiO2) and polymers, the fabrication of high-per-
formance polymer/TiO, composites is still a big challenge. To improve and fully utilize the catalytic efficiency of
TiO, for flame retardant application, in this work, a hierarchical core-shell TiO,-based architecture was con-
structed, composed by TiO, nanospheres (core) and oriented-growth Co-Al layered double hydroxide (LDH)@Ni
(OH), nano-catalyst (shell). As-fabricated hybrids with a fine frame construction improved the interfacial in-
teraction with unsaturated polyester resin (UPR) matrix, contributed by increased contact area and inter-
penetration between two phases. Through well-contacted interface, the external force can be transferred
smoothly to the rigid filler, and thus improved mechanical performance of UPR/TiO,@LDH@Ni(OH), nano-
composites. Theoretically, the well-designed structures and optimization of the chemical composition for
transition metal compounds are important to effectively reduce fire hazards of UPR composites. Compared with
pure UPR, the heat release, flammable pyrolysis products and toxic smoke emission were clearly reduced during
the combustion of UPR/TiO,@LDH@Ni(OH),, which can be attributed to the adsorption effect of core-shell
hybrids and the barrier effect of thermostable char layers. Moreover, the total CO release experienced a max-
imum 53.33% decrease. Herein, this work expands the thinking of the preparation of multifunctional high-
performance composites, and designs a novel hierarchical core-shell architecture with multiple regularly or-
iented shell layers.
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1. Introduction

The hierarchical core-shell architectures with specific nuclear par-
ticles and cladding layers have caused a broad attention, due to the
generation of superior physical and chemical properties to the single
component, such as optimized chemical composition, increased surface
area, favorable thermal stability, excellent optical and magnetic prop-
erties, etc [1,2]. Hydrothermal method is commonly used to prepare
various components on the surface of nucleation layers, which can not
only construct the core-shell hybrids with low thermal stress, few
macroscopic defects, high uniformity and high purity, but also make it
possible to fabricate novel multifunctional nanocomposites with proper
chemical composition and physical structure [3]. The construction of
core-shell structures mainly depends on the compatibility and inter-
action between the shell and the core. The shell can not only improve
the surface charge and surface performance of kernel particles, but also
facilitate to the stability and dispersion of the kernels [4,5]. Meanwhile,
the inner core serves as the template, controlling the morphology and
size of as-prepared hierarchical core-shell architectures. Silicon dioxide
[6], carbon nanotubes [7], polyphosphazene [8], and ammonium
polyphosphate [9] are common core materials in flame retardant fields,
which can improve the thermal stabilities, fire safety performance and
even mechanical properties of the corresponding polymer composites.
It is worth noting that the core-shell nanoparticles containing many
different metallic elements have broad application prospects in elec-
tronics, biosensor, optics and catalysis, etc [10,11]. Especially, the
hierarchical core-shell architectures that consist of transition metal
compounds can be effective flame retardants for polymer materials due
to their strong catalytic activity and selectivity [12]. When advanced
core-shell hybrids are constructed with catalytic metal elements and
exhibit the catalytic charring effect during combustion of polymer, they
will promote the cyclization, crosslinking and polymerization of pyr-
olysis products [13].

The core—shell structure with monodispersity, maneuverability and
controllability can regulate the properties of the as-fabricated hybrids
to a large extent, thus expanding their application fields. Titanium di-
oxide (TiO,) is widely used in traditional industries such as coatings,
artificial fibers, electronic components, ceramics and cosmetics, due to
its excellent moisture and gas sensitivity, photocatalysis and dielectric
properties [14,15]. Recently, when non-toxic, low-smoke, high-effi-
ciency and halogen-free flame retardant are becoming mainstream of
commercial applications, this highly catalytic active, non-toxic, and
thermostable nanomaterial is gradually applied to fabricate TiO,-based
flame retardants. For example, TiO, has been incorporated into epoxy
[16], polylactic acid [17], poly(vinyl chloride) [18], polycarbonate
[19] and other polymers, to prepare high-efficiency flame-retardant
polymer composites. However, due to the large specific surface area
and surface energy, TiO, is prone to agglomeration in the application
process, resulting in low catalytic efficiency and underutilized perfor-
mance [20].

Fortunately, its typical structure is also the key to solve these pro-
blems. The regular appearance, large specific surface area and abun-
dant surface groups of TiO, are beneficial to the valence bond con-
nection, thus making it easy to grow appropriate shell layers to
construct hierarchical core-shell architectures. Therefore, TiO, can
serve as a preferred core substrate to prepare high-efficiency flame
retardants with a regular core—shell structure. Meanwhile, the selection
of shell material is a crucial factor for the preparation of multi-
functional core-shell flame retardants. It has been found that com-
pounds containing transition metal elements such as cobalt and nickel
can be used to fabricate flame-retardant polymer composites, through
catalytic charring effect in condensed phase, as well as adsorption re-
moval of toxic smoke during combustion process [21,22]. Therefore,
core-shell hybrids containing transition metal compounds, such as
TiO,, LDH and Ni(OH),, can theoretically enhance the fire safety per-
formance of polymer materials [23,24].
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However, there are few researches focusing on the construction of
multi-layer regularly oriented shell structures on the surface of TiO,
nanospheres. Meanwhile, few works focus on analyzing the effect of
hierarchical core-shell TiO,-based architectures with regularly oriented
shells on the mechanical properties, flame retardant performance and
toxic smoke of unsaturated polyester resin (UPR). UPR is the most
commonly used thermosetting resin in fiber- reinforced composite,
which is widely used in construction, chemical industry, transportation
and electrical, because of its low price, light weight, high tensile
strength, high chemical corrosion resistance and insulation [25,26].
However, UPR is highly flammable, and the cross-linked polystyrene
chain segment in polymer chains would release a large number of
styrene monomers and oligomers during combustion process. These
flammable pyrolysis products would burn at temperature above 400°C,
releasing lots of heat and harmful smoke, which can increase the fire
hazard and greatly limit the wide application of UPR. The growth of
regularly oriented transition metal compound on the surface of TiO,
nanospheres can effectively inhibit the agglomeration of nanoparticles
and improve the activity and stability of hierarchical core-shell nano-
catalysts. The ordered construction of orientated shell layers can act as
the bridging materials, which increase the contact surface area and
enhance the interfacial interaction between TiO, and UPR [19]. Due to
the strong mechanical interlocking between hierarchical core—shell
TiO,-based architectures and matrix, the tensile and impact strengths of
composites can be improved. More importantly, the catalytic charring
effect and adsorption removal of toxic smoke caused by core-shell
nano-catalysts with optimized chemical composition and reasonable
core-shell construction, would be an effective method to reduce the fire
hazards of UPR composites [27,28].

In this work, considering the poor fire safety and mechanical per-
formance of UPR, a novel high-efficiency core-shell nano flame re-
tardant with regularly oriented shell layers (TiO,@LDH@Ni(OH),) was
successfully synthesized. This hierarchical core-shell architecture was
fabricated through the orientated growth of CoAl-LDH on the surface of
TiO, nanospheres followed by the further ordered growth of Ni(OH),
nanosheets. Detailed measurements were carried out to analyze the
effect of as-fabricated hierarchical core-shell architecture on the me-
chanical properties, flame retardant performance and harmful gas/
smoke suppression of UPR composites. Herein, this work expands the
thinking of the preparation of multifunctional high-performance com-
posites, and designs a novel hierarchical core-shell architecture with
multiple regularly oriented shell layers.

2. Experimental section
2.1. Materials

Ammonium hydroxide, ethanol, acetonitrile, titanium isopropoxide,
Co(NO3),6H,0, AI(NO3)39H,0, Ni(NO3),6H,0, urea, ammonium
fluoride, benzoyl peroxide and trisodium citrate dehydrate were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. Unsaturated
polyester resin (UPR, named 196) was bought in Hefei Chaoyu
Chemical Co., Ltd.

2.2. Synthesis of hierarchical TiO,@LDH nanospheres

TiO, nanospheres were firstly synthesized based on the previous
studies [29]. 1.52 g ammonium hydroxide and 3.64 g of deionized
water (H>O) were introduced into 500 mL of homogeneous ethanol/
acetonitrile (3:2) mixed solution. Under vigorous stirring, 10 mL of ti-
tanium isopropoxide were rapidly added into the mixed solution. A
milky suspension was obtained with continuous stirring for 6 h, which
was then separated by centrifugation and washed with deionized water
and ethyl alcohol. TiO, nanospheres was eventually obtained after
being dried at 60 °C overnight. The preparation of TiO@LDH was as
follows [30]. TiO, nanospheres (0.15 g) were firstly added into 15 mL
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Scheme 1. The fabrication process of hierarchical core-shell TiO,@LDH@Ni(OH), architecture.

of deionized water and ultrasonic dispersed for 30 min. Co(NO3)»,"6H,0
(0.87 g), AI(NO3)59H,0 (0.38 g), urea (0.60 g) and ammonium fluoride
(0.15 g) were evenly dissolved in the above solution. Then, the mixture
was poured into a Teflon-lined stainless steel autoclave. After 10 h of
hydrothermal reaction at 100 °C, the products were obtained by cen-
trifugation, then washed with deionized water and ethyl alcohol, suc-
cessively. Finally, the hierarchical TiO,@LDH nanospheres were ob-
tained after drying under at 60 °C overnight.

2.3. Synthesis of hierarchical TiO,@LDH@Ni(OH), nanospheres

TiO,@LDH (0.1 g) was ultrasonic dispersed into 50 mL of deionized
water to get a uniform suspension. After incorporated with Ni
(NO3)>6H,0 (0.09 g), trisodium citrate dehydrate (0.03 g) and urea
(0.03 g), the mixed solution was heated at 100 °C for 7 h of hydro-
thermal reaction with continuous stirring. The hierarchical TiO,@
LDH@NIi(OH), nanospheres were collected by centrifugation, washed
with deionized water and ethyl alcohol, and finally dried at 60 °C
overnight.

2.4. Preparation of UPR/TiO,@LDH@Ni(OH). nanocomposites

Typically, the TiO,@LDH@Ni(OH), nanospheres were incorporated
into the UPR matrix, which was then continuously stirred for 4 h under
ultra-sonication. Benzoyl peroxide was introduced into the above
homogenous mixture as initiator. After ultrasonic agitation for another
1 h, the above mixture was degassed and poured into a mould. The
UPR/TiO,@LDH@Ni(OH), nanocomposites were obtained after curing
at 70 °C for 4 h and then at 120 °C for 3 h. The UPR/TiO,@LDH@Ni
(OH), nanocomposites were named as UPR/Ti@LDH@Ni,, UPR/Ti@
LDH@Ni, and UPR/Ti@LDH@Ni3 according to various contents of
TiO,@LDH@Ni(OH), nanospheres (1, 2 and 3 wt%) in UPR. By com-
parison, UPR/TiO, and UPR/TiO,@LDH nanocomposites were also

fabricated with the 3 wt% of corresponding nanospheres through the
same preparation method. Meanwhile, to confirm the advantages of the
hierarchical core-shell structures, the UPR/TiO,/LDH/Ni(OH), com-
posites were also fabricated, with TiO,, LDH and Ni(OH), nanoparticles
directly mixed into UPR matrix rather than being combined into hier-
archical core—shell structures.

2.5. Characterization

The scanning electron microscope (SEM) was used to observe the
microstructures of TiO,, TiO,@LDH and TiO;@LDH@Ni(OH),
(PHILIPS XL30E). Transmission electron microscopy (TEM) was applied
to investigate morphologies of nanospheres (JEM-2100F, Japan elec-
tron Optics Laboratory Co., Ltd). X-Ray photoelectron spectroscopy
(XPS, VG ESCALAB MK-II electron spectrometer, V.G. Scientific Ltd.,
UK) was used to analyze the chemical composition of nanospheres. The
samples for Fourier transform infrared (FTIR, Nicolet 6700 FTIR spec-
trophotometer) spectra were prepared by mixing KBr powders which
were pressed into tablets. The CMT6104 universal testing apparatus
was used to measure the tensile strength of UPR composites (sample
sizes:100 mm X 10 mm X 3 mm, Shenzhen SANS Material Detection
Co., Ltd., China). The ZBC1400-A pendulum was used to carry out the
Charpy impact tests for UPR composites (MTS Systems, China).
According to the GB/T 1043.1-2008, the sizes of un-notched samples
were were 80 mm X 10 mm X 4 mm, and the adopted impact energy
was 4 J. SEM was also used to observe fracture surface and micro-
structures of the char residues for UPR composites (JEOL JSM-6700).
According to ISO 5660, the flame retardancy of samples was in-
vestigated by cone calorimeter (UK Fire Testing Technology) at a heat
flux of 35 kWm™2 and dimensions of samples were
100 x 100 x 3 mm®. According to ASTM D3801-1996, the dimensions
of specimens for vertical burning test (UL-94, model CFZ-2, Jiangning
Analysis Instrument, China) were 130.0 x 13.0 x 3.2 mm?>. According
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to ASTM D2863-2010, the dimensions of specimens for limiting oxygen
index (LOI, HC-2 oxygen index meter) were 100 X 6.5 X 3.0 mm®.
Thermogravimetric analysis (TGA, Q5000 thermoanalyzer instrument)
was used to investigate the thermal stability of UPR composites at a
linear heating rate of 20 °C/min from room temperature to 800 °C in
50 mL/min of nitrogen. Combined TGA analyzer and FTIR spectro-
photometer (TGA-FTIR) was used to analyze the pyrolysis products of
UPR composites. The experimental parameters were as follows: sample
(5-10 mg), heating rate (20 °C/min), temperature range (30 to 800 °C),
atmosphere (30 mL/min of nitrogen).The FTIR (Nicolet 6700 FTIR
spectrophotometer) was also used to analyze the condensed phase
products of the neat and UPR/Ti@LDH@Ni; composites heated at dif-
ferent temperatures.

3. Results and discussions
3.1. Fabrication procedure and mechanism

The fabrication process of hierarchical core-shell TiO;@LDH@Ni
(OH), architecture was shown in Scheme 1. SEM was used to visually
analyze the structures of TiO,, TiO,@LDH and TiO,@LDH@Ni(OH),
nanospheres. As shown in Fig. 1a and d, TiO, nanospheres present re-
latively smooth and homogeneous surface. After 10 h of hydrothermal
reaction at 100 °C, the surface morphologies of TiO,@LDH nanospheres
are more rough, exhibiting unique thorn needle-like architectures
(Fig. 1b and e). The growth of CoAl-LDH can be decomposed into two
steps. First, metal cation and anion are successively absorbed on TiO,
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surface, facilitating the rapid growth and deposition of CoAl-LDH
crystal nuclei [31]. Then, the crystal nuclei gradually grow into LDH
shells in 10 h of hydrothermal reaction, which are uniformly distributed
on the surface of the TiO, nanospheres. It is worth mentioning that the
thorn needle-like morphologies are different from the usual hexagonal
LDH nanosheets, because the restricted surface area of TiO, are not
large enough to develop complete hexagonal layer structures. As syn-
thesized LDH shell provides large surface area and reactive sites for the
secondary shell. Whereafter, Ni(OH), shells grow in specific orienta-
tion, interrelated with each other, and form flower-like architecture
(Fig. 1c and f). The oriented growth of Ni(OH), shells is ascribed to
heterogeneous nucleation and oriented growth of Ni(OH), on the sur-
face of TiO,@LDH. Ni(OH), crystal nuclei were firstly formed from
hydroxyl ions and Ni ions during the process, which were then adsorbed
on LDH layers through citrate anions. Meanwhile, NH; in solutions can
anchor on the surface of Ni(OH), crystal seeds through the hydrogen
bonding, which limited the outward growth and facilitated the in-plane
crystal growth mode of Ni(OH), nanosheets [32]. In addition, particle
size distributions of TiO,, TiO,@LDH and TiO,@LDH@Ni(OH), were
measured, and shown in Fig. 1g-i. When the TiO, nanospheres are
clustered together in the range of 310-330 nm, the diameter distribu-
tion of TiO,@LDH are ranging from 380 to 410 nm. Furthermore, after
further growth of oriented Ni(OH), shells on the surface, the flower-like
hierarchical nanospheres show evenly distributed and further increased
size distributions, at around 410-440 nm.
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Fig. 1. The SEM images and the corresponding particle size distributions for TiO, (a, d and g), TiO>@LDH (b, e and h) and TiO,@LDH@Ni(OH) (c, f and i).




F. Chu, et al.

Chemical Engineering Journal 405 (2021) 126650

iae

TiO,@LDH

TiO,@LDH@Ni(OH),

T (s g 0 U o 3

e ey S S

O P B S e U T

Fig. 2. The TEM images for (a, g) TiO,, (b, ) TiO,@LDH and (c, f and g) TiO,@LDH@Ni(OH),; The EDX results of (h) TiO,@LDH and (i) TiO,@LDH@Ni(OH),.

3.2. Composition analysis of hierarchical TiO,@LDH@Ni(OH),
nanospheres

TEM and its EDS results further indicated the successful preparation
of hierarchical architectures. Compared with TiO, nanospheres (Fig. 2a
and d), TiO,@LDH clearly exhibit thorn needle-like architectures
(Fig. 2b and e). EDS result in Fig. 2h reveal the existence of Co and Al
elements. The hierarchical TiO,@LDH@Ni(OH), nanospheres show
flower-like surface structures, due to successful growth of Ni(OH),
shells on the surface of TiO,@LDH (Fig. 2¢, f and g), which can be also
confirmed by its EDS analysis (Fig. 2i). For FTIR spectra in Fig. 3a, the
broad characteristic signal at about 3400 cm™' is attributed to
stretching vibration of —-OH. Compared with neat TiO,, peaks at
575 cm ™~ ! and 740 cm ™! for TiO,@LDH and TiO,@LDH@Ni(OH), are
ascribed to Co-O and Al-O stretching vibration, respectively [33].
Furthermore, the peak located at around 660 cm ™~ 1 in the TiO,@LDH@
Ni(OH), spectrum is associated with Ni-OH bending vibrations, in-
dicating the successful growth of Ni(OH), surface layer in hierarchical
architectures [34,35]. XPS was used to identify the element composi-
tions of surface and their valence states. As depicted in Fig. 3b, the
curve of TiO,@LDH shows the elements Co, Al, O and Ti. In contrast,
the merging Ni element on the spectrum of TiO,@LDH@Ni(OH), in-
dicates the presence of Ni(OH),. Ti 2p1/2 and Ti 2p3/2 peaks at 464.0
and 458.3 eV are detected at high resolution by the Ti 2p curve, where
Ti 2p3/2 are deconvoluted into two peaks at 458.2 (Ti®") and 458.7 eV
(Ti**), and Ti 2p1/2 are fitted into 463.7 (Ti**) and 464.5 eV (Ti**)
curves, respectively (Fig. 3c) [30]. From the spin orbit of Co 2p in

Fig. 3d, Co 2p3/2 and Co 2pl/2 at 781.8 and 797.8 eV, and corre-
sponding satellite peaks at 787.1 and 803.5 eV appear. Meanwhile, the
Co 2p3/2 and Co 2p1/2 can be divided into the characteristic peaks of
CO, " and Co®* [31]. The O 1 s signal is fitted into three characteristic
peaks at 529.9, 531.3 and 532.3 eV, which are ascribed to the meta-
l-oxygen (M—0) bonds, -OH and adsorbed oxygen, respectively
(Fig. 3f) [36].

3.3. The mechanical performance of UPR composites

The effect of hierarchical TiO,@LDH@Ni(OH), structure on me-
chanical performance of UPR composites was analyzed through tensile
and impact tests. As depicted in Fig. 4, the tensile and impact strengths
of UPR/TiO, are deteriorated, compared with that of neat UPR. How-
ever, the addition of hierarchical TiO,@LDH and TiO,@LDH@Ni(OH),
contribute to the gradual enhancement of tensile and impact strengths
of UPR composites. Whereas, the tensile and impact strengths of UPR/
TiO,/LDH/Ni(OH), are even lower than that of neat UPR. The results
indicate hierarchical TiO,@LDH@Ni(OH), architectures are more
conducive to the improvement of mechanical performance for UPR
composites, compared with common structure like TiO,/LDH/Ni(OH),.
The enhanced mechanical performance can be explained from SEM
images of fracture surface of UPR composites. For neat UPR, the frac-
ture surface is smooth and flat (Fig. 5a-c). After the incorporation of
TiO, particles into UPR, the composites also present a relatively smooth
surface under low magnification, with many small TiO, grains in the
view (Fig. 5d-f). By contrast, the fracture surfaces of UPR/TiO,@LDH
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Fig. 4. The tensile strengths and impact strengths for UPR composites.

(Fig. 5g-i) and UPR/Ti@LDH@Ni; (Fig. 5j-1) become significantly
rough, with massive plicated wrinkles and fold crimps. Meanwhile,
nanoparticles are rarely observed on the surface, because the hier-
archical nanospheres are embedded in the matrix. It has been reported
that a good interfacial interaction between nanoparticles and matrix is
closely linked to the mechanical performances of polymer nano-
composites [37,38]. The oriented growth of LDH and Ni(OH), on the
surface of TiO, can increase the surface contact areas between nano-
particles and matrix. Thus, with interpenetration between UPR and
orientated-growth LDH and Ni(OH), shells, the mechanical locking
between nanoparticles and matrix is enhanced, which leads to the pli-
cated cracks and fold crimps on fracture surface. The increased fracture
surface area can offer efficient load transfer, thus improving the me-
chanical performance of UPR composites [39,40].

3.4. Flame retardant performance of UPR composites

Heat release rate (HRR) and total heat release (THR) curves were
obtained from cone calorimeter. The change of peak heat release rate
(PHRR) is shown in Fig. 6a. The incorporation of the as-prepared na-
nospheres can reduce PHRR values of UPR composites, compared with
neat UPR. However, with the same contents, TiO,@LDH@Ni(OH),
nanospheres bring more prominent decline in PHRR as summarized in
Table S1. These results indicate that the flame retardancy of TiO,@
LDH@NIi(OH), is better than that of TiO, and TiO,@LDH. A similar
tendency can be drawn from THR curves of UPR composites. As shown
in Fig. 6b, hierarchical TiO,@LDH@Ni(OH), nanospheres are more
conducive to lowering the THR values of UPR composites than TiO, and
TiO,@LDH. In comparison with neat UPR, the THR value of UPR/
TiO,@LDH@Ni(OH), experience 20.45% reduction. For UPR/TiO,/
LDH/Ni(OH),, the PHRR value was slightly lower than that of UPR/
Ti@LDH@Ni;. However, the THR value of UPR/TiO,/LDH/Ni(OH),
was higher than that of UPR/Ti@LDH@Ni, and UPR/Ti@LDH@Ni;
composites. The UPR/TiO,@LDH@Ni(OH), shows the best result as far
as THR is concerned whereas UPR/TiO,/LDH/Ni(OH), gives the best
result in terms of PHRR is attributed to the following reason. As shown
in Fig. 6a, in the beginning stage of combustion, the HRR value of UPR/
TiO,/LDH/Ni(OH), is lower than that of UPR/Ti@LDH@Nis, because
the nano-barrier effects of LDH and Ni(OH), nanosheets in UPR/TiO,/
LDH/Ni(OH), can better inhibit combustion than that of UPR/Ti@
LDH@Ni3;. Whereas as the combustion continued to 130 s, the HRR
value of UPR/TiO,/LDH/Ni(OH), is higher than that of UPR/Ti@
LDH@Ni3. The decreased HRR of UPR/Ti@LDH@Ni; is explained by
the large surface area of TiO,@LDH@Ni(OH), to absorb the combus-
tible products and then promote catalytic charring. The stronger sup-
pression of carbonaceous barrier layers of UPR/Ti@LDH@Ni; con-
tributes to the best result as far as THR is concerned. All these results
confirm that the combination of TiO,, LDH and Ni(OH), in hierarchical
nanospheres further enhance the flame retardant performance of UPR
composites. The results of UL-94 and LOI experiments are listed in
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Table 1

The results of UL-94 and LOL
Samples UL-94 LOI (%)
UPR no rating 20.5 = 0.5
UPR/TiO, no rating 20.5 = 0.5
UPR/Ti@LDH no rating 21.5 = 0.5
UPR/Ti@LDH@Ni3 no rating 21.5 = 0.5

Table 1. In the UL-94 test, though the UPR composites show no rating,
the addition of TiO,@LDH and TiO,@LDH@Ni(OH), can slow the
flame spread, compared with neat UPR. The LOI value of neat UPR is
20.5, which is similar to the previous literature. However, even with the
addition of TiO,@LDH and TiO,@LDH@Ni(OH),, the LOI values of
UPR composites are not effectively increased. The slight increase of LOI

values can be ascribed to the low addition of nanospheres.

3.5. Toxic smoke analysis

The smoke emission behaviors were assessed through the smoke
production rate (SPR) and total smoke production (TSP), which were
obtained from cone calorimeter. As presented in Fig. 7a, the hier-
archical core — shell TiO,@LDH@Ni(OH), nanospheres inhibited the
smoke release of UPR composites. With the addition of individual TiO,
in UPR, there was no significant change in the value of peak SPR (PSPR)
compared with neat UPR. However, after integrating 3 wt% of hier-
archical core — shell TiO,@LDH@Ni(OH), nanospheres with UPR, the
PSPR value was reduced by 38.46%. Meanwhile, the PSPR value of UPR
composites also decreased with the addition of TiO,@LDH nano-
spheres. However, the decline level was even less than that of the
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Fig. 7. (a, b) Smoke, (c, d) CO and (e, f) CO, emission behaviors for UPR composites.

corresponding UPR composites with only 2 wt% of TiO,@LDH@Ni
(OH),, indicating the smoke inhibiting effect of TiO;@LDH@Ni(OH)-.
Additionally, the TSP values of UPR composites also decreased with the
addition of different nanospheres, exhibiting a similar tendency to that
of PSPR values (Fig. 7b). UPR/Ti@LDH@Ni; exhibited a lower PSPR
value than that of UPR/TiO5 and UPR/TiO>@LDH. Compared with neat
UPR, the TSP value was declined by 31.61% combining 3 wt% of
TiO,@LDH@Ni(OH), nanospheres and UPR. Among combustion
smoke, CO can cause metabolic acidosis and respiratory acidosis for
human beings. The release curves of CO and CO, versus combustion
time were obtained from the cone calorimeter. It was found that the
incorporation of different nanospheres in UPR exhibited the superior
CO and CO, inhibiting effect, compared with individual UPR. Fur-
thermore, the suppression effect can be increased with the gradual
addition of constructed hierarchical architecture. As shown in Fig. 7c,
with the same content, TiO,, TiO,@LDH and TiO,@LDH@Ni(OH),
bring 23.53, 41.18 and 64.11% decreases in the peak values of CO re-
lease, respectively. Meanwhile, in contrast to neat UPR, the maximum
53.33% decrease can be obtained for the total CO release with the use
of hierarchical TiO,@LDH@Ni(OH), nanospheres, indicating their ex-
cellent inhibition effect for CO (Fig. 7d). Additionally, more than 57.02
and 30.19% decreases can be obtained for peak value of CO, and total
CO,, release, respectively (Fig. 7e and f). The suppression of toxic smoke
greatly reduce the physical and psychological effects of people exposed
in fire. Some important parameters are summarized in Table S2.

3.6. The thermal behaviors and gaseous pyrolysis volatiles of UPR
composites

The thermal stability of UPR composites was evaluated by TGA
measurements. TGA and DTG curves are depicted in Fig. 8a and b, and
some important data such as the temperatures at 5% and 10% weight
loss (Tse, and Tqg9), temperature at maximum weight loss rate (Tpay)
and char residues at 800 °C (Y.) are summarized in Table S3. From TGA
results, both neat UPR and its nanocomposites experienced one-stage
decomposition process. The addition of TiO,, TiO,@LDH and TiO,@
LDH@NIi(OH), facilitated the decomposition of the corresponding UPR
nanocomposites with a slight decrease of Tse, T100 and Tpax. Fur-
thermore, the addition of nanoparticles, especially hierarchical TiO,@
LDH@NIi(OH), nanospheres, contributed to the increased thermal

stability of materials at a high temperature, producing increased char
residues.

TGA-FTIR coupling test was used to further explore the pyrolysis
volatiles of neat UPR and UPR/Ti@LDH@Ni; composites. Several
flammable and toxic pyrolysis components can be identified from FTIR
spectra, which extracted at maximum evolution rate of pyrolysis vola-
tiles of neat UPR and UPR/Ti@LDH@Ni3; composites. As shown in
Fig. 9, neat UPR and UPR/Ti@LDH@Ni; composites present similar
FTIR spectra, where the characteristic peaks at around 2935, 1765 and
1455 cm ™! can be attributed to hydrocarbons, carbonyl compounds
and aromatic compounds respectively, which severely threaten the life
safety in a fire [41]. As shown in Fig. 10a, the total gaseous pyrolysis
products of UPR/Ti@LDH@Ni; composites are decreased compared
with neat UPR, indicating the release of flammable and toxic pyrolysis
volatiles is reduced. Additionally, some typical pyrolysis volatiles
(carbonyl compounds, hydrocarbons and aromatic compounds) ex-
perience dramatic decline in the maximum absorbance intensity after
incorporating the TiO,@LDH@Ni(OH), into UPR matrix, which con-
tributes to the enhancement of fire safety performance for UPR com-
posites (Fig. 10b-d). The reduction of pyrolysis volatiles for UPR/Ti@
LDH@Ni; is attributed to the absorption effect of hierarchical nano-
spheres and barrier effect of char layers. At the initial stage of thermal
degradation, TiO,@LDH@Ni(OH), nanoparticles in UPR/Ti@LDH@
Ni; can absorb the organic pyrolysis volatiles because of their large
specific surface area. The decreased gaseous pyrolysis products further
suppress the smoke generated by the accumulation of hydrocarbons and
aromatic compounds. In addition, the reduction of volatiles also helps
to reduce the smoke toxicity. Meanwhile, the barrier effect of char
layers may cause the decrease of the pyrolysis products.

3.7. Condensed phase analysis

FTIR was further applied to analyze the condensed phase of neat
UPR and UPR/Ti@LDH@Ni3 composites at different temperatures. In
Fig. 11a, several characteristic absorption peaks for neat UPR are seen,
such as aromatic ring (1450-1600, 1060-1275, 750 and 700 cm ™ 1),
C = 0 (1732 em™ "), -CH; (2955-3060 cm ') and ~OH (3444 cm ™)
[42]. With the temperature increasing, the intensities of characteristic
absorption peaks gradually decreased. For example, the peak of -OH
was weakened at 250 °C and disappeared at 360 °C, due to the
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dehydrating effect during the heating process. Compared with that of
neat UPR, the peak intensities for UPR/Ti@LDH@Ni; composites ex-
hibited some different trends (Fig. 11b). For neat UPR, the relative
intensities of absorption bands at 700, 750, 1732 and 2956 cm !
sharply decreased between 360 and 420 °C, due to the severe thermal
degradation of the polyester and polystyrene molecular chains.
Whereas, a rapid decline in peak intensities can be observed before 360
°C for UPR/Ti@LDH@Nis, earlier than that of neat UPR. The phe-
nomenon corresponds to TGA results, where the T, of UPR/Ti@
LDH@Ni3 was about 50 °C lower than that of neat UPR (Figure S1b).
Another difference can be observed at 2955-3060 cm™' of G-H
stretching, which was used to analyze thermal stabilities of UPR com-
posites during the process of thermal decomposition [43]. The peak
intensity of the group also gradually decreased with the rising tem-
peratures. However, at variance with the disappearance of C-H signals
at 420 °C for neat UPR, the C-H peak still remained in FTIR curves of
UPR/Ti@LDH@Ni3, indicating the suppressed pyrolysis process and
improved thermal stability of UPR composites at high temperature. This
result corresponds to TGA results in Figure Sla, where the retained
weight of UPR/Ti@LDH@Ni; was more than that of neat UPR at around
440 °C, also indicating the enhanced thermal stabilities at high

temperature.

SEM was used to visually observe the morphologies of char residues
after combustion in the cone calorimeter. As presented in Fig. 12a and
e, many cracks existed on the surface of char residues for neat UPR, and
fragmentary char layers cannot restrain the heat transfer from the flame
to the polymer, and the release of flammable pyrolysis products to
flame zone. For UPR/TiO, composites, char residues were more com-
pact than that of neat UPR, but some evident holes still existed on the
surface, failing to effectively block the transportation of heat and pyr-
olysis products (Fig. 12b and f). Whereas, for UPR/TiO,@LDH (Fig. 12¢
and g) and UPR/Ti@LDH@Nis3 (Fig. 12d and h), the integrity of the
char layers was improved, where complete and continuous protective
barrier layers can be obtained with little cracks and holes on the sur-
face. FTIR was used to analyze char residues of UPR/Ti@LDH@Ni;
after combustion in the cone calorimeter. As shown in Figure S2, the
peaks for Ni-O and Co-O appear on the spectrum of UPR/Ti@LDH@Ni;
composites. The chemical compositions of char residues for UPR/Ti@
LDH@Ni3; was also investigated by XPS. The high-resolution C, O, Co,
Al and Ni elements are detected and the corresponding survey scans are
shown in Fig. 13. For C 1 s species, binding energies at 288.7, 286.0 and
284.7 eV can be ascribed to C = O, C-O and C-C signals (Fig. 13a). The
O 1 s scan is fitted into three characteristic binding peaks at 532.5,
531.1 and 530.0 eV, where the first two are vibration of C-O and C = O
and the last one is M—O (lattice oxygen in metal oxide), indicating
generation of metallic oxides in char residues (Fig. 13b). There are four
main peaks on the scan curves of high-resolution Co 2p species. The Co
2p1/2 and Co 2p3/2 are at 796.4 and 780.7 eV respectively, and their
corresponding satellite peaks are at 803.0 eV and 785.4 eV (Fig. 13c).
The characteristic signal at 74.3 eV of Al 2p species in Fig. 13d can be
assigned to the formation of Al,O3 during the process of combustion.
Furthermore, Ni 2p obit scans of the char residues can be deconvoluted
into Ni 2p3/2 and Ni 2p1/2 at 855.5 and 873.3 eV, and their corre-
sponding shakeup satellite peaks are at 861.6 and 880.1 eV, respec-
tively (Fig. 13e).

3.8. The mechanism for the improved fire safety performance

Based on above analysis in gaseous and condensed phases, the im-
proved fire safety of UPR/Ti@LDH@Ni3 is attributed to the absorption
effect of hierarchical nanospheres and barrier effect of char layers.
TiO,@LDH@Ni(OH), nanoparticles in UPR/Ti@LDH@Ni3 can absorb
the organic pyrolysis volatiles because of their large specific surface
area. Meanwhile, the smoke emission behavior and smoke toxicity are
inhibited during the process, due to the reduced release of smoke pre-
cursors such as hydrocarbons and aromatic compounds. In addition,
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during combustion of UPR/Ti@LDH@Ni; composites, LDH and Ni
(OH), layers on TiO, surface would make response to the rising tem-
perature in environment, losing the intercalated ions and interlayer
water molecules and producing metal oxides. The superficial nickel
oxides firstly promote the formation of carbonaceous layers from UPR
matrix, which cover on the surface of metal oxides and serve as a good
bridging component between interior metal oxides and exterior matrix
[22]. Then, a compact and continuous carbonaceous layers can be ob-
tained through catalytic charring effect, with metal oxides as carbo-
nizing catalyst and reinforcement. Thus, the spread of heat and

a

flammable pyrolysis volatiles can further be restricted with these
compact and thermostable protective layers, which effectively limit the
development of fire. The decreased release of toxic CO is ascribed to the
barrier effect of carbonaceous layers and the absorption of cobalt and
nickel containing metal oxides, providing increasing possibility for
people escaping from fire. The mechanism for the enhanced fire safety
of UPR composites is illustrated as Fig. 14.
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4. Conclusion

In this work, a novel hierarchical core-shell TiO,@LDH@Ni(OH),
architecture with regularly oriented nano-catalyst shells was success-
fully prepared through hydrothermal reactions. Then, the corre-
sponding UPR composites were prepared with slightly enhanced me-
chanical and flame retardant performance as well as toxic gas/smoke
suppression. The increased tensile and impact strengths were attributed
to improved interfacial interaction between TiO,@LDH@Ni(OH), and
UPR, which brought enhanced contact surface and efficient load
transfer. After the addition of as-fabricated nanospheres, the fire safety
performance of UPR composites was improved. Firstly, the parameters
about heat release behaviors such as PHRR and THR experienced a
slight reduction. The values of PSPR and TSP for UPR/Ti@LDH@Ni3

=a

were reduced by 38.46 and 31.61% respectively, compared with neat
UPR. Through the thermal analysis, it was found that some typical
flammable and toxic pyrolysis products were inhibited, which is ben-
eficial to the fire control and rescue. Especially, the total CO release
experienced a maximum 53.33% decrease. The enhanced fire safety is
ascribed to the catalytic charring effect of polymetallic core-shell na-
nospheres and the barrier effect of resulting thermostable protective
layers, as well as the adsorption removal effect of the core-shell nano-
catalysts on toxic CO. This work widens the thinking of the preparation
of multifunctional high-performance composites, and designs a novel
high-efficiency hierarchical core-shell architecture with multiple reg-
ularly oriented shell layers.
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Fig. 13. XPS spectra of char residues at high resolution for UPR/Ti@LDH@Ni; composites: (a) C1's, (b) O 1 s, (c) Co 2p, (d) Al 2p and (e) Ni 2p.
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