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Epoxy resin (EP) is widely used in the package of modern electronic products for thermal management, but the
extremely flammability and toxicity release have restricted its further application. In this article, zinc hydrox-
ystannate (ZHS) nanocubes were in-situ fabricated on the surface of titanium carbide (Ti3C2Tx) MXene nano-
sheets (ZHS@M) for improving the thermal management capacity of EP. Due to the phonon thermal conductance
from ZHS and electron-hole thermal conductance of Ti3CyTy, the thermal conductivity was improved by 328%
compared with the neat EP, which was benefit to dissipate heat for reducing the possibility of thermal disaster
chain happening. Furthermore, owing to the 0D-2D hierarchical structure of ZHS@M, the fire safety and smoke
suppression of these EP composites were highly strengthened. The peak heat release rate (pHRR) and total heat
release (THR) decreased by 54.91% and 58.74%, respectively. Moreover, hazardous gases of EP during the
combustion were also efficiently reduced, and the generation of carbon oxide (CO) and carbon dioxide (CO2)
were decreased by 44.44% and 39.46% when the additive of ZHS@M was only 2 wt%. As a result, ternary
catalytic effect and labyrinth structure improved the safety of EP in the thermal runaway incidents. Besides, EP-
2.0 ZHS@M exhibited excellent tensile robustness (64.71 MPa) and modulus (2.39 GPa), which regarded as a
reliable supporting material for electronics in thermal management field. Hence, this hierarchical EP-ZHS@M
composites provided the help of cleaning the thermal accumulation and increasing fire safety while facing
thermal runaway, which was significant to destroy the formation of thermal disaster chain and further appli-
cations of the modern electrons and devices.

1. Introduction Typically, preparing composites is one of the most efficient and facile

approach for enhancing the thermal management capacity of the elec-

With increasing development of scientific technology, the modern
industry has obtained a meteoritic progress in our daily lives[1,2]. In
particular, the advances of modern electronic products have been paid
more and more attentions, which highly promoted the operation of so-
ciety and civilization. Unfortunately, the large usage of electronic
products raises uncountable heat, which is unavoidable and leading to
heat pollution[3,4]. Moreover, this heat easily develops into thermal
runaway and finally triggers fire risk, resulting the loss of wealth and
danger of human life. Even badly, the polymeric materials, flammable
and hazardous when facing heat, are commonly used in the package for
modern electronic products, leading a fire when the thermal runaway
occurred|5,6]. Therefore, it is a vital to create an efficient and promising
approach to take over this drawback and enhance the thermal man-
agement capacity of these package polymeric materials.
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tronic package materials. Introducing inorganic nanomaterials into
polymer matrix is a widely used strategy to improve not only thermal
conductivity but also fire safety of these polymeric materials[4]. In
addition, inorganic nanomaterials can not only enhance the fire
retardancy but also significantly enhance smoke suppression effect of
polymers. Epoxy resin (EP) is one of the most important thermosetting
advanced polymers in the electronic fields due to high tensile property,
high adhesion to substrates, and good chemical and corrosion resistance.
However, the low thermal conductivity (~0.2 W/m-K) has limited its
further applications in the modern electronics, especially in the heat
radiation field[7]. Apparently, this shortcoming is not benefit to be a
promising thermal management material for the electronic products.
Furthermore, under the situation of thermal runaway, EP is extremely
flammable, and toxicity release during combusting, which is considered
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Fig. 1. (a) Preparation of 2D Ti3C;Tyx MXene; (b) synthetic scheme of ZHS@M; (c) details of the formation of hierarchical 0D-2D structure ZHS@M.

toxic and harmful for human health, under long-term application in the
electronics or devices. Therefore, it is a vital to enhance its fire safety to
meet the demand for the developing modern electronic products. In
general, preparing flame-retardant EP composites have been considered
as the facile and efficient approach via using flame retardancy. Besides,
in order to fulfill the requirements of high efficiency flame retardance
and environment-friendly principles, adding halogen-free FRs into EP
has attracted increasing extensive attention.

Now, many types of nanomaterials such as graphene, phosphorene,
layered double hydroxides (LDH), and transition metal dichalcogenides
(TMDs) have been applied to decorate polymers[8-10]. In other words,
two-dimensional (2D) nanomaterials are considered as one of the
promising nano-flame retardants in preparing fire safe polymer com-
posites. Besides, the large specific area and transition metallic atom offer
superior barrier effect and catalytic capacity for the toxic gases,
respectively. And the electron-hole obviously provide promising ther-
mal conductance for the polymer composites[11].

Recently, MXene have been firstly synthesized from MAX phase by
Yury Gogosti’s group [12]. There are a great number of reports about the
applications of MXene, such as supercapacitors, lithium-ion battery,
electrochemical catalysis and so on. Typically, MXene was prepared by
selectively etching M, ,1AX;, phase, where M means the transition-metal
elements, A refers to a group of IIIA or IVA element, X is C, N, andn =1,
2, 3. TigCaTy, a typical member of MXene family, was commonly used in
many applications. The exceptional intrinsic specific area and abundant
transition metallic atoms indicated the MXene had a powerful potential
applied in preparing fire safe materials. More importantly, the rich
content of surface groups of Ti3CyTx (-OH, =0, —F) offers the great
potential and convenience to construct MXene-based hierarchical
structure nanomaterials[12-14].

In addition, zinc hydroxystannate (ZHS) has caught extensive
attention owing to it excellent catalytic capacity, thus significantly
improving flame retardancy and smoke suppression ability of polymers
[15,16]. Moreover, synergistic effect among different nanofillers may
endow polymer composites with other unique functions beyond flame

retardancy. The bio-mimetic hierarchical structure encourages different
performance at a same time and exhibits extraordinary synergistic per-
formance in the flame retardant field[17]. Besides, because of the high
crystalline behavior of ZHS, the phonon delivery is extremely to be
accomplished, which demonstrated the enhancement of thermal
conductance in the ZHS@polymer composites. Notedly, the much
electron-hole pair from Ti3CyTy is also benefit to improve the thermal
management capacity of the polymer composites.

Hence, according to the above discussion, there were a design of OD-
2D hierarchical structure of ZHS@Ti3CoTx (ZHS@M) fabricating for
enhancing thermal management capacity and the safety of epoxy resin
when facing thermal runaway situation. The structures and morphology
of ZHS@M and EP composites were systematically investigated by TEM,
XPS, XRD and SEM. Furthermore, thermal conductivity was adopted to
investigated the thermal management behavior of these EP-ZHS@M
composites. And TGA results illustrated that the incorporation of
ZHS@M shows a higher char residue compared with the addition of
TigCyoTx or ZHS separately. Most essentially, EP-ZHS@M composites
exhibited increasing flame retardancy and the smoke suppression ca-
pacity was evaluated by cone calorimeter test and TG-IR, and the flame
retardant mechanism was systematically studied. In addition, ZHS@M
effectively decreased the permeation of pyrolysis hazardous compounds
(PHCs) and fire hazard in the thermal runaway incident, which provided
a meaningful method for strengthening the management in thermal
disaster of modern electronic products.

2. Experimental sections
2.1. Materials

Zinc sulfate heptahydrate (ZnSO4-7H50), Concentrated hydrochloric
acid (HCl, 37%) and ethanol were provided by Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). Ti3AlC, power (400 mesh) was
purchased from 11 Technology Co., Ltd (China). Sodium stannate tri-
hydrate (Na;SnOg-3H20) and lithium fluoride (LiF) were supplied from
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Fig. 2. Scheme route of fire safe EP-ZHS@M composites.

the Aladdin Reagent Co. Ltd., China. Bisphenol-A type Epoxy resin (EP,
DGEBA type) was provided from Shixian Chemical Industry Co., Ltd.
4,4'-Diaminodiphenyl methane (DDM) and acetone were obtained from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Construction of hierarchical structure ZHS@M

The zinc hydroxystannate@TizCaTx (ZHS@M) hierarchical nano-
composite was prepared via a facile in-situ growth approach. Firstly, the
2D Ti3CyTx MXene suspension was diluted into 1.00 mg/mL, 280 mL.
Then 1 mmol ZnSO47H,0 was dissolved into the above MXene
dispersion and kept magnetically stirred for 30 min. After that, NayS-
n0Og-3H20 (1 mmol, 50 mL in distilled water) was added slowly drop-
wise in the Zn?"-MXene dispersion within 1 h and the reaction kept
conducting for the next 6 h at ambient temperature. Finally, the hier-
archical structure of ZHS@M was obtained after 3 time washing and
dried at 50 °C in vacuum oven overnight (Fig. 1).

2.3. Preparation of EP-ZHS@M composites

The Epoxy composites (EP-ZHS@M) was prepared by the two-step
curing method. Typically, 0.5 wt%, 1.0 wt%, and 2.0 wt% ZHS@M
was thoroughly dispersed in certain amount of acetone, respectively.
Then 50 g EP was poured into the above dispersion and kept stirred and
ultrasonic for 1 h. After that, the EP-ZHS@M mixture was heated to 100
°C to remove the acetone. And then 10.89 g DDM was rapidly added into
the well-distributed mixture and pre-curing for 4 min at 100 °C. After the
pre-curing procedure, the mixture was poured into a mold for 2 h curing
at 100 °C and then 150 °C for another 2 h. At last, the EP-ZHS@M with

different amount of hierarchical 0D-2D nanocomposites were prepared
(recorded as EP-0.5/1.0/2.0 ZHS@M). Notedly, the blank EP, EP-2.0 M,
and EP-2.0 ZHS were also prepared in the same method (Fig. 2).

3. Results and discussions
3.1. Morphology and structure

The preparation route of delaminated Ti3CyTx was shown in Fig. 1
(a). And the morphology and microstructure of delaminated TizCyTx
nanosheets are characterized in Fig. S3(d-f). After etching the Al phase
layers, the flurry exhibited accordion-like multilayered shape. After ul-
trasonic treatment, the delaminated Ti3C,Tx nanosheets are obtained,
and the SEM image displays that Ti3C,Tx exhibited nanosheets appear-
ance, which indicated the Al atoms were successfully removed after
etching. TEM image also provides further insight into the surface
structural details. As observed in Fig. S3, TigCoTx shows as clear ultra-
thin nanosheet with typical 2D layered structure and transparent
feature, which becomes soft and slightly wrinkled. As for ZHS, Fig. S3(a-
c) exhibited their cube-like appearance and the diameter of these
nanocubes were ~104 nm[18,19].

To learn more details about the structure of Ti3CyTy, X-ray diffraction
(XRD) was used to investigate the bulk Ti3AlCp; and delaminated
Ti3CyTy. The XRD results are presented in Fig. 3a. Comparing with the
results before and after exfoliation, the main peak at 20 = ~39° assigned
to the (104) plane of Ti3AlCy, is replaced by a broadened peak with a
lower intensity, suggesting the Al-layers are selectively etched from the
raw material[20,21]. The main (002) peak is shifted to a lower angle,
indicating a loss of correlation between the layers and a larger interlayer
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Fig. 3. (a) XRD patterns of Ti3AlC,, TizCyTy, ZHS, and ZHS@M; (b) XPS spectra of Ti3AlC,, Ti3CoTy, ZHS, and ZHS@M,; (c) TGA curves of ZHS, M, ZHS@M under air
atmosphere; (d-f) high resolution XPS spectra of Ti 2p, Zn 2p, and F 1 s from ZHS@M.
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Fig. 5. (a—d) TEM images of OD-2D hierarchical structure of ZHS@M, (e) HRTEM image of Ti3C2Tx, (f) HRTEM image of ZHS@M.

distance in c-lattice parameter.

Moreover, the X-ray photoelectron spectroscopy (XPS) results
(Fig. 2¢) also suggested that the Al is selectively etched from the TizAlC;
by tracing the Li 1 s and F 1 s at around 60.5 and 685.0 eV. In addition,
such mild etching method usually begins from the outside of Ti3AlCq and
slightly moves forward into the inner Al layers. As a result, this method
possesses exposed Ti atoms and then forming C—C and C-Ti bonds. Thus,
the superior C content could be explained from MXene. Notedly, the
appearance of O and F could be attributed to the formation of functional
groups (—O, —F, OH) on the Ti3C,Tx nanosheets surface, which further
demonstrated the excellent being modified or potentially exceeding
interacted capacity. In Fig. 3d, two peaks coming from Ti were obviously
enhanced and obviously sliced to higher binding energy after etching
reaction. This is because of the electrophilic interaction and the polar-
ization of the vivo groups. And in Fig. S5, the high resolution of C 1 s was
presented, the C-Ti bonds and C—C bonds could be seen at 281.2 eV and
284.6 eV, respectively. Furthermore, the C-O (286.4 eV) and O—C=0
(288.9 eV) bonds proved the rich surface groups of the MXene nano-
sheets[14,22].

In Fig. 3(a), all of the main characteristic diffraction peaks were well

indexed to primitive standard cubic phase ZHS with the perovskite
structure (JCPDS: NO. 74-1825), indicating the high purity of the ZHS
[16]. Furthermore, the XPS result of ZHS showed up obvious Zn 2p peak
and Sn 3d peak at 1020-1050 eV and ~500 eV, respectively. In addition,
the hierarchical ZHS@M showed up similar peak at XRD compared with
ZHS and the (002) performed lower angle compared with the pure
MXene[15]. Furthermore, Fig. 3(c) exhibited thermal stability of ZHS,
M, and ZHS@M under air atmosphere, and there was apparent two-step
for the decomposition of ZHS and ZHS@M. What’s more, after con-
structing the nanocubic ZHS on Ti3C,Tx nanoflakes, the thermal stability
of ZHS@M was improved compared with the ZHS, indicating as prom-
ising nanofiller for enhancing the fire safety for polymer matrix.

Fig. 1(b and c¢) demonstrated the preparation of hierarchical
ZHS@M. As observed in Figs. 4 and 5, the SEM and TEM images pre-
sented well-distributed ZHS nanocubes on MXene nanosheets. Interest-
ingly, after the in-situ construction of hierarchical structure, the
diameter of ZHS did not exhibited large change and still maintain 100
nm or so, demonstrating this high stability of ZHS@M nanohybrid.

As presented in Fig. 2, the EP-ZHS@M composites were prepared via
two-step method. At first, the ZHS@M nanomaterials were dispersed in
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Fig. 6. (a) The through-plane thermal conductivity of EP and its ZHS@M composites; (b) the mechanism of enhanced conductance behavior.

DGEBA to obtain the highly homogenous pre-polymer. After that the
DDM was poured into the above suspension and first stage was cured at
100 °C for 2 h. Then the second step was further cured at 150 °C for 2 h.
As a result, the hierarchical ZHS@M was well-distributed in the EP and
the thermo-setting EP-ZHS@M composites were successfully synthe-
sized. Apparently, the labyrinth route (Fig. S4) was constructed with the
help of Ti3CyTx nanosheets, indicating the barrier among the EP matrix.

3.2. Thermal conductance

Thermal conductivity (TC) is considered as one of the most vital
factors for the applications in the thermal management[2-4]. With the
increasing development of modern electronics and devices, the un-
avoidable heat release should need to be dissipated in time. In general,
EP was a typical advanced polymer package material in thermal man-
agement due to excellent electrical and thermal property. The thermal
conductivity, however, of the neat EP exhibited poor applied potential.
Thus, it is a vital that develop a facile and efficient method to improve
the thermal conductivity of EP.

As shown in Fig. 6(a) and Table S5, the neat EP showed up only
0.2031 W/m-K, and with the increasing amount of ZHS@M, the TC of
these composites gradually enhanced up to 0.8691 W/m-K. After adding
2.0 wt% ZHS, EP-2.0 ZHS still performed poor thermal management
capacity though the high crystalline ZHS endowed the exceeding
phonon thermal conductance. This is because the low addition for the
EP, which is not capable for constructing the thermal conductive
network. Moreover, EP-2.0 M exhibited exceeding enhancement on
thermal conductivity compared with pure EP, owing to the large specific
area and electron-hole pair for the heat delivery. Besides, the surface
groups of MXene can make the ZHS@M interact tightly with the EP
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matrix due to the hydrogen bonds, which showing benefit to improve
the thermal conductivity. Most interestingly, the hierarchical ZHS@M
nanofiller offered the extraordinary TC for EP composites, and EP-2.0
ZHS@M presented 0.8691 W/m-K TC. Thanks to the synergetic effect
between ZHS and Ti3C,Ty, the TC of EP was enhanced by 328%.

To further investigated the thermal management mechanism, the
potential diagram was shown in Fig. 6(b). First, the heat flow reached
the surface of EP composite and soon entered into the inner matrix. With
the help of ZHS@M, the heat was rapidly delivered and passed away.
During this process, the electron-hole thermal conductance played an
essential role to conduct the heat, bridging the thermal conductive
network with ZHS[6,23]. In addition, the phonon thermal conductance
from ZHS was connected by the Ti3CoTy nanosheets, too. As a result, EP-
ZHS@M composites constructed electron-hole bridged hierarchical
phonon thermal conductance mechanism to enhance the thermal man-
agement capacity[5,24,25]. Therefore, these EP-ZHS@M composites not
only performed excellent fire safety and smoke suppression capacity, but
also showed exceedingly enhanced thermal conductivity, which was of
great benefit for heat radiation of the modern electronic products.

3.3. Thermal stability

As presented in thermogravimetric analysis (TGA) and differential
thermogravimetric analysis (DTG) curves (Fig. 7), the thermal stability
of these EP composites exhibited similar tendency and more detailed
data could be found in Tables S2 and S3. In Fig. 7(a and b), the initial
decomposition temperature (T 5 wto,) of these EP composites under Ng
atmosphere ranged from 351 °C to 372 °C. Furthermore, there were
obvious one stage during the decomposition of EP composites observed
from the DTG curves. This is mainly attributed to the decomposition of

400 450 500 550

Temperature (°C)

300 350 600

Fig. 7. (a and b) TGA and DTG curves from these EP composites under N, atmosphere, respectively.
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the macromolecular chains of DGEBA[26]. With the incorporation of
ZHS@M nanofillers, the thermal stabilities of the composites are all
enhanced, showing an increasing residue (from 14.68% to 24.53%).
However, the thermal stabilities of EP-2.0 ZHS@M and EP-2.0 M have
been low down to 354.8 °C and 351.4 °C. As for EP-2.0 ZHS@M, it can be
concluded that the addition of ZHS promoted the pre-decomposition of
EP composites due to the low decomposition temperature of ZHS. More
importantly, the enhanced TC of these two EP composites easily lead the
heat to be delivered into the inner part of polymeric materials
[15,27,28]. As a result, T 5 w9 became lower and this seemed to not
benefit for the flame retardancy. However, the char residue of them
raised by 67.10% and 39.31%, respectively, indicating the enhanced
carbon-forming capacity during the combustion. Obviously, this evi-
dence endowed the enhanced fire safety of EP owing to the self-cross-
linking behavior in the high temperature[29,30]. Hierarchical struc-
ture of ZHS@M offered powerful radical quenching ability due to its
large amount of defect. Moreover, the decomposition of ZHS@M into
ternary metal oxide catalyzed the self-cross-linking behavior, which was
vital to obtain more carbon char residues. Thereby, the exceeding car-
bon char residue offered better thermal insulating effect and implied the
strengthened fire safety of EP composites when the thermal runaway of
electronic products happened.

3.4. Fire safety

Cone calorimeter test, one of the most effective tools and directly
methods, revealed the real flame retardant capacity of materials in a fire
disaster [31,32]. Indeed, what a flame-retardant method does is mainly
to earn more escape time and provide more safe time for people in a
thermal runaway incident. Time to ignition (TTI) is usually adopted to
evaluate the fire safe index of materials[33]. As presented in Fig. 8(a and
c), EP-2.0 ZHS@M showed up the shortest TTI, 36 s, due to the highest
TC. But the heat release time and amount exhibited the lowest one,
indicating low thermal disaster during thermal runaway-caused fire
hazards. Furthermore, fire performance index (FPI), which is equal to
the value of TTI/pHRR, is used to evaluate the fire performance when
the materials facing a fire incident[34]. As expected, EP-2.0 ZHS@M

performed a FPI of 0.057 s-m?/kW, demonstrating a high fire safety. This
is because the highest TC of EP-2.0 ZHS@M resulting the smallest TTI.
What’s more, the barrier effect or labyrinth structure accused the plat-
form in HRR curve of EP-2.0 ZHS@M, which restricted the heat release
in the thermal combustion. (Detailed values of TTI, FPI could be found in
supporting information)

Furthermore, the particular results of heat release rate (HRR), peak
heat release rate (pHRR) and total heat release (THR) from the samples
were shown in Table S4 and the curves of HRR and THR are shown in
Fig. 8(a and b). As we can see, the ignition of these EP composites
occurred earlier than neat EP due to the introduction of ZHS. According
to the HRR patterns, neat EP burned dramatically and its HRR curve
forms a sharply single peak with a pHRR value of 1358.79 kW/m?2. After
introducing hierarchical ZHS@M nanomaterials, EP-2.0 ZHS@M
showed a wider platform than that of pure EP with a sharp decrease to
629.41 kW/m?, which only using with 2 wt% ZHS@M and accom-
plishing 54.91% abatement. Thus, ZHS@M hierarchical nanomaterial
successfully tried their efforts to restrict the heat-releasing behavior of
EP composites resulting in excellent fire safety.

What’s more, the total heat release (THR) results show the similar
trends with the above discussions. In particular, EP-2.0 ZHS@M (41.22
MJ/m?) exhibited lowest THR values which reduced by 58.74% than
that of pure EP (99.95 MJ/m?). As mentioned above, ZHS@M were well-
distributed in the matrix, which act as a barrier layer for the polymer
matrix when facing a fire hazard. In general, the Ti3C,Tx nanosheets
acted as a barrier to prevent the meteoric heat from fire to damage the
EP. Furthermore, the ZHS nanocubes possessed the fire safety due to
their catalytic capacity of trapping free radical coming up from the
combustion of EP. As a result, the labyrinth route built by MXene
nanosheets and the free radical quenching ability from ZHS played an
essential role for enhancing the fire safety[35,36]. More importantly,
the integrated ZHS@M exhibited extraordinary synergetic effect
without the disturb during the preparation.

Therefore, there was a conclusion that homogeneously dispersed
ZHS@M nanocomposites made the positive role of reducing the heat
release of EP and enhancing the fire safety with earning more escaping
time for people in fire incidents when a thermal runaway happening.
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Fig. 9. The gases release from cone calorimeter of neat EP and EP-ZHS@M composites: (a) CO production; (b) CO, production.

Besides, ZHS@M also performed exceeding thermal management due to
the OD-2D hierarchical structure. This nanohybrid not only offered
thermal conductor capacity, but also provided excellent precise for
constructing labyrinth structure of EP for reducing fire risk.

In the past decades, researchers have figured out that toxicity release
was one of the main killers whom lead to death in a fire incident, thus
suppressing it would earn more evacuated time for people and reduce
mortality in fire hazards[37,38]. Unfortunately, most of polymer ma-
terials including EP would release mortal smokes or gases during com-
bustion. Therefore, smoke suppression is an urgent problem to be solved
for the further applications of EP[31]. Fig. 8(c and d) performed the
smoke production rate (SPR) and total smoke release (TSR) curves,
respectively, during the combustion of EP, which are acquired from cone
calorimeter. Expectedly, after using ZHS@M, both of the SPR and TSR
were significantly decreased. Compared with pure EP, the indexes of
TSR and peak SPR (pSPR) reduced 58.49% and 32.29% with 2 wt%
content, respectively, indicating the outstanding capacity of ZHS@M
nanomaterial on smoke reduction.

As mentioned above, the Ti element from the Ti3CyTx offered an

efficient possibility for reducing the harmful gas from the combustion.
The exceeding catalytic capacity endowed the reduction of SPR and TSR,
providing excellent smoke suppression ability[39]. Moreover, the pro-
duction of two typical hazardous gas, CO and CO,, was dramatically
decreased for this reason, too[30,36]. As shown in Fig. 9 and Table S5,
the production of CO and CO, (named as COP and CO2P, respectively)
were observed from CONE. According to results, COP of neat EP reached
0.18%, which did a great harm for human lives. Fortunately, the
ZHS@M exhibited exceeding CO-release suppression capacity. EP-2.0
ZHS@M performed 0.10% yield in the same combustion situation,
which reduced 44.44% compared with neat EP. Similarly, the issue of
CO2P from the combustion of EP-2.0 ZHS@M exhibited highest decline
among these EP composites. With 39.46% decrease compared with the
neat one, this stifling gas was sharply reduced[7,40,41]. These results
are attributed to the powerful catalytic capacity of ZHS@M. In detail,
the transition metal carbide (Ti3CyTy) offered intrinsic ability of
reducing smoke, and the ZHS decomposed into ZnO and SnO when
burning in a fire, which are also benefit to decrease the hazardous smoke
[42]. As a result, ZHS@M turned into ZnO-SnO-TiO»-Ti3CoTx
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hierarchical ternary catalytic network. Therefore, ZHS@M nano-
composites possessed superior smoke suppression performance for
cleaner EP, resulting outstanding flame safety in thermal runaway of
electronic products.

3.5. Gas-phase evaluation

In order to further systematically understand the smoke suppression
behavior of EP-2.0 ZHS@M composites, the pyrolysis products were
systematically analyzed by thermogravimetric analysis-infrared spec-
trometry (TG-IR)[43]. Fig. 10(a and b) exhibit 3D absorbance images of
EP and EP-2.0 ZHS@M, visually descripting the amounts of pyrolysis
products. There was no apparent different peak between neat EP and EP-
2.0 ZHS@M, implying the introduction of ZHS@M feebly affect the
gaseous products in the thermal degradation procedure. As for the total
absorbance of pyrolysis products from EP and EP-2.0 ZHS@M versus
time (Fig. 11(b), Gram-Schmidt curves) and FTIR spectra of pyrolysis
gases at the maximum decomposition rate temperature (Fig. 11(a)), the
peak intensity of EP-2.0 ZHS@M obviously reduced compared with pure
EP, illustrating hierarchical ZHS@M possessed significant capacity on
the pyrolysis gases generation of EP. Fig. 12(a-f) shows several char-
acteristic peaks of several common hazardous pyrolysis products during
decomposition of EP and EP-2.0 ZHS@M, including hydrocarbons

(2980 cm™!), CO, (2380 em™!), CO (2180 ecm™), carbonyls (1743
cm’l), aromatic compounds (1650 cm’l), ethers (1110 cm™ 1) [17,38].

Generally, CO are considered as the most dangerous volatile gases in
the fire hazards[34]. The lower release of this pyrolysis hazardous
compounds (PHCs) compared to the neat EP was significant to reduce
the flame hazards and smoke toxicity in order to save people lives during
a fire. Additionally, the other carcinogens such as carbonyls and ethers
were also reduced. In addition, the lower releasement of hydrocarbons
was benefit to stop the fire spread and expansion because the organic
molecular was inflammable[44]. And this result also supported the low
heat release of EP-2.0 ZHS@M mentioned above. Interestingly, CO, a
noncombustible gas, fell into a decline, too. However, this phenomenon
was supposed to a useful evidence that it reduced the risk of suffocating
to death during a fire happening. From these TG-IR tests, we can
conclude the ZHS@M could reduce the production of hazardous gases
and smokes for enhancing smoke suppression behavior of EP. The low
CO release was vital for human life during the fire hazards and the low
CO2 production made a great difference to prevent the death from
asphyxia. Therefore, the low toxicity release and weaken heat deliver of
the EP-based materials at its combustion behavior have proven that it
accomplished the potential to be used as a safer polymer material facing
thermal runaway.
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Fig. 13. Digital photographs of the char residue from EP and their composites after combustion: (a) neat EP; (b) EP-0.5 ZHS@M; (c) EP-1.0 ZHS@M; (d) EP-2.0

ZHS@M; (e) EP-2.0 M; (f) EP-2.0 ZHS.
3.6. Flame retardant mechanism

To better investigate the burning behavior, the digital photographs
of char residues from the samples after cone calorimeter test are pre-
sented in Fig. 13. As can be seen in those digital photos, EP burns out
with a little char residue. When adding 0.5 wt% ZHS@M, very few loose
char residues are left and the appearance hard to remain a boxed shape.
However, with the usage of 2.0 wt% ZHS@M, the appearance of residue
became regular and the color changed into light white. This is partly
because the oxidation of Ti3C,Tx and transformation into TiO. Besides,
when the combustion occurred, ZHS began to decomposed and

transformed into zinc oxide (ZnO) and stannous oxide (SnO), which
enhanced the catalytic effect[8,45,46]. Typically, the 2D TizCyTx
nanosheets played as a role of protective barrier and gradually became
TiO,, which finally resulted a hierarchical structure (Ti3CoTy-TiO2-ZnO-
SnO) protective layer to avoid the fire or heat spreading[47]. What’s
more, TiO2-ZnO-SnO ternary catalytic capacity was attributed to the
excellent smoke suppression behavior, too. Therefore, the decrease of
heat and toxicity for EP composites is reasonable and expected.

To our knowledge, a rich and dense char layer can be regarded as a
powerful shield to stop the transfer of flammable volatile and heat with
advantage. However, the effectiveness of a protective layer is depended

Fig. 14. (a-d) SEM images of the char residue from EP-2.0 ZHS@M.
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on the char-forming capacity[43,48]. Therefore, Raman spectra were
adopted to further study the graphitic structure of char residues shown
in Fig. S2. There exist two remarkable peaks at 1360 and 1590 cm™* or
so in all curves, which is belong to D band and G band. The ratio of the
integrated area of D to G band in the testing range (Ip/Ig) is usually
employed to determine the degree of graphic structure. Typically, the
lower ratio of Ip/Ig, the higher graphitization degree of char is. And this
result tends to offer more effectively protection of materials from
burning procedure[49,50]. In these Raman spectra, the values of Ip/Ig
obey the subsequence of EP-2.0 ZHS@M (2.15) < EP-2.0 M (2.31) < EP-
2.0 ZHS (2.32) < EP (2.35). Obviously, it can be discovered that neat EP
exhibited the highest Ip/Ig value which indicated the lowest graphiti-
zation degree. On the contrary, the EP-2.0 ZHS@M performed the
exceeding graphitization degree. So, it is clear that why apparent
attenuation of combustion and low heat deliver for EP-2.0 ZHS@M. In
total, it can be said that ZHS@M nanocomposites catalyzed forming
graphitized char layers with excellent capacity to protect the polymer
matrix, thus enhancing the fire safety.

Furthermore, the components of the char residues are also vital to be
learnt. In Fig. 14, the SEM images exhibited the char residue from EP-2.0
ZHS@M. These results indicated ZHS@M protector still remain nano-
sheet shape on the surface due to the migration of TizgCyTx-TiO2-ZnO-
SnO hierarchical structure after the burning process. In Fig. S1, the XRD
patterns were shown and we could find that there is rutile TiO5 in these
samples. Furthermore, ZnO and SnO could be found in 25° and 36.5°,
respectively. Thus, the TizCyTx nanosheets have been proven that they

were transformed into TiO, and ZHS was changed into ZnO and SnO,
indicating the ternary catalytic effect. As discussed above, we can know
that the toxicity from gas phase was reduced[29,51]. Therefore, we can
conclude that the flame-retardant mechanism of this phenomenon is
attributed to the condensed phase char forming capacity and the
reduction of flammable pyrolysis products from gas phase (diagram can
be seen in Fig. 16). Overall, the enhanced char forming ability and
toxicity suppression capacity offer superior fire safety for EP.

In addition, the components of the char residues are also carefully
investigated by XPS[52]. As presented in Fig. 15(a-d), there were
apparent Ti, Zn and Sn-based component in the char residue. Further-
more, Fig. 15(e and f) determined the main component of this residue
from EP-2.0 ZHS@M. As the C 1 s spectrum shown, the binding energies
for C—C/C—H, C-O, and O—C—0 were found at 284.7, 286.3, 288.2 eV,
respectively. With the help of O 1 s spectrum, we can learn that the Ti-O,
C-0, and C=O from 531 eV, 532 eV, and 533.2 eV, respectively, indi-
cating the ternary metal oxide catalytic effect. Hence, from SEM, XRD,
and XPS, we can thoroughly understand the flame retardant mechanism.

Therefore, these results from XRD, SEM and XPS ulteriorly demon-
strated the exceeding fire safety and cleaner smoke release of EP and the
flame retardant mechanism from condensed phase (Fig. 16). In short,
the exceptional catalytic effect and barrier effect from ZHS@M nano-
material effectively improved the fire safety and smoke suppression
capacity, indicating a cleaner and safer production for the modern
electronic applications for EP.

Hierarchical ternary catalytic effect & labyrinth

effect fire-safe and low-toxic mechanism

Catalytic effect

ZHS—Zn0, SnO; Ti;C,—TiO,

Ti;C; nanosheets

Barrier effect

Epoxy resin [ Char layer ~ TisCynanosheets @ ZnO0 O 500 J Ui,

Fig. 16. The flame retardant mechanism of hierarchical ZHS@M: labyrinth effect and ternary catalytic effect.
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3.7. Mechanical performance

Generally, EP is one kind of advanced polymer with superior tensile
strength and mechanical property must not be neglected during the
practical applications[9]. As presented in Fig. 17(a) and Table S6, there
were typical stress-strain curves for thermo-setting resin. In detail, the
neat EP showed up 45.14 MPa tensile strength and 0.58 GPa modulus.
EP-2.0 ZHS@M accomplished superior robustness of 64.71 MPa and
Young’s modulus of 2.39 GPa. Firstly, the ZHS@M nanohybrids generate
strong hydrogen bonding interaction with epoxy resin molecular chain.
The hydrogen bonds tightly connected with the molecular chain,
resulting enhanced tensile strength. Secondly, the OD-2D hierarchical
ZHS@M are well-distributed in EP matrix, and these robust nano-
networks construct the improvement of the mechanical property.
These results exhibited the EP-ZHS@M still maintained the superior
mechanical performance. Furthermore, there is a synergetic effect of
ZHS@M for enhancing the mechanical strength as demonstrated in
Fig. 17(b). The robust Ti3CoTx nanosheets and high crystalline ZHS
make the effort for the improved modulus and strength, indicating the
superior mechanical performance for the electronic package materials.

4. Conclusion

As discussed above, a series of EP composites with outstanding
thermal management capacity and fire safety were successfully pre-
pared. The 0D-2D hierarchical structure of ZHS@M was obtained via a
facile and efficient in-situ growth approach, and this hierarchical
nanomaterial acted a vital factor for reducing fire risk. In particular, the
ZHS@M not only offered improved the thermal conductivity via hier-
archical thermal conductance approach, but also strengthened the flame
retardancy of EP. In detail, the thermal conductivity was up to 0.8691
W/m-K due to the electron-hole bridged phonon thermal conductance
mechanism, indicating the exceeding thermal management capacity.
Furthermore, the pHRR and THR was efficiently reduced by more than
50% thanks to the hierarchical labyrinth structure. Interestingly, the CO
and CO; production were decreased by 44.44% and 39.46% due to the
ternary catalytic effect, respectively, when using 2 wt% ZHS@M. In
addition, these EP-2.0 ZHS@M composite still remained superior me-
chanical robust of 64 MPa and high modulus of 2.39 GPa. Therefore, this
work provided a facile and efficient method for solving thermal man-
agement in applications of modern electronic products and offered an
efficient flame retardant EP composites when facing fire risks raised by
thermal runaway.
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