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Abstract: Poly(3,4-ethylenedioxythiophene) (PEDOT) is intro-
duced on the surface of a metal-organic framework material
by solvothermal method to prepare nanorods (TE@Zn-MOFs)
with both flame retardant and thermoelectric properties.
Data from cone calorimeter and TG-IR show that TE@Zn-
MOFs effectively improves the flame retardant and smoke
suppression properties of epoxy-based coatings. At a high
TE@Zn-MOFs content of 10 wt%, the coating oxygen index
increased from 18.2% to 29.0%, the total smoke release
decreased from 2526 to 22.60 m? and the V-0 level was
achieved in vertical combustion classification. Moreover,
PEDOT enables epoxy-based coatings to output a certain
current value at different heating temperatures (50-200°C).
This work demonstrates that MOFs with flexible and variable
structures can serve as effective flame retardants for epoxy-
based coatings and endow coatings with fire warning charac-
teristics, providing a way to develop multifunctional coatings
for different application scenarios.

Keywords: flame retardant, thermoelectric property, metal—
organic frameworks, nano-multifunctional coating, epoxy
resin-based coating

1 Introduction

In recent years, ship fires and explosion accidents have
been on the rise. As a water combat platform, ships have
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the characteristics of closed area, complex structure, change-
able environment, dense personnel and goods, large numbers
and high density of flammable and explosive goods [1-4].
These characteristics lead to a high incidence of fire on ships.
According to statistics, ship fires account for about 15% of
total fire losses in China [5-7]. Therefore, with the increas-
ingly widespread application of flammable lightweight com-
posite materials in ships, higher requirements have been put
forward for the sensitivity of fire warning sensors. Current
fire warning devices mainly include smoke alarms and
infrared alarms [8,9], which are often installed at the top of
the ceiling or on the wall, usually far from the ignition source,
and can only be triggered when the smoke concentration or
thermal infrared intensity exceeds a certain value. As a result,
they often require a longer response time (>80 s) [8]. Lack of
early warning systems and delays in early warning often
result in people missing optimal firefighting and evacuation
times. For example, the “Fleet Admiral Kuznetsov” caught fire
while in port for maintenance; the “Kilsack” caught fire
during routine maintenance. Many painful fire accidents
remind us that the development of new highly sensitive fire
warning sensors is the key to reducing fire incidence and fire
losses.

Smart responsive materials can respond to external
stimuli such as pressure, temperature and light by intro-
ducing specific functional molecules or groups [10-12]. This
also provides a solution for the development of new fire
warning devices. Thermoelectric materials are a type of
functional material that can achieve the mutual conver-
sion of thermal and electrical energy, and are generally
semiconductor materials [13]. Thermoelectric materials can
be divided into seven types, including BiTe series, SnSe series,
CusSe series, multi-component oxides, half-Heusler alloys, ger-
manium telluride, lead telluride series and organic-inorganic
composite series [14].

Most inorganic thermoelectric materials contain expensive
metals or toxic elements [15-17]. Compared with inorganic ther-
moelectric materials, organic thermoelectric materials have
the advantages of low thermal conductivity, light weight,
low toxicity, high flexibility, easy processing, etc. [18-20].

8 Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/epoly-2023-0138
mailto:563071252@qq.com

2 — Guorong Wang et al.

They are generally conductive polymers with conjugated
structures, such as polyaniline, polypyrrole and poly (3,4-ethy-
lenedioxythiophene) (PEDOT) [20]. These polymers have a
variety of band structures, showing the characteristics of
semiconductor materials. However, the key problem is that
the ZT (thermoelectric figure of merit) value of organic ther-
moelectric materials is too small to meet practical application
[21]. To improve the ZT value of these materials, many mea-
sures have been taken, such as doping [22], organic-inorganic
hybridization [23] and post-treatment [24]. Metal-organic
frameworks (MOFs) can be obtained by organic-inorganic
hybrid treatment [25]. MOFs is an organic—inorganic hybrid
nanoporous material, which has been applied in optics, med-
icine and electronics due to its flexible structure design and
good dispersion [26-28]. In addition, studies have confirmed
that MOFs as flame retardants in polymers can significantly
improve their flame retardancy and smoke suppression prop-
erties [29-31].

Compared to additive flame retardants, flame retar-
dant coatings effectively enhance the flame retardancy of
the protected material without affecting its inherent prop-
erties, such as mechanical properties. As a general resin,
epoxy resin has the advantages of high strength, wear
resistance, corrosion resistance and strong adhesion, and
is widely used in plastic parts, coating substrates and other
fields. However, as a flame-retardant coating, unmodified
epoxy resin often fails to meet the required requirements.
Studies have shown that adding MOFs as flame retardants
to epoxy resin to form an epoxy-based flame retardant
coating can effectively improve the flame retardancy and
smoke suppression performance of the protected material
[32-34]. In addition, MOFs as flame retardants not only
improve the flame retardancy of epoxy-based coatings,
because of their flexible structural design, but also bring
multifunctional properties to epoxy-based coatings, such
as electromagnetic wave absorption [35] and formaldehyde
adsorption [36]. Therefore, designing MOFs that are sui-
table as intelligent response materials and exhibit high
flame retardancy has become the current research focus.

In this study, 3,4-ethylenedioxythiophene, a highly
promising organic thermoelectric material, was used to
prepare nanorods with thermoelectric effect by in situ
polymerization on the surface of MOFs, a nanorod that
has been proved to be effective flame retardant of polymer
[37]. This thermoelectric MOFs was added to epoxy resin-
based coating with different mass fractions (0, 4, 6, 8 and
10 wt%) as additives to determine the amount of filler
required to satisfy the coatings with good flame retardant
and thermoelectric properties. Finally, SEM, TG-IR, XPS
and Raman spectroscopy were used to obtain the mor-
phology of the coatings, the type of gas released during
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combustion and the composition of residual carbon, to
determine the flame-retardant and early warning mechanism
of thermoelectric Zn-PHBA nanorods as epoxy resin-based
coating additives. The results show that TE@Zn-MOFs effec-
tively improves flame retardant and smoke suppression prop-
erties of the coatings. Moreover, PEDOT enables epoxy-based
coatings to output a certain current value at different
heating temperatures (50-200°C). This work provides a
way to develop multifunctional coatings for different appli-
cation scenarios.

2 Materials and methods

2.1 Materials

Ethanol (C,HsOH, AR), ZnAc-2H,0 (AR), p-hydroxybenzoic
acid (PHBA, 99%), 3,4-ethylenedioxythiophene (EDOT, 99%),
Fe(NO3)3'9H,0 (AR) and triphenylphosphine (GC) were pur-
chased from Aladdin Company (Shanghai, China). E-51
epoxy resin and curing agent (industrial product) were
obtained from Xingchen Company (Nantong, China).

2.2 Synthesis of thermoelectric nanorods
(TE@Zn-MOFs)

As an effective flame retardant for vinyl resins, the synth-
esis method of Zn-MOFs nanorods has been described
in previous research work [37]. About 20g of Zn-MOFs
nanorods and 150 mL anhydrous ethanol were placed in a
1,000 mL three-necked flask, and Zn-MOFs was completely
dispersed in ethanol by mechanical stirring for 2 h. Subse-
quently, 16 g EDOT was added, and the mechanical stirring
(300 rpm) was maintained, and the reaction temperature
was set to 35°C. Then, 71g Fe (NO3)5-9H,0 was dissolved in
300 mL ethanol and slowly dripped into three flasks within
2 h. The mixture was stirred for 24 h. After the reaction, the
reaction solution was centrifuged, and the precipitate was
washed several times with ethanol and deionized water,
then placed in an oven to dry at 60°C for 12h. The mass of
the product (TE@Zn-MOFs) is about 20 g.

2.3 Preparation of TE@Zn-MOFs/Epoxy
coatings

According to Table 1, at 25°C, TE@Zn-MOFs was mixed with
epoxy resins and then curing agent was added. The
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Table 1: Components in the TE@Zn-MOFs/Epoxy coatings

Sample E51-LP3(9) T31(g) TE@Zn-MOFs (g)
TE@Zn-MOFs/Epoxy, ~ 90.00 10.00 0.00
TE@Zn-MOFs/Epoxy;  86.00 10.00 4.00
TE@Zn-MOFs/Epoxy,  84.00 10.00 6.00
TE@Zn-MOFs/Epoxy;  82.00 10.00 8.00
TE@Zn-MOFs/Epoxy,  80.00 10.00 10.00

mixture was poured into the mold after defoaming for
10 min. The mixture was cured at 25°C for 12 h, then cured
at 80°C for 3h. The mold was naturally cooled to room
temperature, and sample to be tested was obtained.

2.4 Characterization

The morphology and elemental composition of TE@Zn-
MOFs were obtained by scanning electron microscopy
(Sigma300, Carl Zeiss, Germany), transmission electron
microscopy (2100F, JEOL, Japan) and energy dispersive
spectroscopy (X-max 80T, Oxford, UK). The chemical for-
mula of TE@Zn-MOFs was determined by X-ray diffraction
(Power D8, Bruker, Germany), Fourier transform infrared
(Nicolet is20, Thermo Fisher, USA) and X-ray photoelectron
spectroscopy (ESCALAB 250Xi, Thermo Fisher, USA). The
specific surface area of TE@Zn-MOFs was obtained using
ASAP 2020HD88 (Micromeritics, USA).

The basic physical properties of TE@Zn-MOFs/Epoxy
coatings were carried out according to GB/T 9286-1998, GB/
T 6739-1996, GB/T 9751-1988 and GB/T 1728-89. The density of
TE@Zn-MOFs/Epoxy coatings was obtained by Archimedes
method. The mechanical properties of TE@Zn-MOFs/Epoxy
coatings were tested according to GB/T 1040.1-2006.

Limiting oxygen index (LOI) values of TE@Zn-MOFs/
Epoxy coatings were obtained using an oxygen index (YZS-
B, Aidno, China) according to ASTM D2836-97, and the
sample size was 130 mm x 10 mm x 6 mm. UL-94 rating
was tested by a vertical combustion apparatus (ZF 621, all
states, China) according to ASTM D3801, and the sample
size was 130 mm x 12.5mm x 3.2 mm. Combustion perfor-
mance of TE@Zn-MOFs/Epoxy coatings at 50 KW-m 2 irra-
diation power was tested by cone calorimeter (FTT0007, FTT,
UK), and the sample size was 100 mm x 100 mm x 3 mm.

By studying TG-IR (TGA2, METTLER, Switzerland) of
TE@Zn-MOFs/Epoxy coatings, and the morphology, ele-
mental composition and Raman spectroscopy (DXR2xi,
Thermo Fisher, USA) of residual carbon from TE@Zn-
MOFs/Epoxy coatings, the flame-retardant mechanism of
TE@Zn-MOFs was obtained.

Flame-retardant thermoelectric response on PEDOTmodified MOFs
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The output voltage curves of TE@Zn-MOFs/Epoxy coat-
ings at different heating temperatures (50-200°C, every
50°C for a group) were obtained by a paperless recorder
(MIK-R200T, Asmik, China). Shielding wire was embedded
on the surface and opposite surface of TE@Zn-MOFs/Epoxy
coatings contact heating platform. The shielding wire
drawn from TE@Zn-MOFs/Epoxy coatings was connected
to the DC voltage transmitter (MIK-DZU-20 mv, Asmik,
China), and then connected to the paperless recorder.
The schematic diagram is shown in Figure A7.

3 Results and discussion

3.1 Characterization of TE@Zn-MOFs

Figure 1 and FigureAl show the morphology and EDS of
TE@Zn-MOFs obtained by SEM and TEM. Compared with
the unmodified nanorods (Figure A2) [37], the surface of
TE@Zn-MOFs became rough and the diameter increased by
about 200 nm. In addition, some nanorods have a shor-
tened aspect ratio after modification, forming a similar
spherical substance. Figure Al shows that TE@Zn-MOFs
contain C, O, S, N, Zn and Fe, proving that PEDOT is suc-
cessfully introduced into TE@Zn-MOFs.

Figure 2 shows the FTIR, XRD and XPS spectra of
TE@Zn-MOFs. Compared to Zn-MOFs nanorods without
PEDOT modification, TE@Zn-MOFs show new character-
istic peaks at 1,315, 1,067, 838 and 701 cm™Y, The character-
istic peak was observed at 1,315cm™’, corresponding to
C—C. The characteristic peak was observed at 1,067 em™
corresponding to C—-O—C. Peaks were also observed at 838
and 701cm™, attributing to stretching vibrations of the
C-S-C bond in thiophene ring (Figure 2a) [38]. Figure 2b
also shows that the crystal structure of TE@Zn MOFs has
not changed significantly. Except that the characteristic
peaks of PEDOT in the diffraction pattern located at 13.5°
and 25.9°, corresponding to (200) peak and (020) peak,
respectively. The (020) characteristic diffraction peak is
the stacking distance of the planar rings between molecular
chains of PEDOT. In addition, the XPS results of TE@Zn-
MOFs prove the existence of C, O, Zn and S (Figure 2c). There
are four peaks of C-C/C-H, C= 0, C-0 and C-S in the C 1s
spectrum of nanorods, which are located at 284.8, 289.13,
286.2 and 287.1 eV, respectively, indicating that C maintains
the chemical state of PHBA and PEODT, and no new struc-
tural form appears. There are four peaks of Zn-0 2py,,
Zn 2psp, Zn-0 and Zn-S in the XPS spectrum of Zn 2p,
which are located at 1,045.63, 1,022.53, 1,021.7 and 1,022.3 eV,
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respectively. Therefore, Zn*" exists in nanorods and there is a
coordination reaction between Zn and S in PEDOT. There are
two absorption peaks of S 2p and SO, in the S 2p spectrum
of nanorods, which are located at 164.2 and 168.5 eV, respec-
tively. This also shows that Zn has a coordination reaction
with S in PEDOT. Based on the morphology data of the
nanorods, the synthesis process of TE@Zn-MOFs did not
change the structure of the organic molecules. Zn binds to
the organic molecules through coordination, forming a MOF
material with Zn as the connecting point. Therefore, the che-
mical structure of TE@Zn-MOFs is shown in Figure 2h.
Figure A3 shows the adsorption—desorption curve and
pore size distribution of TE@Zn-MOFs. Specific surface
area of TE@Zn-MOFs was obtained by BJH calculation.
According to the physical adsorption isotherms classifica-
tion method recommended by IPUAC in 2015, the curve of
TE@Zn-MOFs belongs to the type II adsorption isotherm.
Generally, gas adsorption isotherms generated by non-
porous or macroporous materials exhibit reversible type
II isotherms, and their lines reflect unrestricted mono-
layer-multilayer adsorption. The specific surface area of
TE@Zn-MOFs (35.3823 m*g™) is larger than that of other
linear materials [39,40]. The larger specific surface area
of the nanorods means that the possibility of agglomera-
tion and deactivation of the nanorods is reduced at a rela-
tively high addition amount, which is beneficial to achieve
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Figure 1: (a, b) SEM and (c, d) TEM images of TE@Zn-MOFs.
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a higher addition amount in the polymer coating matrix to
obtain better functional properties [41,42].

3.2 Basic physical properties of TE@Zn-
MOFs/Epoxy coatings

Table Al shows the density of TE@Zn-MOFs/Epoxy coat-
ings. With the increase of TE@Zn-MOFs, the coating density
decreases. Compared to pure matrix coatings, the density
of the coating with 10 wt% fillers decreased from 1.230 to
1.157, about 6%.

Table A2 shows the basic physical properties of TE@Zn-
MOFs/Epoxy coatings. When the addition amount of TE@Zn-
MOFs is 10 wt%, the adhesion of the coating decreases from
level 0 to level 1, the hardness decreases from 50.60 H to
36.07 H, and the viscosity increases from 58.80 to 86.40 Pa:s.
There is no difference in the surface drying time of different
samples. Therefore, this also shows that the fillers change
the inherent properties of the matrix.

Table A3 shows the mechanical properties of TE@Zn-
MOFs/Epoxy coatings, including tensile strength, tensile
shear strength and impact strength. In general, the addi-
tion of TE@Zn-MOFs inevitably leads to a decrease in the
mechanical properties of the coating. Specifically,




DE GRUYTER

Flame-retardant thermoelectric response on PEDOTmodified MOFs

a N b Zn-MOFs
701cm
TE @ Zn-MOFs
TE @ Zn-MOFs (110) e Zn-MOFs
A PEDOT
% 1067cm”
Q\t 1315 cm-1 —~
3 B
£ Zn-MOFs S
£ 2
g 2 =)
g i g s
g /75 .1 656cm 2 S
= 1589cm ' 1420cm = T
p-hydroxybenzoic acid
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 | 1500 1000 500 0 10 20 30 40 50 60 70 80
Wavenumber(cm™) 20(°)
c TE @ Zn-MOFs d B experimental data I
Ols fitting line 284.80 eV
7 Cls  ——cccH C-C/C-H
N, Cls
—C=0
—C-0
) —C-S
,;:\ ) ———bkg.
e >
= Zn2p3 £
= P =
Q 40—)4
| g
—— T — T —T———T— T T T T T T T T 1
1200 1000 800 600 400 200 0 296 294 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)
= experinmental data 1022.53 eV
€ fitting 7n 2 f = experinmental data |
Y3 L
Zn 2p Zn-S o1 — fitting line 532176V
Zn-0 10217 v bkg.
loss feature 7n-0
o Zn-0
3 -
| 1045.63 evl 1Zoz§.3 eV s
Z| o2, o z2
5 g
E loss feature E
- —

Intensity (a.u.)

T
175 170 165 160

T T T T T
1040 1035 1030 1025 1020

Binding Energy (eV)

T T
1050 1045

g = experinmental data
= fitting libe

S2p —S2

——Na,S0,

———Dbkg.

! 164.2eV
S 2p

168.5¢V !
Na,SO,

Binding Energy (eV)

T T
544 542 540 538 536

T T T T
534 532 530 528 526

Binding Energy (eV)
o
)k )
H3C (0] S/H

-_— 5

Figure 2: Structural characterization of TE@Zn-MOFs: (a) FTIR spectra, (b) XRD pattern, (c) XPS survey, (d) C 1s, (e) Zn 2p, (f) O 15, (g) S 2p and
(h) possible structural forms.
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compared with the filler-free coating substrate, the tensile
strength of the coating with 10 wt% TE@Zn-MOFs decreased
from 8.52 to 3.31 MPa, about 61%, the tensile shear strength
decreased from 20.43 to 12.53 MPa, about 39% and the impact
strength decreased from 20.28 to 6.55 MPa, about 67%. Figure
A4 shows the tensile section of TE@Zn-MOFs/Epoxy coatings.
The tensile section of the filler-free coating is smooth and has
only a few shear bands. As the amount of filler increases, the
roughness and holes of the tensile section gradually increase.
In addition, the surface of the tensile section is not continuous,
and different degrees of cracks appear. This also confirms
that the greater the amount of TE@Zn-MOFs, the worse the
mechanical properties of the coatings. Therefore, the addition
of functional flame-retardant fillers leads to deterioration of
the mechanical properties of the coating. This also proves the
advantages of the flame-retardant coating, which effectively
improves the flame retardancy of the protected material
without affecting the mechanical properties and basic physical
properties of the protected material.

3.3 Flame retardation of TE@Zn-MOFs/Epoxy
coatings

Table 2 shows the vertical combustion classification and
LOI of TE@Zn-MOFs/Epoxy coatings. The coating without
TE@Zn-MOFTs cannot be classified under vertical combus-
tion conditions and the LOI is only 18.2%. When the addi-
tional amount of TE@Zn-MOFs was 10 wt%, the coating
achieved V-0 under vertical combustion conditions and
LOI increased from 18.2% to 29.0%, about 60%. This shows
that the filler effectively improves the flame retardancy of
the coating.

Figure A5 shows the combustion of TE@Zn-MOFs/Epoxy,
and TE@Zn-MOFs/Epoxy, at an oxygen index of 25%. TE@Zn-
MOFs/Epoxy, burns rapidly after contact with the flame and
has obvious dripping phenomenon. In addition, the sample
was essentially burned after 160 s of combustion. When the
additional amount of TE@Zn-MOFs is 10 wt%, the sample is

Table 2: Flame retardation of TE@Zn-MOFs/Epoxy coatings
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exposed to 40s under the flame to have a slight ignition
phenomenon, and the flame is quickly extinguished after
the sample is removed from the fire source, which also con-
firms the effectiveness of TE@Zn-MOFs to improve the flame
retardancy of the coating.

Figure A6 is an electronic image of the sample after the
oxygen index test. Compared to unmodified samples, sam-
ples with TE@Zn-MOFs maintained the integrity of the
shape. In addition, the higher the amount of TE@Zn-
MOFs added, the better the integrity of the sample. This
shows that the addition of fillers can catalyze the forma-
tion of residual char and has a positive effect on the
improvement of the structural density of residual char.
The dense residual char is beneficial in inhibiting the
heat release and gas release of the sample during combus-
tion [43,44].

3.4 Fire behavior on TE@Zn-MOFs/Epoxy
coatings

The release of TE@Zn-MOFs/Epoxy coatings was examined
by using a cone calorimeter. Figure 3 shows the heat
release rate (HRR), total heat release rate (THR) and mass
loss curves of TE@Zn-MOFs/Epoxy coatings. Table A4 pro-
vides quantitative data for cone calorimeter test samples.
The HRR and THR curves of samples with TE@Zn-MOFs
were lower than those without TE@Zn-MOFs throughout
the combustion process. When the content of TE@Zn-MOFs
is 4, 6, 8 wt%, the difference between the HRR curve of the
coating is not obvious, and the peak time is delayed. The
incorporation of PEDOT into Zn-MOFs resulted in minimal
differences among zinc (transition element) content of
these three sets of samples. Zinc plays a catalytic role in
char formation during the combustion process of the
coating sample. The dense carbon layer is beneficial to
inhibit the release of heat and smoke. Therefore, when
the difference in zinc content is not obvious, the difference
in HRR curve is not obvious.

Sample uUL-94 LOI (%)
t1 (s) t2 (s) Dripping Ignite the cotton Rating
TE@Zn-MOFs/Epoxy, — — Yes Yes — 18.2
TE@Zn-MOFs/Epoxy; — — Yes Yes 233
TE@Zn-MOFs/Epoxy, 3 20 Yes Yes V-2 24.5
TE@Zn-MOFs/Epoxys 3 15 Yes No V-1 26.8
TE@Zn-MOFs/Epoxy, 5 3 No No V-0 29.0
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Figure 3: (a) HRR, (b) THR and (c) mass loss curves of TE@Zn-MOFs/Epoxy coatings.

In addition, with the increase of TE@Zn-MOFs, the amount
of residual char of the sample also gradually increased. flame
growth rate (FGR) is the ratio of pHRR to tpHRR. The smaller
the FGR, the better the safety of the material in the event of fire,
which can provide a longer window period for fire [45]. Com-
pared to the unmodified coating, when the additional amount
of TE@Zn-MOFs was 10 wt%, the FGR of the coating decreased
from 18.72 to 9.29, about 50%. Therefore, the addition of TE@Zn-
MOFs effectively increased the amount of residual char and
inhibited the heat release of the coating during combustion.

Polymer-based materials often release smoke during
combustion. These fumes can cause a significant drop in
vision and are often toxic. Therefore, another necessary
condition to determine whether the flame-retardant filler
is effective in improving the flame retardancy of polymer-
based materials is the inhibitory effect on smoke release
during combustion. Figure 4 shows the smoke release rate
(SPR), total smoke release (TSP), CO release rate (COP) and
CO, release rate (CO,P) curves of TE@Zn-MOFs/Epoxy coat-
ings. The smoke release curve of the coatings is consistent

with the shape and trend of the heat release curve of the
coatings, i.e., TE@Zn-MOFs efficiently inhibits the smoke
release of the coatings. When the content of TE@Zn-
MOFs is 4, 6, 8 wt%, the difference between the SPR and
TSP curves of the coating is not obvious, and the peak time
is delayed. The reason for this is consistent with the reason
why the difference in HRR curve is not obvious. When the
content of TE@Zn MOFs is 10 wt%, the curve of the coating
shows significant changes and the peak reaches the lowest.
The specific values of TSP, PSPR, PCO,P and PCOP in Table
A4 also illustrate this point. Therefore, TE@Zn-MOFs effi-
ciently inhibits the release of coatings, providing favorable
support for fire rescue and personnel escape.

3.5 Thermoelectric properties of TE@Zn-
MOFs/Epoxy coatings

Figure 5 shows the electrical conductivity of TE@Zn-MOFs/
Epoxy coatings. Compared to pure matrix coatings, the
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Figure 4: (a) SPR, (b) TSP and (c, d) CO and CO, release rates curves for TE@Zn-MOFs/Epoxy coatings.
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Figure 5: Electrical conductivity of Epoxy coatings as a function of TE@Zn-
MOFs content.

density of the coating with 10 wt% TE@Zn-MOFs increased
from 0.89 x 107 to 1.06 x 10 S-cm™. As a MOF, TE@Zn-
MOFs have a large surface area and size effect. Therefore,

TE@Zn-MOFs content increases, resulting in an increase in
carrier concentration. When the filler content increases to
10 wt%, the conductivity of TE@Zn-MOFs/Epoxy coatings
changes by order of magnitude.

Figure A7 is a schematic diagram for detecting the
thermoelectric properties of TE@Zn-MOFs/Epoxy coatings.
According to ZT = §*Ta/k (ZT is the thermoelectric figure of
merit, S is the Seebeck coefficient, T is the absolute tem-
perature, ¢ is the electrical conductivity and x is the
thermal conductivity), the thermoelectric efficiency of the
TE coatings is proportional to its electrical conductivity.
When one side of the coating is heated, the carriers on
the high temperature side will migrate along the tempera-
ture gradient to the low temperature side, resulting in a
potential difference between the high and low temperature
ends. When TE@Zn-MOFs content increases, the carrier
concentration migrated due to heating also increases, so
that the output voltage of TE@Zn-MOFs/Epoxy coatings
rises faster when heated, and the maximum output voltage
can be achieved higher.
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Figure 6: The output current curves of TE@Zn-MOFs/Epoxy coatings heated at: (a) 50°C, (b) 100°C, (c) 150°C and (d) 200°C.

The output current curves of TE@Zn-MOFs/Epoxy coat-
ings at different heating temperatures were studied by paper-
less recorder and matching voltage transmitter. Figure 6a
shows the output current curve of the coating heated at
50°C. The sample without TE@Zn-MOFs had no current
output during the heating process of 60 s, while the coating
with TE@Zn-MOFs had current output. In addition, the max-
imum current output values of coatings with 4 and 6 wt%
addition are 0.32 and 0.2 mA, respectively, which remain in
the same order of magnitude. The maximum current output
values of samples with 8 and 10 wt% addition are 30 and
90 mA, respectively. From the perspective of the current appear-
ance time, the current appearance time of the samples with 4
and 10 wt% TE@Zn-MOFs is about 20 s. Similarly, the samples
without TE@Zn-MOFs had no current output during the heating
process at 100°C, 150°C and 200°C (Figure 6b—d), while the sample
with 10 wt% TE@Zn-MOFs had the largest output current

(~80mA) and the earliest time of current occurrence
(~10s). Compared to traditional infrared and other early
warning devices that require about 100 s of detection time,
the fire warning performance of the coating system is sig-
nificantly improved.

Figure A8 shows the XPS spectrum of TE@Zn-MOFs/
Epoxy coatings before and after the fire alarm test. The
spectra of coatings without TE@Zn-MOFs were basically
consistent before and after the test, and no new chemical
bonds appeared. The coatings with 10 wt% TE@Zn-MOFs
showed a m-m* satellite peak after the fire warning test,
which indicated that PEDOT formed a n—m conjugate effect
during the heating process of the coating, which caused the
thermoelectric effect under the environmental conditions
of the temperature difference of the coating [46]. This is
also consistent with the previously reported thermoelectric
mechanism of PEDOT.
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Figure 7: Digital photographs (first-third rows) and SEM images (fourth row) of residual char from (a) TE@Zn-MOFs/Epoxyo, (b) TE@Zn-MOFs/Epoxy;,
(c) TE@Zn-MOFs/Epoxy,, (d) TE@Zn-MOFs/Epoxys and (e) TE@Zn-MOFs/Epoxys.

3.6 Mechanisms of flame retardation and carbon of the unmodified coating is in the powder state.
smoke suppression With the increase of TE@Zn-MOFs, the integrity and con-
tinuity of residual char are increasing. In addition, the

Figure 7 shows digital photographs of the residual char of ~bottom tin paper of the unmodified coating was burned,
the coatings after the cone calorimeter test. The residual ~While the degree of damage to the bottom tin paper of the

A
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Figure 8: Possible flame retardation and fire warning mechanisms for TE@Zn-MOFs in epoxy coatings.
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coating with TE@Zn-MOFs was inversely proportional to
the amount of TE@Zn-MOFs. The fourth line in Figure 7
shows SEM of residual char from TE@Zn-MOFs/Epoxy coat-
ings. Compared with the discontinuous state of residual
tchar in unmodified coatings, the integrity of residual char
in modified coatings continues to increase and shows two
different color levels, indicating that the addition of TE@Zn-
MOFs has a positive effect on residual char formation and
residual char continuity.

To further verify whether the filler has an effect on the
formation and densification of residual char, the residual
char of the sample was detected by Raman spectroscopy.
The two peaks in Figure A9 correspond to graphite carbon
(1,580 cm™) and amorphous carbon (1,350 cm™), respec-
tively [47]. The ratio of amorphous carbon to graphite
carbon is inversely proportional to the compactness of
residual char [47]. The dense carbon layer helps to isolate
oxygen and inhibit the release of flue gas and heat [43,44].
Therefore, TE@Zn-MOFs catalyzes the formation and den-
sification of residual char, which plays a positive role in
improving the flame retardancy of epoxy-based coatings.

Figure A10 shows the TG-IR of TE@Zn-MOFs/Epoxy,
and TE@Zn-MOFs/Epoxy,. Compared to TE@Zn-MOFs/
Epoxy,, the total gas release, carbonyl compounds, hydro-
carbons and CO, of TE@Zn-MOFs/Epoxy, decreased signifi-
cantly. In addition, the amount of combustible gas (ethers)
and non-combustible gas (CO) did not change much. This
shows that TE@Zn-MOFs have no flame-retardant effect in
the gas phase field, but only effectively catalyzes the forma-
tion and densification of residual char, resulting in a decrease
in the gas release of the coatings.

In summary, the mechanism of TE@Zn-MOFs to
improve the flame retardancy of epoxy-based coatings and
give the coating fire warning performance is divided into
the following three points. First, the introduction of organic
frameworks has greatly improved the dispersion of nano-
flame retardants in the resin, ensuring that the nano-flame
retardants will not lose the ability to improve the flame
retardancy of the coating due to agglomeration failure at a
relatively high addition amount. Second, zinc (transition
metal element) contained in TE@Zn-MOFs effectively cata-
lyzes the formation and densification of residual char in
the coating during combustion, which effectively isolates
oxygen and heat exchange with the outside world, so that
the coating obtains the ideal flame retardant and smoke
suppression effect. Third, through a simple solvothermal
method, the thermoelectric organic PEDOT is introduced
into the nano-flame retardant, which gives the coating the
ability to perceive temperature changes and output a certain
current. The output of this part of the value can be used as a
signal source for fire warning, so as to effectively perceive

Flame-retardant thermoelectric response on PEDOTmodified MOFs

-—_ 1"

the emergence of fire without power supply, and win valu-
able time for dealing with fire. The specific mechanism dia-
gram is shown in Figure 8.

4 Conclusions

A MOF (TE@Zn-MOFs) with both flame retardancy and
thermoelectricity was synthesized by a simple and efficient
solvothermal method. When the additional amount of
TE@Zn-MOFs is 10 wt%, the LOI of the epoxy-based coating
reaches 29.0%, and the V-0 level flame retardant is achieved
in the vertical combustion test. In addition, the total heat
release and total gas release of the coating decreased by 21%
and 11%, respectively. In addition, TE@Zn-MOFs endow the
coating with the ability to sense temperature changes and
output a certain current. The induction time is about 20's
and the output current value can reach nearly 100 mA.
Therefore, the addition of TE@Zn-MOFs effectively improves
the flame retardancy and smoke suppression of the coating
and gives the coating a potential performance for fire
warning, which provides a way for the development of mul-
tifunctional coatings with a simple synthesis process.
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Appendix

M Spectrum 1

Figure A1: (a) TEM, (b) EDS under TEM, (c) SEM and (d-h) elemental mapping under SEM of TE@Zn-MOFs.
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Figure A2: (a, b) SEM images and (c, d) TEM images of Zn-MOFs nanorods.
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Figure A3: (a) Adsorption-desorption isotherms and (b) BJH desorption dV//dlog(D) pore volume of TE@Zn-MOFs.
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Table A1: Density and porosity of TE@Zn-MOFs/Epoxy coatings

Sample Theoretical density (g-cm™) Measuring density (g-cm™) Porosity (%)
TE@Zn-MOFs/Epoxy, 1.230 1.226 £ 0.003 0.325
TE@Zn-MOFs/Epoxy, 1.201 1.157 + 0.004 3.648
TE@Zn-MOFs/Epoxy, 1.186 1.127 £ 0.004 4.991
TE@Zn-MOFs/Epoxys 1172 1.101 £ 0.007 6.026
TE@Zn-MOFs/Epoxy, 1157 1.079 + 0.006 6.742

Table A2: Basic physical properties of TE@Zn-MOFs/Epoxy coatings

Sample Adhesion (level) Hardness (H) Viscosity (Pa s) Surface drying time (h)
TE@Zn-MOFs/Epoxyq 0 50.60 £ 0.51 58.80 + 0.15 1h 44 min
TE@Zn-MOFs/Epoxy, 0 42.00 £ 0.20 66.40 + 0.30 1h 20 min
TE@Zn-MOFs/Epoxy, 0 40.23 + 0.60 72.40 £ 0.15 1h 35min
TE@Zn-MOFs/Epoxys 0 38.83 + 0.31 81.60 + 0.21 1h 54 min
TE@Zn-MOFs/Epoxy, 1 36.07 + 0.25 86.40 + 0.40 1h 51 min

Table A3: Mechanical properties of TE@Zn-MOFs/Epoxy coatings

Sample Tensile strength (MPa) Shear bond strength (MPa) Impact strength (kJ-m3)
TE@Zn-MOFs/Epoxyo 8.52 + 0.20 20.43 + 0.08 20.28 + 0.15
TE@Zn-MOFs/Epoxy; 4.36 + 0.07 18.45 + 0.09 13.16 £ 0.18
TE@Zn-MOFs/Epoxy, 3.87 £ 0.04 16.23 + 0.41 10.59 + 0.14
TE@Zn-MOFs/Epoxys 3.70 £ 0.04 14.46 + 0.06 9.73 £ 0.19
TE@Zn-MOFs/Epoxy, 3.31+£0.05 12.53 + 0.18 6.55 + 0.09

Figure A4: SEM images of tensile fracture surfaces: (a) TE@Zn-MOFs/Epoxyo, (b) TE@Zn-MOFs/Epoxy,, (c) TE@Zn-MOFs/Epoxys and (d) TE@Zn-MOFs/
Epoxy,.
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Figure A5: Digital photographs of (a) TE@Zn-MOFs/Epoxy, and (b) TE@Zn-MOFs/Epoxy, during combustion at LOI of 25.0%.

1]

Figure A6: Digital photographs of (a) TE@Zn-MOFs/Epoxyy, (b) TE@Zn-
MOFs/Epoxy,, (c) TE@Zn-MOFs/Epoxys,, (d) TE@Zn-MOFs/Epoxys and (e)
TE@Zn-MOFs/Epoxy, after combustion at LOIL

Figure A7: Digital photographs of (a) TE@Zn-MOFs/Epoxy, and (b) TE@Zn-MOFs/Epoxy, heated at 150°C.
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Figure A8: XPS spectra of TE@Zn-MOFs/Epoxy, (a) and TE@Zn-MOFs/Epoxy, (b) before and after the fire test; Cls spectra of TE@Zn-MOFs/Epoxy,
before (c) and after (d) fire test; C1s spectra of TE@Zn-MOFs/Epoxy, before (e) and after (f) fire test.
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Figure A9: Raman spectra of the residues from (a) TE@Zn-MOFs/Epoxy, and (b) TE@Zn-MOFs/Epoxy,.

Table A4: Cone calorimeter data of TE@Zn-MOFs/Epoxy coatings

TE@Zn-MOFs/Epoxy,

TE@Zn-MOFs/Epoxy,  TE@Zn-MOFs/Epoxys

TE@Zn-MOFs/Epoxy,

Sample TE@Zn-MOFs/Epoxy,
Pure (KW-m™)  1,572.57

THR (M)m™2) 121.39

Residue (wt%) 0.74

TSP (m?) 25.26

torre (S) 84

PSPR (m%s™") 0.42

PCO.P (g's™") 0.95

PCOP (g-s™) 0.04

FGR 18.72

1,058.79
104.99
2.08
24.24
87

0.24
0.62
0.02
12.17

1,006.53 958.71 901.43
102.16 99.00 96.01
1.85 2.27 4.51
2414 24.15 22.60
93 88 97
0.25 0.21 0.24
0.56 0.48 0.45
0.02 0.02 0.02
10.82 10.89 9.29
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Figure A10: (a) Gram-Schmidt, (b) carbonyl compounds, (c) hydrocarbons, (d) ethers, (e) CO and (f) CO, of TG-IR of TE@Zn-MOFs/Epoxy, and TE@Zn-
MOFs/Epoxy,.
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