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ABSTRACT: In this work, we converted inherently hydrophilic and flammable
epoxy resins to resist both fire and water. This was achieved by integrating surface
modified flame-retardant CoFe2O4 nanoparticles into the epoxy resin. The modified
CoFe2O4 nanoparticles reduce the peak heat release rate, peak smoke production
release and CO production in the CoFe2O4/epoxy resin nanocomposite by 39.6, 41.6,
and 61.3%, respectively. The obtained flame retardant CoFe2O4/EP items
demonstrate excellent durability with constant superhydrophobicity even after high
external pressure, knife-scratch, and mechanical abrasion. In addition, the obtained
items demonstrate outstanding robust water-repellent properties after facing long-
term exposure to extremely corrosive liquids and also show self-cleaning properties in air and under oil.

■ INTRODUCTION
Superhydrophobic surfaces have gained more attention in the
scientific research area and in our daily life, because of their
unique properties such as oil/water separation,1−3 self-
cleaning,4−6 anticorrosion,7−9 water collection,10−12 energy
conversation13,14 etc. There are many works focused on
superhydrophobic epoxy resin (EP) coatings because of the
excellent mechanical properties, low manufacturing cost, and
their superior adhesion. For example, Zhang et al.15 fabricated
superhydrophobic EP/PDMS-SiO2 coatings that were used for
self-cleaning and resistance to gamma radiation. Despite the
excellent self-cleaning ability and high gamma radiation
stability of these materials, a large amount of silica may
weaken the mechanical properties of the coating. To further
improve the mechanical abrasion, in our previous work, we
fabricated superhydrophobic coatings by anchoring functional
SiO2 nanoparticles to epoxy resin coatings based on co-curing
and thus avoiding phase separation between inorganic
nanoparticles and organic epoxy resin.16 Though the super-
hydrophobic epoxy resin nanocomposite coating is strong
enough for abrasion resistance, there still exists a problem with
the superhydrophobic epoxy resin coatings. The key problem
is that epoxy resin is flammable and could generate high heat
releasing and lots of smoke particles during combustion, which
limits to some extent the wide application of epoxy resins. It is
highly desirable to enable epoxy resins to resist both fire and
water.
The construction of nanoscale or microscale structures with

low surface energy is an effective approach to obtain an
artificial superhydrophobic surface.17 Using flame retardant
particles to create nanoscale or microscale structures will be a
benefit for the fabrication of the superhydrophobic surface
with flame retardant properties. As an engineering material, the
epoxy resin has been widely used in our daily life and the flame
retardant properties have received more attention by many
researchers.18−25 Flame retardants mainly contain halogen-

containing and halogen-free flame retardants. Although
halogen-containing flame retardants have an obvious flame-
retardant effect, they have been utilized less than before
because of its toxicity and the production of plenty of smoke
particles during the combustion. As a halogen-free flame
retardant, inorganic nanoflame retardants have gained much
more attention and metallic ferrites such as LaFeO3,

26

BiFeO3,
27 and ZnFe2O4

28 exhibit outstanding properties as
well as fostering a smoke-suppressant effect. Metallic ferrites
will decompose into two kinds of metal oxides during
combustion and promote a large amount of carbonaceous
material covered on the surface of polymers to block the heat
and oxygen effectively into the underlying polymers. As a type
of metallic ferrite, CoFe2O4 is considered to be a potential
flame retardant material reducing the heat release and it is
reported that cobalt species could promote CO oxidation,
decreasing the toxic hazards significantly.29 In this work, we
prepared hydrophobic CoFe2O4 particles and added to
inherently hydrophilic epoxy resin to fabricate free-standing
CoFe2O4/EP monoliths. The addition of hydrophobic and
flame-retardant CoFe2O4 particles will construct a rough
surface, which is beneficial for the superhydrophobicity of
the monolith surface and also to enables remarkable fire
resistance of the EP monoliths.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Analytical reagents iron(III) chloride

hexahydrate (FeCl3·6H2O), cobalt chloride hexahydrate, polyethylene
glycol-400 (PEG), sodium acetate (NaAc), sodium hydroxide
(NaOH), and tetraethyl orthosilicate were purchased from Tianjin
Kermel Chemical Reagent Company (Tianjin, China). Analytical
reagents ethylene glycol (EG) and ethanol (C2H5OH) were provided
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by Tianjin Fuyu Fine Chemical Company Limited (Tianjin, China)
and Anhui Ante Food Company Limited (Suzhou, China),
respectively. Ammonia solution and HCl were obtained from
Luoyang Haohua Chemical Reagent Co., Ltd. (Luoyang, China).
The PDMS precursor (Sylgard 184) was purchased from Dow
Corning. KH560 was purchased from Aladdin. Epoxy resin (EP-44-
6101) was commercially obtained from Zhenjiang Danbao Resin
Company Limited (Zhenjiang, China). All the reagents were used as
received without further purification.
Preparation of CoFe2O4 and Superhydrophobic CoFe2O4/

EP. The CoFe2O4 nanoparticles were prepared via a typical
solvothermal method. Briefly, 2 mmol of FeCl3·6H2O, and 1 mmol
of CoCl2·6H2O were dispersed in 50 mL of EG and ultrasound
applied continuously for 2 h. A certain amount of NaAc was added
into the above solution to adjust the pH value to around 7, and then
stirred for another 30 min to make sure the solution mixed uniformly.
Next, the mixed-solution was transferred to a Teflon autoclave and
heated at 200 °C for 10 h. After the reaction, the mixture was allowed
to cool down and the precipitate was filtered. The precipitate was
washed several times with distilled water and ethanol, then dried at 60
°C and the CoFe2O4 nanoparticles were obtained.
4 g of CoFe2O4 was dispersed into 80 mL deionized water and 320

mL absolute ethanol and stirred for 20 min. Then 12 mL of ammonia
was added into the above solution and stirred for another 10 min.
After that, 12 mL of TEOS was added as slowly as possible and then
refluxed for 12 h. The SiO2-coated CoFe2O4 particles were obtained
by magnetic separation.
In order to turn hydrophilic CoFe2O4@SiO2 particles to hydro-

phobic ones, perfluorodecyl-1H,1H,2H,2H-trichlorosilane (FDTS)
was used to as a modifier. In a typical synthesis, 0.19 g of FDTS
and 3.8 g of CoFe2O4@SiO2 were dissolved in 100 mL of n-hexane
and refluxed for 3 h under ultrasound. Finally, the mixture was
separated by a magnet, followed by ethanol washing for 3 times and
dried at 60 °C.
To get superhydrophobic CoFe2O4/EP items, 40 g of EP filled with

1.2 g PDMS, 1.2 g KH560, and different amounts of hydrophobic
CoFe2O4@SiO2 particles (3 and 10 wt %) were stirred by a ZYMC-
200V deaeration mixing mill (Shenzhen Zhongyi Technological
Limited company) for 10 min. Then, 10 g of curing agent was poured
into the above mixture and fully mixed for another 90 s. The resultant
mixture was cured at 80 °C for 2 h to get CoFe2O4@EP
nanocomposite items. Herein, the addition of PDMS and KH560
will lower the item surface energy and improve the compatibility
between nanoparticles and EP polymers.
Characterizations. X-ray powder diffraction (XRD) patterns were

obtained with an X’Pert Pro diffractometer (Cu Kα radiation, λ =
0.15418 nm; voltage: 40 kV, current: 40 mA). A JEM-2100
transmission electron microscope (Japan Electronics Corporation,
Japan) was used to analyze the microstructure of nanoparticles. The
dispersion state of the nanofillers in the EP matrix was observed with
a JSM-7001F scanning electron microscope (Japan Electronics,
Japan). A Renishaw inVia confocal microscope (excitation source:
532 nm laser) was used to record the Raman scattering spectra of the
residue chars of EP-matrix nanocomposites. Thermogravimetric
analysis (TGA) was conducted with a TGA/DSC3+ thermal analyzer
(Mettler Toledo, Switzerland), where about 5.0 mg of the to-be-tested
sample was tested in a nitrogen atmosphere from room temperature
to 800 °C at a heating rate of 10 °C/min. The combustion
performance of EP and EP-matrix nanocomposites was evaluated by
cone calorimetry tests (Fire Testing Technology, UK). According to
the procedures described in ISO-5660, the to-be-tested specimens
with a dimension of 100 × 100 × 3 mm3 were exposed to 35 kW·m−2

heat flux. The water and other liquid contact angle (CA) tests were
measured on a DSA-100S optical contact-angle system (Kruss
Company, Germany) at room temperature. The volume of all the
liquids was 4 or 10 μL when the CA was measured. All the optical
photos were taken with a digital camera (NIKON, P600).
Durability Test. UV-accelerated weathering tester (UV-II,

Shanghai Pushen Chemical Machinery; Shanghai, China) was used
to evaluate the UV resistance of the as-prepared items. HCl (pH = 1)

and NaOH (pH = 14) solution was employed to evaluate the
durability of the prepared CoFe2O4/EP in highly acidic and alkaline
environments. The corrosive droplet (10 μL) on the surface of the
prepared sample was used to measure the CA.

The sandpaper abrasion tests were also carried out to test the
durability of superhydrophobicity. The obtained monolith was placed
face-down on the sandpaper (standard glass paper, grit no. 100) under
a weight of 200 g and moved for 10 cm, and then the sample was
rotated at 90° with respect to the sandpaper and then moved 10 cm.
This process is defined as an abrasion cycle, which guarantees the
surface is abraded longitudinally.

■ RESULTS AND DISCUSSION
Figure 1 illustrates the preparation mechanism of super-
hydrophobic CoFe2O4/EP. CoFe2O4 nanoparticles were

coated by a layer of silica and then modified by a silane
coupling agent. After modification, hydrophilic CoFe2O4
nanoparticles turned to hydrophobic. Subsequently, surface
modified CoFe2O4 was added to EP with the curing agent and
cured to get the superhydrophobic CoFe2O4/EP monoliths.
Figure 2a shows the XRD pattern and it can be seen that the

diffraction peaks of CoFe2O4 nanoparticles match well with the
standard spinel CoFe2O4, according to JCPDS no. 22-1086,
and there exists several main peaks centered at 2θ of around
30.2°, 35.6°, 37.2°, 43.2°, 53.8°, 57.2°, and 62.7°, belonging to
the planes of (220), (311), (222), (400), (422), (511), and
(440), respectively.30 After coating by a layer of SiO2, the
obtained CoFe2O4@SiO2 particles present similar XRD
patterns to CoFe2O4 except for a new broad peak at 2θ of
20−25° attributed to amorphous silica.31 From the trans-
mission electron microscopy (TEM) image (Figure 2b), it can
be seen that CoFe2O4 nanoparticles were coated with a layer of
SiO2 and the SiO2 thickness is about 50 nm. Figure 2c shows
the dispersion of the as-prepared CoFe2O4@SiO2 nano-
particles in water. It is clear that CoFe2O4@SiO2 can disperse
in water well before modification by FDTS. However, after
surface modification with FDTS, the CoFe2O4@SiO2 nano-
particles turn to hydrophobic and cannot be dispersed in
water. In addition, the chemical composition was further
verified by energy dispersive X-ray spectroscopy (EDS)
(Figure 2d) and mapping (Figure 2e−j). Fluorine appears in
the composition, indicating that the CoFe2O4@SiO2 nano-
particles were successfully modified by FDTS. The surface
morphology of the superhydrophobic CoFe2O4/EP surface is

Figure 1. Schematic illustration of the fabrication process of
superhydrophobic CoFe2O4/EP.
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shown in Figure 2k. From the SEM image it can be seen that
the surface is rough with a hierarchical micro/nanostructure
that is necessary for superhydrophobicity. In addition, the
cross-sections of the EP and CoFe2O4/EP nanocomposite
surface were observed by SEM observation in Figure S1 in the
Supporting Information. It can be seen that the CoFe2O4@
SiO2 particles have a good dispersion in the EP matrix. Water
droplets sitting on the obtained surface form a near-spherical
shape with a CA of about 157°. The surface also shows to be
highly repellent to many liquids such as tea, coffee, milk, juice
droplet, etc (Figure 2l).
Thermal stability of pure EP was conducted by TG analysis

as shown in Figure 3a, and the relative parameters such as
Tonest and Tmax are summarized in Tables S1 and S2. It could
be found that CoFe2O4@SiO2 composites show extremely
similar decomposition behavior to that of pristine EP, which
has mainly one-stage decomposition. The Tonest of CoFe2O4/
EP with different CoFe2O4 nanoparticles adding shows a
reduced value compared to the pure sample, mainly because of
the higher thermal stability of CoFe2O4. As for the residues at
800 °C, pristine EP has little char residues. The CoFe2O4/EP
composite exhibits much higher residual chars at the evaluated
temperature, and the value is 16.3 and 31.5 wt %, respectively.

Hence, it is believed that the introduction of CoFe2O4 into the
EP matrix promotes the formation of proactive char layers on
the surface of the polymer, which modifies the path of heat and
oxygen ingress to enhance the fire resistance.
Cone calorimetry tests are commonly employed to evaluate

the fire resistance of polymers in real-world fire situations. As
shown in Figure 3b, the HRR curves of pure EP showed
narrower peaks with a higher PHRR value of about 1128.7
kW/m2, demonstrating violent burning. Different from the
pristine EP, the HRR curves of CoFe2O4/EP with different
CoFe2O4 nanoparticles presented broader peaks, and the
PHRR value decreased significantly, indicating better flame
retardancy. CoFe2O4/EP with 10 wt % CoFe2O4 addition has
the widest peak with the lowest PHRR value of 681.9 kW/m2,
indicating excellent fire resistance. It is well known that smoke
is a potential killer from a fire; it is necessary and significant to
suppress smoke formation during polymer combustion. As
shown in Figure 3c, the PSPR value of CoFe2O4/EP decreases
with the addition of CoFe2O4, especially at 10 wt %. From
Figure 3d, it is worth noting that CoFe2O4 is a potential
material to reduce the toxicity especially toxic CO. The COP
value of the sample with 10 wt % CoFe2O4 addition decreases
significantly by 61.3%, compared to pure EP, indicating that
CoFe2O4 endows EP with excellent CO abatement. As by the
weight curves (Figure 3e) from the polymers, it is found that
the addition of CoFe2O4 could improve the residue weight
significantly after burning tests. It is expected that CoFe2O4
plays an important role in catalyzing EP decomposition to
form a protective char layer and a cover on the surface of EP.
The digital photos and SEM images of the char residues of

EP and CoFe2O4/EP were studied to analyze the potential
mechanism of flame retardancy. As shown in Figure 4a, it is
found that pristine EP has less char residues, consistent with
the poor flame-retardant effect. Different from EP, the char
layers of CoFe2O4/EP are more continuous and denser, which
helps prevent oxygen and heat to permeate into the underlying
layer. SEM images (Figure 4b) show that the pure EP after
burning has a loose char structure with more cracks and holes,
which is not helpful to form the good barrier layer to block the
heat, oxygen, and flammable gases. Whilst, CoFe2O4/EP has
more continuous and firmer protective char layers, contribu-
ting to modify the path of heat and oxygen, which correspond
with excellent flame retardantperformance. From the high
magnification SEM image, it is clear that many nanocrystals
and nanospheres exist in the condensed phase, which could
strengthen the char layers. It is believed that PDMS is
decomposed into nanosilica while hydrophobic CoFe2O4@
SiO2 nanofillers grow during the combustion process; the re-
growth CoFe2O4 and nanosilica could promote the formation
of the proactive char layers on the surface of the polymer,
which exchange the path of heat and oxygen to enhance
thermal stability.32

The components of the char of EP after combustion were
detected by XRD analysis, with the aim of further under-
standing the potential mechanism of the flame retardant. As
shown in Figure 5a, pristine EP presents a broad peak at 2θ of
23°, which belongs to the (002) plane of graphite.33 The
composition of the CoFe2O4/EP residue after burning consists
of CoFe2O4 nanoparticles, which covers the EP surface to
strengthen the char layers. In order to evaluate the char
structure of EP and CoFe2O4/EP, Raman spectra were
obtained. As shown in Figure 5b−d, all the polymers have
two bands, which belong to the D (1350−1380 cm−1) and G

Figure 2. (a) XRD patterns of CoFe2O4, CoFe2O4@SiO2 nano-
particles. (b) TEM image of CoFe2O4@SiO2 nanoparticles. (c) Photo
of CoFe2O4@SiO2 and hydrophobic CoFe2O4@SiO2 particles
dispersed in water. (d) EDS spectra of the hydrophobic CoFe2O4/
EP. (e−j) Mapping of the hydrophobic CoFe2O4/EP. (k) SEM
images of different magnifications of superhydrophobic CoFe2O4/EP.
(l) Optical images of liquid-resistant tests on the surface of CoFe2O4/
EP.
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(1580−1600 cm−1) band of graphite. Normally, the ID/IG
value is used to evaluate the graphitization degree of the char
residues. It could be observed that pure EP had the highest
value of ID/IG, corresponding to the less stable char layer.
Different from pure EPs, CoFe2O4/EP-tested char have lower
ID/IG values, corresponding to the higher graphitization degree
of the char layer. Especially, when the addition of CoFe2O4
reaches 10%, the nanocomposite exhibits lower ID/IG values,
indicating high stability of the residual char, which is consistent
with excellent flame retardancy.
Mechanical friction leads to the damage of the fragile micro/

nano surface structures that are necessary for the super-
hydrophobic property, hence, durability is an important factor
for practical applications of superhydrophobic materials.34−36

In this work, the mechanical durability and chemical stability
were investigated and it was found that the monolith surface

could retain superhydrophobicity after a 2000 cm sandpaper
abrasion, knife scratch test, high pressure, acidic/alkali
corrosion and long-term UV irradiation. As shown in Figure
6a,b, after 300 cycles of abrasion, the CoFe2O4/EP bulk
surfaces still retained superhydrophobicity and the weight loss
was less than 1%, indicating the extremely excellent robustness.
In addition, the bulk surface is strong enough to stand knife
scratches and sustain its superhydrophobicity since the
monolith surface and interior has the same chemical
composition and microstructure. When the surface uppermost
layer is destroyed upon scrape abrasion, the newly exposed
surface is also water-repellent, thereby making the super-
hydrophobicity permanent. As shown in Figure 6d,e and Video
S1 in the Supporting Information, water droplets immediately
roll off without wetting the destroyed surface. Figure 6f,g and
Video S2 in the Supporting Information show that the as-
prepared CoFe2O4/EP monolith is exposed to the smooth
steel plate under a pressure of 200 N. After the pressure is

Figure 3. (a) TG curves of EP and its nanocomposites under a N2 atmosphere. (b) HRR, (c) SPR, and (d) COP, (e) weight curves of EP and
CoFe2O4/EP nanocomposites obtained from the cone calorimetry tests.

Figure 4. EP and CoFe2O4/EP residual char surface analysis. (a)
Digital photos; (b) SEM images.

Figure 5. XRD patterns (a) and Raman curves (b−d) of the char
residues of EP and CoFe2O4/EP.
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released, the monolith still keeps its superhydrophobic
properties, demonstrating good mechanical robustness.
Figure 6h,i show the CA as a function of continuous contact

time with extremely corrosive liquids. The monolith surfaces
still keep their superhydrophobic properties after 25 min acid
and 15 min alkali bath, respectively. Superhydrophobic
surfaces are usually subject to UV-light exposure because the

presence of large quantities of organic components leads to the
oxidation and formation of hydrophilic groups. Herein, even
after 48 h of continuous UV irradiation, the CA is still higher
than 150° without significant change, as shown in Figure 6j,
which demonstrates that the prepared monolith has good UV
resistance.
In this work, the obtained monolith surface also shows

superhydrophobicity in air or under oil. As shown in Figure
7a−d and Video S3 in the Supporting Information, water drops
form nearly spherical drops and completely leave the surface
without wetting the surface no matter whether in air or under
oil. It is well known that superhydrophobic surfaces have good
self-cleaning properties in air. When a water droplet falls on a
superhydrophobic surface, it promptly rolls off the surface
collecting dirt along the way. Herein, the robust monolith
surface demonstrates excellent self-cleaning property even
under oil. Figure 7e−l and Video S4 in the Supporting
Information shows that water droplets can carry the dust off
the surface immediately and leave the surface clean in air and
the dirt removal property in oil is similar to that in air. The
dust on the monolith surface immersed in oil can also be easily
taken away, which is very important for the robust super-
hydrophobic surface used as self-cleaning materials in practical
applications.

■ CONCLUSIONS

In summary, we have successfully fabricated flame retardant
and superhydrophobic CoFe2O4/EP monoliths by integrating
flame-retardant CoFe2O4 into EP polymers. The monoliths
present excellent mechanical properties and good abrasion
resistance. After 300 cycle abrasion, the CoFe2O4/EP monolith
surfaces still retained superhydrophobicity and the weight loss
was less than 1%, indicating excellent robustness. The
monolith shows robust superhydrophobic properties to harsh
environments such as strong corrosion, exposure under UV
irradiation and external mechanical pressure. It is expected that
the good flame retardant and smoke suppressing properties will
make the superhydrophobic epoxy resin have wider applica-
tions.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.lang-
muir.9b02761.

Figure 6. Durability of the superhydrophobic CoFe2O4/EP monolith.
(a,b) Sandpaper abrasion test; (c) plot of mechanical abrasion cycles
with water CAs and weight loss after each 30 abrasion tests (Inset:
SEM image abrasion test after 300 cycles of abrasion and photos of
WCA). (d) Scratched by a knife; (e) the monolith retains
superhydrophobicity after damage. (f,g) Newton meter press test at
200 N and water bouncing on the surface after the pressure is
released. CAs as a function of contact time with acidic (h) and alkali
(i) liquids on the superhydrophobic CoFe2O4/EP surfaces. (j)
Relationship between water CA and UV irradiation time.

Figure 7. (a−d) superhydrophobicity of the CoFe2O4/EP surfaces both in air and under oil. Self-cleaning properties of the CoFe2O4/EP surfaces in
air (e−h) and under oil (i−l).
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SEM imaging of the cross-sections of the EP and
CoFe2O4/EP nanocomposite; thermal analysis data of
the EP and CoFe2O4/EP nanocomposite under nitrogen
atmosphere; and burning parameters of the EP and
CoFe2O4/EP nanocomposite (PDF)
Knife-scratch testing on the surface of superhydrophobic
CoFe2O4/EP (MP4)
Pressure testing on the surface of superhydrophobic
CoFe2O4/EP (MP4)
The monolith surface shows superhydrophobicity in air
or under oil (MP4)
Self-cleaning properties of the monolith surface in air or
under oil (MP4)
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