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ABSTRACT: Rubber composites with a high gas barrier and
mechanical properties have received considerable attention due to
their potential applications. Constructing complex filler networks
in a rubber matrix is an effective strategy to simultaneously
enhance the gas barrier and mechanical properties. In this work,
graphene oxide layered double hydroxide (GO@LDHs) hybrids
were obtained by the electrostatic self-assembly method. A unique
interspersed and isolated structure was formed in GO@LDHs
hybrids due to the chemical interactions between the functional
groups on GO sheets and the metal cations on LDH layers.
Subsequently, the GO@LDHs hybrids were incorporated into a
styrene−butadiene rubber (SBR) matrix using a green latex
compounding method. The results showed that the GO@LDHs
hybrids were uniformly embedded in the SBR matrix, constructing an overlapped filler network and forming physical bonding points
that reduced the free volume of the composites. The electrostatic interactions between GO@LDHs hybrids facilitated energy
dissipation during stretching, thereby improving the mechanical performance of the rubber composites. More importantly, the N2
gas permeability and fracture toughness of GO@LDHs/SBR composites decreased by 52.2% and increased by 845%, respectively,
compared to those of a pure SBR matrix. The construction of GO@LDHs hybrids offers new insights for designing rubber
composites with a high gas barrier and mechanical properties.

1. INTRODUCTION
Rubber composites with high barrier properties are essential in
industries dealing with gas or liquid containment, such as tire
inner tubes, seal rings, and air springs.1,2 Their high elasticity and
ability to recover from deformation make them indispensable in
these applications. In the case of tires, effective gas barrier
properties are crucial for minimizing abrasion, reducing rolling
resistance, and ensuring overall driving safety. Poor gas barrier
properties lead to a gradual loss of inflation pressure during tire
service, resulting in increased tire wear and rolling resistance.3

Studies indicated that rolling resistance increased by 2.5% per 10
kPa loss in inflation pressure, thus elevating vehicle energy
consumption.4 Therefore, the urgent development of rubber
composites with tailored superior gas barrier properties for tires
is crucial, not only for energy savings but also for environmental
protection.Meanwhile, considering the high cost of butyl rubber
with excellent barrier properties, it is of great significance to
develop high gas barrier rubber composites based on general-
purpose rubbers such as styrene−butadiene rubber (SBR).

Generally, most rubber matrices possess poor gas barrier
properties owing to the substantial free volumes present among
rubber molecular chains. Various strategies, including hetero-
geneous cross-linking,5 layer-by-layer assembly,6 and incorpo-
ration of impermeable two-dimensional (2D) layered fillers
(e.g., layered silicate,7 graphene,8 boron nitride,9 etc.) have been
employed to enhance the barrier properties of rubber
composites. Among these methods, the incorporation of
impermeable layered fillers is a simple and effective method of
tailoring the barrier properties of rubber composites. The
layered fillers construct a tortuous diffusion path that prevents
the gas molecule diffusion; meanwhile, the interface between the
layered fillers and rubber matrix constrains the mobility of
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rubber molecular chains, consequently reducing the free
volumes and lowering gas permeability. Graphene oxide
(GO), characterized by a large specific surface area and high
aspect ratio, emerges as an ideal candidate for a barrier-layered
filler in a rubber matrix. For example, Razzaghi-Kashani et al.
demonstrated a 45% reduction in N2 permeability in GO/
styrene−butadiene rubber (GO/SBR) with 4 parts per
hundreds of rubber (phr) GO prepared via latex compound-
ing.10 Zheng et al. observed a 46% decrease in the diffusion
coefficient of sulfur mustard in GO/butyl rubber composites
with 3 phr GO content.11 Yang et al. showed a 69%
improvement in the gas barrier property by introducing 3 phr
amphiphilic GO cross-linkers (R-aGO) into brominated butyl
rubber (BIIR).12 Zhang et al. observed that GO as a barrier
additive achieved 80% reduction in ammonia permeability
reduction of nitrile-butadiene rubber (NBR), although this also
resulted in a more rigid elastomer.13 Nevertheless, achieving low
gas permeability necessitates a relatively high mass loading of
GO, leading toGO aggregation and subsequently compromising
the mechanical toughness of the rubber composites. In previous
studies, it was found that the filler network is crucial for
enhancing the gas barrier performance of rubber composites. As
the amount of graphene or GO increases, the gas permeability
gradually decreases. However, the GO layer structure exhibits a
strong adsorption effect on rubber molecular chains, which can
lead to improved gas barrier performance at the expense of the
elongation at break. For example, Wang et al. reported that with
a 3 wt%GO content, the gas permeability was reduced to 44% of
that of pure rubber, while the elongation at break decreased by
approximately 33%.14 Therefore, it is essential to balance the
enhancement of the gas barrier performance with the
preservation of mechanical strength and elongation properties
in rubber composites.
In recent years, decorating nanoparticles (e.g., silica, carbon

black, zinc oxide, carbon nanotubes, etc.) on GO sheets has
emerged as an effective strategy to enhance the dispersion of
GO. These hybridized fillers prevent the restacking of GO sheets
and the aggregation of other fillers, thus exhibiting a superior
synergistic effect on the barrier performance. Moreover, the
hybridized filler network preferentially breaks upon deformation
due to the lower bond energy between fillers compared to the
C−C covalent bonds of the rubber molecules.15 Previous studies
by Liu et al. showcased the development of graphene nanosheets
decorated with ZnO nanoparticles, resulting in rubber
composites with enhanced mechanical and gas barrier proper-
ties.16

Layered double hydroxide (LDH) is a typical class of 2D ionic
layered materials consisting of positively charged layers and
charge-balancing anions situated between the hydrotalcite
layers.17 Previous research has extensively employed LDHs in
polymer packaging films (e.g., polyethylene terephthalate,
poly(vinyl alcohol), polylactic acid, etc.), attributing to the
ability to enhance both gas barrier properties and mechanical
properties of polymer composites.18−20 Dou et al. investigated
the strong adsorption capabilities of LDHs for CO2 molecules,
whereby the chemically adsorbed CO2 occupied free volume at
the filler/polymer interface, consequently reducing the diffusion
of oxygen molecules.21 Yang et al. fabricated a hybrid film that
sodium dodecyl sulfate (SDS)-modified LDH integrated with
poly(butylene adipate-terephthalate) (PBAT) matrix, and the
optimized SDS@LDH (5%)/PBAT composite film showed that
the water vapor transmission rates (WVTR) and oxygen
transmission rates (OTR) improved ∼72% and ∼52%

compared with pure PBAT film.22 Li et al. developed a modified
Ca−Mg−Al LDH into silicone rubber (SR), and due to the
homogeneous dispersion and good compatibility, SR/modified
LDH nanocomposites showed satisfactory mechanical proper-
ties and improved gas barrier properties.23 However, limited
attention has been given to exploring the gas barrier properties
of LDHs/rubber composites. Considering the unique structure
and surface charge characteristics of GO and LDHs, preparing
GO@LDHs hybrids holds significant promise for advancing
applications in rubber composites.
In this research, GO@LDHs hybrids were prepared by the

electrostatic self-assembly method. The dispersion stability,
microstructure, and chemical composition of the GO@LDHs
hybrids were analyzed. Subsequently, the GO@LDHs hybrids
were incorporated into the SBR matrix using the latex
coagulation method to produce GO@LDHs/SBR composites.
The dispersion of GO@LDHs, filler network structure, dynamic
and static mechanical properties, and gas barrier properties of
the resulting SBR composites were then investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. GO was prepared by a modified Hummers

method.24 LDHs were prepared by the SNAS method.25

Styrene−butadiene rubber latex (SBR 1502, with a solid content
of 20%) was provided by the Qilu Petrochemical Company.
Zinc oxide, stearic acid, antioxidant 4020, antioxidant RD,
accelerant CZ, and sulfur were all commercial products.

2.2. Preparation of GO@LDHs Hybrids. GO@LDHs
hybrids were prepared by the electrostatic self-assemblymethod.
Initially, GO aqueous dispersion with a concentration of 3 mg/
mL and LDHs aqueous dispersion with a concentration of 10
mg/mL was prepared with ultrasonic equipment. Subsequently,
the GO dispersion was transferred into a three-neck flask with
continuous stirring at 50 °C. Then, the LDH dispersion was
slowly dropped into the GO dispersion via a constant pressure
funnel. The resulting mixture dispersion was stirred and
homogenized at 50 °C for 1 h to yield a uniform GO@LDHs
aqueous dispersion. Four distinct GO@LDHs hybrids were
prepared with different GO/LDH mass ratios (1/0.5, 1/1, 1/3,
and 1/5).

2.3. Preparation of GO@LDHs/SBR Composites. GO@
LDHs/SBR composites were fabricated by a latex coagulation
method. Specifically, a designed amount of GO@LDHs (1/3)
aqueous dispersion was added to SBR latex under mechanical
stirring for 30 min. The mixture was then coagulated using
calcium chloride (1 wt %) solution. The obtained compounds
were washed with enough deionized water and dried at 50 °C.
Subsequently, the dried compounds were blended with the
residual ingredients (as outlined in Table 1) on a two-roll mill
and cured at 150 °C for an optimum cure time to obtain the final
GO@LDHs/SBR composites. For comparison, GO/SBR,
LDHs/SBR, and GO+LDHs/SBR (GO and LDHs were
separately incorporated into SBR) composites were prepared
by using the same procedure as mentioned above.

2.4. Characterization. The morphology of GO, LDHs, and
GO@LDHs was observed on scanning electron microscopy
(SEM, S4800, Hitachi). The samples were fractured in liquid
nitrogen and then sprayed with gold before measurements.
Elemental analysis was carried out on X-ray photoelectron
spectroscopy (XPS, Escalab 250, Thermo Electron Corpora-
tion). The Fourier transform infrared spectra (FTIR) were
conducted using an FTIR Spectrometer (Tensor 27, Bruker) in
transmissionmode with a scanning range from 4000 to 400 cm−1
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at room temperature. The resolution was set at 4 cm−1, and each
spectrum was scanned 32 times. X-ray diffraction (XRD)
analysis was performed using an Ultima IV diffractometer
(Rigaku, Japan) with Cu−Kα radiation (λ = 0.1542 nm) in the
region of 5−60° at a scan rate of 5°/min at 40 kV. The zeta
potential of GO, LDHs, and GO@LDHs dispersion was
measured by a Malvern Zetasizer (Nano ZS, USA).
The filler network was assessed using a rubber processing

analyzer (RPA2000, Alpha Technologies, USA) at 60 °C and 1
Hz. The GO@LDHs dispersion in SBR composites was
observed by transmission electron microscopy (TEM, H-9500,
Hitachi). The samples for TEM were prepared by cryo-
ultramicrotomy, and the ultrathin sections with a thickness of
around 50 nm were placed on a 300 mesh copper grid for
observation. Mechanical properties were evaluated by using a
tensile test machine (SANS, CTM4104, China). Tensile and
tear properties were determined according to ISO 37:2017 and
ISO 34−1:2022 standards, respectively. Young’s modulus was
calculated from the slope of the tensile curve in the linear
region.26 Shore A hardness was performed following ISO
868:2015. Dynamic mechanical properties of SBR composites
were investigated on a dynamic mechanical thermal analyzer
(DMTA, VA3000, Metravib) in tension mode with a heating
rate of 3 °C/min and a frequency of 10 Hz. Nitrogen
permeability tests were carried out on gas permeability-
measuring equipment (VAC-V2, Labthink, China) according
to ISO 2782−1:2022 standard. The samples used were circular
specimens with a thickness of approximately 1 mm and diameter
of 80 mm.

3. RESULTS AND DISCUSSION
3.1. The Dispersion and Morphology of GO@LDHs

Hybrids. GO features abundant oxygen-containing groups,
such as epoxy, hydroxyl, and carboxyl groups. Among them,
carboxylic acid and phenolic hydroxyl groups ionized in water,27

resulting in negatively charged surfaces of GO sheets, with a
measured zeta potential of −51.3 mV (Figure 1b). Typically, an
absolute value of the zeta potential exceeding 30 mV is
considered indicative of stable dispersions owing to interparticle
electrostatic repulsion.28,29 Therefore, GO could stably disperse
in water for over 7 days (Figure 1a) due to the electrostatic
repulsion between sheets. Conversely, LDH layers exhibited a
positive charge with a zeta potential of +15.6 mV (Figure 1b),
attributing to the replacement of trivalent metal ions on the layer
with divalent metal ions.30 After the mixture was left to stand for
7 days, sedimentation occurred in its dispersion (Figure 1a).
Based on the opposite charge characteristics of GO and LDHs,
they readily underwent electrostatic self-assembly to formGO@
LDHs hybrids. When the mass ratio of GO/LDHs increased
from 1/0.5 to 1/3, GO@LDHs could stably disperse in water for
over 7 days (Figure 1a), as their zeta potential values were all
below −30 mV (Figure 1b). However, when the mass ratio of
GO/LDHs reached 1/5, its zeta potential was −24.9 mV,
indicating that the dispersion was unstable according to the
criterion of colloidal stability,27 which was also confirmed by the
digital photograph in Figure 1a.
The morphologies of LDHs, GO, and GO@LDHs hybrids

were characterized by SEM. In Figure 2a, LDHs exhibited
irregular lamellar morphologies with dimensions ranging from
hundreds of nanometers to several microns. However, several
LDH layers were observed stacked together, forming aggregates
(marked by red arrows). In Figure 2b, GO exhibited a thin and
wrinkled layer structure, owing to the van der Waals force
between GO sheets.31 Figure 2c−f depicts the transition of
GO@LDHs hybrids from densely folded lamellae to loosely
lamellar structure with the increase of LDH content. This
transition occurred because LDHs adsorbed on the surface of
GO sheets prevented the self-aggregation of GO sheets. At high
LDHs content, the negatively charged GO sheets adsorbed on
positively charged LDHs, leading to excess LDHs forming
aggregates. Therefore, the LDH content in the GO@LDHs
hybrids has an optimal value, which was consistent with the
observed morphology and measured zeta potential.

3.2. Chemical Structure Characterization of GO@LDHs
Hybrids. FTIR spectra of GO, LDHs and GO@LDHs are
shown in Figure 3a. For GO, the absorption peaks at 3417, 1739,

Table 1. Formula of SBR, GO/SBR, LDHs/SBR, GO+LDHs/
SBR, and GO@LDHs/SBR Composites (the Unit is phr)

sample SBR
GO/
SBR

LDHs/
SBR

GO+LDHs/
SBR

GO@LDHs/
SBR

SBR 100 100 100 100 100
GO 0 3 0 3 0
LDHs 0 0 9 9 0
GO@LDHs 0 0 0 0 12
stearic acid 1 1 1 1 1
zinc oxide 3.5 3.5 3.5 3.5 3.5
antioxidant
4020

2 2 2 2 2

antioxidant
RD

2 2 2 2 2

accelerant CZ 2.2 2.2 2.2 2.2 2.2
sulfur 1.4 1.4 1.4 1.4 1.4

Figure 1. (a) Digital photographs of LDHs, GO, and GO@LDHs dispersions before and after storage for 7 days; (b) zeta potential of LDHs, GO, and
GO@LDHs dispersions (pH = 8).
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1627, 1408, 1230, and 1057 cm−1 originated from the stretching
vibration of O−H, C�O, C�C of the aromatic ring, C−O in
carboxy, C−O in epoxy, and C−O in alkoxy, respectively.32,33

For LDHs, the peaks at 3454 and 1610 cm−1 were assigned to
the stretching vibration of O−H groups and the deformation

vibration of interlayer water molecules.34 Additionally, the sharp
peak at 1357 cm−1 was attributed to the stretching vibration of
the CO32− groups between the LDHs layers,

35 while the peaks in
the 500−1000 cm−1 range were assigned to the vibration of M−
O, M−OH, and O−M−O in the LDHs lattice (M = Mg, Al,

Figure 2. SEM images of (a) LDHs, (b) GO, and (c−f) GO@LDHs hybrids with different GO/LDHs mass ratios.

Figure 3. (a) FTIR and (b) XRD spectra of GO, LDHs, and GO@LDHs hybrids.

Figure 4. (a) XPS wide scan spectra of GO, LDHs and GO@LDHs hybrids (GO/LDHs = 1/3), (b) C 1s spectra of GO, and (c) C 1s spectra of GO@
LDHs (GO/LDHs = 1/3).
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Zn).36 Comparatively, in GO@LDHs, the stretching vibration
of C�O at 1739 cm−1 gradually disappeared with the increase
of LDHs content, whereas the peak related to carboxy C−O
vibration at 1408 cm−1 shifted to a low wavenumber. This
alteration was attributed to the chelation between the negatively
charged −COO− located on the edge of GO sheets and the
positively charged LDH sheets.37 Furthermore, the peak of
epoxy C−O at 1230 cm−1 nearly disappeared in GO@LDHs
hybrids, while a new type of C−O bonds at 1107 cm−1 emerged,
induced by the ring-opened reactive epoxy groups in GO sheets
in the presence of metal cations in the LDHs lattice.38,39

The crystal structure of GO, LDHs, and GO@LDHs hybrids
was investigated by XRD analysis. As shown in Figure 3b, the
GO curve showed a prominent diffraction peak at 2θ = 10.2°,
indicating an interlayer spacing of 0.866 nm according to the
Bragg law.40 Meanwhile, the LDH curve displayed typical
diffraction peaks (003), (006), (009), and (015), consistent
with the previous study.41 Notably, in GO@LDHs hybrids, a
unique layer stacking structure emerged between GO and
LDHs. Specifically, when the GO/LDHs mass ratio was 1/0.5
and 1/1, the characteristic diffraction peak of GO and the typical
diffraction peaks (003), (006) of LDHs shifted to lower 2θ
values, suggesting an increased interlayer space of both GO and
LDHs. With increasing LDH content, the characteristic
diffraction peak of GO gradually disappeared owing to the
intercalation of the GO layers by LDH sheets. The XRD analysis
revealed the interspersion of GO and LDH layers, forming newly
assembled GO@LDHs hybrids, which effectively hindered the
aggregation of the GO sheets.
XPS was performed to investigate the chemical composition

of GO, LDHs, and GO@LDHs hybrids. Figure 4a shows the
survey spectra of GO@LDHs hybrids, revealing the presence of
C, O, Al, Zn, and Mg elements derived from GO and LDHs.
Figure 4b,c compares the C 1s spectra of GO and GO@LDHs
hybrids. In the spectrum of GO, peaks at 284.8, 286.8, 288.0, and
289.4 eV were assigned to C�C, C−O, C�O, and O−C�O
functional groups, respectively.42 In contrast, the C−O peak in
the spectrum of GO@LDHs hybrids shifted to lower binding
energy with decreased intensity, indicating the formation of
hydroxyl groups (C−OH) resulting from the ring-opening of
the reactive epoxy groups in GO sheets induced by the metal
cations in LDHs lattice.37,43,44 Subsequently, the metal cations
in LDH layers formed coordinate-covalent bonds or alkoxides
with hydroxyl groups.37 Meanwhile, the peak corresponding to
O−C�O groups shifted slightly from 289.4 to 289.2 eV,
suggesting the formation of metal-carboxylate chelates between
the metal cations of LDHs and carboxylic acid groups of GO.38

Based on the above analysis, there are two types of
interactions between LDHs and GO sheets, as illustrated in
Figure 5. One involves the interlayer interaction between the
metal cations on LDH layers and hydroxyl groups on GO basal
planes. The other involves the bridging bonding between metal
cations on the LDH layers and carboxylic acid groups at the edge
of GO sheets. The strong interactions between GO and LDHs
resulted in a unique lamellar interspersed isolation structure,
effectively preventing the aggregation of GO and LDHs.
However, the ratio of GO and LDHs also affected the lamellar
assembled structure. In the GO@LDHs (GO/LDHs = 1/3)
aqueous dispersion, no apparent aggregation was observed, and
it remained stably dispersed. Therefore, GO@LDHs (GO/
LDHs = 1/3) hybrids were selected for further application
studies in rubber composites.

3.3. Dispersion State of GO@LDHs Hybrids in SBR
Composites. To ensure the dispersion of lamellar filler in the
rubber matrix, the green latex coagulation method was used to
fabricate the SBR composites.45 TEM measurements were
conducted to evaluate the dispersion state of the fillers in the
SBR matrix. In the TEM images of Figure 6, the bright area
mainly represented the SBR matrix, while the dark line and
sheets represented the lamellar fillers. As shown in Figure 6a,a′,
GO exhibited uneven dispersion, and local aggregation was
observed, forming black aggregates with sizes ranging from 200
to 300 nm (marked by the red arrows). For LDHs/SBR
composites in Figure 6b,b′, the dark lines represented
incorporated LDH layers, indicating the formation of severe
large aggregates with sizes ranging from 200 to 400 nm. In
Figure 6c,c′, GO+LDHs/SBR composites exhibited apparent
stacking of layers due to the direct addition of GO and LDHs,
indicating the interaction forces between layers cannot be
overcome and the aggregates formed by the layers stacking
(marked by the red arrows). However, in Figure 6d&d′, GO@
LDHs/SBR composites exhibited uniform dispersion through-
out the SBR matrix without large aggregations. Many thin
individual GO sheets were isolated by LDH layers, suggesting
that the GO@LDHs hybrids easily achieved synergistic
dispersion in the SBR matrix.

3.4. Filler Network of GO@LDHs Hybrids in SBR
Composites. The filler network within rubber composites is
essential to prolong the diffusion path of gas molecules and
improve the gas barrier performance.14,46 The filler network was
evaluated by an RPA2000. As shown in Figure 7, the storage
modulus (G′) of all SBR composites decreased with increasing
strain amplitude, owing to the “Payne effect” caused by the
breakdown of the filler network and release of the trapped
rubber under oscillatory shear force.47,48 Compared with the
pure SBR, the addition of layered fillers resulted in an increase in
G′ of the SBR composite. The G′ of GO/SBR composites was
higher than that of LDHs/SBR composites, which indicated that
GO with a high specific surface area formed more physical
bonding points with the SBR matrix compared to LDHs. When
added in equal proportion, the G′ of GO@LDHs/SBR was
significantly higher than that of GO+LDHs/SBR composites.
This enhancement was attributed to the uniform dispersion of
GO@LDHs hybrids, which facilitated the formation of an
overlapped filler network and physical bonding points. Addi-
tionally, from the TEM images in Figure 6d,d′, it can be inferred
that the GO@LDHs/SBR composites formed a tortuous filler
network, thereby prolonging the penetration path of gas
molecules and improving the gas barrier performance of the
SBR composites.
It is still challenging to develop rubber composites with high

tensile strength and large elongation at break. Figure 8a presents

Figure 5. Schematic preparation and interaction model of GO@LDHs.
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the stress−strain curves of all SBR composites, and the data on
mechanical properties are listed in Table 2. The pure SBRmatrix
exhibited a relatively low tensile strength and elongation at
break. Upon incorporation of GO or/and LDHs into SBR
matrix, the tensile strength of GO/SBR and LDHs/SBR
surpassed that of the pure SBR matrix. Compared with GO/
SBR, LDHs/SBR, and GO+LDHs/SBR composites, the tensile
strength of GO@LDHs/SBR composites increased 61.0%,
407.7%, and 36.1%, respectively. Notably, the elongation at
break of GO@LDHs/SBR was also higher than that of GO/
SBR, LDHs/SBR, and GO+LDHs/SBR composites. Mean-
while, GO@LDHs/SBR also possessed the highest hardness,
Young’s modulus, and tear strength. The concurrent improve-
ment in tensile strength and elongation at break for GO@

LDHs/SBR composites was considered significant, as indicated
by the calculated fracture toughness in Figure 8b, which was
defined as the area under the stress−strain curve.
Generally, the dispersion of fillers and the interfacial

interaction between fillers and the rubber matrix were crucial
factors in tailoring the mechanical properties of rubber
composites. The desirable performance of GO@LDHs/SBR
composites was ascribed to two reasons: (1) the GO@LDHs
hybrids improved the dispersion of GO and LDHs sheets in SBR
matrix and forming a strong interfacial interaction with SBR
matrix, thereby restricting molecular chain slip and increasing
the tensile stress; (2) the electrostatic interaction in GO@LDHs
hybrids preferentially broke upon deformation, which provided
sacrificial bonds that dissipate energy, resulting in high tensile
strength and elongation.15

3.5. Dynamic Mechanical Properties of SBR Compo-
sites. The interfacial interactions between fillers and the SBR
matrix were further investigated by DMA. The storage modulus
(E′) and loss factor (tan δ) versus temperature curves of all SBR
composites are presented in Figure 9. It is evident from Figure 9a
that the E′ of GO@LDHs/SBR composites was higher than that
of GO/SBR, LDHs/SBR, and GO+LDHs/SBR composites,
indicating that the incorporation of GO@LDHs hybrids into the
SBR matrix significantly improved the stiffness of SBR
composites due to the large specific area and ultrahigh modulus
of GO@LDHs hybrids. Generally, the temperature correspond-
ing to the peak value of the loss factor curve is identified as glass
transition temperature (Tg). As shown in Figure 8b, after adding
the lamellar filler, the position of the peak of tan δ did not change

Figure 6. TEM images of (a,a′) GO/SBR, (b,b′) LDHs/SBR, (c,c′) GO+LDHs/SBR, and (d,d′) GO@LDHs/SBR composites.

Figure 7. Storage modulus vs dynamical strain amplitude curves of SBR
composites.

Figure 8. (a) Stress−strain curves and (b) fracture toughness of all SBR composites.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05304
ACS Omega 2024, 9, 39846−39855

39851

https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05304?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significantly, which is consistent with the previous research.49

However, the height of the tan δ peak decreased notably,
indicating that the filler adsorbed the SBR molecular chain and
reduced the content of polymer that can participate in the
movement of chain segments. To understand the effect of
constrained polymer on dynamical mechanical properties, the
fraction of restricted SBR chains region (C) can be calculated by
the following equation50,51

=C
C B

B
1

(1 )0

0

where the C0 and B0 are the fraction of restricted regions and the
fraction of energy loss in the pure SBRmatrix, respectively. Here,
C0 is taken as 0. The fraction of energy loss of filled SBR
composites can be determined by the following equation:

=
+

B
tan

tan 1

Through calculations, the results are shown in the inset of
Figure 9b. The C value of GO@LDHs/SBR composites was
higher than that of GO/SBR, LDHs/SBR, and GO+LDHs/SBR
composites, suggesting that the stronger interfacial interaction

between GO@LDHs hybrids and the SBR matrix, leading to
more volume of constrained SBRmolecular chains. Therefore, it
can be further concluded that the constrained regions reveal a
positive effect on the mechanical performances of the
composites.

3.6. Gas Barrier Properties of SBR Composites. The gas
barrier properties of SBR composites filled with different fillers
are presented in Figure 10. For the pure SBR matrix, the N2
permeability was relatively high due to the large free volumes
between the rubber molecules. For GO/SBR composites, the N2
permeability decreased by 28.9% compared to that of the pure
SBR matrix owing to the formation of the gas barrier filler
network by GO layers. The N2 permeability of LDHs/SBR
composites was much higher than that of GO/SBR composites
due to the low specific surface area and aggregation of LDHs
sheets. Compared with GO/SBR, LDHs/SBR, and GO+LDHs/
SBR composites, the N2 permeability of GO@LDHs/SBR was
decreased by 32.7%, 46.6%, and 20.5%, respectively. The gas
flow diffusion diagrams in GO/SBR and GO@LDHs/SBR
composites are displayed in Figure 9b. For GO@LDHs/SBR
composites, the significant improvement in gas barrier proper-
ties can be attributed to two main reasons. First, GO and LDHs
are interspersed to form an isolated and dispersed layer

Table 2. Mechanical Properties of All SBR Composites

samples
hardness
(shore A)

Young’s modulus
(MPa)

modulus at 100%
elongation (MPa)

modulus at 300%
elongation (MPa)

tensile strength
(MPa)

elongation at
break (%)

tear strength
(kN/m)

SBR 47 ± 1 2.3 ± 0.1 1.0 ± 0.1 1.9 ± 0.1 267 ± 8 9.5 ± 0.9
GO/SBR 51 ± 1 3.7 ± 0.1 1.5 ± 0.1 4.4 ± 0.1 8.2 ± 0.1 471 ± 12 20.8 ± 1.2
LDHs/SBR 50 ± 1 2.9 ± 0.1 1.3 ± 0.1 2.2 ± 0.1 2.6 ± 0.1 360 ± 10 10.8 ± 1.0
GO+LDHs/
SBR

52 ± 1 4.2 ± 0.1 1.7 ± 0.1 4.8 ± 0.1 9.7 ± 0.3 523 ± 12 23.8 ± 1.3

GO@LDHs/
SBR

53 ± 1 4.8 ± 0.1 1.8 ± 0.1 5.2 ± 0.1 13.2 ± 0.4 557 ± 11 28.9 ± 1.5

Figure 9. (a) Storage modulus versus temperature and (b) loss factor versus temperature curves of all SBR composites; the inset is the C values of the
composites.

Figure 10. (a) N2 gas permeability of all SBR composites and (b) the diagram of the gas flow diffusion in GO/SBR and GO@LDHs/SBR composites.
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structure, and the overlapped layer creates a complex gas barrier
network, prolonging the pathways of N2 in the SBR matrix.
Second, a stronger interfacial interaction was formed between
the homogeneously dispersed GO@LDHs hybrids and SBR
matrix, which restricted more molecular movement of the SBR
matrix and thus reduced the free volume of the composites.52

Therefore, the experimental results also prove that GO@LDHs
exhibit excellent characteristics to improve the gas barrier
performance of rubber composites. Comparisons of tensile
strength, elongation at break, and reduction in permeability of
the composites between this work and other previously
published works53−57 are summarized in Figure 11. GO@
LDHs/SBR composites exhibited a comprehensive advantage in
the improvement of both mechanical and barrier properties.

4. CONCLUSIONS
In this work, GO@LDHs hybrids were prepared through the
electrostatic self-assembly method, and the GO/LDHs mass
ratio was found to affect themorphological microstructure of the
hybrids. When the GO/LDHs was 1/3, GO and LDHs formed
an interpenetrating isolated dispersion structure, with LDHs
effectively preventing the aggregation of GO. Furthermore, the
metal cations on LDHs formed an interlayer interaction with
hydroxyl groups on GO basal planes and bridging bonding with
carboxylic acid groups at the edge of GO sheets. Subsequently,
the obtained GO@LDHs hybrids were compounded with SBR
through a latex compounding process, resulting in uniform
dispersion of GO@LDHs hybrids within the SBRmatrix and the
formation of a strong interaction with the SBRmatrix, endowing
the SBR composite with excellent comprehensive performance.
Specifically, GO@LDHs/SBR composites showed remarkable
tensile strength, high elongation at the break, and gas barrier
properties. Compared with pure SBR, the N2 gas permeability of
GO@LDHs/SBR composites decreased by 52.2%, while the
fracture toughness increased by 845%. In conclusion, the
development of GO@LDHs hybrids provides promising
prospects for the design of rubber composites with an enhanced
gas barrier and mechanical properties.
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and Properties of SBR Composites Containing Graphene Nano-
platelets Modified with PyridiniumDerivative.Materials 2020, 13 (23),
5407.
(55) Wen, S.; Zhang, R.; Xu, Z.; Zheng, L.; Liu, L. Effect of the
Topology of Carbon-Based Nanofillers on the Filler Networks and Gas
Barrier Properties of Rubber Composites. Materials 2020, 13 (23),
5416.
(56) Wang, Y.; Zhang, H.; Wu, Y.; Yang, J.; Zhang, L. Preparation,
structure, and properties of a novel rectorite/styrene-butadiene
copolymer nanocomposite. J. Appl. Polym. Sci. 2005, 96 (2), 324−328.
(57) Tang, Z.; Zhang, C.; Zhu, L.; Guo, B. Low permeability styrene
butadiene rubber/boehmite nanocompositesmodified with tannic acid.
Materials & Design 2016, 103, 25−31.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05304
ACS Omega 2024, 9, 39846−39855

39855

https://doi.org/10.1016/j.clay.2011.03.010
https://doi.org/10.1016/j.clay.2011.03.010
https://doi.org/10.1016/j.clay.2011.03.010
https://doi.org/10.1016/j.polymer.2019.121953
https://doi.org/10.1016/j.polymer.2019.121953
https://doi.org/10.1016/j.polymer.2014.11.048
https://doi.org/10.1016/j.polymer.2014.11.048
https://doi.org/10.1016/j.compositesa.2016.03.029
https://doi.org/10.1016/j.compositesa.2016.03.029
https://doi.org/10.1016/j.compositesa.2016.03.029
https://doi.org/10.1021/ma9004154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9004154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9004154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2004.12.002
https://doi.org/10.1016/j.polymer.2004.12.002
https://doi.org/10.1016/j.compositesb.2020.108186
https://doi.org/10.1016/j.compositesb.2020.108186
https://doi.org/10.1016/j.compositesb.2020.108186
https://doi.org/10.3390/ma13235407
https://doi.org/10.3390/ma13235407
https://doi.org/10.3390/ma13235407
https://doi.org/10.3390/ma13235416
https://doi.org/10.3390/ma13235416
https://doi.org/10.3390/ma13235416
https://doi.org/10.1002/app.21409
https://doi.org/10.1002/app.21409
https://doi.org/10.1002/app.21409
https://doi.org/10.1016/j.matdes.2016.04.062
https://doi.org/10.1016/j.matdes.2016.04.062
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

