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Abstract: Basalt fiber (BF), because of having high
strength-to-cost ratio, could be suitable for industrial appli-
cations replacing the carbon and glass fibers. However, the
lack of surface functionality restricts its potential interfacial
interactions with the reinforced matrix. Various surface
modification approaches are used to tailor the surface pro-
perties of BFs such as coating nanomaterials and attaching
chemical moieties. In this study, a successful deposition
of graphene on basalt fabric was done using eco-friendly
and simple electrophoretic deposition method. The confir-
mation of attached graphene oxide and graphene was done
through the scanning electron microscope, Raman spectro-
scopy, and X-ray photoelectroscopy. Later, the effect of gra-
phene coating on the thermal properties of BF was studied
through thermogravimetric analysis and differential scan-
ning calorimetry. Results show that the graphene was suc-
cessfully coated on BF, and in the presence of graphene
coating, the crystallization of BF delayed from 697 to
716°C because of the formation of a protective layer of gra-
phene. Graphene-coated BF could be used further in fiber-
reinforced composites to improve the interfacial interaction
between the matrix and fiber.

Keywords: electrophoretic deposition, graphene, basalt
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1 Introduction

Fiber-reinforced composites (FRCs), because of the ease
of production and durability, are being extensively used

in many industries such as automobiles, aerospace, and
sports. The most common examples of fibers reinforced
into various matrices are carbon fibers, glass fibers, cel-
lulose fibers, and polymer-based fibers [1,2]. Among all,
glass FRCs (GFRCs) and carbon FRCs (CFRCs) are exten-
sively studied. The commercial applications of CFRCs are
limited because of their high production cost, while
GFRCs are perfect for the industrial applications because
of their low production cost and high strength [3,4].
Along with the expansion in GFRCs’ global market, related
waste is also increasing. Because of the issues during
GFRCs recycling such as lower strength retention, the
release of toxic gases, and high energy consumption,
alternative material is required [5,6]. Recently, basalt
fiber (BF) has emerged as an ideal alternative for the
reinforced fiber material, owing to its high mechanical
strength and exceptional environmental stability [7].

BF, also known as mineral fiber, is a natural fiber
processed through the melt extrusion of solidified vol-
canic lava (basalt rock). Depending on the geological
location of basalt rock, the chemical composition of BF
varies, and therefore, their properties also vary slightly
[8]. The production method of BFs is similar to the glass
fiber but more environment-friendly with less energy
requirement. The Young’s modulus (100–110 GPa) and
tensile failure (4.15–4.8 GPa) are higher than the E-type
glass fiber [7–9]. In addition, BF has better resistance
toward alkali solutions than glass fiber. All these proper-
ties qualify BF to be used as reinforcement in various
composites for industrial applications. Despite having
excellent mechanical properties, basalt FRCs (BFRCs)
are not exploited up to their potential because of the sur-
face tension during melt extrusion, which make fiber sur-
face very smooth and the absence of reactive groups on
the surface of BF [10]. Consequently, interfacial inter-
action between the fiber and reinforced matrix is inefficient.
To upgrade the interfacial interactions, surface modifica-
tion of BF is performed by treating the fiber surface using
chemical or physical methods or coating nanomaterial
onto the fiber surface [11–13]. Sometimes, chemical
approaches use hazardous materials that increase the
cost and risk and might alter the structure of fibers and
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their performance [12,13]. In contrast, coating nanomaterials
on the fiber surface introduces the additional property
to the fiber [14–18]. In addition, coating nanomaterials on
fibers introduce a hierarchical feature, helping in forming a
continuous nexus throughout the reinforced matrix [15].
Many coating methods are reported in the literature such
as dip coating, spray coating, chemical vapor deposition
(CVD), and electrophoretic deposition (EPD) [19,20].
Despite being cost-efficient and straightforward approaches,
dip coating and spray coating lack the efficiency because of
the unevenly deposited and poorly adhered coating [21].
CVD is used to deposit carbon-based nanomaterials on
different fibers [22–24]. However, the extreme conditions
of CVD (high temperature) are not suitable for BFs (oper-
ating temperature limit ∼650°C) as it compromises their
strength [23,25].

EPD is a widely practiced industrial method that
is simple, fast, environmentally safe, and cost-efficient.
Electrophoretically deposited coatings are homogenous,
compact, and well adhered to the substrate [26]. In a
typical EPD process, charged particles suspended into a
dispersed medium migrate toward the counter-charged
electrodes dipped into the stable suspension in the pre-
sence of an applied electric field. A consequent stacking
of the material forms a homogenous coating. The coating
properties can be regulated by modifying the mass and
concentration of the suspended material, applied poten-
tial, and deposition time [26]. EPD does not require
expensive apparatus or hazardous chemicals and usually
used at room temperature and non-vacuum conditions.
Moreover, the process does not affect the basic properties
of the BF adversely. EPD allows coating a wide range of
conductive materials on complex surfaces. The other
benefit of using EPD is that the nanomaterial can be
coated directly onto the fiber surface (no sizing agent or
chemical required). Therefore, in this study, we are using
EPD to deposit the nanomaterial on BF’s surface. Among
nanomaterials, graphene is an excellent choice for rein-
forcing various matrices because of its extraordinary
mechanical, thermal, and electrical properties and good
chemical stability [27,28]. In addition, the layered struc-
ture of graphene allows it to be flattened and parallel to
the fiber surface in the presence of shearing force [29].
To the best of our knowledge, not many reports available
on the direct coating of graphene on BF. Most of the
available reports are based on graphene attachment to
the BF surface through chemical groups or coupling
agents [30–33].

Our objective is to coat graphene flakes directly on
the surface of BF using EPD (without any chemical
agent), which could improve the interfacial interactions

of BF with the reinforced matrix. This is a preliminary
study where we are focusing on the successful deposition
of graphene on the fiber. Although there are plenty of
reports available on EPD of graphene on carbon fibers
as a substrate, to the best of our knowledge there is no
report on the deposition of graphene on BF using EPD.
For that, at first graphene oxide (GO) layer was deposited
using EPD and later thermochemically reduced into gra-
phene. The deposition of graphene was confirmed using
Field Emission Scanning Electron Microscopes (FE-SEM),
X-ray photoelectric spectroscopy (XPS), and Raman spec-
troscopy. Later, the effect of coated material on the
thermal performance of BF was also examined through
thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). Our future work would be focused
on the optimization of the deposition parameters such as
voltage and time for EPD of graphene on BF.

2 Experimental

2.1 Materials

A plain-woven type of basalt fabric was obtained from
Seotech, Korea. Graphite, potassium permanganate,
and reagent grade hydrazine hydrate were obtained from
Sigma Aldrich, Korea. Sulfuric acid, hydrochloric acid,
and hydrogen peroxide were obtained from Daejung
Chemicals, Korea.

2.2 Synthesis of GO

GO was prepared using the modified Hummer’s method
[34]. Briefly, 3 g of graphite was mixed with 70mL of
H2SO4 followed by slow mixing of 9 g KMnO4 in the pre-
sence of an ice-bath. The solution was continuously
stirred at 35°C for 30min, followed by slow mixing of
150mL water into the solution. While maintaining the
temperature at 95°C, the solution was stirred for 15 min,
followed by mixing 500 mL water. After mixing for
5 min, as the temperature of the solution reduces, 15 mL
hydrogen peroxide (30%) was mixed dropwise, which
changed the solution color from brown to bright yellow
with the visible presence of bubbles. Later, the resulting
mixture was kept undisturbed to collect the precipitated
material, which was further washed with 1% HCl solu-
tion. After repeated washing and drying with water, GO
powder was obtained.
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2.3 EPD of graphene on BF

To deposit the graphene on BF, at first GO was deposited
on through EPD because a homogenous aqueous suspen-
sion of the coating material is a prerequisite for EPD
set-up, which is quite difficult for graphene because
of its agglomeration formation tendency. GO forms a
highly stable colloidal suspension in water because of the
presence of various oxygen-containing groups such as
epoxide, hydroxyl, and carbonyl groups attributing to
its strong hydrophilicity. As EPD set-up requires a con-
ductive material as a substrate, and BF is a non-conduc-
tive material made up of melted lava rocks, we placed the
basalt fabric on a copper sheet acting as an electrode. Our
EPD set-up contained 2 L of bath solution of GO with
2 mg/mL concentration in a 2-L beaker, which was con-
tinuously stirred using magnetic stirrer during deposi-
tion. Copper plates (99.96% purity) with the dimensions
of 10 × 15 × 0.2 mm were used as +ve and –ve electrodes.
The targeted BF was attached through a cellophane tape
to the anode as the EPD of GO is an anodic deposition
because of the negative charge on the GO sheet. The dis-
tance between both the electrodes was ∼2 cm. During the
experiment, using a DC bench power bench supply (RS

Pro IPS-303DD, China), a voltage of 5 V was applied for
5 min. After deposition, the coated BF was washed by
dipping twice in DI water to remove loosely attached
GO (just by dipping into the GO solution). Later, the
GO-coated BF was dried for 12 h at 50°C temperature.
The resulting BF was termed as GO-BF.

Further, the reduction of GO-BF was performed
through thermochemical reduction. GO-BF was kept for
24 h at 100°C in a glass Petri-plate containing a tissue
dipped in hydrazine hydrate (∼2–3mL). Being a strong
reducing agent, hydrazine hydrate reduced the GO sheets
grafted on BF, and the resulting fabric material was
termed as rGO-BF.

The schematic representation of the deposition of
graphene on basalt fabric through the EPD process is
depicted in Figure 1.

2.4 Characterization

Themorphological changes on the surface of basalt fabric
after graphene deposition were analyzed using FE-SEM
(LEO SUPRA 55, GENESIS, 2000). To improve the quality

Figure 1: Schematic representation of deposition of graphene on basalt fabric through the EPD process.

160  Garima Mittal and Kyong Y. Rhee



of obtained images, platinum was sputtered on samples.
To confirm the presence of graphene and GO on BF
Raman spectroscopy (RFS 100/S (Bruker, λ = 532 nm))
was performed from 100 to 3,200 cm−1 wavelengths.
Further confirmation was done using XPS (K-Alpha
(Thermo Electron), Thermo Fischer Scientific). The effect
of graphene coating on the thermal properties of BF
was analyzed through TGA (SQT 600 model), which was
done from room temperature to 800°C with a temperature
ramp rate of 10°C/min in the presence of nitrogen gas
(100mL/min).

3 Results and discussion

Morphological properties of bare BF, GO-BF, and rGO-BF
were compared using FE-SEM. Figure 2(a–c) shows the
FE-SEM images of BF, GO-BF, and rGO-BF, respectively.
As can be seen, BF’s surface was smoother before EPD of
GO, and only some residues of the sizing agent were
present. On the contrary, after EPD, the surface of GO-
BF and rGO-BF became comparatively rougher, and

wrinkled GO and graphene flakes could be observed
[35]. During EPD, because of applied electric field, nega-
tively charged GO flakes start migrating toward the BF
attached to the positive electrode and deposit on it. Later,
GO flakes coated on the BF surface were thermochemi-
cally reduced into rGO flakes. The multi-layered stacking
of GO oxide sheets reduced into few-layered transparent
graphene after reduction. The longer flakes of graphene
attached to the surface of BF in rGO-BF could be seen in
Figure 2(c). These free end graphene flakes could play a
crucial role in establishing interfacial connections with
the adjacent BF and form a continuous electrically and
thermally conductive connection throughout the fabric.

The confirmation of coated GO and graphene was
done using Raman spectroscopy, a very fast, non-destruc-
tive tool to analyze the crystallinity of carbon materials.
Figure 3 compares the Raman graphs of bare BF, GO-BF,
and rGO-BF. Two broad peaks ascribed to the basaltic
glass were observed at 490 and 970 cm−1 in bare BF. After
coating, these peaks were dominated by characteristic gra-
phitic bands in GO-BF and rGO-BF samples. The band that
appears at around 1,350 cm−1 is because of the defects that
occurred in the graphitic ring and known as D-band. The

Figure 2: FE-SEM images of: (a) bare BF; (b) GO-coated BF (GO-BF); (c) graphene-coated BF (rGO-BF).
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band that appears at 1,580 cm−1 indicates the crystallinity
of the graphitic ring in the carbon material. As can be
compared, in rGO-BF’s spectrum, the D-band is more
intense, indicating the introduced defects during the thermo-
chemical reduction of GO coated on BF. After removing
the vast number of oxygen-containing groups, the ring-
opening of epoxides occurs, and the number of unre-
paired defects increases. The confirmation of chemical
and structural changes during reduction was done by
the intensity ratio of defects and graphitic rings (ID/IG).
A higher ID/IG value represents the increased number of
defects. The ID/IG of GO-BF (0.88) was lower than that of
rGO-BF (1.24), which was in accord with the many litera-
tures based on the chemical reduction of graphene and
confirmed the formation of rGO [36].

The successful reduction of GO into Gr on BF was
confirmed through XPS, and the data are shown in
Figure 4. Figure 4(a) represents the survey spectrum of

Figure 3: Raman spectra of bare BF, GO-coated BF (BF-GO), and
graphene-coated BF (BF-rGO).

Figure 4: (a) XPS survey spectra of GO-coated BF (GO-BF) and reduced GO-coated BF (rGO-BF); (b) and (c) represent the C 1s spectra of GO-
BF and rGO-BF, respectively.
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GO (black) and graphene (red) coated BF. Typical C 1s
and O 1s peaks could be seen at around 284 and 532 eV,
respectively, in both the cases, along with a trace of
N 1s peak around 400 eV in graphene-coated BF. This
nitrogen peak could be attributed to the strong reducing
agent hydrazine used to reduce GO [37]. Typical C 1s-
related peaks are shown in Figure 4(b) and (c) for both
GO-BF and rGO-BF. When graphite is oxidized through
modified Hummer’s method, oxygen-containing func-
tional groups (such as hydroxyl, epoxide, carbonyl, and
carboxyl) attach to the GO surface responsible for the
hydrophilic nature of the material. For both GO-BF and
rGO-BF, the C 1s was deconvoluted into three peaks, i.e.,
C–C at 284.6 eV, C–O (epoxy and hydroxyl) at ∼286.5 eV
and C]O (carboxyl) at ∼288.8 eV [38]. As a result of the
reduction process, these oxygen-containing peaks signif-
icantly diminish, and C–C peak intensifies, suggesting
the successful removal of oxygenated functional groups
in graphene sheets. With the decomposition of oxyge-
nated groups, a considerable deformation of the GO
structure occurs, justifying the exfoliation during the pro-
cess [39]. This is in accord with the Raman analysis,
where D-band becomes intense after thermochemical
reduction. Besides, the elemental analysis of obtained
XPS data revealed the same outcomes. As shown in
Table 1, the C/O ratio for GO-BF sample increased after
thermochemical reduction, proving the presence of more

oxygen-containing functional groups in GO-BF and vice
versa rGO-BF [40].

The effects of the GO and graphene coatings on the
thermal properties of BF were analyzed through DSC (a)
and TGA (b) in Figure 5. Following a similar trend, all the
samples show the glass transition temperature around
153°C. According to the published reports [41], when BF
is heated, the crystalline structure of the minerals present
on the fiber surface changes. With the applied tempera-
ture, migration of the divalent cations (Ca2+, Mg2+, and
Fe2+) to the periphery of the fiber from its core takes place
[41]. After migration, these divalent cations take part in
redox reactions by acting as nuclei in the crystallization
process. Diverse crystalline phases emerge at different tem-
peratures consequently, affecting the crystalline mechanism
of the fiber and making it brittle. It seems because of the
coating, bare BF shows lower crystalline peak temperature,
i.e., at 697°C. While GO and graphene coatings acting as a
protective layer delay the crystallization, the crystallization
peak temperatures were 708 and 716°C for GO-BF and rGO-
BF, respectively. Various studies report the similar behavior
of a coating on BF. For instance, Gutnikov et al. [42] pub-
lished a study where crystallization was slowed down by
a nanolayer coating of alkaline oxide formed during the
heating.

Figure 5(b) shows the TGA curves of BF, GO-BF, and
rGO-BF. It can be seen from the curves that BF shows
excellent thermal stability and does not show a weight
loss (no burning). The properties and constituents (such
as minerals, silicates, alumina, Fe2O3, FeO, MgO, CaO,
Na2O, K2O, and TiO2) of BF vary with the origin of the
lava rock. BF and GO-BF show a similar weight gain pat-
tern, and the total weight gain was 3.3 and 1.9%, respec-
tively. While in the case of rGO-BF, the total weight loss
was almost zero. When BF is heated, divalent cations

Table 1: Atomic weight percentages of C 1s and O 1s spectra of the
GO-coated BF and graphene-coated BF obtained through XPS

Sample C (at.%) O (at.%) C/O

GO-BF 77.03 22.97 3.35
rGO-BF 83.63 16.37 5.11

Figure 5: DSC-heating curve (a) and TGA (b) curves of bare BF, GO-coated BF (GO-BF), and graphene-coated BF (rGO-BF).
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move to the surface of the fiber from the center, partici-
pating in redox reactions. A reaction might have possibly
occurred between these surface particles and the envir-
onment, leading to the weight gain of the fiber [43]. In the
case of GO-BF, further two significant weight losses can
be observed. First weight loss (between 100 and 300°C)
could be ascribed to the degradation of oxygen-con-
taining functional groups present on the GO surface
and the second one (after 350°C) could be attributed to
the decomposition of more stable oxygen groups into CO2

and CO [40]. For rGO-BF, graphene acts as a protective
layer and probably restricts the interaction between the
environment and the BF surface. Because of the small
number of oxygen-containing functional groups, gra-
phene does not go under degradation like GO. Therefore,
it could be concluded that the deposition of graphene on
BF improves its thermal stability.

4 Conclusion

BF could be a perfect candidate considering the world-
wide inclination toward green technologies. It could
replace the glass and BFs in FRCs with low production
cost and excellent environmental stability. However, the
smooth surface and lack of surface functional groups
restrict the full potential use of BFRCs. Therefore, to
modify the basalt surface properties, graphene was coated
through EPD, where GO was deposited on basalt fabric
followed by its thermochemical reduction into graphene.
The confirmation of successful attachment of graphene
flakes was done using FE-SEM, Raman, and XPS. The
effects of graphene coating on the thermal stability of BF
were studied through TGA and DSC that confirmed that the
graphene coating act as a protective coating during crys-
tallization of BF at a higher temperature. The crystalline
peak temperature was shifted from 697°C for base BF to
716°C for rGO-BF. This is a preliminary study with a goal of
successful deposition of graphene on BF using EPD. Our
further research would focus on the optimization of the
deposition parameters, such as voltage and time. Later,
the effect of graphene-coated BF on the performance of
reinforced matrix assuming graphene-coated BF might
significantly improve the interfacial interactions between
reinforced polymer/cement/metal matrix and fiber.
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