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ABSTRACT: Electrospinning technology for fabricating nanofiber films and
the Hummer method for synthesizing graphene oxide (GO), along with
subsequent reduction, have been significantly advanced, demonstrating
immense potential for large-scale industrial applications. Nanofibrous films
loaded with reduced graphene oxide (rGO) have been widely explored for
their applications in electromagnetic shielding, the biomedical fields, and
pollutant adsorption. However, fragile mechanical performance of electrospun
fibers with limited surface post-treatment methods has somewhat hindered
their further industrial development. In response to this challenge, we propose
a dual-regulation strategy involving post-treatment to form porous nanofiber
films and the controlled flake size of rGO for surface coating during
preparation. This approach aims to achieve poly(L-lactic acid) (PLLA)/rGO
electrospun fibrous films with enhanced mechanical properties. It offers a
roadmap for the continued application and standardized production of fibrous
films loaded with rGO.

1. INTRODUCTION
Polyester materials, as a category of engineering plastics with
excellent mechanical performances, have a wide range of uses.1

Among them, 80% of polyester is processed into fibers. With
the establishment of the United Nations Sustainable Develop-
ment Goals, choosing biodegradable polyesters to replace the
widely used polyethylene terephthalate (PET), polybutylene
terephthalate, and so forth, has significant environmental
value.2 Among biodegradable polyester polymers, poly(L-lactic
acid) (PLLA) has attracted widespread attention.3

Electrospinning, a technique for fabricating polymer nano-
fibers with the potential for large-scale production, has been
extensively researched in the academic and partly industrialized
areas. Specifically concerning PLLA, the electrospinning
process involves ejecting a PLLA spinning solution, dissolved
in dichloromethane (DCM), into the air, followed by solvent
evaporation.4 The addition of a nonsolvent for PLLA, such as
N,N-dimethylformamide (DMF), results in the uniform
distribution in the DCM/DMF/PLLA liquid phase solution.5

During the fiber formation process, the evaporation rate of
DMF is significantly slower than that of DCM, and DMF
occupies some area in the PLLA fibrous structure, leading to
the formation of pores on both the surface and interior of
fibers.6 With micrometer-scaled pores present among the
fibers, the resulting electrospun fibrous film exhibits
hierarchical porosity (micropores among fibers and nanoscaled
pores on the fibers’ surface and interior).7 Subsequently,
during post-treatment, PLLA undergoes recrystallization via
physical or chemical methods, effectively altering the

morphology of the mesopores within the fibers. Previous
studies have shown that immersing PLLA or polyethylene
terephthalate (PET) porous fibers in acetone or ethanol
further modifies the mesopore morphology.8,9

The hierarchical porous structure offers numerous benefits,
including a high specific surface area and potential for
functional loading.10 This structure holds significant promise
for applications in various fields such as biology,11 energy,12

and environmental protection.13 However, the practical use of
PLLA electrospun fibrous material is often constrained due to
PLLA’s hydrophobic nature, leading to poor cell adhesion and
weak mechanical strength of the PLLA electrospun film.14,15

Graphene is a single-layer two-dimensional (2D) crystal
composed of carbon atoms arranged in the sp2 hybrid orbital
according to a honeycomb crystal lattice. Graphene has many
excellent properties such as high mechanical strength, light
transmittance, thermal conductivity, carrier mobility, and
specific surface area.16 Consequently, graphene is often
employed to optimize the physical or chemical properties of
polymer matrices. Additionally, graphene oxide (GO), one of
the most used graphene derivatives, exhibits good hydro-
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philicity and easy dispersibility in water.17 The oxygen-
containing functional groups of GO can strongly interact
with the composite matrices, forming a robust bonding
interface, thereby improving the material performances.17

Here, we regulated the composition of spinning solutions
and employed various post-treatment methods to compare a
range of PLLA/rGO fibers with different hierarchical porous
structures, as Figure 1 demonstrates. During the post-
treatment process, the recrystallization of PLLA occurs
through physical or chemical methods, effectively altering the
morphology of mesopores within the fibers. Additionally, in
our experiments, immersing PLLA porous fibers in acetone or
ethanol further modifies the morphology of mesopores.

The fiber’ surface treated with ethanol exhibits a relatively
smooth texture, attributed to the longer length of PLLA
molecular chains compared to those treated with acetone. This
smoother surface provides favorable conditions for the
subsequent loading and reduction of GO. The uniform coating
of graphene oxide is achieved by mixing ethanol-soaked PLLA
fiber films with a graphene oxide aqueous solution by using
ultrasonication. Subsequently, GO on the fibers undergoes
reduction through prolonged immersion in a relatively high-
temperature L-(+)-ascorbic acid (LAA) solution to PLLA/
rGO fibrous films. In both steps, ultrasonication and high
temperature are typical physical means of inducing PLLA
recrystallization.

2. MATERIALS AND METHODS
2.1. Materials. PLLA (PL-65) pellets were supplied by

PURAC Biochem B.V., The Netherlands. DCM (≥99.9%,
Sigma-Aldrich) and DMF (≥99.8%, Sigma-Aldrich) were used
to prepare electrospinning solutions. Ethanol (≥99.8%, VWR
Chemicals) and acetone (≥99.8%, Fisher Chemical) were used
for the post-treatment of the electrospun films. Expandable
graphite flakes were purchased from Sigma-Aldrich Company
Ltd., with a particle size of over 300 μm. Sulfuric acid (≥95%,
Fisher Chemical), potassium permanganate (≥99.0%, Alfa
Aesar), 30% (w/v) hydrogen peroxide (Fisher Chemical), and
37% hydrochloric acid (Fisher Chemical) were used for GO
synthesis. L-(+)-Ascorbic acid (LAA) (99%, Sigma-Aldrich)
was used to reduce GO to rGO.
2.2. Fabrication of PLLA Electrospun Films. PLLA

pellets were dried at 50 °C for 2 h and then added to DCM at
a certain weight ratio range from 1.4 to 2.2 wt %. The PLLA/

DCM solution was heated and stirred at 50 °C for 1.5 h. After
the solution was cooled to room temperature, DCM that
evaporated during the heating process was added up into the
solution, and DMF with a certain weight ratio was
subsequently added. The concentrations of PLLA were set as
2.2, 2.0, 1.8, 1.6, and 1.4 wt % for comparison. DMF was fixed
at 5% of solution when regulating the concentrations of PLLA.
The concentrations of DMF in the solution were set as 10, 7.5,
5, 2.5, and 0 wt % for comparison. The concentrations of
PLLA were fixed at 2.0 wt % when regulating the ratio of DMF
in the solution.

An electrospinning setup (TONGLI TECH TL-Pro, China)
equipped with a syringe pump was used to fabricate the
electrospun films. The solution was fed at a constant flow rate
of 6 mL/h by the pump. The drum was rotated at 60 rpm. A
high voltage of +15 kV and a low voltage of −3 kV were,
respectively, applied to the needle and the collector. The
distance between the needle and collector was fixed at 30 cm.

For acetone and ethanol treatment, the electrospun PLLA
films immersed in acetone for 5 min were marked as DCM-
acetone, while films immersed in ethanol for 5 min were
marked as DCM-ethanol or non-DCM.
2.3. Preparation of GO and PLLA/rGO Films. 1.5 g of

expandable graphite placed in a beaker was heated in a
microwave (Frigidaire, UK) at 700 W for 30 s. Then, the
expanded graphite was transferred to a 2 L three-neck round-
bottom flask which was put in a water bath. Sulfuric acid (300
mL) and 15 g of potassium permanganate were subsequently
slowly added in the flask, and the flask was sealed and stirred
by an overhead stirrer for 24 h. The water bath was first
changed to ice water bath, and 300 mL of DI water and 50 mL
of hydrogen peroxide were then slowly added into the flask.
After 30 min, 300 mL of 10% diluted hydrochloric acid was
finally added in. The GO suspension was washed 10 times to
neutral by a centrifuge with DI water.

A portion of 5 mL of water-based GO suspension was first
ultrasound at 75 W for 4 h and centrifuged at 10,000 rpm for
60 min. The upper layer suspension was kept in order to obtain
a relatively small amount of graphene oxide (SGO). The other
water-based GO suspension was directly centrifuged at 10,000
rpm for 20 min. The lower layer suspension was kept in order
to obtain large graphene oxide (LGO), a GO with relatively
large particle size.

Figure 1. Schematic diagram of the electrospun PLLA/rGO fiber-forming processes.

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

https://doi.org/10.1021/acsomega.4c01976
ACS Omega 2024, 9, 27358−27368

27359

https://pubs.acs.org/doi/10.1021/acsomega.4c01976?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01976?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01976?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01976?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The PLLA fibrous films for GO coating were first ultrasound
in 5 mL of water-based GO suspensions (3 mg/mL) at 75 W
for 30 min and dried at room temperature for 24 h in order to
obtain composite films of PLLA and GO. Some of the PLLA/
GO electrospun films were subsequently immersed in 5 mg/
mL LAA aqueous solution for 48 h, rinsed in DI water, and
dried at room temperature for 24 h to obtain composite films
of PLLA/rGO. Similar to the classification of GO flake size,
the electrospun PLLA fibrous film-coated LGO and reduced
was marked as PLLA/LrGO films, while the film-coated SGO
and reduced was marked as PLLA/SrGO films.
2.4. Characterization. Prior to viscosity measurement, the

electrospinning solutions were mixed on a hot plate stirrer
(Stuart SB 162-3, UK) at level 2 for 5 min. A Discovery Hybrid
Rheometer (TA Instruments HR-3, USA) equipped with a 60
mm stainless steel Peltier parallel-plate geometry was
employed to study the viscosity of the electrospinning
solutions. Hence, the shear rate was set at 326.54 s−1 to
carry out the test. All of the tests were performed at 25 °C with
a test gap of 1000 μm.

The field emission gun scanning electron microscopy
(FEGSEM) instrument (Zeiss Ultra 55, Germany) was used
to take SEM images, and the operating voltage was 1.5 kV. An
FTIR spectrometer (Thermo Nicolet 5700, USA) using
OMINC software equipped with Far IR option and Smart
Orbit Diamond ATR accessory was, respectively, used to
collect the FTIR spectra of circular pellet samples of GO or
rGO and square samples of PLLA electrospun films. An X-ray
diffractometer (PANalytical X’Pert Pro, USA) equipped with a

copper-sealed tube target was used to collect XRD patterns. A
Raman spectrometer (Renishaw System 1000, UK) equipped
with a 50x objective and a 514 nm diode laser was used to
record the Raman spectra of the electrospun samples. The film
was cut into square samples with a side length of 1 cm and
fixed on a glass slide with the aid of a double-sided tape. An
optical contact angle meter system (Krüss DSA100, Germany)
was used to measure the water contact angle. X-ray
photoelectron spectroscopy (XPS) was performed with Kratos
Axis (Kratos Analytical Limited, Japan), using monochromat-
ized Al Kα radiation.

An atomic force microscopy (AFM) instrument (Park
NX20) was used to check the surface morphology of rGO
both on the silicon wafer and on the surface of the PLLA fiber
(DMF-ethanol). Samples were measured by a noncontact
probe (PPP-NCHR, force constant = 42 N/m).
2.5. Mechanical Performances. The tensile test sample

was prepared with the effective area of the sample being a 25
mm × 5 mm rectangle. A digital thickness gauge (RS Pro, UK)
was used to measure the thickness of each sample, and tensile
testing was carried out by using a static testing machine
(Instron 3344, USA) equipped with a 5 N cell load. The
stretching speed was set at 5 mm/min. At least five samples of
each film were tested for the mechanical properties of the film.

The results of mechanical performances were presented as
mean ± standard deviation.

Figure 2. SEM images and diameter distribution histograms of the electrospun fibers obtained from the 5.0 wt % DMF electrospinning solutions
with different PLLA concentrations: (a) 2.2 wt %, (b) 2.0 wt %, (c) 1.8 wt %, (d) 1.6 wt %, and (e) 1.4 wt %. (f) Relationship between the shear
viscosity and shear rate of the 5.0 wt % DMF electrospinning solutions with different PLLA concentrations. (g) Relationship between the shear
viscosity and PLLA concentration of the 5.0 wt % DMF electrospinning solutions at the shear rate of 326.54 s−1.
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3. RESULTS AND DISCUSSION
3.1. Effect of PLLA Concentration on Electrospun

Fiber Diameter. Figure 2 presents the surface morphology of
electrospun fibers with different concentrations of PLLA in the
DCM/DMF solution. The obtained electrospun fibers had a
uniform thickness when the PLLA concentration of electro-
spinning solution reached 2.0 wt %. Besides, the lower the
PLLA concentration was, the finer the fiber became and the
narrower the fiber diameter distribution was. When the PLLA
concentration was reduced from 2.2 to 2.0 wt %, the fiber
diameter was reduced from 4.5 ± 0.7 μm (Figure 2a) to 3.1 ±
0.5 μm (Figure 2b). When the PLLA concentration was
decreased to 1.8 wt %, the thickness of the obtained
electrospun fibers became uneven significantly. In Figure 2c,
the thicker region of the fiber was 3.6 ± 0.6 μm, and the
thinner region was only 1.8 ± 0.4 μm. Compared with the
electrospun fibers from 2.0 and 2.2 wt % spinning solutions,
those of fibers from 1.8 wt % spinning solution appeared flat,
and the fiber diameter distribution was also widened. When the
PLLA concentration was as low as 1.6 wt %, beads were
formed. The maximum diameter of the beads was 9.8 ± 2.2
μm. Besides, the fibers were flatter, and with the PLLA
concentration further reduced, the beads became shorter and
fatter, and the fibers became flatter and finer.

In Figure 2f,g, it is observed that the shear viscosity of the
5.0 wt % DMF electrospinning solutions decreased as the shear
rate increased, indicating that these solutions were shear-

thinning fluids. Regardless of the influence of the various
interfaces through which the electrospinning solution passed
during the electrospinning process on the flow rate of the
electrospinning solution, the flow rate of 6 mL/h in this work
corresponded to the shear rate of 326.54 s−1. The shear
viscosity of the electrospinning solution at this shear rate
increased as the PLLA concentration increased. This
conclusion is consistent with the study by Wojasinśki et al.18

3.2. Effect of DMF Concentration on the Electrospun
Fiber Diameter. Figure 3 presents the surface morphology of
the obtained electrospun fiber from the 2.0 wt % PLLA
electrospinning solutions with varying DMF concentrations. It
could be found that the fibers from the spinning solution with
5.0 wt % DMF concentration had a relatively uniform
thickness and a relatively small fiber diameter. When the
DMF concentration was lower than 5.0 wt %, the diameter of
the electrospun fibers increased with the decrease of the
concentration of DMF. Specifically, the fiber diameter of the
non-DMF group was 1.74 times that of the fibers spun from 5
wt % DMF solutions. Besides, for one single electrospun fiber
of 2% PLLA without DMF, the thickness of the fiber was still
uniform, while the difference in fiber diameter between fibers
became large, which results in a wide fiber diameter
distribution. Moreover, when the DMF concentration
exceeded 5.0 wt %, the fiber diameter stabilized at around
3.0 μm, with the electrospun fibers becoming flatter. Hence,
the wider fiber diameter distribution of these fibers was mainly

Figure 3. SEM images and diameter distribution histograms of the electrospun fibers obtained from the 2.0 wt % PLLA electrospinning solutions
with different DMF concentrations: (a) 10.0 wt %, (b) 7.5 wt %, (c) 5.0 wt %, (d) 2.5 wt %, and (e) 0.0 wt %. (f) Relationship between the shear
viscosity and shear rate of the 2.0 wt % PLLA. (g) Relationship between the shear viscosity and DMF concentration of the 2.0 wt % PLLA
electrospinning solutions at the shear rate of 326.54 s−1.
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caused by the difference in fiber diameter on an individual fiber
rather than the difference in fiber diameter between fibers.
Based on the analysis provided, 2% PLLA with DMF 5 wt % in
the solution film had the finest diameter and the most uniform
thickness.

As can be seen from Figure 3f,g, the shear viscosity of the 2.0
wt % PLLA electrospinning solutions decreased as the shear
rate increased, indicating that these solutions also exhibited a
shear-thinning behavior. The shear viscosity of an electro-
spinning solution containing non-DMF was relatively less
affected by the shear rate than the other DMF-containing
electrospinning solutions. The shear viscosities of the electro-
spinning solutions at a shear rate of 326.54 s−1 were similar.
3.3. Surface Morphology of PLLA Fibers with Differ-

ent Post-Treatments. As can be seen from Figure 4, the
surface morphology of the electrospun fibers varied among the
DMF-acetone, DMF-ethanol, and non-DMF films. Among
them, the DMF-ethanol fiber obtained from the 2.0 wt %
PLLA electrospinning solution with a DMF concentration of
5.0 wt % exhibited the finest and owned the smoothest surface.
In contrast, the non-DMF fiber, fabricated from the 2.0 wt %
PLLA electrospinning solution without adding DMF was much
thicker and featured many visible pores on its surface. These
changes in the non-DMF film compared to the DMF-ethanol
film showed the electrospinning solution without DMF
volatilized faster, and the PLLA molecular chains did not
have enough time to stretch and form, so these electrospun
fibers are thick and porous.6

Naga et al. conducted a study on the crystallization of
amorphous PLLA induced by organic solvents.19 Among the
various organic solvents investigated in their research, acetone
is the most effective solvent for promoting the crystallization of
amorphous PLLA. PLLA crystallized into α crystals. Addition-
ally, acetone also acted as a plasticizer. As acetone volatilized,
PLLA films experienced a transition from being soft and
ductile to hard and brittle. The surface of the DMF-acetone
fiber exhibited significant roughness, and the originally smooth
fiber formed a very large number of open pores on the surface,
which made the fiber of the DMF-acetone film look like a bare
corncob. Besides, the DMF-acetone fiber was slightly thicker
than the DMF-ethanol fiber.The pristine PLLA fibers spun
with DMF were originally independent. After post-treated only
with acetone, the pristine PLLA fibers spun with DMF formed
a whole at the intersection with each other. These changes in
the DMF-acetone film compared to the DMF-ethanol film
were caused by the acetone post-treatment that induces
recrystallization and a slight dissolve of the PLLA molecular
chains of the electrospun fibers.20

3.4. Surface Morphology of PLLA Fibers Coated with
GO Nanosheets. Currently, both the electrospinning
technology for the fabrication of nanofiber films and the
Hummer method for the synthesis of rGO21 have matured
considerably, exhibiting great potential for large-scale industrial
applications. Nanofibrous films loaded with reduced graphene
oxide have been extensively reported for their applications in
biology,11 energy,12 and environmental protection.13 This
approach aims to achieve a PLLA/graphene electrospun

Figure 4. Surface morphology and parameters of electrospun PLLA fibers. (a, d) Surface morphology of electrospun PLLA fibers dissolved by the
DCM/DMF dual-solvent and post-treated by acetone (DMF-acetone). (b, e) Surface morphology of electrospun PLLA fibers dissolved by the
DCM/DMF dual-solvent with ethanol treatment (DMF-ethanol). (c, f) Surface morphology of electrospun PLLA fibers dissolved by only DCM
solvent without any treatment (non-DMF). (g) Fiber diameter distribution histograms of the three kinds of electrospun PLLA mentioned above.
(h) Size distribution histograms of the pores on the surface of the fiber. (i) Size distribution histograms of the pores among the fibers.
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composite with enhanced mechanical properties. It provides
guidance for further industrial application and standardized
production of fiber films loaded with rGO.

The fiber diameter of the DMF-ethanol film was 3.12 ± 0.48
μm, whereas the fiber diameter of the DMF-acetone film,
which was post-treated by acetone, was increased to 3.97 ±

0.49 μm. The fiber diameter of the non-DMF film prepared by
the electrospinning solution without DMF was more than 1.5
times the fiber diameter of the DMF-ethanol film obtained
from the electrospinning solution with DMF and was 5.38 ±
1.38 μm. Ideally, all SGO could be coated onto the fiber
surface of the above three reference films, but a significant

Figure 5. SEM images of GO- and rGO-coated DMF-acetone, DMF-ethanol, and non-DMF films with a magnification of 2.5 K. Scale bars: 1 μm.

Figure 6. Material characterizations of three kinds of PLLA/rGO films. (a) FT-IR spectra of DMF-acetone, DMF-ethanol, and non-DMF PLLA
films. (b) XRD patterns of DMF-acetone, DMF-ethanol, and non-DMF PLLA films. (c) Raman spectra of SGO, SrGO, LGO, and LrGO
nanosheets. (d) Water contact angle of the DMF-acetone group PLLA film with rGO coating. (e) Water contact angle of the DMF-ethanol group
PLLA film with rGO coating. (f) Water contact angle of the non-DMF group PLLA film with rGO coating.
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portion of LGO flake size was larger than the fiber diameters,
and this kind of LGO could cover one or more electrospun
fibers. The pore sizes of the electrospun fibers obtained from
the DMF-acetone, DMF-ethanol, and non-DMF films were
0.24 ± 0.13, 0.24 ± 0.07, and 0.42 ± 0.20 μm, respectively.
Combining the flake size of SGO and LGO, it is known that in
most cases the pores on the electrospun fibers of the DMF-
acetone and DMF-ethanol films could be completely covered
by SGO or LGO, and because the pores on the electrospun
fibers of the DMF-acetone and DMF-ethanol films were
relatively small, the SGO or LGO even with a small flake size
was difficult to enter. Some pores of the non-DMF electrospun
fibers might be covered by LGO with a large flake size, while
the others might hold a certain amount of SGO or LGO with a
small flake size. The interfiber pore sizes of the DMF-acetone,
DMF-ethanol, and non-DMF films were similar, being 7.39 ±
3.92, 6.17 ± 3.25, and 8.46 ± 5.13 μm, respectively.

It can also be seen from Figure 5 that the regions where the
interfiber pore sizes are mainly distributed coincide with each
other with a high probability. When considering the flake sizes
of small graphene oxide (SGO) and large graphene oxide
(LGO), it becomes apparent that the majority of SGO and
LGO particles could move freely between interfiber pores.
Only a small amount of LGO with a large flake size might
cover the interfiber pores of the electrospun film.
3.5. Material Characterizations of PLLA Fibers Coated

with GO Nanosheets. Figures 6a and S10−S12 show the
FTIR spectra of DMF-acetone, DMF-ethanol, and non-DMF
electrospun films. It can be seen from the figure that the PLLA
electrospinning film post-treated by acetone rarely possesses
the absorption bands due to the O−H stretching vibration (at
∼3750 cm−1) and CO-O stretching vibration (from 1587 to
1485 cm−1) in the carboxylic acid group.22 This film does not
have the absorption bands because of the C−O stretching
vibration (at 1261 and ∼955 cm−1) in the alcoholic hydroxyl
group neither. This reveals that the porous post-treatment by
acetone largely eliminated the hydroxyl groups at both ends of
the PLLA molecular chain. Thus, the C−H bending vibration
at 698 cm−1 of the DMF-acetone film is stronger than that of
the DMF-ethanol and non-DMF films.23

Figures 6b and S7−S9 show the XRD patterns of DMF-
acetone, DMF-ethanol, and non-DMF PLLA films. These
patterns exhibit a distinct diffraction peak at 2θ = 16.86°,
16.72°, and 16.82°, respectively. This peak corresponds to the
(110)/(200) planes as Tables S3 and S4 presented.
Furthermore, the DMF-ethanol and non-DMF films display
no additional diffraction peaks apart from this diffraction peak
which is relatively broader and weaker. In contrast, the XRD
pattern of the DMF-acetone film reveals narrower and stronger
diffraction peaks in addition to the main peak. This illustrates
the disordered structure of the DMF-ethanol and non-DMF
films and the ordering structure of the DMF-acetone film.
Essentially, the DMF-ethanol and non-DMF films were
amorphous, while the DMF-acetone film exhibits crystalline
characteristics.24 This enhancement in crystallinity is attributed
to the post-treatment with acetone, which effectively improves
the crystallinity of the PLLA electrospun film. At the diffraction
peak corresponding to the (110)/(200) planes, the full width
at half-maximum (fwhm) of DMF-ethanol which is 6.59 is
smaller than that of non-DMF which is 8.41. This indicates
that the crystallinity of the DMF-ethanol film is higher than
that of the non-DMF film.25 This difference may be because
DMF was added to the electrospinning solution used to

fabricate the DMF-ethanol film, which delayed the volatiliza-
tion of the electrospinning solution and gave the PLLA
molecular chains more time to align orderly. However, DMF
was not added to the electrospinning solution used to fabricate
the non-DMF film, resulting in a relatively rapid volatilization
of the solution and insufficient time for orderly alignment of
PLLA molecular chains before the film structure was set.
Hence, the DMF-acetone film was in α-form crystal while the
DMF-ethanol and non-DMF films were in α″-form crystal.24

Figures 6c and S4−S6 display the Raman spectra of SGO,
SrGO, LGO, and LrGO. All these four samples have three
dominant peaks, D, G, and 2D peaks. The D peaks of SGO,
SrGO, LGO, and LrGO are at positions of 1352, 1351, 1355,
and 1352 cm−1, respectively. This peak is associated with a
breathing mode of j-point photons of A1g symmetry26 and is
attributed to the presence of the C=C double bond. The G
peaks of SGO, SrGO, LGO, and LrGO are observed at the
positions of 1587, 1595, 1597, and 1595 cm−1, respectively.
These peaks are associated with the first-order scattering of
E2g phonons by sp2 carbon and attributed to the presence of
the stretching C−C single bond, which is caused by the
destruction of the C=C double bond. In other words, these
peaks are attributed to the sp3 defect in the sp2 lattice.27 The
2D peaks of SGO, SrGO, LGO, and LrGO are at positions of
2709, 2687, 2709, and 2693 cm−1, respectively. These peaks
are associated with two phonons with opposite wave vectors
that satisfy the motion conservation process and can be
activated without defects in graphene.28 The findings from the
Raman spectra are further supported by the SEM images
presented in Parts S1 and S2. The SEM images in Figures S1
and S2 also prove these results.

Figure 6d−f presents the water contact angle test result that
determines the hydrophilicity and hydrophobicity of the PLLA
electrospun films. Both the DMF-acetone/SGO and DMF-
acetone/LGO films exhibit superhydrophilicity, while the
DMF-acetone/SrGO and DMF-acetone/LrGO films are
hydrophobic. When the droplet just landed on the film, the
water contact angles recorded on the DMF-acetone/SGO and
DMF-acetone/LGO films are 95 ± 3° and 81 ± 8°,
respectively. Also, the DMF-acetone/LGO film absorbed the
droplet landed on its surface faster than the DMF-acetone/
SGO film. This reveals that the DMF-acetone film coated with
GO of a large flake size has a higher moisture absorption rate.
The hydrophobicity of the DMF-acetone/SrGO and DMF-
acetone/LrGO films obtained by the reduction of LAA
aqueous solution was significantly improved but not superior
to the original DMF-acetone film. Besides, the hydrophobicity
of the DMF-acetone/SrGO film was superior to that of the
DMF-acetone/LrGO film. The water contact angles of these
two films are increased to 111° and 92°, respectively.

In Figure 6e, both the DMF-ethanol/SGO and DMF-
ethanol/LGO films are observed to be superhydrophilic, while
the DMF-acetone/SrGO and DMF-acetone/LrGO films are
observed to be hydrophobic. However, not every sample of the
DMF-ethanol/LGO film completely absorbed water within 60
s of the landing of the droplet on the film. This is due to the
uneven distribution of LGO coated on the DMF-ethanol film.
At some parts of the DMF-ethanol films, there might not be
enough LGO coated by ultrasound. The change in the water
contact angle of the DMF-ethanol/SGO and DMF-ethanol/
LGO films over time is visible in Figure 6e. When the droplet
just landed on the film, the water contact angles recorded on
the DMF-ethanol/SGO and DMF-ethanol/LGO films are 76
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± 8° and 90 ± 7°, respectively. When the film was coated with
enough GO, the moisture absorption rate of the DMF-
acetone/LGO film is higher than that of the DMF-ethanol/
SGO film. Because some parts of the DMF-ethanol film were
not ultrasound with sufficient LGO, the PLLA electrospun
fibers were not fully wrapped by LGO and still partially
exposed so that these parts could not absorb the droplet
entirely and the water contact angle of these parts could not
decrease to 0°. The hydrophobicity of the DMF-ethanol/SrGO
and DMF-ethanol/LrGO films obtained by the reduction of
the LAA aqueous solution was remarkably improved. The
hydrophobicity of the DMF-ethanol/LrGO film is even better
than that of the pristine DMF-ethanol film. The water contact
angles of these two films are increased to 101° and 109°,
respectively.

In Figure 6f, the non-DMF/LGO film is superhydrophilic,
and the non-DMF/SrGO and non-DMF/LrGO films are
hydrophobic. The distribution of SGO coated on the non-
DMF film was rather uneven, resulting in some part of the

non-DMF/SGO film being superhydrophilic and some part
being hydrophobic. When the droplet just landed on the film,
the water contact angles recorded on the non-DMF/SGO and
non-DMF/LGO films are 99 ± 7° and 80 ± 6°, respectively.
When the film was coated with enough GO, the moisture
absorption rate of the non-DMF/LGO film is higher than that
of the non-DMF/SGO film. However, since SGO distributed
on the non-DMF film with the aid of ultrasound was rather
uneven, the water contact angle of the film where there was an
insufficient amount of SGO could not decrease to 0° and
where there was almost no SGO was only reduced by 1° within
60 s of the landing of the droplet on the film. The
hydrophobicity of the non-DMF/SrGO and non-DMF/
LrGO films obtained after reduction by LAA aqueous solution
was significantly improved. The hydrophobicity of the non-
DMF/LrGO film is even better than that of the original non-
DMF film. The water contact angles of these two films are
increased to 85° and 118°, respectively.

Figure 7. XPS and AFM results of electrospun PLLA fibers. XPS spectrum of (a) electrospun PLLA fibers dissolved by DCM/DMF dual-solvent
with ethanol treatment (DMF-ethanol), (b) GO-coated DMF-ethanol electrospun PLLA fibrous films, and (c) rGO-coated DMF-ethanol
electrospun PLLA fibrous films. AFM results of (d) rGO on a silicon wafer and (e) rGO on a DMF-ethanol electrospun PLLA fiber.
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The hydrophilicity and hydrophobicity of GO- and rGO-
coated PLLA electrospun films are determined by the flake size
of GO and the surface morphology of the PLLA electrospun
film. Among the films, the distribution of SGO on the non-
DMF film was the most uneven, and the second uneven
distribution is that of LGO ultrasonically coated on the DMF-
ethanol film. The introduction of a sufficient amount of
uniformly distributed GO can effectively improve the hydro-
philicity of the PLLA electrospun film. Moreover, the moisture
absorption rate of the film with the same surface morphology
coated with LGO is higher than that of the one coated with
SGO. The reduction of LGO coated on the DMF-ethanol or
non-DMF film by LAA aqueous solution could improve the
hydrophobicity of the original DMF-ethanol or non-DMF film
to some extent, as presented by the optical images in Figure S3
. It can be inferred that most of LGO coated on the DMF-
acetone film and SGO coated on the DMF-acetone, DMF-
ethanol, and non-DMF films by ultrasound were layer-stacking
and wrapping the electrospun fibers tightly, so that this kind of
GO was difficult to ultimately reduce in a way that was just
immersed in LAA aqueous solution. Hence, the hydro-
phobicity of the DMF-acetone/LrGO, DMF-acetone/SrGO,

DMF-ethanol/SrGO, and non-DMF/SrGO films was not
effectively improved by the introduction of rGO compared
to the pristine PLLA films.

In Figure 7a−c, the XPS spectra of electrospun PLLA fibers
dissolved by DCM/DMF dual-solvent with ethanol treatment
(DMF-ethanol), GO-coated on DMF-ethanol-electrospun
PLLA fibrous films, and rGO-coated on DMF-ethanol-
electrospun PLLA fibrous films are presented. For a pure
PLLA fiber film sample, four components located at 284.8,
286.6, and 288.8 eV correspond to C−C/C−H, C−O and O−
C=O. In Figure 7b,c, it could be observed that C−C presented
a higher intensity due to the successful reduction of GO.

In Figure 7d,e, we characterized the morphology of rGO on
a silicon wafer and single PLLA nanofibers using AFM. A
diluted GO aqueous solution (0.05 mg/mL) was dropped onto
the silicon wafers, dried at room temperature, and then
reduced in a LAA solution at 80 °C for 24 h. The thickness of
rGO on the silicon wafers is approximately 1.2−1.4 nm,
indicating that rGO used in this experiment is a few-layered
rGO with less than 20 layers. rGO on the silicon wafers
exhibits abundant wrinkles and textures, reflecting the true
morphology of rGO naturally deposited on the surface.

Figure 8. Mechanical performances of three kinds of PLLA/rGO films. (a) Stress−strain curves of the DMF-acetone group PLLA film with rGO
coating. (b) Stress−strain curves of the DMF-ethanol group PLLA film with rGO coating. (c) Stress−strain curves of the non-DMF group PLLA
film with rGO coating. (d) Optical photo of the DMF-acetone group PLLA film coated with SrGO when it is broken under tensile test. (e) Optical
photo of the DMF-ethanol group PLLA film coated with SrGO when it is broken under tensile test. (f) Tensile toughness corresponds to the PLLA
film samples displaced in Figure 7a−c. (g) Young’s modulus of PLLA films under different treatments and coated with rGO. (h) Ultimate tensile
stress of PLLA films under different treatments and coated with rGO. (i) Strains at break of PLLA films under different treatments coated with
rGO.
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Furthermore, we conducted an in situ morphology character-
ization on PLLA-rGO electrospun fibers. Due to the scale
limitation of the fibers, a range of 1 × 1 μm was selected for
testing. On this fiber surface, there are both larger undulations
around 40 nm and smaller undulations around 2−3 nm. We
believe that the larger undulations are caused by the porous
fiber surface caused by post-treatment, while the smaller and
continuous undulations are caused by the coating of rGO on
the fiber surface. Because the concentration of rGO solution
used for coating the PLLA fiber is much higher than that used
for preparing silicon wafer samples, excess rGO is deposited on
the fiber surface, resulting in larger undulations on the fiber
surface compared with those on the silicon wafer.
3.6. Mechanical Study of PLLA Fibers Coated with GO

Nanosheets. Figure 8 presents the tensile mechanical
properties of PLLA/rGO fiber films under different parame-
ters. It can be observed that different post-treatments have
distinct effects on the film’s performance. Comparatively,
PLLA fiber films subjected to phase separation through DMF
exhibit stronger mechanical properties after post-treatment
(DMF-ethanol) compared to pure PLLA fiber (non-DMF),
including tensile stress, elongation strain, Young’s modulus,
and toughness, which is also referred to as fracture energy. On
the other hand, the DMF-ethanol group results in better
performance than the DMF-acetone group. This may be
attributed to the milder and slower nature of ethanol post-
treatment, which ensures the crystallinity of the fiber film while
avoiding the drastic contraction observed when the fibers are
immersed in acetone. Based on these tensile experiments, we
found that the acetone post-treatment occurs instantaneously,
accompanied by a sharp contraction of the fiber film,
sometimes leading to film rupture.

Furthermore, the coating of rGO with different flake sizes
also significantly influences the mechanical performance of the
PLLA fiber film. The impact of LrGO coating on the fiber
performance is slightly weaker than that of SrGO, possibly due
to the matching size of SrGO flakes with the mesopore size on
the fiber surface. Additionally, vibrations caused by ultra-
sonication during the coating process may damage PLLA
fibers. After rGO coating, the trend reverses for acetone post-
treated PLLA fiber films (DMF-acetone), with SrGO
exhibiting better performance, surpassing even the fiber film
before GO coating. This may be attributed to the larger
mesopore diameter achieved through acetone postprocessing,
allowing SrGO to embed more into the fiber’s pores, leading to
enhanced performance.29

Considering the practical applications reported for rGO fiber
films such as battery cathodes, electromagnetic shielding, and
sensors, a continuous and conductive surface graphene coating
is essential in these applications. However, the surface of
acetone-post-treated PLLA fiber films is excessively rough,
making it challenging to form a continuous rGO surface.
Therefore, PLLA fiber films processed through DMF phase
separation, ethanol post-treatment, and LrGO coating are the
preferred choice for potential applications.

4. CONCLUSIONS
Based on the spinning parameter study, the concentrations of
PLLA and DMF were determined to fabricate uniform, thin,
and smooth fibers. Subsequently, different post-treatments
were employed to compare the morphology and structure of
the PLLA electrospinning film. Coated with controllable sizes
of GO flakes and reduced, PLLA/rGO fibrous films were

successfully prepared. Through hydrophilicity and mechanical
investigation, it was observed that PLLA fiber films spun from
the DCM/DMF solution, post-treated by ethanol, and coated
with LrGO are the preferred choice for desired high-strength
applications.
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