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Abstract: Traditional lithium-ion batteries cannot meet the high flexibility and bendability
requirements of modern flexible electronic devices due to the limitations of their electrode materials.
Therefore, the development of high-performance flexible energy storage devices is of great
significance for promoting flexible electronics. In recent years, one-dimensional flexible fiber
lithium-ion batteries have been rapidly developed due to the advantages of high flexibility and
bendability. However, it is still a big challenge to realize 1D flexible fiber lithium-ion batteries with
excellent electrochemical properties and good mechanical performance. In this work, a reduced
graphene oxide-based printing ink is proposed to fabricate flexible LisTisO12/graphene fiber
electrodes through a 3D printing assembly strategy. It is noteworthy that the green reducing agent
vitamin C was used to reduce graphene oxide in one step, which improved the conductivity of the
fiber electrode. Furthermore, a 3D conductive network is constructed inside the fiber electrodes due
to the high specific surface area of reduced graphene oxide, which enhances the electronic
conductivity and ion mobility. The fiber electrode not only has good mechanical performance, but
also has excellent electrochemical properties. Equally important, the method is simple and efficient,
and the working environment is flexible. It can precisely control the shape, size and structure of the
one-dimensional fiber flexible electrode, which is of great significance for the development of future
flexible electronic devices.

Keywords: 3D printing assembly strategy; flexible energy storage devices; fiber electrodes

1. Introduction

With the rapid development of science and technology, people are increasingly interested in
emerging technologies such as wearable devices, flexible smart electronics and flexible electronic
devices. These technologies represent the future development direction of the electronics industry
and will bring more convenience and intelligent experience to people's lives [1]. Especially flexible
electronic devices, compared with traditional rigid electronic devices, have obvious advantages in
adapting to complex environments, body curves and various daily uses [2]. Such devices can not only
be used in personal wearable devices such as smart watches, smart glasses, and smart clothing, but
also in smart homes, medical monitoring, and environmental monitoring, bringing new experiences
to people’s lives [3]. However, there are many challenges in making flexible electronic devices work
well under frequent bending and stretching deformation conditions. Since the working environment
of flexible electronic devices often requires electronic components to be able to bend, stretch and
deform, this places high demands on the materials used in electronic devices [4]. Traditional rigid
materials are difficult to adapt to such frequent deformation working conditions, and are prone to
damage and fatigue. Therefore, in order to realize reliable flexible electronic devices, researchers
continue to explore various new flexible materials to improve the durability and stability of the
devices. First, aiming at the limitations of traditional materials, researchers have developed a series
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of new materials with good flexibility and bendability. For example, polymer materials are widely
used in the field of flexible electronics, due to their plasticity and high toughness, the electronic
components can maintain better performance when bent and stretched [5]. In addition, nanomaterials
such as carbon nanotubes and two-dimensional materials have also been introduced into flexible
electronic devices, and their excellent mechanical and electrical properties provide strong support for
the stable operation of the devices [6-10].

Lithium-ion batteries, as a new type of battery that has flourished in recent years, are leading
the revolution in the field of energy storage with their excellent performance characteristics. First, the
high energy density of lithium-ion batteries makes them the energy source of choice for portable
electronic devices. With the popularity of mobile communications, smart phones, tablets and other
portable devices, people's requirements for battery capacity and endurance are getting higher and
higher [11]. Lithium-ion batteries are able to store more energy in a relatively small volume, thus
extending the use time of the device and providing a more convenient use experience. At the same
time, the long cycle life of lithium-ion batteries makes them excellent in long-term use scenarios such
as medical monitoring. Medical devices and monitoring equipment often require long-term
continuous power supply, and lithium-ion batteries can still maintain relatively stable performance
after thousands of charge and discharge cycles, providing reliable energy support for these
applications, and in the case of non-use, lithium-ion batteries have less energy loss, can maintain the
state of stored energy for a long time, convenient storage of energy [12]. However, despite the great
success of traditional lithium-ion batteries in the field of energy storage, they also reveal a series of
serious problems and limitations when faced with the special requirements of flexibility and
bendability. These problems mainly involve electrode materials, manufacturing processes and
packaging technologies, which limit the development of traditional lithium-ion batteries in flexible
applications. First of all, the rigidity of the electrode material is not enough to adapt to the
deformation requirements of flexible electronic devices. The electrode materials of traditional
lithium-ion batteries are usually composed of rigid materials such as metal foils and ceramic films,
which are prone to cracks, fractures and even delamination during frequent bending, stretching and
deformation [13]. The rigidity of this material limits the stability and life of the battery in the bent
state, making it difficult for the battery to work continuously and stably in a flexible environment.
Secondly, the traditional manufacturing process is difficult to adapt to the production needs of
flexible batteries. The manufacturing of traditional lithium-ion batteries usually involves coating and
other processes, and the application of these processes on flexible substrates is greatly limited. These
processes not only damage the flexible base material, but can also lead to separation between the
electrode material and the electrolyte, which can affect the performance and stability of the battery
[14]. In addition, packaging technology is also a key issue restricting the flexibility of traditional
lithium-ion batteries. Because the battery needs to maintain a stable internal environment during use,
traditional packaging methods are often difficult to meet the requirements of flexible battery
deformation. Bending and stretching can cause damage to the packaging layer, making the inside of
the battery vulnerable to the external environment, which affects the performance and life of the
battery. Most critically, frequent deformation can cause problems with the interface between the
various functional components inside the battery. Components such as electrode materials,
electrolytes and diaphragms inside the battery are prone to small displacement and stress
concentration during deformation, which may lead to fatigue damage and defect formation at the
interface. This interface failure will lead to the instability of the battery performance, and even cause
local failure, which seriously affects the reliability and service life of the battery [15]. To sum up,
traditional lithium-ion batteries have a series of problems in terms of flexibility and bendability,
mainly involving the rigidity of electrode materials, manufacturing process limitations, and
packaging technology challenges. These problems not only restrict the development of flexible
electronic devices, but also limit the widespread promotion of flexible batteries in practical
applications. In order to overcome these problems, it is necessary to innovate in material research,
manufacturing process and packaging technology to achieve the reliability and stability of flexible
lithium-ion batteries, and promote the application of flexible electronic technology in more fields.
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In recent years, one-dimensional (1D) flexible fiber optic lithium-ion batteries are undergoing
rapid development due to their high flexibility and bendability. Its unique design concept integrates
fiber electrode materials and flexible electrolytes, which not only brings together the advantages of
traditional lithium-ion batteries, but also integrates multiple characteristics such as flexibility,
plasticity and electrical conductivity. This innovative combination brings new prospects to the field
of electronic technology, potentially triggering a revolutionary change in the field of electronic
devices. The unique feature of the one-dimensional flexible fiber optic lithium-ion battery is that it
can be bent and twisted freely to adapt to the needs of various application scenarios. This gives the
battery excellent flexibility, weaving and wearability, so that it has a wide range of applications in
smart textiles, wearable devices, medical monitoring and other fields. On the one hand, the high
degree of plasticity of this battery allows it to respond flexibly in a variety of complex environments,
providing greater freedom for the design and use of electronic devices. On the other hand, it provides
convenient energy solutions for areas such as smart textiles, opening up entirely new possibilities for
the development of these areas [16-20]. Compared with 2D and 3D flexible electrodes, 1D fiber
flexible electrodes can allow a larger bending range and better stretchability, which exhibit better
flexibility in flexible electronics [21]. However, there are still great challenges in the fabrication of 1D
fiber flexible electrodes. Traditional 1D fiber flexible electrodes usually require complex fabrication
techniques and conditions, such as electrospinning [22,23], chemical vapor deposition [24], sol-gel
[25], etc. These manufacturing technologies have high requirements for special equipment and
environments, which greatly increases the complexity and cost of the manufacturing process. These
complex process requirements mean that more resources and effort need to be invested, including
specific equipment and controlled production environments, thus limiting the scale production of
one-dimensional fiber flexible electrodes and the possibility of widespread application [13]. In
addition, in order to obtain the high mechanical properties required for fiber electrodes, it is usually
necessary to introduce a large number of polymer binders into the fiber structure, which ensures the
structural stability of the fiber to a certain extent. However, this added polymer binder often has a
negative impact on the electrochemical performance of the electrode, including a reduction in
conductivity and a loss of capacity, which affects the overall performance of the battery. In contrast,
in order to pursue excellent electrochemical performance, a large number of conductive materials are
sometimes added to the fiber electrode to improve the energy density and power density of the
battery. However, this practice often sacrifices the mechanical properties of the fiber electrode,
making it brittle and prone to breakage. This trade-off is a complex challenge that requires finding a
balance in the design and preparation of the fiber electrode in order to achieve adequate mechanical
stability without sacrificing electrochemical performance [26,27]. Therefore, to achieve both excellent
electrochemical performance and excellent mechanical properties in one-dimensional flexible fiber
optic lithium-ion batteries remains a challenging task, requiring careful design of the structure and
composition of the fiber electrode, as well as optimization of the interaction between materials to
overcome the limitations of existing technologies. Achieve a balance between high electrochemical
performance and excellent mechanical properties. This will push flexible battery technology to a new
milestone, providing more reliable and efficient energy solutions for wearables, smart textiles and
other mobile power applications.

As an emerging material processing technology, 3D printing is gradually leading the innovation
and development in the manufacturing field with its unique characteristics. This technology has a
series of advantages such as simple operation and flexible working environment, which not only
changes the traditional manufacturing method, but also brings greater flexibility and innovation to a
number of fields [28-31]. By fine-tuning 3D printing parameters, such as printing speed, height,
temperature, etc., as well as optimization of model design, precise control of electrode shape, size,
and structure can be achieved. This means that customized electrodes can be carefully created
according to specific application scenarios and requirements, so that they can better adapt to specific
functional and performance needs. Whether it is a tiny electronic device or a large structure, 3D
printing technology provides a higher degree of personalization and flexibility for manufacturing
[32]. Not only that, 3D printing technology also performs well in enabling high-precision repetitive
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manufacturing. Through careful control and adjustment, the diameter, spacing and arrangement of
the fibers can be precisely controlled. This high degree of consistency facilitates the fabrication of
fiber electrodes with the same shape, size and electrochemical properties in different manufacturing
batches. This is important for applications that require large-scale manufacturing and consistency
[33,34]. In addition, compared with traditional manufacturing methods, 3D printing technology has
brought significant advantages in terms of material use and manufacturing costs, bringing
revolutionary changes to the manufacturing industry. Traditional manufacturing methods usually
require a large amount of raw materials to make products, some of which may be discarded due to
waste during processing. However, 3D printing technology, with its unique working principle, is
able to accurately transform materials into the desired structure, almost no material waste problem,
in the 3D printing process, only the material actually needed will be used to build the product, no
additional trimming and processing steps are required, thus avoiding the waste of materials. This not
only reduces resource consumption, but also reduces waste generation, which has a positive impact
on environmental protection. At the same time, because 3D printing technology does not require
custom molds and a lot of human input, additional costs in the manufacturing process can be
reduced, improving production efficiency and cost effectiveness [35].

In this work, a reduced graphene oxide-based printing ink is proposed to fabricate flexible
LisTisO12/graphene fiber electrodes through a 3D printing assembly strategy. Specifically, an ink for
3D printing was synthesized, in which lithium titanate (LTO) was added as the active material,
polyvinylidene fluoride (PVDF) as a binder to enhance the mechanical properties of the fiber
electrodes, and graphene oxide (GO) acts as a conductive agent. As a new type of carbon material,
GO is relatively simple to manufacture and low in cost, which can meet the needs of large-scale
manufacturing through mass production [36]. And it has a larger specific surface area [37,38], which
increases the loading of active materials and improves the electrochemical performance. At the same
time, GO has good solubility in water and organic solvents [39], which is convenient for fabrication
and processing into electrodes of different shapes and sizes. However, GO has the disadvantages of
relatively low electrical conductivity and poor electrochemical stability [40]. In order to improve the
electrical conductivity and poor electrochemical stability, the green reducing agent vitamin C was
used to reduce graphene oxide in one step [41]. It is noteworthy that compared with GO, reduced
graphene oxide (rGO) exhibits higher electrical conductivity [42-46] and superior mechanical
properties [47,48] due to the removal of oxidized functional groups. Furthermore, a 3D conductive
network is constructed inside the fiber electrodes due to the high specific surface area of reduced
graphene oxide, which enhances the electronic conductivity and ion mobility. The fiber electrode not
only has good mechanical performance, but also has excellent electrochemical properties. The
elongation at break of as-prepared one-dimensional fiber electrode was 35%. And the capacity
retention rate of one-dimensional fiber electrode is 83% after 100 cycles at 1C. This work has great
significance and potential impact on the further development and application of flexible fiber
electrodes.

2. Materials and Methods

As shown in Figure 1 is the fabrication of flexible LisTisO1/graphene fiber electrode (see
supporting information for detailed experimental procedures). In the printing ink, LisTisO12 (LTO) is
selected as the electrode active material, PVDF is used as the binder, vitamin C is used as the reducing
agent, and rGO obtained by reducing GO is used as the conductive agent. After that, the printing ink
is squeezed into deionized water through the nozzle of the 3D printer. The deionized water
exchanges solvent with NMP in the ink to precipitate PVDF in the ink to form a fiber electrode. After
passing through the PVDE-HFP solution, a separator is formed on the surface of the fiber electrode,
which allows ions to pass through and prevents electrons from passing through. Finally, after drying
at room temperature, the flexible LisTisO12/graphene fiber electrode can be prepared.
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Figure 1. Schematic diagram of flexible LisTisO12/graphene fiber electrode.

3. Results and Discussion

In the first place, in order to make uniform fiber electrodes by 3D printing assembly strategy, it
is necessary to study the rheological properties of the printing ink. As shown in Figure 2a, the printing
ink has an apparent viscosity of 3500 Pa s at a low shear rate (0.01 s), and the apparent viscosity
gradually decreases with the increase of the shear rate, which is consistent with the rheological
behavior of non-Newtonian fluids [49]. This is the prerequisite for 3D printing to be carried out
smoothly. This rheological property means that during the 3D printing process, the viscosity of the
printing ink can adapt to different shear rates, thus ensuring that the desired fluid flow can be
achieved at different printing stages. Printing inks with good rheology make it possible to achieve
accurate material positioning and distribution when fabricating fiber electrodes, helping to achieve
electrode uniformity and consistency [50,51]. The excellent rheological properties enable the
manufacturing speed of the fiber electrode to reach 6m min. Figure 2b shows that the fiber electrode
has excellent deformation properties, high flexibility and bendability. The excellent deformation
properties provide a wide range of possibilities for the application of the electrode in flexible
electronic devices, and can adapt to the design requirements of a variety of shapes and curves, it is
revealed that it will not break or be damaged during the bending process. This flexibility and
bendability provide a solid foundation for the practical application of fiber electrodes in wearable
devices, smart textiles and other fields. Tensile strength tests (Figure 2c) show that the prepared fiber
electrode has up to 35% elongation at break, which means that the electrode can withstand tension to
a certain extent without breaking immediately when subjected to external forces. This high
elongation at break is one of the important advantages of fiber electrode materials, which enables the
electrode to show excellent toughness and adaptability under strain and deformation. Figure 2d
shows the difference in conductivity between GO and rGO. The conductivity of rGO reduced by
Vitamin C is 10° times higher than that of GO. The good electrical conductivity makes the fiber
electrode form a high-speed electron transfer channel, which endows the fiber electrode with
excellent electrochemical performance. In addition, it can be seen from the Raman spectrum (Figure
2f) that the increase in Ip/Ic of rGO compared to GO (Figure S1). It may be due to the reduction
reaction forming smaller sized sp? domains/rGO in larger quantities or the increased fraction of
graphene edges [52]. From the XRD pattern (Figure 2e), it can be seen that the main diffraction peak
of LTO is very sharp, and there is no other impurity diffraction except for a broad and low-intensity
carbon diffraction peak at 20 of 26°-27°. It shows that the LTO/rGO fiber electrode prepared by 3D
printing has no effect on the crystal structure of LTO, and does not introduce other impurities.
Thermogravimetric analysis was performed on the fiber electrode in an oxygen atmosphere. As
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shown in Figure S2, PVDF in the fiber electrode decomposed at 400°C, and rGO decomposed at 450
C. According to the mass proportion of thermal decomposition, it can be seen that the material of
the fiber electrode is evenly distributed in the electrode.
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Figure 2. (a) Apparent viscosity of printing ink as a function of shear rate; (b) LTO/rGO fiber electrode
after drying; (c) Tensile strength curve of LTO/rGO fiber electrode; (d) Conductivity of LTO/GO and
LTO/rGO; (e) XRD pattern of LTO/rGO fiber electrode; (f) Raman pattern of LTO/rGO fiber electrode.

The microscopic morphology of the LTO/rGO fiber electrode was observed with a scanning
electron microscope (SEM). From the surface microscopic morphology (Figure 3a-c), it can be found
that there are many small micropores on the surface of the electrode. The analysis revealed that the
NMP inside the ink would spontaneously flow to the deionized water during the solvent exchange
process, which resulted in the formation of tiny three-dimensional pore structures throughout the
fiber electrodes. It is noteworthy that this facilitates the adsorption of electrolytes by the fibrous
electrodes and the transport of ions during electrochemical processes [53]. At the same time, from the
cross-section microstructure (Figure 3d-f), it can be found that under the action of surface tension of
solvent exchange, the solvent will gradually migrate from the electrode material, resulting in the
proximity of the material molecules. This process helps the structure of the fiber electrode gradually
become tighter, making the material more dense. In this way, the internal void of the fiber electrode
is effectively reduced, resulting in a more compact structure. This relatively dense structure has an
important effect on electrode performance. First, the tighter structure can provide more contact points
and conductive paths, which is conducive to the conduction of electrons and ions. Secondly, by
reducing the internal void, the electrode material is more closely in contact with the electrolyte, thus
promoting the interaction between the electrode material and the electrolyte. This is of great
significance for the charging and discharging process of the electrode, which can accelerate the
reaction rate and improve the energy storage performance of the electrode. As shown in Figure 3g,
the size of the fiber electrode is 530 pm, which is much smaller than the nozzle diameter of 650 pm.
The densified fiber electrode optimizes the ion conduction channel and speeds up the charge-
discharge reaction rate. Moreover, tGO and LTO are uniformly dispersed inside, and LTO is located
on the rGO sheet. Since rGO has a large number of microscopic pores and a highly porous structure,
the dispersion of LTO on its surface can make better use of these characteristics of rGO. This design
not only increases the reaction interface between the electrode material and the electrolyte, but also
provides more active sites, thus promoting the electrochemical reaction. The high specific surface
area and good electrical conductivity of rGO allow electrons and ions to be transported more
efficiently, thus improving the response speed and energy storage performance of the electrode [54].
It can be seen from Figure 3h that after wetting with PVDF-HFP solution, a thin film on the surface
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of the fiber electrode acts as a separator. This layer of diaphragm plays a role in separating the
electrode and the electrolyte during the operation of the battery, so that the electrolyte can evenly
penetrate the inside of the electrode. This osmosis helps to maintain the ion conductivity inside the
battery, thus maintaining a good connection between the electrode material and the electrolyte,
improving the efficiency and performance of the battery. The presence of the diaphragm can also
reduce the direct contact between the battery material and the electrolyte inside the battery, thus
reducing the possible adverse reactions. This helps avoid unnecessary chemical reactions and
protects the stability and consistency inside the battery. The diaphragm can also prevent the
dissolution or corrosion of the electrode material and improve the cycle life and stability of the battery
[55]. The EDS images (Figure 3i-1) exhibit that individual elements in the LTO/rGO fiber electrode are
evenly distributed, which can indicate that the 3D printing process, solvent exchange, drying and
other processes have no effect on the dispersion of the material.

Figure 3. (a-c) Surface SEM image of LTO/rGO fiber electrode; (d-f) Cross-sectional SEM image of
LTO/rGO fiber electrode; (g) SEM image of twisted LTO/rGO fiber electrode; (h) Cross-sectional SEM
image of PVDF-HFP coating on the surface of LTO/rGO fiber electrode; (i-1) EDS mapping of C, O,
and Ti in LTO/rGO fiber electrodes.

As shown in Figure 4a, the discharge specific capacity and charge specific capacity of the
LTO/rGO fiber electrode in the first cycle at 1C rate are 182.8 mAh g1 and 173.2 mAh g, respectively,
which are close to the theoretical capacity of LTO (175 mAh g). It is worth noting that the specific
discharge capacity is higher than the theoretical value, which is mainly attributed to the contribution
of rGO to the capacity [56]. The irreversible capacity loss is mainly attributed to the side reaction of
LTO with electrolyte and the formation of SEI film [57,58]. The charge-discharge curves of 50 cycles
are almost overlapped, which indicates that the charge-discharge specific capacity is relatively stable.
As shown in Figure 4b, it can be seen that a pair of reversible redox peaks are found at ~1.45V and
~1.7V, which are typical characteristic peaks of two-phase reaction lithium titanate materials. It
corresponds to the process of lithium embedding/removal in LTO [59]. Moreover, it can also be seen
that each curve has a high degree of overlap and similar redox peaks, which indicates that the
LTO/rGO fiber electrode has a good degree of reversibility. As shown in Figure 4d, the LTO/rGO
fiber electrode exhibits excellent cycling stability. After 100 cycles, the discharge specific capacity and
charge specific capacity of the LTO/rGO fiber electrode are 138.2 mAh g and 137.8 mAh g7,
respectively, and the capacity retention rate of the LTO/rGO fiber electrode can reach 83%. According
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to the electrochemical impedance spectroscopy (Figure 4c), it can be concluded that after 100 cycles,

the impedance of the LTO/rGO fiber electrode increases, resulting in a decrease in the charge-
discharge specific capacity. In addition, the LTO/rGO fiber electrode also exhibits outstanding rate
performance at different current densities, as shown in Figure 4e. The rate measurements deliver the
capacities of 191.5, 175.3, 164.4, 156.2 and 127.2 mAh g™ at different rates of 0.1, 0.2, 0.5, 1 and 2 C,
respectively. When the rate returns to 0.1 C, the capacity may still return to the original value. The
excellent cycle performance and rate performance indicate that the LTO/rGO fiber electrode has high
ionic conductivity and electron transport ability, which is mainly attributed to the three-dimensional

channel structure formed by solvent exchange on the surface of the fiber electrode. This facilitates the

enhanced ion transport rate as well as the electron conducting network formed in the fibrous

electrodes.
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Figure 4. (a) Charge-discharge curves of LTO/rGO fiber electrodes at 1C current density; (b) CV
curves of LTO/rGO fiber electrodes; (c) Electrochemical impedance spectroscopy of LTO/rGO fiber
electrodes; (d) Cycling performance of the LTO/rGO fiber electrode; (e) Performance of LTO/rGO fiber

electrodes at different current density.
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4. Conclusions

In summary, we have successfully prepared a flexible LisTisO12/graphene fiber electrode with a
one-dimensional structure by configuring reduced graphene oxide-based ink combined with
extrusion 3D printing technology. Due to the high conductivity and high specific surface area of rGO,
a 3D conductive network is constructed inside the fiber electrode, which improves the electronic
conductivity. Furthermore, under the unique solvent exchange action, a tiny three-dimensional pore
structure is formed on the surface of the fiber, which is conducive to the adsorption of electrolyte and
the transmission of ions. The as-prepared fiber electrode not only exhibits excellent mechanical
properties (35% elongation at break), but also shows outstanding electrochemical performance (83%
capacity retention after 100 cycles). The preparation method of flexible fiber electrodes in this work
is simple, environmentally friendly and mass-produced, which has broad application prospects.
More importantly, this preparation method can be adapted to various deformable structures, which
opens up new possibilities in areas such as wearable electronics, flexible electronics, and implantable
medical devices.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Raman pattern of LTO/GO fiber electrode; Figure S2: Thermogravimetric
analysis of LTO/GO fiber electrodes.
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