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Editorial

Special Issue “Synthesis, Characterization and Performance
Enhancement of Electrode and Biomaterial Coatings”

Chenyu Liu 1, Qing Sun 2 and Shang Wang 2,*
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Technology, Harbin 150001, China

* Correspondence: wangshang@hit.edu.cn

Functional materials are extensively employed across diverse domains, including energy
storage systems [1,2], electronic devices [3], and medical implants [4], where their performance
significantly influences the efficiency, reliability, and longevity of related technologies [5,6].
However, in real-world applications, these materials often encounter substantial challenges [7],
such as inadequate electrical conductivity, limited mechanical strength, severe interfacial
side reactions in electrode materials, and poor biocompatibility and corrosion resistance in
biomaterials. To address these issues, surface coating modification has emerged as a highly
effective strategy to enhance their physical, chemical, and mechanical properties [8], thereby
meeting the multifaceted demands of modern applications.

Surface coating technologies for functional materials have garnered significant atten-
tion within the materials science and engineering community [9], particularly in improving
the performance of critical components such as electrodes and biomaterials. For example,
electrode materials in energy storage systems—such as lithium-ion batteries (LIBs) and
electrochemical capacitors—are prone to mechanical degradation and undesirable side reac-
tions due to repetitive charge/discharge cycles, which can lead to substantial performance
deterioration over time [10]. Coating these electrodes with materials exhibiting superior
electrical conductivity and chemical stability, including metal oxides, ceramics, graphene,
and conductive polymers, can markedly enhance their structural integrity [11]. This, in
turn, optimizes the interfacial reaction kinetics between the electrode and electrolyte [12],
resulting in improved cycle stability and enhanced capacity retention [13]. Moreover,
surface coatings can significantly lower the intrinsic resistance of electrode materials and
boost ion transport rates [14], both pivotal factors for enhancing the power density and
operational efficiency of energy storage devices.

Coating technologies also demonstrate remarkable potential in advancing biomate-
rials [15]. For medical implants, biocompatibility, corrosion resistance, and controlled
degradability are paramount for ensuring seamless integration with human tissues and
long-term safety. Metals, commonly used in orthopedic and dental implants [16], often
exhibit limited corrosion resistance and biocompatibility, potentially triggering adverse
biological reactions. By applying bioactive coatings such as bioceramics or biofunctional
polymers to metal surfaces, these limitations can be mitigated, leading to improved tis-
sue integration and promoting the regeneration of bone or other tissues. For instance,
bioceramic coatings such as hydroxyapatite [17], which closely resemble the inorganic
composition of bone, facilitate faster osseointegration, while conductive polymer coat-
ings can enhance the electrical properties of implants, proving especially advantageous in
applications such as neural tissue engineering.

Notably, surface coatings not only augment the intrinsic properties of functional
materials but also allow for precise optimization of targeted functionalities by carefully
controlling parameters such as coating thickness, microstructure, and composition. For

Coatings 2024, 14, 1276. https://doi.org/10.3390/coatings14101276 https://www.mdpi.com/journal/coatings1
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example, ceramic coatings are widely adopted in high-temperature electrode materials due
to their excellent thermal stability and corrosion resistance, whereas metal oxide coatings
are frequently employed in electrochemical storage devices for their robust chemical in-
ertness. Additionally, graphene and two-dimensional materials [18,19], known for their
exceptional conductivity and mechanical flexibility as coatings, are optimal for improving
the electrochemical performance of LIBs and supercapacitors. By judiciously selecting and
designing coating materials, it is possible to enhance conductivity, reinforce mechanical
durability, minimize detrimental side reactions, and elevate the overall performance of
energy storage systems.

This Special Issue seeks to provide an in-depth exploration of the design, fabrication,
and application of surface coatings for functional materials. Emphasis will be placed on
the comparative evaluation and optimization of various coating technologies to elucidate
the underlying mechanisms by which surface modification strategies improve material
performance. The scope includes the investigation of ceramics, metals, metal oxides,
graphene, and conductive polymers, both as individual materials and as surface coatings,
with a focus on their roles in enhancing mechanical robustness and electronic and ionic
conductivity and mitigating interfacial degradation. Furthermore, the Issue will address
emerging trends and future directions in coating technology, offering novel insights and
guidelines for the development of next-generation coatings for functional materials across
a wide range of applications.
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Abstract: To meet the demand for higher performance and wearability, integrated circuits are devel-
oping towards having multilayered structures and greater flexibility. However, traditional circuit
fabrication methods using etching and lamination processes are not compatible with flexible sub-
strates. As a non-contact printing method in additive manufacturing, electrohydrodynamic printing
possesses advantages such as environmental friendliness, sub-micron manufacturing, and the capa-
bility for flexible substrates. However, the interconnection and insulation of different conductive
layers become significant challenges. This study took composite silver ink as a conductive material to
fabricate a circuit via electrohydrodynamic printing, applied polyimide spraying to achieve interlayer
insulation, and drilled micro through-holes to achieve interlayer interconnection. A 200 × 200 mm2

ten-layer flexible circuit was thus prepared. Furthermore, we combined a finite element simulation
with reliability experiments, and the prepared ten-layer circuit was found to have excellent bending
resistance and thermal cycling stability. This study provides a new method for the manufacturing of
low-cost, large-sized, multilayer flexible circuits, which can improve circuit performance and boost
the development of printed electronics.

Keywords: multilayer circuit; additive manufacturing; printing electronics; reliability

1. Introduction

With the end of Moore’s Law, integrated circuits have shifted from blindly pursuing
an increase in integration to enhancing intelligence [1]. Intelligent electronics, including
smart wearable devices, energy storage devices, sensors, and smart fabrics, are typically
adhered to structures or biological surfaces to obtain more accurate sensing signals and
enhanced wear comfort, which demands greater flexibility from these circuits [2–4]. Addi-
tionally, the superb conformal ability of flexible circuits allows them to adhere to the curved
surfaces of three-dimensional objects without being limited by installation space. For
example, conformal circuits can be applied to radar antennas on aircraft surfaces, structural
health monitoring sensors, etc., significantly reducing equipment weight and enhancing
aerodynamic performance [5–8]. However, traditional silicon-based circuit manufacturing
methods, which utilize photolithography, etching, and other processes, are unsuitable for
fabrication flexible substrates such as polyethylene terephthalate (PET) and polydimethyl-
siloxane (PDMS). Screen-printing technology is able to manufacture large-area conductive
patterns on flexible substrates and is compatible with high-viscosity pastes, achieving
superior conductivity. However, screen printing can only achieve a pattern resolution
of at least a few hundred micrometers, thereby posing challenges for the fabrication of
high-precision flexible circuits [9,10].

Coatings 2024, 14, 625. https://doi.org/10.3390/coatings14050625 https://www.mdpi.com/journal/coatings4
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The advantages of inkjet printing as an additive manufacturing method are its high pre-
cision and environmental friendliness, and it is suitable for various substrates such as metals
and flexible polymers [11–13]. Among the many inkjet printing methods, electrohydrody-
namic (EHD) printing is compatible with various types of nanomaterials, and possesses the
ability to prepare flexible electronics with an ultra-fine accuracy below 5 μm [14,15]. The
principle of EHD printing is to apply a voltage between the nozzle and substrate, and the
ink forms a Taylor cone under the action of the electric field that comes into contact with the
substrate. At this time, the pathway conducts, the Taylor cone disappears, and then the cir-
cuit disconnects to generate a new Taylor cone [16]. During this cycle, the ink accumulates
on the substrate with an ultra-fine resolution, and combined with a precision displacement
platform, micro-scale patterns can be printed. Some researchers have prepared flexible
heaters, supercapacitors, strain sensors, and other devices through EHD printing [14,17].
However, these circuits are almost all single-layer structures, which lead to larger volumes
and weights compared to multilayer circuits with the same performance [18]. Multilayer
circuits undoubtedly have more complex preparation processes; researchers use laser etch-
ing or photolithography to prepare flexible multilayer circuits, but these methods have high
costs [19–21]. Therefore, it is necessary to develop a new multilayer circuit manufacturing
method to achieve interlayer insulation and interconnection between multilayer circuits.

Bending stress is the most common working load in flexible electronics, which can
lead to the cracking, delamination, and degradation of functional materials. Therefore,
bending cycle tests are the most important indicator for evaluating the reliability of flexible
electronics [22,23]. Especially for large multilayer circuits, their higher thickness leads to
higher tensile/compressive stress at regions far from the neutral surface during bending,
thereby increasing the risk of failure [24]. For circuits prepared via inkjet printing, it is
difficult to ensure sufficient adhesion between the conductive layer and the insulation layer,
and delamination may occur during the bending cycle process, which poses challenges
to the selection of conductive ink and insulation layer materials. Given this research
background, this study adopts a new flexible circuit fabrication method based on EHD
printing, aiming to prepare large-area flexible multilayer electronics with excellent bending
reliability. In order to make multilayer circuits more compatible with a wider range of
usage scenarios, thermal cycling reliability is also considered.

2. Materials and Methods

2.1. Laboratory Experiment

The multilayer circuit manufacturing method developed in this study is shown in
Figure 1. Firstly, the conductive path was printed onto a PET substrate via EHD, as shown
in Figure 1a. The ink used for printing was WIK-36A high-conductivity composite silver
ink from LOCTITE (Brussels, Belgium). Interlayer insulation was achieved by spraying
insulated ink, as shown in Figure 1b. The insulated ink was obtained by mixing 5 mL of 20%
polyimide (PI) solution with 15 mL of dimethylacetamide (DMAC) solution and stirring
at 500 rpm for 0.5 h. The distance between the spray pen and the substrate was 20 mm,
the spraying pressure was 0.1 MPa, and the time was 10 s per layer. After spraying the
insulation layer, the PET substrate was transferred to a hot plate and dried at 80 ◦C for 5 min.
Then, the initial operation was repeated for the next layer of conductive path printing. The
method of interconnection between layers is shown in Figure 1c. We used a micro drilling
bit to drill through-holes in the interconnection area and injected high-viscosity conductive
paste into them. We designed ten-layer circuit patterns as shown in Figure 1d to verify
the conductivity between each layer. Unconnected patterns were printed on the bottom
layer, as shown in Figure S1 of the Supplementary Materials. We printed the square areas
to serve as pads to drill through-holes for interlayer interconnection, and the circular areas
served as pins to test connection status. By designing different conductive layer patterns,
as shown in Figure S2, specific pins were connected, such as pin 1 and pin 2. When testing
the resistance between different pins, the unconnected pins should be open circuit, while
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the connected pins are conductive. Therefore, whether effective interlayer interconnection
has been achieved can be determined by the open circuit or conductivity between the pins.

Figure 1. Schematic manufacturing process of multilayer flexible circuits: (a) electrohydrodynamic
printing; (b) insulation; (c) interconnection; (d) conductive patterns of the 10-layer circuit.

In order to explore the process window of EHD printing, we conducted experiments at
different printing speeds, nozzle heights, and nozzle diameters to determine the influence
of various process parameters on printing quality. During the experiment, the electric
field strength remained at 1.2 × 107 V/m. Furthermore, we investigated the sintering
mechanism of conductive ink through post-treatment with heat.

We conducted bend cycling tests by using a self-developed testing platform with
a bending angle of 120◦ and one bending cycle for 5 s. The thermal cycling test was
conducted using a thermal cycling test chamber for a total of 1000 cycles. The thermal
cycling profile was in accordance with the requirements of JESD22-A104: the temperature
ranged from −55 ◦C to 85 ◦C, one cycle was held for 3000 s, with a rising time and falling
time of 900 s and a cycle of 600 s at a consistent temperature. Five samples were prepared
under each condition to exclude randomness. We measured the resistance between pin 1
and pin 2 (Figure S1) to evaluate the reliability of the multilayer circuit, because this
conductive path was most affected by bending stress and passed through the most through-
holes. Resistance and resistivity measurements were taken using four MCP-t370 probes
by Mitsubishi Chemical (Tokyo, Japan). The microstructure and cross-section morphology
of the multilayer flexible circuits were investigated using a scanning electron microscope
(SEM, TESCAN CLARA, Brno, Czech), and the elemental composition was identified via
energy dispersive spectrometry (EDS, TESCAN CLARA).

2.2. Numerical Simulation

In order to investigate the stress–strain distribution of multilayer circuits with different
loads under thermal cycling and bend cycling, we conducted corresponding finite element
analysis (FEA) simulation using ANSYS APDL (version 18.0). Several assumptions were
made to ensure the accuracy and feasibility of the numerical simulation, as listed below:
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• All materials were uniform and dense;
• All interconnecting interfaces were tightly combined;
• Thickness was constant in the same layer;
• Changes in a material’s thermodynamic parameters with temperature were considered

in the thermal cycling simulation.

The numerical simulation process is shown in Figure 2. The FEA model was estab-
lished by APDL commands as shown in Figure 2a. Thermodynamic simulation used
thermal element SOLID70 and structural element SOLID185. Tetrahedral elements were
used for meshing, and the elements around the conductive parts were refined to improve
the simulation accuracy, as shown in Figure 2b. The insulation layer between the conductive
layers is very thin (within 2 μm), so we omitted the insulation layer between the conduc-
tive layers in the FEA modeling and used conductive blocks instead. The cross-section
schematic diagram of the FEA model is shown in Figure S3. In the FEA of the bend cycling
test, the displacement constraint was applied on either side of the plane, resulting in a
bending angle of 120◦. In the FEA of the thermal cycling test, simulation was conducted
with the bending stress in order to fit the usage scenarios of conformal electronics. The
thermal profile was consistent with the experiments, as shown in Figure 2c.

 

Figure 2. Pretreatment of finite element simulation: (a) FEA model; (b) mesh generation; (c) thermal
cycling load files.

3. Results and Discussion

In high-precision printing, the line width is an important indicator for evaluating the
printing effect. The width of the conductive path is also an important design parameter, as
uncontrollable line widths would lead to short circuits between pins. Unlike traditional
lithography processes, printing electronics cannot obtain specific line widths through
masks, and the line widths acquired through printing have a strong process correlation.
Therefore, it is necessary to clarify the rule of variation in line width through various
process parameters to obtain conductive patterns with specific line widths. The influence of
the printing speed, working height, and nozzle diameter of EHD printing on the line width
is shown in Figure 3. As the printing speed increases, the line width gradually decreases,
and the rate of change of the line width gradually decreases before stabilizing. The printing
speed does not affect the diameter of the Taylor cone jet, but it does determine the amount
of ink deposited per unit of time. A lower speed leads to greater ink deposition, and the
wetting and spreading of the ink on the substrate increase the line width, as shown in
Figure 3a. As the working height increases, the line width steadily increases due to the
diffusion of the Taylor cone jet in the air, as shown in Figure 3b. When the working height
approaches zero using high-speed printing, the line width becomes close to the diameter
of the Taylor cone jet. The diameter of the nozzle directly determines the diameter of the
Taylor cone jet. As the nozzle size increases, the line width steadily increases, as shown in
Figure 3c. When the nozzle diameter is too large, it cannot produce a stable Taylor cone jet.
Moreover, excessive printing speeds and working heights lead to discontinuous printing
lines, resulting in large edge roughness of the printed lines. The diameter of the drill bit
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used for drilling in this study is 150 μm. The drill bit damages the conductive path when
the line width is too small. We purposefully selected a parameter combination based on the
designed line width of 200 μm, so we used a 300 μm nozzle, a working height of 100 μm,
and a printing speed of 0.5 m/s in the subsequent multilayer circuit preparation process;
using these parameters, we were able to reliably obtain a 200 μm line path, as shown in
Figure S4 of the Supplementary Materials. The deposition rate of the ink is also a key
parameter, and we calculated the ink deposition rate of 1.2 mL/h.

 

Figure 3. Printed line width under the influence of (a) printing speed, (b) working height, and
(c) nozzle diameter.

Generally, metal nanoinks require post-treatment above 150 ◦C to exhibit good con-
ductivity. However, the glass transition temperature of PET substrates is approximately
110 ◦C, so post-treatment needs to be carried out below 110 ◦C. In addition, we need
to determine the conductivity mechanism, which is necessary to explain the increase in
resistance during the bending cycles. The morphologies of the printed conductive path
after 60 min of sintering at different temperatures are shown in Figure 4a–d; combined
with the electrical resistivity results of Figure 4e, it can be seen that after post-treatment at
temperatures below 150 ◦C, there was no significant change in the microstructure of the
silver path, and micrometer sized silver nanoflakes were uniformly mixed as shown in
Figure 4a–c. After sintering at 100 ◦C for 1 h, the resistance of the conductive circuit showed
a significant decrease compared to the one without post-treatment, with a resistivity of
14.3 μΩ·cm. When the post-treatment temperature was raised to 150 ◦C, the resistance did
not decrease further, indicating that the decrease in resistance caused the volatilization
of organic solvents, which led to a decrease in the contact resistance between nanoflakes.
However, at this time, these sliver nanoflakes were not sintered. When the temperature
was raised to 300 ◦C, the resistance significantly decreased and quickly stabilized. The
nanoflakes were sintered together due to the atomic diffusion at such a high temperature,
which further reduced the resistivity, as shown in Figure 4d. In summary, sufficient con-
ductivity could already be obtained at 100 ◦C via organic volatilization and the overlap
between silver flakes, so we put the printed ten-layer circuit in a constant temperature box
at 100 ◦C for 1 h.

Based on the process above, the ten-layer flexible circuits were prepared as shown in
Figure 5. After testing the conductivity between different pins, effective interconnection
was achieved between each layer. The unconnected pins were non-conductive, which
proved that there was no short circuiting. The purpose of using a flexible substrate is to
attach the circuit to a three-dimensional surface, so we attached the ten-layer circuits onto a
wing-shaped resin substrate, as shown in Figure 5b,c. The resin block was fabricated using
photocurable 3D printing, and the minimum curvature radius of the curved substrate was
20 mm. The flexible multilayered circuit showed an excellent conformal ability and tightly
adhered to the curved substrate without delamination, proving that the multilayered circuit
can adapt to complex curved surfaces.
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Figure 4. SEM images of the printed conductive path after 60 min sintering with the temperature
of (a) 25 ◦C, (b) 100 ◦C, (c) 150 ◦C, and (d) 300 ◦C. (e) Variation curve of the electrical resistivity of
conductive lines over time at different temperatures.

Figure 5. Optical images of (a) 10-layer flexible circuit and (b,c) conformal circuit.

Bending stress is the most common load on flexible circuits. To improve the bending
reliability of the multilayered circuits, we established different conductive layer thicknesses
in different areas in order to improve it. The part above the neutral plane bears the ten-
sile stress during the bending process, while the part below the neutral plane bears the
compressive stress. As mentioned in Figure 4, the good conductivity at a post-processing
temperature of 100 ◦C is due to the overlap between the nanoflakes rather than a result
of sintering. Compression stress will compress the nanoflakes to enhance conductivity.
Therefore, the conductive layer can be printed thinner in the areas with higher compression
stress. Conversely, tensile stress will loosen the nanoflakes, and an excessively thin conduc-
tive layer may result in an open circuit. Therefore, we made the conductive layer thicker
in areas with higher tensile stress. We achieved a thicker conductive layer by increasing
the number of prints, as shown in Figure 6a–c. We repeated printing twice for the area of
the 10-layer circuit under compressive stress and obtained an average thickness of 5.6 μm.
For the area under tensile stress, we repeated printing five times and obtained an average
thickness of 26.5 μm, as shown in Figure 6d. A cross-section SEM image of a conductive
through-hole is shown in Figure 6e. It can be seen that the conductive through-hole con-
nected different conductive layers together. The interface between the conductive and
insulating layers was tightly bonded without any delamination phenomenon, as shown
in Figure 6f. EDS surface scanning was performed on the ten-layer circuit’s cross-section,
and the results are shown in Figure 6g–i. The main component of the conductive layer
was Ag, and O and C elements were concentrated in the polyimide insulating layer, which
separates the different conductive layers well and avoids the formation of short circuits. In
addition, it can be found that there was no Ag in the insulating layer, but there was a low
concentration of C and O elements in the conductive layer, which is due to the fact that we
used a post-processing temperature of 100 ◦C and the organic compounds in the ink did
not evaporate completely.
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Figure 6. Cross-section SEM images of the different conductive layers thicknesses obtained via
repeated printing (a) once, (b) twice, and (c) five times. Cross-section SEM images of (d) 10-layer
flexible circuit, (e) conductive through-hole, and (f) interface between the conductive and insulating
layers. EDS results of the 10-layer flexible circuit cross-section (g–i).

The curved substrates result in the flexible circuit undergoing bending stress for a
long time. In order to verify the reliability of the flexible multilayer circuit under cyclic
bending with a large curvature radius, a combination of simulations and experiments
was carried out to explore the reliability and failure mechanism of the multilayer circuits.
The displacement distribution and stress distribution are shown in Figure 7a,b, indicating
that stress is concentrated in a small range of the bending center, only 0.55 MPa, due to
the very small modulus of PET. A bend cycling test was conducted on flexible circuits to
monitor the changes in resistance during the bending process, as shown in Figure 7c. The
resistance exhibited periodic changes with increasing amplitude over the bending cycle.
After 500 cycles, the resistance change rate was 7.9%, and after 8000 cycles, the resistance
was approximately three times the initial resistance, demonstrating excellent bending
reliability. Results of the microscopic morphology analysis of the circuit after 8000 bending
cycles are shown in Figure 8. It can be seen that the microstructure on the surface of the
circuit did not show obvious changes, but fine cracks appeared on the surface with a width
of 1 μm. During the cyclic bending process, the maximum crack width was observed when
the bending angle reached its maximum value and led to the maximum resistance. As the
bending angle decreases, the nanoflakes around the cracks overlapped with each other,
reducing the resistance and exhibiting periodic changes. Additionally, we found that, after
the bend cycling experiment, the resistance of the circuit continued to slowly decrease.
After 8000 bending cycles, the resistance was 2.6 times the initial resistance. However, the
resistance decreased to 1.7 times the initial resistance after 10 h. This may be due to the
effect of gravity, which makes the loose nanoflakes overlap in a tighter configuration.
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Figure 7. Bending reliability of the 10-layer flexible circuit: (a) displacement distribution obtained
via FEA simulation; (b) von Mises stress distribution via FEA simulation; (c) resistance change rate
during bending cycle test.

 

Figure 8. SEM morphology of the conductive pattern after 8000 bending cycles: (a) total area;
(b) enlargement of the normal area; (c) enlargement of the crack area.

In order to make the multilayer circuit more compatible with a wider range of usage
scenarios, the temperature cycling test environment was taken from −25 ◦C to 85 ◦C, and
corresponding thermal cycling simulation was carried out. Conformal electronics expe-
rience both bending stress and thermal stress. Therefore, thermal–mechanical coupling
simulations were carried out with bending prestress, and we applied the stress distribution
obtained from bending simulation as a load, which can be used to explore the thermal
cycling reliability of multilayer circuits under bending conditions. The temperature dis-
tribution at the moment of maximum temperature gradient during the heating process
is shown in Figure 9a. The temperature distribution of the entire multilayer circuit was
consistent, with a maximum temperature difference of only 0.13 ◦C. This is because the
thickness of the multilayer circuit was only 0.2 mm, and the temperature quickly reached
uniformity in a hot convection environment. The maximum stress during the thermal
cycling process occurs at extremely low temperatures because the difference in the ther-
mal expansion coefficient of the material is the greatest. Thermal stress is generated by
mismatches in temperature, and the maximum stress point occurs at the junction of the
silver line at the bending center and the PET, which was 6.8 MPa. It can be seen that
the thermal stress generated by this multilayered circuit under thermal cycling load is
extremely small. Due to the long testing time and the large amount of data required to
detect changes in circuit resistance, multiple samples were tested simultaneously, and the
initial resistance was measured as R0. Samples were measure under 100, 200, 500, 800, and
1000 temperature cycles for resistance measurement, and the measured value was denoted
as R’. The resistance change during thermal cycling is shown in Figure 9c. After 200 cycles,
the resistance dropped to 95% of the initial resistance and remained unchanged. The initial
slight decrease in resistance was because of the annealing effect in the high-temperature
region, which further densified the conductive path. The experimental results were consis-
tent with the simulation results, and the minimal thermal stress caused by thermal cycling
did not cause a decrease in performance. Moreover, the resistance remained stable after
1000 thermal cycles.
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Figure 9. Thermal cycling reliability of the 10-layer flexible circuit. (a) Temperature distribution by
FEA simulation. (b) Von Mises stress distribution by FEA simulation. (c) Resistance change rate
during thermal cycling test.

4. Conclusions

This work proposed a large-area, low-cost, and highly reliable method for preparing
multilayer flexible circuits. The advanced method of electrohydrodynamic printing was
used to fabricate the conductive path, and the mechanisms by which various parameters
influenced printing quality were explored in detail. Interlayer insulation was achieved
by spraying PI layers and interconnection was achieved by micro vias. The resistivity
of the silver conductive path after post-processing at 100 ◦C was only 14.3 μΩ·cm. The
ten-layer flexible circuit has excellent bend cycling reliability and thermal cycling reliability.
The failure mechanism under two cyclic loads was elucidated through a combination of
numerical simulation and reliability testing. After 8000 bending cycles, the circuit resistance
still met the high conductivity requirement, while the resistance only decreased by 5% after
1000 thermal cycles. The method proposed in this study has broad potential applications in
the field of flexible devices, helping to accelerate the development of wearable electronics
and conformal electronics.
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Abstract: New diamond chip resistors have been used in high-power devices widely due to excellent
heat dissipation and high-frequency performance. However, systematic research about their solder
joint reliability is rare. In this paper, a related study was conducted by combining methods between
numerical analysis and laboratory reliability tests. In detail, the shape simulation and thermal cycling
finite element simulation for solder joints with different volumes were carried out. The optimized
solder volume was 0.05 mm3, and the maximum thermal cycling stress under the optimized shape
was 38.9 MPa. In addition, the thermal cycling tests with current and high temperature storage tests
were carried out for the optimized solder joint, which showed good agreement with the simulation
results, clarified the growth and evolution law of intermetallic compound at the interconnection
interface, and proved the optimized solder joint had great anti-electromigration, temperature cycling
and high temperature storage reliability. In this work, an optimized solder joint structure of a
diamond chip resistor with high reliability was finally obtained, as well as providing considerable
reliability data for the new type of diamond chip resistors, which would boost the development of
power devices.

Keywords: diamond chip resistor; solder joint; reliability; numerical analysis

1. Introduction

High-power electronic devices are widely used in the field of wireless communica-
tion [1,2]. With the demand for high performance and light weight of electronic devices, the
continuous improvement of their integration has brought a significant increase in power
density and the large current and high heat have led to many reliability problems [3].
Numerous studies have shown that most of the failures of electronic devices come from
the interconnection solder joints of electronic packaging due to the stress caused by the
thermal mismatch of materials and the evolution of microstructure and morphology [4].
As the most common component of electronic devices, chip resistors are used in almost
every electronic device. Therefore, ensuring the reliability of chip resistor solder joints
under high temperature and power cycling is the cornerstone of the development of
high-power devices.

With continuous power and frequency improvement of power devices, the commonly
used materials Al2O3 of chip resistor substrate cannot meet the requirements of heat dis-
sipation [5,6]. The thermal conductivity of CVD diamond is 2000 W·m−1·K−1, which is
dozens of times higher than Al2O3. Using diamond as the substrate material of chip resis-
tors can greatly improve the heat dissipation performance [6]. In addition, this new type of
diamond chip resistor has advantages of high frequency (more than 30 GHz), high power,
small size, light weight and stable performance, and can service in extreme environments
such as deep space exploration and military equipment that require ultra-high reliability [7].
The usage of new materials always leads to new reliability problems. There have been
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many studies on the reliability of traditional chip resistor solder joints [8,9], but the research
on the reliability of new chip resistor solder joints is not sufficient. Therefore, it is of great
significance to supplement the reliability data of the new diamond chip resistors to ensure
the stable operation of power devices and assist the development of power devices.

Due to the frequent change of ambient temperature or switch of power devices, chip
resistors need to undergo temperature cycling. Under the alternating temperature load, the
thermal mismatches of different interfaces of materials generate large thermal stress, which
leads to plastic deformation, grain boundary slip and grain boundary defects in solder
joints. Stress concentrates at those defects and results in initial cracks, then cracks propagate
to cause failure [10]. It is necessary to study the reliability of new chip resistors under
temperature cycling. The finite element analysis method can save a lot of time and cost in
the reliability analysis process, which can quickly obtain the stress and strain response of
the device under a certain load and predict the service life of solder joints by combining a
constitutive equation and life prediction model [11–15]. The accuracy of the finite element
model greatly affects the accuracy of simulation and the simulation of the solder joint shape
plays an important role in improving the accuracy of model. In addition, the shape of
the solder joint directly determines the stress distribution of the solder joint. Therefore,
the solder joint shape with the lowest stress level can be obtained through the iterative
optimization of solder joint shape simulation and thermal cycle finite element simulation.

The new diamond chip resistors in power devices need to work at a high temperature
due to high power. The continuous high temperature causes excessive growth of brittle
intermetallic compounds (IMCs) at the soldering interface, which leads to an increasing
risk of failure. The mechanism of IMCs growth involves the diffusion and migration of
elements. The diffusion of elements is affected by many factors such as element concentra-
tion, temperature, stress, etc. [16], therefore, it is difficult to evaluate the reliability of solder
joints only by simulation, so the high temperature storage (HTS) experiment is essential.

In order to realize the electrical connection of the diamond chip resistors, it is necessary
to electroplate electrodes at the terminals of the resistor. The electrode material is usually
nickel. The quality of the nickel coating will significantly affect the reliability of the solder
joint in the process of temperature cycling or aging [17]. Therefore, this paper also focuses
on the analysis of the reliability of the coating interface.

With the background mentioned above, this study conducted the solder joints shape
simulation and thermal cycling finite element simulation for the new diamond chip resistors.
In order to verify the simulation results, corresponding thermal cycling tests were carried
out. The power devices also bore current load during service, so another control group
with current was set in order to evaluate the impact of current on solder joints’ reliability.
In addition, high temperature storage tests were carried out to evaluate the reliability of
the solder joints of the new diamond chip resistors stored under high temperature for a
long time.

2. Materials and Methods

2.1. Numerical Simulation

In order to investigate the device-level reliability, the power divider with new diamond
chip resistors was selected as the study object. Several assumptions were made to ensure
the accuracy and feasibility of the numerical simulation as listed below:

• The metal plating was ignored;
• All materials were uniform and dense;
• All interconnecting interfaces were tightly combined;
• The effect of gravity was considered in the simulation of solder joint shape;
• The change of material thermodynamic parameters with temperature was considered

in the thermal cycling simulation.

The process of numerical simulation was shown in Figure 1. Parameterized modeling
was carried out in the Surface Evolver software (version 2.70) according to the size data of the
chip resistor. The differential equation of surface wetting was set to calculate the solder joint
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shape under different solder volumes by the minimum energy principle. Then, the Surface
Evolver (SE) model of the chip resistor was imported into ANSYS (version 14.0), and the
parametric modeling of the whole power divider was carried out. The Anand model was used
to describe the viscoplastic behavior of solder under a low stress state. The thermodynamic
simulation used thermal element SOLID70 and structural element SOLID185. Tetrahedral
elements were used for meshing due to plenty of irregular structures, and the mesh of the
solder part was refined to improve the simulation accuracy. Fixed constraints were applied
at the bolt holes at the four corners of the power divider shell, as shown in Figure 2a. The
thermal cycling profile was in accordance with the requirements of TC4 in IPC9701. The
temperature was from −55 to 125 ◦C, one cycle for 50 min, whose rising time and falling time
were 15 min. Some research showed the inelastic strain amplitude of the solder joint was
generally stable after 7 to 8 cycles [11–13], so a total of 10 thermal cycles were applied to the
model, as shown in Figure 2b. The material parameters used in the numerical simulation can
be found in Tables S1 and S2 of the Supplementary Materials.

Figure 1. Schematic process of numerical simulation.

Figure 2. Pretreatment of finite element simulation: (a) Mesh generation and constraints; (b) Load files.

2.2. Laboratory Experiment

Screen printing and reflow soldering process were carried out according to the
optimal solder volume obtained by simulation, and the new diamond chip resistors
were soldered onto the microstrip plate of power divider. The chip resistors were the
CRD0603DX5W2 model produced by Smiths Interconnect (London, UK) and the solder
was eutectic SnPb. The corresponding thermal cycling tests were carried out on the power
divider by high-low temperature test-box to verify the simulation results, and the samples
after 200, 500, and 1000 cycles were taken out for analysis. In order to determine the
anti-electric migration ability of the solder joint, another energized control group was
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set with the current of 0.15 A. The aging temperature of HTS test was set to 150 ◦C by
constant temperature drying box, and the temperature accuracy was ±0.1 ◦C. The growth
rate of intermetallic compounds followed Fick’s diffusion law and was proportional to the
quadratic power of time, so aging times of the samples were set to be 1 day, 4 days, 9 days,
16 days, 25 days, 36 days, and 49 days.

The obvious hardness difference made it difficult to obtain the flat interconnection
interface between the diamond and SnPb solder, so the interface was polished with a
cross-section polisher. The direction of the ion beam was perpendicular to the plane of
the microstrip plate and polished 6 h for each sample. The microstructure of the solder
joints was investigated by the scanning electron microscopy (SEM, ZEISS Sigma 300, Jena,
Germany), and the SEM images were taken by backscattered electrons (BE) to obtain
compositional contrast. The composition of IMCs were identified by energy dispersive
spectrometer (EDS, ZEISS Sigma 300), and the thickness measurement of interface IMCs
was calculated by the Image J (version 1.8.0) according to the imaging contrast difference
of different materials and the thickness was an average value of all samples under same
conditions. We took three chip resistors for each test condition to avoid contingency.

3. Results and Discussion

The simulation results of solder joint shape are shown in Figure 3, where V is the
volume of solder. The solder was only at the bottom of the resistor with the volume of
0.01 mm3, and the lateral wall of the resistor was not wet. As the volume of solder increased,
the solder began to wet the lateral wall of the resistor and continued to climb. When the
volume came to 0.025 mm3, solder climbed more than half the height of the resistor. The
solder climbed to the top of the resistor when the volume became 0.05 mm3, but the width
direction of the resistor was not completely wetted and the solder joint presented a fillet
shape of chip components as usual at this time. When the volume of the solder increased
further, the solder continued to wet on the pad and the direction of resistor width until the
volume of solder reached 0.13 mm3, the interfacial tension between solder and pad could
not resist the gravity of the solder at this time, so the solder collapsed and overflowed
the pad area. According to the SMT general test standard IPC-610F, the solder of chip
components should be higher than 1/2 of the component’s height, so we took the solder
joints with the volume of 0.025 mm3, 0.05 mm3, 0.075 mm3, 0.01 mm3, and 0.025 mm3 for
subsequent thermal cycling simulation.

Figure 3. Simulation results of solder joint shape under the different solder volumes of (a) 0.01 mm3,
(b) 0.025 mm3, (c) 0.05 mm3, (d) 0.075 mm3, (e) 0.1 mm3, (f) 0.125 mm3, (g) 0.13 mm3.

The thermal cycling simulation was taken for solder joints with different solder vol-
umes in power divider with chip resistors. Among the three chip resistors carried by the
power divider, the thermal stress of the solder joints near four-corner screw holes was the
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highest because they were close to the fixed constraint and had difficulty releasing the stress
through deformation. During a whole thermal cycle, stress of the joints increased to the
highest when the temperature just fell to minimum, because the CTE of each material had a
larger difference in the low temperature. The stress distribution of the solder joint near the
screw hole at the lowest temperature is shown in Figure 4. The maximum von Mises stress
and strain were produced at the corner where the inner side of the solder joint contacted
with the lower edge of the resistor. Because the horizontal distance between the inner side
of solder pad and the resistor was very small, the solder joint there showed a nearly right
angle and the stress was concentrated at this part. The maximum stress of solder joints of
different shapes was between 39.0 and 43.4 MPa, and there was no significant difference.
Although the maximum stress was slightly higher than the tensile strength of SnPb solder
(36 MPa), the high stress here was only concentrated in a very short time and a very small
area, after which the stress could be released through microcracks here, which did not affect
the overall reliability of solder joints.

Figure 4. Stress distribution of solder joints at the lowest temperature with the solder volume of
(a) 0.025 mm3, (b) 0.05 mm3, (c) 0.075 mm3, (d) 0.1 mm3, (e) 0.125 mm3.

In Figure 4a, the solder joint was too small to release the stress through deformation
of the solder joint, resulting in the highest-level overall stress when the solder volume was
0.025 mm3. The stress level of solder joints with solder volume of 0.075 and 0.01 mm3 was
also large, which was due to the terrible shape of solder joints. The overall stress of solder
joints with solder volume of 0.05 and 0.0125 mm3 was much lower, but too much solder
may lead to a Manhattan effect of the chip resistor during reflow soldering. Through the
above analysis, the solder joint with a volume of 0.05 mm3 was considered to be the best.

The stress-strain curve at the critical point of the solder joint with a volume of 0.05 mm3

is shown in Figure 5. The curve was in the shape of a gradually convergent hysteresis loop,
and the area surrounded by it represented the plastic strain energy. In further thermal
cycling, the stress of the critical point was basically consistent and the plastic strain was
accumulating at the same temperature in each cycle. After five cycles, the cumulative
plastic strain of each cycle reached stability, and the value of the inelastic strain amplitude
in one cycle after stabilization was 0.00456.
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Figure 5. Stress-strain relationship of the critical point during ten thermal cycles.

Among many solder joint life prediction models, the Coffin–Manson equation with
correction terms has a higher accuracy of low cycle fatigue life prediction, because it takes
the conditions of thermal cycling into account such as the temperature amplitude and
frequency. The modified Coffin–Manson model is the most widely-used model in the field
of electronic packaging at present. The general expression of this model is [14,15]:

Nf =
1
2
(

Δγ

2ε f
)

1
c
, (1)

where Nf is the number of cycles to fail; Δγ is the range of equivalent inelastic shear strain;
ε f is the fatigue ductility coefficient which is approximately equal to 0.325 for SnPb solder;
c is the fatigue ductility index, a constant related to the thermal cycle temperature, equal to
3.39 for this work. The range of equivalent inelastic strain can be extracted from the finite
element simulation results, which has the following relationship with Δγ:

Δγ =
√

3Δε, (2)

where Δε is the range of equivalent inelastic strain.
The thermal cycling life of solder joint was calculated by taking Δε into the formulas

above, and the calculated life was 5.2 × 104 cycles, which was not the typical low cycle
fatigue failure. It could be considered that this optimized solder joint structure would not
have fatigue failure cause by creep deformation during thermal cycling, and has a great
thermal cycling reliability.

The cross-section of the solder joints after the thermal cycling test are shown in Figure 6.
Within 1000 cycles, the solder joints still had no microcracks, voids, or other defects, which
verified the simulation results and confirmed that the optimized structure of the new
diamond chip resistor solder joint had good thermal cycling reliability. With the increase in
temperature cycles, the eutectic phase of solder was only slightly coarsened, which would
not significantly affect the mechanical properties of solder joints.

The Pb element in eutectic SnPb does not participate in the interface reaction. Accord-
ing to the Cu-Sn binary phase diagram, the IMCs can only be Cu6Sn5 and Cu3Sn below
350 ◦C. In addition, numerous studies have shown that during thermal cycling and aging,
the reaction products of Cu-Sn interface are Cu3Sn near the side of Cu and Cu6Sn5 near
the side of Sn [18–22]. Considering the significant difference in atomic ratios between the
two compounds and the accuracy of EDS, we used EDS to determine the type of IMCs. The
EDS results can be found in Figure S1 of the Supplementary Materials. The IMC of solder–
pad interface near the Cu pad was continuous Cu3Sn where the Cu-Sn atomic ratio of EDS
was very close to 3:1, while near the SnPb was continuous Cu6Sn5 with a microstructure of
scallop where the atomic ratio was very close to 6:5. The IMC of solder–resistor interface
was continuous layered (Cu, Ni)6Sn5 due to similar crystal structure of Cu and Ni [19].
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Figure 6. Cross-section SEM images of the solder joints after different thermal cycles.

As the thermal cycling test continued, the thickness of Cu6Sn5 and Cu3Sn at the solder–
pad interface increased obviously. It was because high temperature promoted the diffusion
of elements, and Cu atoms reacted with Sn atoms to generate Cu6Sn5, and Cu6Sn5 was
converted into Cu3Sn gradually [18,19]. Kirkendall voids with diameter of 100–400 nm
formed in the Cu3Sn layer and along the Cu3Sn/Cu interface. Those voids were generated
because the diffusion rate of Cu in Cu3Sn was much higher than that of Sn, resulting in the
accumulation of excess vacancies [20,21]. The interface strain caused by lattice mismatch or
the elastic anisotropy between phases was another factor that led to the interface voids [22].
The thickness of IMC in the solder–resistor interface (Cu, Ni)6Sn5 is significantly lower
than that of the solder–pad interface, which is due to the slow reaction of the main reaction
elements Ni and Sn at the solder–resistor interface.

Current will cause the directional migration of atoms, which accelerates or inhibits the
growth of IMCs, resulting in microcracks, voids, and other defects [23,24]. The mechanism
of the influence of the current on the reliability is shown in Figure 7. A is the IMC of the
solder–pad interface at the side where electrons flow out, B is the IMC of the solder–pad
interface at the side where electrons flow in, C is the IMC of the resistor–solder interface at
the side where electrons flow out, and D is the IMC of the resistor–solder interface at the
side where electrons flow in. Because electrons are conducive to the migration of Cu atoms
at B and Ni atoms at C, the IMCs at B and C are generally thicker than that at A and D.

Figure 7. Diagram of the influence of current.

The section of the solder joints of the electrified samples were analyzed and there
were no microcracks, voids, or other defects. The microstructure of the solder joints was
basically the same as that of the untreated solder joints. In order to evaluate the effect of the
current on the IMCs growth, the IMCs thickness under the different electrified conditions
were calculated as shown in Table 1. The thickness of IMCs at A and D were basically the
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same no matter whether the solder joint was electrified or not. Although the electron flow
was not conducive to the migration of the main diffusion atoms here, the thermal effect
generated by the current promotes the diffusion to a certain extent. The IMCs at B and C
under electrified condition were thicker than that of the untreated solder joints. Within
1000 cycles, the difference of IMC thickness at B between the electrified and untreated
solder joints was within 0.1 μm, while D was within 0.2 μm. It was proved that the solder
joints’ structure had excellent reliability against electromigration.

Table 1. The thickness of IMCs at different interfaces under thermal cycling.

NO. of Cycles Current
Thickness of IMCs (μm)

A B C D

200 off 0.31 - 0.24 -
500 off 0.49 - 0.27 -
1000 off 0.72 - 0.32 -
200 on 0.30 0.34 0.35 0.27
500 on 0.51 0.59 0.44 0.31
1000 on 0.73 0.80 0.49 0.38

The sections of solder–pad interface with different aging time were shown in Figure 8.
It can be seen that there were no cracks and delamination at the interconnection interface
within 49 days of aging. The IMC of the unaged sample solder–pad interface was scallop-
shaped Cu6Sn5, which was generated by the liquid phase reaction between the molten
SnPb solder and the pad during reflow soldering. In the subsequent aging process, the
reaction Cu6Sn5 + 9Cu = 5Cu3Sn occurred at the Cu6Sn5-Cu interface. The IMC thickness
increased with the aging time. That was because the high temperature promoted atomic
diffusion, and the growth of IMC was then dominated by atomic diffusion [25–29]. Cu6Sn5
grains ripen with the prolongation of aging time, large grains swallowed up small grains,
grains became coarse, the number of grains decreased, and the IMC gradually became
layered type [30–34].

Figure 8. Cross-section SEM images of the solder–pad interface under the aging of (a) 0 day, (b) 4 days,
(c) 16 days, (d) 25 days, (e) 36 days, (f) 49 days.

The relationship between IMCs thickness and aging time at the solder–pad interface
is shown in Figure 9. The thickness of IMCs was proportional to the square root of aging
time. The thickness of Cu6Sn5 and Cu3Sn at 150 ◦C met the following formulas:

hCu6Sn5 = 0.994t0.5 + 0.453, (3)

hCu3Sn = 0.4t0.5 + 0.1, (4)
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Figure 9. Curve fitting of IMC growth at solder–pad interface.

Through curve fitting, where h is the thickness of IMC, t is the time of aging. It was
verified that IMC growth was dominated by element diffusion during aging and followed
Fick’s diffusion law. The IMC thickness at any temperature and time could be calculated
by this fitting formula combining with the diffusion activation energy and the Arrhenius
formula to evaluate the reliability of the solder joints at HTS.

Kirkendall voids appeared at the Cu3Sn–Cu interface during aging. The atomic
diffusion rate was higher than the temperature cycling, so Kirkendall voids were much
more, but they did not gather to form cracks, which did not affect the reliability. Within
49 days of aging, there were no cracks, interface delamination, or other defects, and the
eutectic phase of the solder was slightly coarsened with the aging time. The IMC at the
solder–resistor interface was continuous layered (Cu, Ni)6Sn5, shown as Figure 10. At
the beginning of aging process, the thickness of (Cu, Ni)6Sn5 increased, the Ni layer at
the side of chip resistor was continuously consumed, and the Ni layer had completely
reacted after 16 days of aging. At this time, the thickness of (Cu, Ni)6Sn5 did not increase
significantly with the aging time, and the interface bonding was always tight, maintaining
good reliability.

Figure 10. Cross-section SEM images of the solder–resistor interface under the aging of (a) 0 day,
(b) 4 days, (c) 16 days, (d) 25 days, (e) 36 days, (f) 49 days.

4. Conclusions

This work systematically studied the reliability of the new chip diamond resistor solder
joints, proposed a method to optimize the shape of the solder joints through numerical
simulation, and determined the optimal solder volume of 0.05 mm3, which was verified to
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be accurate by experiments. This optimized solder joint could guide the welding process
of new chip resistors and improve the thermal cycling reliability of devices. The micro-
morphology change, IMCs growth, and evolution law of the new chip resistor solder joints
under different loads were determined through a series of reliability tests. During the
temperature cycling, the growth of IMCs was relatively slow, while under 2A current, the
IMC growth was slightly promoted. The IMC thickness difference between the two sides
of the chip resistor solder joint was within 0.2 μm, and IMCs grew faster during the aging
process. The growth pattern of Cu6Sn5 and Cu3Sn were obtained by curve fitting, and
the growth rate of IMCs at different temperatures could be predicted combined with the
Arrhenius equation to evaluate the reliability. The results showed that the optimized solder
joints had excellent thermal cycling reliability, anti-electric migration reliability, and HTS
reliability, which could not only guide the welding process of new diamond chip resistors,
but also accumulate some reliability data for it.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/coatings13040748/s1, Figure S1: EDS results of IMCs; Table S1: material
properties at 25 ◦C; Table S2: Anand’s constants of SnPb solder.
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Abstract: Hybrid structures based on graphene and carbon nanotubes (CNTs) are one of the most
relevant modern nanomaterials for applications in various fields, including electronics. The variety
of topological architectures of graphene/CNT hybrids requires a preliminary study of their physical
properties by in silico methods. This paper is devoted to the study of the electronic and electrical
properties of graphene/CNT hybrid 2D structures with an island topology using the self-consistent
charge density functional-based tight-binding (SCC-DFTB) formalism and the Landauer–Buttiker
formalism. The island-type topology is understood as the atomic configuration of a graphene/CNT
hybrid film, in which the structural fragments of graphene and nanotubes form “islands” (regions of
the atomic structure) with an increased density of carbon atoms. The island-type graphene/CNT
hybrid structures are formed by AB-stacked bilayer graphene and (6,3)/(12,8) chiral single-walled
carbon nanotubes (SWCNT). The bilayer graphene is located above the nanotube perpendicular to its
axis. Based on the binding energy calculations, it is found that the atomistic models of the studied
graphene/SWCNT hybrid structures are thermodynamically stable. The peculiarities of the band
structure of graphene/SWCNT (6,3) and graphene/SWCNT (12,8) hybrid structures are analyzed. It
is shown that the electronic properties of graphene/SWCNT hybrid structures are sensitive to the
orientation and size of the graphene layers with respect to the nanotube surface. It is found that
an energy gap of ~0.1 eV opens in the band structure of only the graphene/SWCNT (6,3) hybrid
structure, in which the graphene layers of the same length are arranged horizontally above the
nanotube surface. We revealed the electrical conductivity anisotropy for all considered atomistic
models of the graphene/SWCNT (12,8) hybrid structure when bilayer graphene sheets with different
sizes along the zigzag and armchair directions are located at an angle with respect to the nanotube
surface. The obtained knowledge is important to evaluate the prospects for the potential application
of the considered atomic configurations of graphene/SWCNT hybrid structures with island-type
topology as connecting conductors and electrodes in electronic devices.

Keywords: graphene/carbon nanotube hybrid films; AB-stacked bilayer graphene; chiral single-walled
carbon nanotubes; island topology; density functional tight binding method; electronic properties; band
structure; energy gap; electrical conductivity anisotropy; Landauer–Buttiker formalism

1. Introduction

For several decades, graphene and carbon nanotubes have been the most discussed
representatives of the carbon allotropes family [1–5]. Combining graphene and CNTs into
a hybrid structure marked the transition to a new direction in materials science [6–15].
Graphene/CNT hybrid nanostructures have a larger surface area, porosity, thermal conduc-
tivity, mechanical strength, and improved optical, electrical, and electrochemical properties
compared to their structural components [16–19]. Another advantage of graphene/CNT
hybrid structures is improved hydrophobic characteristics. This makes them a promising
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material in environmental applications [20]. The excellent physical and chemical properties
of graphene/CNT hybrid nanostructures open up wide opportunities for their application
as flexible and transparent electrodes in field-effect transistors, energy storage devices, field
emitters, sensors, and hydrogen storage systems [21–26].

Various approaches have been developed for the synthesis of graphene/CNT hybrid
structures. They are usually divided into two groups, namely assembly methods and in
situ methods [12]. Assembly methods use technologies such as vacuum filtration, sol-gel
synthesis, layer-by-layer assembly, electrophoretic deposition, and solution processing [6].
Using the assembly methods, graphene/CNT hybrid structures with non-covalent interac-
tion between CNTs and graphene are experimentally obtained. To obtain graphene/CNT
hybrids with a covalent seamless junction of nanotubes and graphene, in situ, methods are
used, including chemical vapor deposition, chemical unzipping, etc. [6]. The possibilities
of modern synthesis technologies make it possible to obtain graphene/CNT hybrid struc-
tures with various architectures. Depending on the orientation of graphene and CNTs, all
graphene/CNT hybrid structures are divided into three types [12]: (1) hybrids, where CNTs
are horizontally oriented with respect to graphene; (2) hybrids, where CNTs are vertically
oriented with respect to graphene; (3) hybrids, where CNTs are wrapped with graphene.
The most common type of graphene/CNT hybrids is the first type listed above [12].

Computer simulation methods are actively used to conduct research aimed at reveal-
ing new physical effects and phenomena in graphene/CNT hybrid structures of various
topologies. Quite a few papers are devoted to the theoretical study of the electronic and
heat-conducting properties of seamless graphene/CNT heterostructures with vertically
oriented CNTs [27–35]. Using the tight binding method, Matsumoto and Saito found that
the graphene/SWCNT (6,6) hybrid structures have a band gap of 0.27 eV (in the case of
SWCNTs with open ends) and 0.51 eV (in the case of SWCNTs with closed ends) [30]. A sim-
ilar effect of opening a band gap of 0.2 eV was observed for a 3D carbon network formed by
(5,5) SWCNTs embedded in graphene on both sides of the sheet [31]. Novaes et al. studied
the transport properties of graphene/SWCNT hybrid structures with vertically oriented
(4,4) and (8,0) SWCNTs using ab initio methods [32]. In some papers [33–35], the thermal
conductivity of graphene/SWCNT hybrid structures with vertically oriented (6,6) SWCNTs
was calculated. It has been shown that the heat flux in seamless 3D graphene/SWCNT (6,6)
hybrid structures are determined by the minimum distance between the nanotubes and
their length [34]. Interesting calculation results have been obtained for graphene/SWCNT
hybrid structures with horizontally oriented SWCNTs [36–42]. The mechanical and elec-
tronic properties of graphene/SWCNT (12,0) and graphene/SWCNT (8,0) hybrids have
been studied [36–38]. In these hybrid structures, nanotubes are covalently bonded to one
or more graphene nanoribbons with a width equal to the SWCNT length. It has been es-
tablished that the graphene/SWCNT (12,0) and graphene/SWCNT (8,0) hybrid structures
are characterized by Van Hove singularities and a higher Young’s modulus compared to
individual nanotubes and graphene. In addition, the graphene/SWCNT (8,0) hybrid struc-
ture is characterized by the presence of an energy gap between the valence and conduction
bands of several hundreds of a meV. Of great interest to researchers is quantum transport
in graphene/SWCNT hybrid structures with horizontally oriented SWCNTs. The influence
of such factors as the conductivity of SWCNTs [39], the graphene-SWCNT distance [40],
and graphene nanoribbon’s width and shape [41] on the quantum electron transport in
graphene/SWCNT hybrid structures has been analyzed. The regularities of interaction
of graphene/SWCNT hybrid 2D structures with covalently bonded graphene and hor-
izontally oriented (10,0) and (12,0) SWCNTs with electromagnetic radiation in infrared,
visible, and ultraviolet ranges have been studied [42]. It was shown that high-intensity
optical conductivity peaks appear in the UV and optical ranges, regardless of the nanotube
diameter and distance between them.

In the past few years, the attention of researchers has been turned to the develop-
ment of technologies for obtaining graphene/SWCNT hybrid 2D structures with improved
strength properties. In particular, Advincula et al. demonstrated the synthesis of a 2D
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graphene/SWCNT network by flash Joule heating of initial carbon nanotubes without
the use of solvents and gases [43]. It was shown that a hybrid 2D network of covalently
bonded SWCNTs and graphene is promising as an effective reinforcing additive in epoxy
composites. The hardness and Young’s modulus of graphene/SWCNT hybrid-based epoxy
composites increase by 162% and 64%, respectively, compared with the neat epoxy. Li
et al. have proposed an economical and scalable approach to obtain thin hybrid films
based on SWCNTs and graphene nanoplatelets prepared by the spray-coating method [44].
In the hybrid structure, SWCNTs interacted with graphene nanoplates by means of van
der Waals forces. In this case, the nanoplates overlapped each other and onto the nan-
otubes, forming networks with “islands” of increased carbon density. A strain sensor based
on a hybrid graphene/SWCNT network is characterized by high sensitivity (calibration
factor ~197 at 10% strain) and extensibility (≥50%), as well as a reproducible response
over 1000 load cycles. In addition, new prototypes of nanoelectronic devices based on
graphene/SWCNT hybrid structures continue to be developed. Shin et al. have fabri-
cated a p-type barrister based on a hybrid 2D structure formed by van der Waals joined
graphene and a semiconductor SWCNT with a diameter of 1.3 nm [45]. The fabricated
barrister showed an electron mobility of ~5350 cm2/Vs and current on/off ratio of 106.
Using palladium-catalyzed partial unzipping of SWCNTs, intramolecular heterojunctions
based on graphene nanoribbons (2.4 nm in width) and SWCNTs (0.8 nm in diameter) were
obtained [46]. The photovoltaic device based on these heterojunctions demonstrated a large
open-circuit voltage of 0.52 V and a high efficiency of external power conversion of 4.7%
under illumination with a wavelength of 1550 nm. Computational studies of recent years
are mainly aimed at revealing the features of the atomic structure of various topological
configurations of graphene/SWCNT hybrids and calculating their energy and electrical
parameters. McDaniel conducted a fixed-voltage molecular dynamics study of the influ-
ence of structural features on the capacitance of electrodes based on a graphene/SWCNT
hybrid [47]. The electrodes consist of different numbers of (9,9) or (12,12) SWCNTs stacked
on a graphene sheet. It was found that the points of contact between graphene and SWCNTs
serve as “hot spots” with significantly improved charge separation compared to the rest of
the electrode. Xu and Jiang performed an MD study of the atomic configuration of a van
der Waals heterostructure graphene/SWCNT/graphene using a mechanical model based
on the competition between the bending energy and the adhesion energy [48]. According to
the results of numerical simulations, it was found that the cross-section of the nanotube is
compressed into an ellipse by graphene layers, and the eccentricity of the ellipse increases
with increasing nanotube diameter. Wei and Zhang studied the formation mechanism of
seamless junctions between vertically oriented SWCNTs (8,0) and a graphene monolayer
with various topological defects [49] using the SCC-DFTB theory. Additionally, the au-
thors calculated the Mülliken charge distribution for the construction of (8,0)-graphene
SWCNT junctions. At the same time, in the above-mentioned papers with simulation
results, graphene/SWCNT hybrid structures with nonchiral nanotubes are studied, while
most of the synthesized SWCNTs are chiral nanotubes of sub-nanometer diameter [50].

The aim of this paper is to establish the effect of atomic structure features on the
electronic properties and electrical conductivity of graphene/SWCNT hybrid structures
with island-type topology formed by chiral nanotubes with a diameter of 0.6–1.3 nm
and AB-stacked bilayer graphene. An island-type topology is understood as an atomic
configuration of a graphene/SWCNT hybrid film in which the structural fragments of
graphene and nanotubes form “islands” (regions of the atomic structure) with an increased
density of carbon atoms). The features of the atomic structure will be understood as the
mutual arrangement of graphene sheets in the bilayer graphene structure, the location of
the bilayer graphene relative to the surface of the nanotube, the nanotube diameter, and
the size of the graphene layer along the zigzag direction.
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2. Calculation Details

The atomic structure and energy parameters of graphene/SWCNT hybrid structures
with island topology were calculated using the SCC-DFTB method [51] implemented in the
DFTB+ software package version 20.2 [52]. The tight binding approximation is included in
the DFT model using perturbation theory [53]. This approximation is used at the stage of
calculating the total energy of the system. The effect of electron density fluctuations on the
total energy of the system is taken into account within the SCC-DFTB method. The distri-
bution of the electron charge density over atoms is determined according to the Mulliken
population analysis [54]. The valence approximation is used in the SCC-DFTB model. In
accordance with the valence approximation, the largest contribution to the total energy
of the system is made by the valence orbitals. In the course of SCC-DFTB calculations,
the Slater-type orbitals with the set of pbc-0-3 parameters were used [52]. We chose the
SCC-DFTB method due to the polyatomic nature of the supercells of graphene/SWCNT
hybrid structures under study.

The electrical conductivity G was calculated within the framework of the Landauer–
Buttiker formalism [55] according to the formula

G =
I
V

=
2e2

h

∫ ∞

−∞
T(E)FT(E − EF)dE, (1)

where T(E) is the transmission function of electrons, FT is the function of the thermal
broadening of energy levels, EF is the Fermi level of the electrodes, e is the elementary
charge, h is Planck’s constant, 2e2/h is the doubled value of the conductance quantum to
account for the spin. The T(E) function is calculated using the equation [56]:

T(E) =
1
N ∑N

k=1 Tr
(

ΓS(E)GA
C (E)ΓD(E)GR

C (E)
)

, (2)

where GR
C (E), GA

C (E) are the retarded and advanced Green’s functions describing the
contact with electrodes, ΓS(E), ΓD(E) are the level broadening matrices for the left (source)
and drain (right) electrodes, respectively. Figure 1 shows the scheme for the calculation of
quantum electron transport using one of the atomistic models of the graphene/SWCNT (6,3)
hybrid 2D structure. The left and right electrodes and the conducting channel (scattering
region) are supercells of the graphene/SWCNT hybrid structure. We considered the current
transfer in the directions of the X (Figure 1a) and Y (Figure 1b) axes. In the case of the
current transfer along the X axis, the electrodes are semi-infinite in the direction of X axis
and infinite in the direction of Y axis. In the case of the current transfer along the Y axis,
the electrodes are semi-infinite in the direction of Y axis and infinite in the direction of the
X axis.

(a) (b)

Figure 1. The scheme for calculating the quantum electron transport in graphene/SWCNT (6,3)
hybrid 2D structures for current transfer in the direction of X (a) and Y (b) axis. The left (it is marked
with the letter L) and right (it is marked with the letter R) electrodes are highlighted in green. The
scattering area (conducting channel) is highlighted in gray.

An original method was used to speed up the calculation of T(E) of polyatomic
supercells of graphene/SWCNT hybrids under study [57]. Within this method, the function
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T(E) was calculated for a small number of k-points of the first Brillouin zone. Then it was
interpolated for any k-point of the first Brillouin zone and reconstructed the full function
T(E). The temperature of 300 K was used in all calculations.

3. Results and Discussion

3.1. Atomistic Models of Graphene/SWCNT Hybrid Structures with Island-Type Topology

Two types of configurations of graphene/SWCNT hybrid 2D structures with island-
type topology are considered in this paper: (1) configurations based on (6,3) SWCNTs with
a diameter of ~0.63 nm with a metallic type of conductivity; (2) configurations based on
(12,8) SWCNTs with a diameter of ~1.3 nm with a semiconductor type of conductivity. For
each topological configuration, three atomistic models of a supercell were constructed. The
supercell contains fragment of AB-stacked bilayer graphene which is located above the
nanotube surface, forming the so-called “islands” of increased density of carbon atoms.
The structures with such topology are obtained during the synthesis of graphene/CNT
hybrids with horizontally oriented nanotubes [44]. The atomistic models differed in the
size of the graphene fragment along the Y axis (in the armchair direction of the graphene
sheet) and in the value of the shift of one graphene layer relative to another along the
Y axis. For (6,3) SWCNTs, atomistic models were constructed with a size of graphene
fragment along the Y axis of 2 hexagons (model V1), three hexagons (model V2), and four
hexagons (model V3). The shift of one layer of graphene relative to another along the Y axis
was 0.069 nm for model V1, 0.375 nm for model V2, and 0.801 nm for model V3. Bilayer
graphene and nanotube were located at a distance of ~0.3 nm for all three models. The
layers in bilayer graphene were located at a distance of ~0.3 nm in the direction of the
Z axis. The translation vectors of the supercells of models V1, V2 and V3 were Lx = 0.984 nm
and Ly = 1.127 nm after optimization of the atomic structure. Supercells of models V1, V2,
and V3 of graphene/SWCNT (6,3) hybrid 2D structures before and after optimization of
the atomic structure are shown in Figure 2.

(a)

Figure 2. Cont.
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(b)

(c)

Figure 2. Supercells of graphene/SWCNT (6,3) hybrid 2D structures with island-type topology:
(a) model V1; (b) model V2; (c) model V3.

As can be seen, in the cases of models V1 and V2, the sheets of bilayer graphene were
deformed as a result of optimization of the atomic structure. They are located at a certain
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angle with respect to the nanotube surface. For model V3, the degree of deformation of
bilayer graphene was minimal. The graphene sheets were arranged horizontally with
respect to the nanotube surface. Differences in the orientation of graphene sheets with
respect to the nanotube surface between the models are explained by the small size of
graphene sheets in the armchair direction (along the Y axis) in the case of models V1 and
V2. The nanotube (6,3) was almost not deformed due to its small size.

For (12,8) SWCNTs, atomistic models were constructed with a size of graphene
fragment along the Y axis of 4 hexagons (model V1), five hexagons (models V2), and
six hexagons (model V3). Since the length of SWCNT (1.857 nm) in the supercell of the
graphene/SWCNT (12,8) hybrid structure is noticeably larger than in the supercell of the
graphene/SWCNT (6,3) hybrid structure (1.127 nm), the size of the graphene fragment
along the Y axis for topological configurations with (12,8) SWCNTs was chosen larger. The
shift of one layer of graphene relative to another along the Y axis was 0.131 nm for model
V1, 0.557 nm for model V2, and 0.983 nm for model V3. The distance between the graphene
layers along the Z axis, as well as the distance between the graphene bilayer and nanotube,
was chosen to be ~0.3 nm for all three models. The translation vectors of the supercells
of models V1, V2 and V3 after optimization of the atomic structure were the same and
amounted to Lx = 1.857 nm and Ly = 1.968 nm. Supercells of models V1, V2, and V3 of the
graphene/SWCNT (12,8) hybrid 2D structures before and after optimization of the atomic
structure are shown in Figure 3. It is clearly seen that, for all three models, a noticeable
deformation of graphene sheets and nanotubes in the supercell is observed. The nanotube
acquires the shape of an ellipsoid, shrinking along the Z axis.

(a)

Figure 3. Cont.
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(b)

(c)

Figure 3. Supercells of bilayer graphene-SWCNT (12,8) hybrid 2D structures with island-type
topology: (a) model V1; (b) model V2; (c) model V3.
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The constructed supercells were tested for thermodynamic stability at room tempera-
ture. To do this, we calculated the binding energy Eb according to Equation (3):

Eb =
(
Eh − Egr − Etube

)
/N, (3)

where Eh is the energy of a graphene/SWCNT hybrid structure, Egr is the energy of a
bilayer graphene, Etube is the energy of a nanotube, and N is the number of atoms in a
supercell. The calculated values of Eb are given in Table 1. According to Table 1, each of
the considered configurations is characterized by a negative binding energy. Therefore, the
resulting atomic configurations of the supercells are energetically favorable.

Table 1. Energy characteristics of the supercells of graphene/SWCNT (6,3) and graphene/SWCNT
(12,8) hybrid 2D structures with island-type topology.

Characteristics V1 V2 V3

graphene/SWCNT (6,3) hybrid structures

Eb, eV/atom −0.012 −0.109 −0.133

graphene/SWCNT (12,8) hybrid structures

Eb, eV/atom −0.017 −0.017 −0.016

Table 1 shows that model V3 has the highest thermodynamic stability among the
considered supercells of the graphene/SWCNT (6,3) hybrid structures. This is due to the
low degree of deformation of graphene sheets and the absence of deformation for the
nanotube. The degree of deformation of the nanotube and graphene sheets in the supercells
of the graphene/SWCNT (12,8) hybrid structures are approximately the same for all models.
Therefore, the binding energies of these models are close in magnitude.

3.2. Electronic Properties of Graphene/SWCNT Hybrid Structures of Island Type

To understand the prospects for using the graphene/SWCNT (6,3) and graphene/
SWCNT (12,8) hybrid films in nanoelectronic devices, it is necessary (1) to know the features
of the electronic structure, including the patterns of formation of the band structure; (2) to
understand the pattern of quantum electron transport, including for controlling the elec-
trical conductivity. The key point of the study is to establish the possibility of topological
control of the electronic–energetic and electrophysical parameters of graphene/SWCNT
hybrid films. We consider the influence of such topological features as the mutual arrange-
ment of graphene sheets in the bilayer graphene structure, the orientation of the bilayer
graphene with respect to the nanotube surface, the nanotube diameter, and the size of the
graphene layer along the zigzag direction.

To reveal the electronic structure features of graphene/SWCNT hybrid films with
island-type topology, the energy band diagrams were calculated. The band structure was
sampled along a path M–Γ–J–K–Γ within the first Brillouin zone. One of our tasks was to
analyze what features of the electronic structure and properties of bilayer graphene and (6,3)
and (12,8) SWCNTs are manifested in the graphene/SWCNT hybrid structures. Figures 4–6
show the calculated band diagrams near the Fermi level for supercells of graphene/SWCNT
(6,3) hybrid structures. These figures also show the band diagrams of a nanotube (6,3) and
bilayer graphene, which are part of the supercell of the graphene/SWCNT (6,3) hybrid
structure. Based on the results of the analysis of the presented diagrams, the following
patterns can be identified. The band diagrams of graphene/SWCNT (6,3) hybrid structures
of all three models contain characteristic features of the electronic structure of both bilayer
graphene and (6,3) SWCNTs. The contribution of bilayer graphene to the energy profile
near the valence band maximum (VBM) and near the conduction band minimum (CBM)
is clearly seen between the highly symmetrical J and K points of the Brillouin zone. The
contribution of (6,3) SWCNTs to the energy profile near the VBM and CBM manifests itself
between Γ and J points. Between M and Γ, as well as between K and Γ points, the joint
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influence of bilayer graphene and (6,3) SWCNTs on the patterns of the energy profile of the
graphene/SWCNT (6,3) hybrid structure.

(a) (b) (c)

Figure 4. Band diagrams near the Fermi level of the model V1 of graphene/SWCNT (6,3) hybrid
structures with island-type topology: (a) hybrid structure; (b) bilayer graphene; (c) SWCNT (6,3). The
green dotted line shows the Fermi level.

(a) (b) (c)

Figure 5. Band diagrams near the Fermi level of the model V2 of graphene/SWCNT (6,3) hybrid
structures with island-type topology: (a) hybrid structure; (b) bilayer graphene; (c) SWCNT (6,3). The
green dotted line shows the Fermi level.

(a) (b) (c)

Figure 6. Band diagrams near the Fermi level of the model V3 of graphene/SWCNT (6,3) hybrid
structures with island-type topology: (a) hybrid structure; (b) bilayer graphene; (c) SWCNT (6,3). The
green dotted line shows the Fermi level.
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An analysis of the band diagrams makes it possible to trace how the type of conductiv-
ity of the graphene/SWCNT (6,3) hybrid structure changes depending on the topological
features of the supercells of models V1, V2, and V3. For supercells of models V1 and V2, no
energy gap is observed between the VBM and CBM, which indicates the gapless nature
of the band structure of these atomic configurations of graphene/SWCNT hybrids (6,3).
A similar picture is also characteristic of the band structure of bilayer graphene, which is
part of the supercells of these models. Model V3 is characterized by the appearance of an
energy gap of ~0.1 eV between the VBM and CBM, which allows us to speak about the
opening of an energy gap in the band structure. To explain this physical phenomenon, we
considered how the position of the Fermi level changes in the energy band diagrams of the
graphene/SWCNT (6,3) hybrid structure and its components (bilayer graphene and (6,3)
SWCNTs). The values of the Fermi level are presented in Table 2. It can be seen that that in
the case of models V1 and V2, the Fermi level (−4.82 eV) of the graphene/SWCNT (6,3)
hybrid structure almost completely repeats the position of the Fermi level of the bilayer
graphene fragment in the supercells of these topological models (−4.87 eV for the model
V1and −4.86 eV for the model V2). As is known, it is the position of the Fermi level that
determines both the type of conductivity and the basic electrophysical properties of the
material. Taking into account the gapless band structure of a fragment of bilayer graphene
from supercells of models V1 and V2 (see Figures 4 and 5), we can say that for these models,
it is bilayer graphene that makes a decisive contribution to the electronic properties and
type of conductivity of the graphene/SWCNT (6,3) hybrid structure. In the case of model
V3, the Fermi level (−4.67 eV) of the graphene/SWCNT (6,3) hybrid structure completely
coincides with the Fermi level of the SWCNT (6,3) from the supercell of model V3. The size
of the opened energy gap in the band structure of the graphene/SWCNT (6,3) hybrid is
the same as that of the SWCNT (6,3). In addition, the energy gap in the band structure of
the graphene/SWCNT (6,3) hybrid opens between the highly symmetrical points Γ and
J of the Brillouin zone, just as in SWCNT (6,3). At the same time, in the case of model
V3, an energy gap also opens in the band structure of a bilayer graphene fragment from
the graphene/SWCNT (6,3) supercell. The Fermi level (−4.71 eV) of the bilayer graphene
fragment from the model V3 supercell changes significantly compared to the Fermi level of
the bilayer graphene fragment from the V1 and V2 models (−4.82 eV) and approaches the
Fermi level of the hybrid structure (−4.67 eV). All this allows us to assume that in the case
of model V3, both bilayer graphene and (6,3) SWCNTs affect the appearance of an energy
gap in the band structure of the graphene/SWCNT (6,3) hybrid, but the contribution of
(6,3) SWCNTs is decisive.

Table 2. Fermi level of graphene/SWCNT (6,3) and graphene/SWCNT (12,8) hybrid structures and
their individual components.

Atomistic Model Graphene/SWCNT Bilayer Graphene SWCNT

graphene/SWCNT (6,3) hybrid structures

model V1 −4.828 −4.873 −4.674
model V2 −4.822 −4.867 −4.674
model V3 −4.674 −4.714 −4.674

graphene/SWCNT (12,8) hybrid structures

model V1 −4.858 −4.858 −4.683
model V2 −4.849 −4.849 −4.683
model V3 −4.840 −4.840 −4.682

The reason for such noticeable differences between the model V3 and the models V1
and V2 is the different topology of bilayer graphene in these models. Let us illustrate them
visually by the example of extended fragments of each of the models obtained by multiple
translations of their supercells in two directions (along the X and Y axis). These fragments
are shown in Figure 7. It can be seen that, for models V1 and V2, graphene layers of small
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width in the direction of the Y axis line up one after another at an angle with respect to the
nanotube surface. In this case, the edge atoms of one graphene layer are located above the
edge atoms of the other graphene layer, causing the curvature of their atomic network. In
the extended fragment of model V3, the graphene layers are oriented horizontally with
respect to the nanotube surface and have similar sizes in both directions of the supercell
translation. Due to the arrangement of graphene layers of the same size in a horizontal
plane, their atomic network has a minimum curvature, and the interaction at the level of
electron orbitals is much weaker as a result. In addition, Figure 7c shows that the upper
graphene layer in model V3 slightly rotated relative to the lower one, forming a twisted
graphene structure. As was previously found, twisted bilayer graphene demonstrates the
effect of opening the energy gap between the valence band and the conduction band [58].

(a) (b)

(c)

Figure 7. Extended fragments of the supercells of graphene/SWCNT (6,3) hybrid structures with
island-type topology: (a) model V1; (b) model V2; (c) model V3 (profile and top view).

The analysis of the electronic structure for the topological models of the graphene/
SWCNT (12,8) hybrid structure was carried out in a similar manner. Let us trace the pattern
of the energy subband profile of the graphene/SWCNT (12,8) hybrid structure using the
model V1 as an example. Figure 8 shows the energy band diagrams of model V1 of the
graphene/SWCNT (12,8) hybrid structure and its individual structural components. It
can be seen that the graphene/SWCNT (12,8) hybrid has a gapless band structure, which
is characteristic of bilayer graphene in the composition of the model V1 supercell. A
completely identical picture of the energy subband profile of the band diagram is also
observed for models V2 and V3. Since the degree of deformation of graphene layers and
nanotube (12,8) is the same in the supercells of models V1, V2 and V3, no visible changes
in the band structure of graphene/SWCNT (12,8) hybrid and its individual components
are observed. Therefore, we confine ourselves to presenting the energy band diagrams for
model V1.
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(a) (b) (c)

Figure 8. Band diagrams near the Fermi level of the model V1 of graphene/SWCNT (12,8) hybrid
structure with island-type topology: (a) hybrid structure; (b) bilayer graphene; (c) SWCNT (12,8).
The green dotted line shows the Fermi level.

The absence of differences in the band diagrams of the models V1, V2, and V3 of the
graphene/SWCNT (12,8) hybrid structure can be explained by their similar topological
features. This is clearly confirmed by the extended fragments of each of the models shown
in Figure 9. In each of the cases, the graphene layers in the extended fragment are located at
some angle with respect to the nanotube surface, like “steps of a ladder”. A similar pattern
was observed earlier for models V1 and V2 of the graphene/SWCNT (6,3) hybrid structure.

(a) (b)

(c)

Figure 9. Extended fragments of the atomic structure of models of graphene/SWCNT (12,8) hybrid
structures with an island topology: (a) model V1; (b) model V2; (c) model V3.

The leading role of bilayer graphene in determining the type of conductivity of the
graphene/SWCNT (12,8) hybrid structure is confirmed by the complete coincidence of the
location of the Fermi level in their band structures: −4.858 eV for the model V1, −4.849 eV
for the model V2, and −4.840 for the model V3.

3.3. Electrical Properties of Graphene/SWCNT Hybrid Structures with Island-Type Topology

Having revealed the features of the electronic structure of the graphene/SWCNT
(6,3) and graphene/SWCNT (12,8) hybrid structures with the island-type topology, we
proceed to a discussion of their electrical properties. We evaluated the electrical properties
by the magnitude of the electrical resistance, which is the main parameter of the connecting
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conductors in the circuits of various electronic devices. Table 3 shows the electrical resis-
tances RX and RY calculated for models V1, V2 and V3 of the graphene/SWCNT (6,3) and
graphene/SWCNT (12,8) hybrid structures in two directions of current transfer: along the
zigzag direction (X axis) and along the armchair direction (Y axis) of graphene hexagonal
lattice. The electrical resistance was defined as the reciprocal of the electrical conductivity
G calculated according to Equation (2).

Table 3. The electrical resistances of the supercells of graphene/SWCNT (6,3) and graphene/
SWCNT (12,8) hybrid structures with island-type topology.

Characteristics V1 V2 V3

graphene/SWCNT (6,3) hybrid structures

RX, khOhm 7.068 5.942 126.287
RY, khOhm 6.125 6.066 12.215

graphene/SWCNT (12,8) hybrid structures

RX, khOhm 6.808 6.419 5.949
RY, khOhm 38.080 55.414 100.162

Table 3 shows that the resistance values of models V1 and V2 of the graphene/
SWCNT (6,3) hybrid structure are almost the same in both directions of current transfer.
The similarity in the resistance values of the models V1 and V2 is explained by the similar-
ity of their topological features discussed above. In the case of model V3, the difference
in the resistance values between the current transfer directions is almost 10 times. This
indicates the presence of electrical conductivity anisotropy. In order to explain the ob-
served anisotropy, Figure 10 shows graphs of the transmission function T(E) for model V3
(graphene/SWCNT (6,3) hybrid structure and its individual components) in two directions
of current transfer (along the X and Y axes). It can be seen from the figure that the electrical
conductivity anisotropy is due to the different number of conduction channels in the direc-
tions of current transfer: the values of T(E) near the Fermi level at current transport along
the X axis are several times larger than for current transport along the Y axis. Consequently,
in the case of current transport along the X axis, the graphene/SWCNT (6,3) hybrid takes
on the properties of bilayer graphene; in the case of current transport along the Y axis, the
graphene/SWCNT (6,3) hybrid takes the properties of SWCNT (6,3).

(a) (b)

Figure 10. Transmission functions of the graphene/SWCNT (6,3) hybrid structure and its individual
components for model V3: (a) current transport along the X axis; (b) current transport along the
Y axis. The dotted vertical line marks the Fermi level of the graphene/SWCNT (6,3) hybrid structure.
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In the case of the graphene/SWCNT (12,8) hybrid structure, the electrical conductivity
anisotropy is observed for all three atomistic models. Let us explain the observed anisotropy
using model V1 as an example, analyzing the calculated T(E) profiles for the graphene/
SWCNT (12,8) hybrid structure and its individual structural components. These profiles are
shown in Figure 11. As in the case of the model V3 of the graphene/SWCNT (6,3) hybrid
structure, the appearance of anisotropy is associated with a different number of conduction
channels in two directions of current transfer: in the direction of the X axis, the values of
T(E) near the Fermi level are several times larger than in the direction of Y axis. With an
increase in the size of bilayer graphene along the Y axis (in the direction of the armchair
of the graphene hexagonal lattice), the overlap area of the graphene layers increases, and,
hence, the intensity of the electronic interaction between them and the nanotube in the
region of “islands” of increased density of carbon atoms. This can explain the increase in
the resistance RY during the transition from model V1 to model V3.

(a) (b)

Figure 11. Transmission functions of the graphene/SWCNT (12,8) hybrid structure and its individual
components for model V1: (a) current transfer along the X axis; (b) current transfer along the Y axis.
The dotted vertical line marks the Fermi level of the graphene/SWCNT (12,8) hybrid structure.

The electrical conductivity anisotropy revealed for model V3 of the graphene/
SWCNT (6,3) hybrid structure and models V1, V2, and V3 of the graphene/SWCNT (12,8)
hybrid structure is related to the topological and electronic structure features of bilayer
graphene in the supercells of these models. Based on the data in Table 3, it can be con-
cluded that the models V1 and V2 of the graphene/SWCNT (6,3) hybrid structure has
the lowest electrical resistance values (~6–7 kOhm) in both directions of current transport.
In terms of electrical resistance values, these atomic configurations of graphene/SWCNT
hybrid structures are not inferior to the structures of pillared graphene (~10–30 kOhm) [57],
hybrid films based on oxidized graphene and MWCNTs (~20 kOhm) [58], some varieties of
carbon nanotube-reinforced polymer composites (~10–20 kOhm) [59] and graphene-based
fiber-reinforced composite (~200 kOhm) [60].

4. Conclusions

In this article, for the first time, the issues of topological control of the electronic
and electrical properties of graphene-nanotube hybrid films with island-type topology
(fragments of graphene and nanotubes form “islands” with an increased density of carbon
atoms) were considered in detail by changing various topological and geometric parameters
of the hybrid film: nanotube diameter, size of the graphene fragment along the zigzag
direction (along the Y axis), the shift of one layer of graphene relative to another along
the zigzag direction (along the Y axis), orientation (tilt angle) of the bilayer graphene with
respect to the nanotube surface. To build atomistic models of graphene/SWCNT hybrid 2D
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structures, we chose chiral (6,3) and (12,8) SWCNTs of sub- and nanometer diameters, which
are most often encountered in the experiment. Based on the results of energy band diagram
calculations, it was established that the electronic properties of graphene/SWCNT hybrid
structures, in particular, the type of conductivity, are sensitive to the orientation and size of
the graphene layers with respect to the nanotube surface. It has been found that an energy
gap of ~0.1 eV opens in the band structure of the graphene/SWCNT (6,3) hybrid when
graphene layers of the same length are arranged horizontally above the nanotube surface.
When bilayer graphene sheets with different sizes along the zigzag and armchair directions
are located at an angle with respect to the nanotube surface, for the graphene/SWCNT (12,8)
hybrid structure, electrical conductivity anisotropy is observed: the electrical resistance in
the zigzag direction is smaller than in the direction of the graphene hexagonal lattice. The
anisotropy is caused by a different number of conduction channels along the zigzag and
armchair directions. The advantage of the zigzag direction is due to the topology of the
bilayer graphene fragment in the supercells of the considered models of graphene/SWCNT
(12,8) hybrid films. The graphene bilayer has the shape of a zigzag nanoribbon, which is
known to be characterized by the presence of localized edge states with energies close to the
Fermi level [61]. The smallest electrical resistance was ~6 kOhm for both graphene/SWCNT
(6,3) and graphene/SWCNT (12,8) hybrid structures.

The obtained calculation results are of great importance for nanotechnologists and
developers of electronic nanodevices. On the one hand, the results of the predictive
modeling carried out make it possible to implement the concept of planned experiments to
obtain graphene/SWCNT hybrid structures with desired properties. On the other hand,
they make it possible to conclude that the considered graphene/SWCNT thin hybrid films
with island-type topology have prospects for potential application as connecting conductors
and electrodes in nanoelectronic devices.
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Abstract: SnO2 nanowires are locally synthesized by a simple thermal evaporation method and its
growth mechanism is confirmed. Here, we present a simple strategy for realizing reduced graphene
oxide (RGO)/SnO2 nanowires heterostructure. As expected, the heterostructure gas-sensing response
is up to 63.3 when the gas concentration of trimethylamine (TEA) is 50 ppm, and it exhibits an
excellent dynamic response with high stability at 180 ◦C. A low detection limit of 50 ppb level is fully
realized. Compared to SnO2 nanowires, the sensing performance of the RGO/SnO2 heterostructure-
based sensor is greatly enhanced, which can be ascribed to the RGO and the heterostructure. The
RGO/SnO2 composite engineering poses an easy way to make full use of the advantages originating
from RGO and heterostructure.

Keywords: RGO/SnO2; heterostructure; gas response; mechanism

1. Introduction

Owing to the great demands of the chemical industry and real-time gas monitoring
systems, high sensitivity and good stability of gas sensors are attracting tremendous
attention. SnO2, ZnO, and WO3 have always been the traditional and dominant materials
for sensor fabrication [1–6]. However, the excellent stability, long-cycles, and low detection
limit of the sensors still face the challenge, especially working at a high temperature above
200 ◦C. At higher temperatures, the inevitable grain growth of materials would degrade
the sensor stability and life [6]. Researchers have tried to implement some strategies
(e.g., low dimensional nanostructures, metal doping, heterostructure engineering, etc.)
for enhancing gas-sensing properties [7–9]. One-dimensional SnO2 nanowire has a large
surface-to-volume ratio and constant carrier screening length, which makes them more
sensitive and efficient than SnO2 film to transduce surface chemical processes into electrical
signals [10]. Zou et al. demonstrated a hollow SnO2 microfiber as a sensing layer and
found a high response to TEA gas. However, the optimal operating temperature is up to
270 ◦C [11].

As a promising sensing material and derivative material of the graphene family, the
RGO layer can provide more adopted active sites and fast gas diffusion. It normally acts as
a p-type semiconductor, exhibiting the unique advantages of gas sensitive at room temper-
ature [12]. Therefore, it has exhibited great potential for enhancing sensor performance by
combing the merits of the one-dimensional SnO2 nanowire and RGO material. For example,
Song et al., reported a sensitive SnO2/RGO nanocomposite H2S gas sensor and the optimal
sensor response was 33 in 2 s at 50 ppm of H2S, which showed great potential in applica-
tion [13]. Zhang et al. presented the synthesis of Ag/SnO2/RGO ternary nanocomposites,
and the composite sensors exhibited high response to TEA gas at 220 ◦C [14]. However,
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RGO/SnO2 crystalline nanowires composite gas sensors for TEA detection have been
reported very little.

Here, we reported on the RGO/SnO2 nanowires composite heterostructure for TEA
gas sensing, which fully integrated the advantages of the RGO and SnO2 nanowire by
forming RGO/SnO2 heterostructure and enhanced the gas-sensing properties. When
the concentration of TEA gas was 50 ppm, the response was up to 63.3 and it exhibited
good stability. The sensors were more sensitive to TEA gas than other gases. The sensing
performance of the RGO/SnO2 nanowires composite heterostructure is enhanced compared
to that of SnO2 nanowires; the mechanism is also discussed.

2. Materials and Methods

2.1. Preparation of RGO/SnO2 Nanowires Composite Heterostructure

Synthesis of RGO. Graphene oxide (GO) water dispersion was purchased from
Suzhou Tanfeng Graphene Tech. Inc. (Suzhou, China) The GO (1 mg/25 mL) was reduced
into RGO by a chemically reducing method [15]. Briefly, the Hydroxylamine Hydrochloride
(0.2 g) was added into the GO dispersion. The mixture was stirred for 6 h and then was
under ultrasonic treatment for 1 h. After that, the dispersions were transferred into a
50 mL Teflon-lined stainless steel autoclave and maintained at 100 ◦C for 12 h. The black
product was filtered and rinsed by acetone, ethanol, and deionized water to obtain the pure
RGO powder.

Fabrication of SnO2 nanowires and sensors. The SnO2 nanowires were prepared
by thermal evaporation method. The SnO2 nanowires are fabricated using the above
procedures as shown in Figure 1a, which shows the growth conditions of SnO2 nanowires.
Firstly, Sn powder was placed on the quartz plate, and SiO2/Si substrates (1 × 1 cm2) with
Au film (5 nm) were placed about 5 cm away from the Sn powder. Then, we placed the
quartz piece in the center of the tube furnace. Ar gas (20 standard cubic centimeter per
minute (sccm)) was introduced into the tube and the furnace pressure was constant at
about 100 Pa. The furnace temperature was raised to 1000 ◦C by 10 ◦C/min. The nanowires
growth period was about 20 min. The Au film pattern staying on the substrate was confined
by the standard lithography process. The interdigitated Au-film electrode of the sensors
was a planar device structure and the thickness was about 200 nm. Then, the RGO powder
was fully dispersed in N, N-dimethylformamide (DMF) (0.5 mg/mL) by ultrasonication
treatment for 2 h and was coated onto the surface of SnO2 nanowires by spinning coating.
Afterward, the samples were dried in vacuum oven at 60 ◦C for 4 h and then annealed
at 200 ◦C for 60 min under Ar atmosphere to remove residual DMF. Finally, gas sensors
were aged at 120 ◦C for 24 h. Figure 1b details the fabricating processes of RGO/SnO2
composite-based sensor.

Figure 1. (a) Schematic of the synthesizing process of the SnO2 nanowires; (b) the RGO/SnO2

composite heterostructure-based sensor preparation process.
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2.2. Materials Characterization and Sensor Properties

The microstructure and morphology were characterized by the FEI QUANTA 200 scan-
ning electron microscope (SEM, FEI, Hillsboro, OR, America). The transmission electron
microscope (TEM, JEM-2100, JEOL, Tokyo, Japan) with the selected area electron diffraction
(SAED) and energy-dispersive X-ray spectroscopy (EDS). The crystalline structure was
identified by MiniFlex 600 X-ray powder diffraction (XRD, Rigaku, Tokyo, Japan) with Cu
Kα1 radiation (λ = 1.54056 Å). The surface chemistries were identified by Raman spectrom-
eter (LabRAM HR800, Horbiba Jobin Yvon, Paris, France). The gas-sensing properties were
tested using a commercial CGS-4TP analysis system. The test system has a closed chamber
with a capacity of 18 L. The TEA solution was injected and was heated as gas molecular
transport to the surface of the sensor. The gas response was defined as using the ratio of the
sensor resistance in air (Ra) to that in the target gas (Rg). The sensing properties were tested
at temperatures from 25 to 250 ◦C. The response and recovery time were calculated as 90%
of the maximum after injecting target gas and backing to air [16]. The relative humidity
was kept constant at 50%~60%.

3. Results and Discussion

Figure 2 shows the morphology and microstructure of the RGO/SnO2 composite. In
Figure 2a,b, the RGO layer adhered onto the surface of SnO2 nanowires. The nanowires are
long and straight. The diameter of the nanowire is around 50 nm and the length is up to
50 μm. The existing network structure of SnO2 nanowires gets a large surface-to-volume
ratio and numerous nanowire–nanowire junctions. Figure 2c–h shows the TEM image,
SAED pattern, and EDS spectrum of the synthesized SnO2 nanowires. A lattice spacing of
0.26 nm well matches to the d-spacing (101) of SnO2 nanowires. The SAED and EDS data
also confirmed that SnO2 nanowires are successfully synthesized. As shown in Figure 2f–h,
Au, Sn, and O are distributed uniformly.

Figure 2. (a) SEM image of the RGO/SnO2 composite. Inset: the enlargement of a part of the
composite; (b) the TEM image of the composite; (c) the HRTEM image of a single-crystalline SnO2

nanowire; (d) the SAED pattern of the SnO2 nanowire; (e) the EDS spectra of the SnO2 nanowire;
(f–h) the EDS maps of Au, O, and Sn element of the SnO2 nanowire.

As mentioned before, due to its large surface-to-volume ratio and excellent electron
transport properties, the SnO2 nanowire has been widely used for toxic gas detection.
Commonly, the SnO2 nanowire growth mechanism corresponds to vapor–liquid–solid
(VLS) or vapor–solid (VS) mechanism [17,18]. VLS mechanism has a significant feature
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that the metal catalyst would stay at the tip of the nanowire. In this work, EDS mapping
indicated Au plays a catalyst and active sites role during the preparation of SnO2 nanowires.
It revealed that the SnO2 nanowires are mainly composed of O, Sn, and Au. We performed
an easy way to show the root of the nanowire to obtain the relationship between Au and
nanowires. As shown in Figure 3a, the SnO2 nanowires were rooted in the Ni foam. The
growth parameters are consistent with the SnO2 nanowires prepared on SiO2/Si substrate,
excluding the changed substrate. We can easily recognize the responding active site for
nanowires. It is conducive to speculate about the growth mechanism, which is shown in
Figure 3b. Based on the above SnO2 morphology and structure property analysis, a simple
model for the growth mechanism of nanowires is discussed [19].

2Sn (L) + O2 (V) → 2SnO (V) (1)

2SnO (V) + Au nano-sized droplets (L) → SnO2-Au (S) + Sn (2)

Figure 3. (a) The SEM image of the synthesized SnO2 nanowires on Ni foam, the insetting picture
shows the root of the nanowires; (b) the SnO2 nanowires growth mechanism on SiO2/Si substrate.

Firstly, because of the low melting point of tin (231.9 ◦C), the Sn powder would present
in the liquid metallic [20] and the liquid tin could react with residual oxygen to yield SnO
vapor. Secondly, the Au layer acted as nucleation sites on the SiO2/Si substrate, while it
provided the favored sites for absorption of SnO. Then, the SnO was transformed onto the
surface of the Au liquid droplets by the carrying gas. Finally, due to the Au catalyst and
SnO decomposition, the SnO2 nanowires formed immediately [21,22]. Interestingly, there
are no metallic Au at the tips of the SnO2 nanowires but distributed in the whole nanowire
as confirmed by the EDS mapping, which is different from the typical characteristics of the
VLS growth mechanism.

Figure 4a shows XRD patterns of the GO, RGO, SnO2 nanowires, and RGO/SnO2
composite. GO shows a character (002) diffraction peak at 2θ = 10.83◦. The RGO diffraction
peak position is shifted to 23.85◦. Hereby, the interlayer distance changed from 0.81 nm
to 0.4 nm. It resulted in the decrease in the RGOs’ interlayer spacing, which means that
oxygen-related chemical groups were significantly removed from GO. The SnO2 nanowires
and RGO/SnO2 composite matched well with the tetragonal rutile structure (SnO2, JCPDS
No. 41-1445). For RGO/SnO2 composite, the RGO diffraction peak disappeared, which
might be ascribed to the low RGO amount. The significant structural changes occurring
from GO to the RGO are also presented in the Raman spectra. In Figure 4b, the Raman
spectrum of the GO and RGO samples shows two obvious peaks at 1353 cm−1 (D-band)
and 1595 cm−1 (G-band). Commonly, the G band peak can be ascribed to the E2g vibrational
mode of the sp2-bonded carbon atoms [23–25], while the D band peak is ascribed to the
defect-induced mode [26,27]. The intensity ratio of the D to G band value of the GO is
about 1.049, the increased value of RGO (1.156) suggests a successful chemical reduction of
GO. For SnO2 nanowires and a RGO/SnO2 composite, the induction of the RGO would not
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change the character peaks of the SnO2 nanowires. The three Raman scattering peaks at
474.8, 633.3, and 773.5 cm−1 correspond to the Eg, A1g, and B2g vibration modes of SnO2 [28].
Otherwise, the peak at 498 cm−1 is reported to be A2u mode, which has not been detected
in bulk SnO2 [18]. These character peaks further confirm the existence of the SnO2 and
RGO in the RGO/SnO2 composite, which agrees with the results of XRD characterization.

Figure 4. (a) The XRD results; (b) Raman spectra of GO, RGO, RGO/SnO2 composite, and
SnO2 nanowires.

The sensing properties of SnO2 nanowires and RGO/SnO2 composite sensor toward
50 ppm TEA gas at different temperatures are shown in Figure 5a. For the SnO2 nanowires
sensor, the optimal temperature is about 200 ◦C. Thus, the best gas sensing temperature of
the RGO/SnO2 composite sensor is about 180 ◦C. RGO/SnO2 composite sensor had the
highest gas response at low temperatures due to the introduction of RGO. As expected,
the gas response of the RGO/SnO2 composite is up to 63.3, which is higher than that of
SnO2 nanowires sensor at the same testing procedures (32 under 50 ppm of TEA gas).
Afterward, as the temperature increasing further, the response gradually decreases, which
can be attributed to the drop down of equilibrium adsorption capacity [6]. Figure 5b
presents dynamic response-recovery properties of the sensor for different TEA gas concen-
trations ranging from 50 ppb to 200 ppm at 180 ◦C. The response of the sensor is 2.6 at a
TEA concentration of 100 ppb. The sensor got a low detection limit of 50 ppb level. At
180 ◦C, the sensor response gradually increased with the increase in the gas concentration.
When towards 200 ppm, the response is up to 100, showing the excellent gas-sensing
property. Figure 5c shows the response time of the sensor is about 10 s. The stability of the
RGO/SnO2 composite sensor is also measured, and the six-cycling dynamic response is
shown in Figure 5d. Accordingly, the sensor shows an almost constant response time and
response curves for detecting the TEA gas concentration of 1 ppm, showing good stability
of the sensor.

The long-term stability and selectivity of gas sensing are fundamental factors in gas
detection applications. Figure 6a shows the gas response of the RGO/SnO2 composite
based sensor to 15 dynamic cycles after 30 days at a concentration of 50 ppm. As we can
see, the sensor shows good long-term stability and cycling performance. Compared to the
fresh sensor, the late sensors’ response value had a litter change. As shown in Figure 6b,
the sensor responses to different detected gases in a continuous process. The data shows
that the response intensity to 1 ppm TEA gas is almost twice as high than the response to
the other six gases, even responding to a gas concentration of 100 ppm. In particular, the
sensor has a weak response to water, and it shows an anti-water property, which is good
for detecting TEA gas regardless of humidity in real situations.
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Figure 5. (a) Sensor response of the SnO2 nanowires and RGO/SnO2 composite to 50 ppm TEA gas
at different working temperatures; (b) the dynamic gas response at different TEA gas concentrations
ranging from 50 ppb to 200 ppm; (c) sensor response time toward 50 ppm TEA gas at 180 ◦C; (d) the
four dynamic gas-sensing response cycles at 180 ◦C.

Figure 6. (a) The gas sensing stability of the sensor after 30 days; (b) the gas selectivity of the sensor
to six different gases at a concentration of 1 ppm.

Generally, it is well known that the one-dimensional SnO2 nanowire has a large surface-
to-volume ratio and constant carrier screening length, which facilitates more rapid and
high-efficient adsorption for improving the gas response [29]. Thus, due to the intertwined
and irregular stacking of SnO2 nanowires, the material resistance is as high as hundreds of
megaohms (MΩ), making it difficult to integrate with existing electronic systems. The RGO
could help improve the conductivity of metal oxide and promote the transfer of electrons.
When the composite material meets air, oxygen would be adsorbed, and then would react
with the free electrons to ionize oxygen into oxygen species (O−2, O2−, and O−) on the
surface of SnO2 nanowires and RGO [30]. The depletion layer formed as shown in Figure 7a.
As exposure to targeted gas, the captured electrons are released as reacting with the existing
oxygen ions, reducing the thickness of the depletion layer and the resistance would be
minimized. The gas response is largely enhanced. Wang et al. demonstrated the preparation
of ZnO/SnO2 heterostructure on RGO layer, and found promising sensing behavior upon
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NO2 exposure even at room temperature. They presented that the heterostructure could
offer effective electronic interaction and high transfer efficiency of charges at the interface,
which help to adsorb oxygen for enhancing the gas response [31]. So, in Figure 7b, we
showed the current–voltage characteristic relationship of the RGO/SnO2 composite gas
sensor in air and after exposure to 50 ppm TEA gas, respectively. After being exposed
to targeted gas, the current proudly increased because of the changed conductivity after
surface reactions between TEA gas and adsorption oxygen. The following reaction can be
depicted as follows [32]:

(C2H5)3N + xOδ− → H2O + CO2 + NO2 + xe−1 (3)

Figure 7. (a) Schematic of the RGO/SnO2 composite gas-sensing mechanism; (b) the current–voltage
characteristic relationship of the RGO/SnO2 composite gas sensor in air and after exposure to 50 ppm
TEA gas, respectively; (c) energy band diagram of the RGO/SnO2 composite.

The gas-sensing mechanism of RGO/SnO2 heterostructure-based sensors can be con-
cluded. Notably, RGO could play a significant role and provide reactive centers for ad-
sorption, which facilitates rapid electrons transformation between targeted gas and SnO2.
SnO2, as a promising and mature gas-sensing material, could also promote effective charge
transfer and oxygen adsorption. Therefore, when the RGO/SnO2 composite encounters
TEA gas, the energy band bending would happen until balance, as depicted in Figure 7c.
The electron movement will start flowing from RGO to SnO2. So, when encountering
the targeted gas, the adsorbed process was happening at the interface, a small change
in the potential barrier (E) would contribute to a large resistance change of the material.
The resistance is related to the height of the potential barrier, which is followed by the
equation [30]:

R = R0 exp(qE/kT) (4)
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Generally, R0 is the initial resistance, q is the electron charge, E is the height of the
potential energy barrier, k is Boltzmann’s constant, T is the temperature, and R is the overall
resistance of the material. So, based on the above results, the RGO/SnO2 heterostructure
enhanced the gas-sensing performance and provided a reliable strategy to obtain the
highly sensitive.

4. Conclusions

In summary, the crystalline SnO2 nanowires are synthesized by a simple thermal
evaporation method. We also presented a coating technology to realize RGO/SnO2 het-
erostructure. When the TEA gas concentration is 50 ppm, the gas response is raised to
63.3, and it showed an excellent dynamic response with a high stability at 180 ◦C. A lower
detection limit of 50 ppb level is achieved. Compared to SnO2 nanowires, the sensing
performance of the RGO/SnO2 heterostructure-based sensor is greatly enhanced, which
can be ascribed to the RGO and the heterostructure. This heterostructure engineering poses
an easy and repeatable way for achieving highly sensitive performance.
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Abstract: Negative Poisson’s ratio (NPR) materials have broad applications such as heat dissipation,
vibration damping, and energy absorption because of their designability, lightweight quality, and
high strength ratio. Here, we use first-principles calculations to find a two-dimensional (2D) auxetic
material (space group R3m), which exhibits a maximum in-plane NPR of −0.0846 and a relatively
low Young’s modulus in the planar directions. Calculations show that the NPR is mainly related to
its unique zigzag structure and the strong interaction between the 4d orbital of Mo and the 3p orbital
of S. In addition, molecular dynamics (MD) simulations show that the structure of this material is
thermodynamically stable. Our study reveals that this layered MoS2 can be a promising 2D NPR
material for nanodevice applications.

Keywords: two-dimensional materials; DFT; elastic constants; negative Poisson’s ratio; first-principles
calculations; strong p-d orbital interactions

1. Introduction

Young’s modulus is a physical quantity that characterizes the resistance of a material
to tensile or compressive forces within the limits of elasticity [1,2]. Poisson’s ratio (PR) is
defined as the ratio of the transversal strain to the strain along the applied stress direction
when the material is deformed elastically [3]. Generally, PR, by definition, is positive for
most commonly available engineering materials when the applied strain and the resultant
transverse strain have opposite signs [4]. NPR materials refer to the phenomenon of
lateral expansion when subjected to uniaxial tensile stress [5]. NPR materials possess
certain advantageous properties including strong designability [6], light weight [7], high
strength ratio [8], and high damping [9], and moreover have good performance in heat
dissipation [10], vibration reduction [11], and energy absorption [12]. These excellent
mechanical properties greatly expand the scope of the application of NPR materials. At
present, there are broad application prospects in the fields of aerospace, equipment armor,
intelligent manufacturing, coating materials, and so on.

Quantum confinement caused by the low-dimensional effect of two-dimensional (2D)
materials makes them more prone to NPR [13–16]. Therefore, it is possible to find new
2D NPR materials for novel nanomaterial applications. Until now, some NPR materials
have been identified, such as black phosphorus (BP) [17], Be5C2 [18], SnSe [19], TiN [20],
α-phosphorene [21], δ-phosphorene [22], Cd2C [23], Zn2C [24], and Ag2S [25]. However,
the number is still small considering the numerous materials [26,27] that have been discov-
ered and investigated [28]. MoS2 is one of the well-known materials possessing several
different configurations, which have different structures. MoS2 [29] is a material com-
posed of two chemical elements, molybdenum and sulfur, with excellent optical, electrical,
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magnetic, force, and thermal properties, and is widely used in energy storage, catalysis,
semiconductors, lubrication, and other fields. It is notable that in the mechanical properties,
both positive and negative PR are present in the MoS2 configuration, which is rare for the
same material of other compounds. It has been reported that MoS2 has both positive and
negative PR, and small changes in the structure will greatly affect the PR. Yu et al. [30], in
2017, reported 42 1T-type crystals in which the presence of NPR for MoS2 was suggested,
while Hung et al. [31], in 2018, reported three different structures of MoS2 with positive and
negative PR. These results coincide with our calculations. However, for the same material
(MoS2), there is no exact explanation of what causes its many configurations to have both
positive and negative PR. The main reason is that there is a general lack of understanding
of the mechanism of NPR materials. Therefore, in-depth analysis from the perspective of
electron interaction is needed to understand the mechanisms behind the formation of NPR
materials. Such understanding is important for the search and design of new materials
with widened application prospects.

There are three different phases of monolayer MoS2: 1T-phase, 1H-phase, and 1T’-
phase MoS2, respectively [32]. To investigate in-depth the formation mechanism behind
NPR, 1T-phase MoS2 with NPR and three other materials were selected for comparison,
and their respective Young’s modulus, PR, and projected density of states (PDOS) were
calculated. Their geometries and electronic structures were compared to analyze their
effects on the NPR generation of the materials, and the mechanism of NPR formation was
demonstrated in terms of both geometric deformation and electronic structure. Finally, the
formation mechanism of NPR materials was further investigated from the perspective of
layer spacing and intralayer forces.

2. Computational Methods

All calculations were performed using the CASTEP (version 8.0.) [33,34] module of
the Materials Studio package. During the computational process, self-consistent periodic
density functional theory (DFT) [35,36] was adopted by the Generalized Gradient Approx-
imation (GGA) method using the Perdew–Burke–Ernzerhof (PBE) exchange–correlation
functional [37]. The energy cutoff was 340 eV and the Self-Consistent Field (SCF) tolerance
was 5.0 × 10−7 eV atom−1. The convergence criteria for max force, max displacement,
max stress, and energy were set to lower than 0.01 eV Å−1, 5.0 × 10−4 Å, 0.02 GPa, and
5.0 × 10−6 eV atom−1, separately [38]. The k-point meshes were set as 5 × 5 × 5 for the
bulk. The Young’s modulus Y(θ) and PR υ(θ) could be indicated as follows [39]:

Y(θ) = C11C22−C2
12

C11sin4θ+Asin2θcos2θ+C22cos4θ

υ(θ) = C12sin4θ−Bsin2θcos2θ+C12cos4θ
C11sin4θ+Asin2θcos2θ+C22cos4θ

where Cij are the elastic constants, A =
(
C11C22 − C2

12
)
/C66 − 2C12 and B = C11 + C22 −(

C11C22 − C2
12
)
/C66. In order to verify the calculation, we calculated the elastic constant of

MoTe2, which was in agreement with the available theoretical values [40]. The calculated
elastic constants of MoS2 and MoTe2 are included in Table S1. The molecular dynamics
(MD) simulation in the NVT (Number of particles, Volume, and Temperature) ensemble
was performed at 300 K with a 3 × 3 × 1 supercell for 6ps with a time step of 1fs. MD
was performed with periodic boundary conditions. In order to ensure the accuracy of the
simulation, a vacuum layer of 15 Å was added to the four models to eliminate a certain
degree periodic interaction and the bottom layer of MoS2 was fixed in the calculation
process. The force field used in the MD simulation was a universal force field (UFF).
UFF was applied to optimize the model and assign charges to ensure the accuracy of the
calculation results. The designation of the algorithm used in the geometry optimization
calculations was a quasi-Newton method. The initial model was minimized by the quasi-
Newton method until the gradient was less than 0.1 kcal/mol. All materials involved were
from the crystallographic database: materials project.
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3. Results and Discussion

1T-phase MoS2 is a member of transition metal dichalcogenides (TMD) [41]. The
unique zigzag structure of MoS2 brings many unique mechanical properties. In the current
work, we explore the mechanical properties by computing the planar Young’s modulus
Y(θ) and PR υ(θ). Results are drawn in Figure 1a. Young’s modulus Y(θ) is a physical
quantity that describes a material’s ability to resist elastic deformation. More rigid materials
have a higher Young’s modulus. As Figure 1a shows, Young’s modulus of MoS2 does not
show anisotropy, which means that the mechanical response to the same strain varies little
along different in-plane directions. Young’s modulus attains a maximum value of 183.1 GPa
at θ = 62◦, 118◦, 224◦, and 298◦ , and a minimum value of 178.9 GPa at θ = 0◦ and 180◦.
This indicates that MoS2 exhibits moderate deformation-resistant stiffness in all directions.
For comparison, Young’s modulus of graphene [42] and TiS2 [43] is added in the bar chart
of Figure 1a. Compared to these two well-known materials, Young’s modulus of MoS2 is
comparatively low. This means that MoS2 exhibits considerable elastic compliance, which
can be traced to its special atomic structure (to be discussed later). The PR υ(θ) of MoS2 is
shown in Figure 1b. It exhibits an NPR in the whole region and reaches the highest value of
−0.0846 at 46◦, 134◦, 226◦, and 314◦, indicating that MoS2 is an auxetic material. The planar
NPR value is bigger than that of penta-graphene (υ = −0.068) [44], PN (υ = −0.078) [45],
and borophene (υ = −0.053) [46].

Figure 1. (a) Young’s modulus and (b) PR of MoS2 as a function of the angle θ. θ = 0◦ corresponds
to the X-axis. The comparative Young’s modulus of the three materials is plotted in the Young’s
modulus diagram of MoS2. (c) Top view of bulk MoS2 (space group R3m). The partially enlarged
atoms in the figure are the obscured parts of the layered MoS2, and the red dashed lines indicate the
spacing between the layers. (d) Side view of MoS2. (e) Local enlargement of the side view of the
monolayer MoS2.

The crystal structure of bulk MoS2 is displayed in Figure 1c. The band structure as
well as the density of states (DOS) of MoS2 is plotted in Figure S1. It could be regarded as a
laminar structure in which the zigzag layers are linked by the Mo-S bonds. Its primitive
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cell consists of six sulfur atoms and three molybdenum atoms in a trigonal crystal system.
The lattice constants are a = b = 3.190 Å, and the space group is R3m [47]. From the
crystal structure diagram, the structure of this material can be considered as a network of
herringbone Mo-S atomic chains in two directions, one along the monoclinic lattice and the
other perpendicular to the lattice direction. The angles of S-Mo-S along these two directions
are 81.567◦ and 98.433◦, respectively (See Figure 1e).

To investigate how the atomic geometry affects PR, three additional materials were
selected for comparison: the MoS2 with zigzag structure (space group P63/mmc), the MoS2
without the special undulations (space group F43m), and the WS2 with the same R3m space
group but different elements. The calculated results are plotted in Figures 2 and S2. The lattice
constants and the atomic coordinates in every cell after optimization are included in Table S2.
Clearly, among the three compared materials, MoS2 with space group F43m has no obvious
zigzag geometry, and it shows a positive Poisson’s ratio (PPR). This is in agreement with
the previous conclusion that the unique sawtooth-like geometry is necessary for an NPR to
occur [48]. However, the PR of the other two materials with similar sawtooth geometries
(MoS2, space group P63/mmc; WS2, space group R3m) is also positive. This suggests the NPR
is not only related to the material geometry. Other factors may play a role too.

Figure 2. (a) Structural snapshots (top view) of MoS2 (space group P63/mmc). (b) Side view of MoS2

(space group P63/mmc). (c) Local enlargement of a side view of the monolayer MoS2 (space group
P63/mmc). (d) Structural snapshots (top view) of WS2 (space group R3m). (e) Side view of WS2

(space group R3m). (f) Local enlargement of the side view of the monolayer WS2 (space group R3m).
(g) Summary graph of Young’s modulus and (h) PR of four materials. To show their structure more
clearly, the above materials are enlarged for the part of the atoms that are obscured between the
layers; this does not mean that they are different in size.

55



Coatings 2023, 13, 283

To gain a more in-depth insight into the deformation mechanism behind the NPR, we
further analyzed the electronic interactions. We calculated the PDOS of the four materials
to observe their electronic structures, as shown in Figure 3. The PDOS peak shape and
position of the 4d orbital of the Mo atom and the 3p orbit of the S atom are similar in energy,
indicating the strong orbital interaction of the Mo atom and S atom (the yellow highlighted
portion of Figure 3a). It can be seen that both sets of orbitals overlap above the Fermi
energy level, indicating that the atoms are antibonding. It is well-known that the bonding
state leads to attractive interactions, while the possession of the antibonding state causes
repulsive interactions. This is most likely a key factor in the generation of NPR for MoS2.
Moreover, the MoS2 that shows an NPR has an overlap area of 5.854 above the Fermi level,
while the other three materials showing PPR have overlaps of 1.807, 0, and 2.508 above the
Fermi level, respectively, which all indicate that their coupling is not as strong as that of the
NPR materials at the p-d orbitals.

Figure 3. (a) PDOS of MoS2(space group R3m). The p-d orbital coupling is reflected in the overlap
of its PDOS. The area of overlap above the Fermi level is 5.854. (b) PDOS of MoS2 (space group
P63/mmc). The area of overlap above the Fermi level is 1.807. (c) PDOS of MoS2(space group F43m).
The area of overlap above the Fermi level is 0. (d) PDOS of WS2(space group R3m). The area of
overlap above the Fermi level is 2.508. The Fermi level is set to 0. The yellow highlighted part
indicates the overlapping part of the PDOS of the materials.

Figure 3d indicates that the interaction of the p orbital and d orbital of WS2 is signifi-
cantly weaker than MoS2 in the energy range of 0 to 6 eV. Although both MoS2 (space group
R3m) and WS2 (space group R3m, and the value of PR is 0.25 in Figure 2h) share the same
space group, there are differences in their electronic structures that lead to very different
results. Therefore, the electronic structure is one of the characteristics of the NPR of MoS2.
In summary, an NPR material should have a special geometry in terms of structure (i.e.,
undulating structure), while in microscopic terms, it should have a strong enough coupling
between different orbitals (i.e., electron interaction), and the atoms are anti-bonding (the
atoms will tend to interact with each other in a repulsive manner). Materials that have all
these characteristics will have a much higher probability of NPR.

56



Coatings 2023, 13, 283

Electronic interactions can be divided into interlayer and intralayer based on the
geometric configuration of MoS2. Furthermore, we investigated how the electronic structure
affects the interatomic forces that lead to the NPR in the material. Figure 4a displays the
structure of the initial MoS2, and Figure 4b displays the structure with the new alignment
rebuilt by cleaving the (0 0 1) surface of MoS2. The difference between them is that the
initial structure is staggered and aligned, while the modeled structure is overlapping and
aligned. By varying their layer spacing, it is possible to investigate how much the interlayer
forces of these two very different alignments contribute to the generation of NPR. As
illustrated in Figure 4c, the PR of the material varies in value but remains negative overall.
The PR varies from −0.67 to −0.82 and from −0.10 to −0.13, with a moderate variation.
It indicates that the value of the PR does not change greatly with an increase in the layer
spacing, indicating that the layer spacing has almost no impact on the NPR of the material.
Therefore, the interatomic forces caused by the intralayer electronic structure of monolayer
MoS2 may be the dominant factor.

Figure 4. (a) The original structure of MoS2. (b) The structure with overlapping alignment between
layers of MoS2. (c) The relationship between PR and layer spacing for two different arrangements
of structures.

Based on the above analyses, the force generated by the electronic structure between
the layers has little effect on the deformation of the whole structure. In the next step,
we applied a strain to the single-layer MoS2 (space group R3m) and observed how the
interaction between the electrons in the structure within the layer affected the material’s
PR. Figure 5a shows a sketch of the original structure with a monolayer of MoS2. This is a
material with a folded structure with upper and lower pyramidal shapes. Figure 5b shows
a schematic of the structure after it has been stretched. When two Mo atoms, MoA and MoB,
are pulled in the Y-axis, the structure produces a force of compression in the Z-axis because
of the intense interaction of the p-d orbitals, resulting in the structure being compressed in
that direction and pulled in the X-axis. The bond angles of ∠CAB and ∠CBA are reduced
behind the deformation. In principle, the change of ∠CAB is not impacted by the stretching
of the MoA and MoB atoms, which is only related to the reciprocal action of the p-d orbitals.
That is, the displacements occurring in the MoA and MoB during the deformation are only
relevant to the strength inside the cell. Therefore, the angular variation of ∠CAB could
be used to describe the mechanical behavior generated within the cell. When a 5% stretch
strain is applied in the Y-axis, the bond angle of ∠CAB decreases from 49.216◦ to 45.376◦
(a decrease of 3.84◦), and the interplanar spacings dAC and dCE decrease by 0.052 Å and
0.039 Å, respectively. The strong coupling of the p-d orbitals causes a large amount of
strain energy generated during deformation to be stored in the reduced ∠CAB and ∠CBA,
and this strain energy is released by increasing the distance between Mo atoms D and
Mo atoms A, leading to an NPR. This confirms the above inference that the p-d orbital
interactions lead to a planar NPR in monolayered MoS2. Further observing the PDOS of
MoS2 in Figure 3a, the p-orbital overlaps with the d-orbital at positions above the Fermi
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level, which indicates that the metal atoms exhibit a strong antibonding property, which
leads to mutual repulsion between the atoms. As a result, the NPR phenomenon appears.

Figure 5. (a) Structure of single-layer MoS2 (space group R3m) without strain. (b) Structure of
single-layer MoS2 (space group R3m) after strain is applied. The force is applied along the Y-axis. The
red arrow indicates p-d orbital interaction and the green arrow shows the result of the final movement
of MoS2. (c) Structure of single-layer MoS2 (space group P63/mmc) without strain. (d) Structure of
single-layer MoS2 (space group P63/mmc) after strain is applied. (e) Structure of single-layer WS2

(space group R3m) without strain. (f) Structure of single-layer WS2 (space group R3m) after strain
is applied.

For comparison, we applied tensile strain on both WS2 (space group R3m) and MoS2
(space group P63/mmc), which exhibited PPR. Figure 5 shows that after applying a tensile
strain, the whole structure shrunk to a certain extent. Combined with the previous analysis,
these two materials used as comparisons have a weaker coupling in their p-d orbitals,
resulting in a reduction in the strain energy that can be stored in the bond angles during
tensile strain. As a result, the changing bond angles release less energy and have a reduced
effect on the surrounding atoms when the structure shrinks. The PDOS of the two compared
materials did not exhibit strong antibonding properties and the atoms did not tend to repel
each other, meaning they ended up exhibiting PPR. To better verify our speculation, we
also calculated PDOS for four other NPR materials, and the outcomes are listed in Figure
S4. It is clear from the figure that the four NPR materials have similar degrees of overlap in
the positions of the peaks and energies of the PDOS, indicating that they all have strong
interactions in their p-d orbitals. Such a comparison shows that the change in interatomic
forces due to the interaction between p-d orbitals is a major factor in the NPR behavior
of the 2D materials, which can be used as a feature for screening NPR materials. More
specifically, the NPR of single-layer MoS2 is related to the strong coupling between the 4d
orbital of the Mo atom and the 3p orbital of the S atom, and the antibonding orbits of the
atoms present. This eventually causes the interaction forces between the Mo and S atoms
to tend to repel each other, leading to their extension and triggering NPR.
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Finally, we performed molecular dynamics (MD) simulations at 500 K for 6 ps with
NVT (Number of particles, Volume, and Temperature) ensemble to evaluate the structural
stability of MoS2 [49]. In the process of structural evolution, temperature fluctuations and
the mean potential energy of atoms are displayed in Figure 6. Throughout the simulation
process, the changes in potential energy remained near the average. Figure 6 and Figure
S5 give three different configurations of MoS2 and WS2 structural snapshots at the end of
6 ps. The diagram shows that the geometry is well-saved and no significant structured
fractures are observed, which indicates that the structure of MoS2 is stable. The calculated
elastic constants of the 2D molybdenum disulfide meet the Born−Huang criteria [50], in
which C11, C22, C66 > 0 and C11 + C22 − 2C12 > 0. Judging from the data in Table S1, it is
confirmed that the MoS2 structure is stable.

Figure 6. Structural snapshots (side view) of the (a) MoS2 (space group R3m) (b) MoS2 (space group
P63/mmc) (c) MoS2 (space group F43m) and (d) WS2 (space group R3m), with the evolution of the
mean potential energy and temperature per atom in MD (molecular dynamics) simulations at 500 K
and 6 ps.

4. Conclusions

To sum up, we used first-principles calculations for the elastic constants of 2D molyb-
denum disulfides and have succeeded in finding a molybdenum disulfide with NPR (space
group R3m). This serrated structure with unique layer overlap exhibits a separate NPR of
υx = −0.0736 and υy = −0.0750 in the X- and Y-axis. In addition, we explored the effect of
layer spacing on its NPR behavior. Finally, we found that the unusual NPR behavior of
single-layer MoS2 is linked to its unique geometry and the strong interaction between the
4d orbitals of Mo and the 3p orbitals of S. Moreover, we also found that the strong coupling
of p-d orbitals and the zigzag structure of the antibonding state are notable features for
screening 2D NPR materials. These discoveries provide insight into the influence of the
geometry and electronic structure of 2D molybdenum disulfide on the mechanical perfor-
mance of the material. These results could propel progress in the screening and design of
other 2D materials in the future.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/coatings13020283/s1. Figure S1: The band structure and the DOS
of MoS2. The energy band structure describes the energy that electrons are forbidden or allowed to
carry, which is caused by the diffraction of quantum dynamics electron waves in a periodic lattice.
The energy band structure of a material determines various properties, especially its electronic and
optical properties; Figure S2: MoS2 (space group F43m); Figure S3: Comparison graphs of Young’s
modulus and Poisson’s ratio for the four materials; Figure S4: Four negative Poisson’s ratio materials
and their PDOS plots. (a) MoS2 (space group P3m1). (b) MoS2 (space group I42d). (c) MoSe (space
group P6m2). (d) WS2 (space group I42d); Figure S5: Structural snapshots (side view) of the (a) MoS2
(space group R3m) (b) MoS2 (space group P63/mmc) (c) MoS2 (space group F43m) and (d) WS2
(space group R3m) with the evolution of the average potential energy and temperature per atom in
AIMD simulations at 500 K and 6 ps; Table S1: The calculated elastic constants (units of GPa) of 2D
MoS2 and MoTe2; and Table S2: Structural information of three configurations of MoS2.
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Abstract: Large-scale popularization and application make the role of lithium-ion batteries in-
creasingly prominent and the requirements for energy density have increased significantly. The
silicon-based material has ultra-high specific capacity, which is expected in the construction of next-
generation high specific-energy batteries. In order to improve conductivity and maintain structural
stability of the silicon anode in application, and further improve the energy density of the lithium-ion
battery, we designed and synthesized carbon-coated porous silicon structures using diatomite and
polysaccharides as raw materials. The electrode materials constructed of diatomite exhibit porous
structures, which can provide fast transport channels for lithium ions, and effectively release the
stress caused by volume expansion during cycling. At the same time, the electrical conductivity of
the materials has been significantly improved by compounding with biomass carbon, so the batteries
exhibit stable electrochemical performance. We systematically studied the effect of different contents
of biomass carbon on the Li2MnSiO4/C cathode, and the results showed that the carbon content
of 20% exhibited the best electrochemical performance. At a current density of 0.05C, the capacity
close to 150 mAh g−1 can be obtained after 50 cycles, which is more than three times that of without
biomass carbon. The silicon-based anode composited with biomass carbon also showed excellent
cycle stability; it could still have a specific capacity of 1063 mAh g−1 after 100 cycles at the current
density of 0.1 A g−1. This study sheds light on a way of synthesizing high specific-capacity electrode
materials of the lithium-ion battery from natural raw materials.

Keywords: diatomite; lithium-ion batteries; Li2MnSiO4/C cathode; natural raw materials

1. Introduction

With the development of modern industry and human society, fossil energy is depleted
day by day, and environmental issues have received increasing attention. Researchers have
begun to turn their attention to renewable and clean energy such as solar energy, tidal
energy, and wind energy, etc. Secondary batteries, fuel cells, and supercapacitors are
the most common high-efficiency energy storage devices [1–3]. Among these, secondary
batteries stand out due to their high energy density, strong environmental adaptability,
and wide application range [4,5]. In recent years, lithium-ion batteries have been widely
used in portable electronic devices, electric vehicles, household power supply, etc. With
the popularity of electric vehicles, the demand for lithium-ion batteries has particularly
surged. Therefore, lithium-ion batteries with higher energy density, lower cost, and stable
operation are the source of high hopes [6]. At the same time, as an important part of the
battery, the synthesis of electrode materials with high, specific energy and low cost is an
important area of research [7].
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In recent years, researchers have begun to use bio-renewable and sustainable source
raw materials to synthesize electrode materials for reducing environmental damage caused
by waste [8–10]. Before that, biomass materials with multifarious and abundant resources
have been widely used in electrical energy storage, electrocatalysis, photocatalysis, multi-
phase catalysis, bio-fuel environment, etc. [11,12]. Currently, biomass and biowaste-based
carbon materials as anode materials for lithium-ion batteries have received extensive
attention due to the advantages of being inexpensive, abundant, and environmentally
friendly [13,14]. The basic elements of carbon, sulfur, nitrogen, and phosphorus can in-
crease the wettability and reduce the transfer resistance of the biomass-derived carbon
material, which contributes to the increase in battery capacity [15]. Meanwhile, biomass-
derived carbon materials possess naturally ordered unique hierarchical structures as well
as abundant surface properties and active sites, which facilitate ion transfer and diffu-
sion [16,17]. Thus, research has been conducted on the use of low-cost, environmentally
friendly biomass materials to synthesize electrode materials for lithium-ion batteries [18].
The electrode materials that have been reported to use biomass synthesis include rice husks,
bamboo leaves, diatomite, etc. [19,20].

Diatomite is a bio-deposited siliceous rock formed from diatom remains over a long
period of time in the natural environment; it is mainly composed of amorphous protein
minerals of SiO2 [21,22]. Diatomite is non-toxic, high in purity, and low in acquisition cost.
Natural diatoms have different shapes, resulting in the formation of diatomite showing a
variety of different microscopic forms, mostly in the shape of a round sieve, a column, or
a belt [23–25]. The wall shell of diatomite is composed of multi-level, large, and orderly
arranged micropores which are widely used as reaction catalysts, fillers, thermal insulation
materials, and filter materials due to the properties of being lightweight, porous, with a
large specific surface area, and a strong adsorption capacity [26,27].

Among the electrode materials of lithium-ion batteries, Li2MnSiO4 (LMS) cathode
electrode material and Si anode electrode material have been reported with high en-
ergy density [28,29]. For cathode materials, Li2MnSiO4 has high theoretical capacitance
(333 mA hg−1) and excellent thermal stability due to the Si–O covalent bond [30,31]. Silicon
is one of the most valuable anode materials of lithium-ion battery because it has a high
theoretical capacity (~4200 mA hg−1), low working potential, is an abundant resource,
and is environmentally friendly [32–34]. Both of these materials can be synthesized using
diatomite, so the cost can be effectively reduced. However, the silicon anode electrode has a
large volume of more than 400% due to charging and discharging. Therefore, it is necessary
to modify the material in a suitable way in order to bring out the advantages of the silicon
anode [35–37]. Researchers have explored a variety of strategies to solve the issues, such
as designing the structure of silicon materials which contain nano-silicon, layered silicon,
porous silicon, etc. Another more effective way is to compound silicon with other materials
to maintain the stability of silicon in the cycle, which contains carbon, metal oxide, sulfide,
two-dimensional materials, etc. [38–40]. Glucose is a good carbon source that can build a
three-dimensional conductive carbon network inside the materials, further improving the
electronic conductivity of the materials [41,42].

In this work, we synthesized a diatomite-derived Li2MnSiO4/C cathode electrode
material and a Si/C anode electrode material with excellent electrochemical performance.
New smaller holes could be generated between the diatomaceous earth particles during
the preparation of the Si material. In addition, the fabricated anode material maintained
a discharge capacity of 1063 mAh g−1 after 100 cycles, showing excellent electrical per-
formance and good stability. While the expansion and increase in internal resistance of
the anode material can be suppressed, both the capacity retention rate and the coulombic
efficiency can be improved. The Li2MnSiO4/C cathode also delivered a specific capacity of
249.3 mAh g−1 in the first cycle and maintained a specific capacity of about 150 mAh g−1

after 50 cycles were compared. The results show that the synthesized Li2MnSiO4/C cathode
material has good electrochemical performance and stability. For most lithium electrode
materials, although a high capacity can be achieved, the extraction process is highly compli-
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cated and costly. We used low-cost diatomite as a precursor to synthesize lithium electrode
materials and obtained a higher theoretical capacity for the first time. This study provides
a strong candidate for the utilization of environmentally friendly biomass towards efficient
energy storage through facile and low-cost procedures.

2. Materials and Methods

All chemicals were of analytical grade and used as received without further purifi-
cation. Diatomite (Wako, 99%), MnCO3·nH2O (Wako, 99%), LiOH·H2O (Wako, 99%), Mg
(Wako, 99%), and NaCl (Wako, 99%).

2.1. Fabrication of Cathode Electrode Li2MnSiO4/C

Diatomite was treated with 1M HCl solution to obtain high purity SiO2. The obtained
SiO2, MnCO3·nH2O, and LiOH·H2O were individually, finely pulverized in an agate
mortar for 30 min. Then, the various processed materials were mixed together and ground
for another 15 min. Next, the mixed sample was added to the ethanol solution and stirred
thoroughly for dispersion for 6 h. After vacuum drying, calcining in tube furnace for 8 h
under argon atmosphere at 700 ◦C, the Li2MnSiO4 material was obtained. Finally, the
glucose was added to Li2MnSiO4 material to obtain different proportions of carbon (weight
ratio 0%, 10%, 20%) by calcining in tube furnace for 2 h under argon atmosphere at 600 ◦C
to prepare three cathode materials of LMS/wt.0% C, LMS/wt.10% C, and LMS/wt.20% C.

2.2. Fabrication of Anode Electrode Si/C

First, the treated diatomite, Mg powder, and NaCl were ground in an agate mortar
for 30 min. The mixing sample was calcined in the tube furnace for 8 h under argon
atmosphere at 700 ◦C [43]. Then, the argon was replaced with nitrogen and calcined for
another 8 h. Next, the obtained sample was added to 1M HCl solution to remove impurities
to obtain porous silicon material. After compounding with glucose, carbonizing for 2 h
under argon atmosphere at 600 ◦C, the final Si/C anode material with carbon content of
10% was obtained (DS–3). The additional samples DS-1 (without NaCl and N2 process)
and DS–2 (without N2 process) were also prepared according to different conditions.

The synthesis procedure is shown in Figure 1.

Figure 1. Synthesis process of Li2MnSiO4/C and Si/C materials.
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2.3. Fabrication of Coin Batteries

The active materials, conductive additive acetylene black, and polyvinylidene diflu-
oride (PVDF) were mixed with NMP at a ratio of 80:10:10 to form homogenous slurries.
The slurries were coated on aluminum foil for cathode material and copper foil for anode
material. The obtained electrodes were dried at 90 ◦C for 2 h, and then transferred to
vacuum oven at 120 ◦C for 10 hours. The mass loading of active materials in the working
electrodes was 1.0–1.5 mg/cm2, with lithium metal as the counter electrode. The 2032 type
button batteries were manufactured using the manufactured electrodes. The microporous
polypropylene membrane was used as a separator. The electrolyte was 1 M LiPF6 in a
mixed ethylene carbonate/diethyl carbonate solvent (1:1) with 5% fluoroethylene carbonate
(FEC) additive.

3. Results and Discussion

3.1. Morphology Characteristics

The scanning electron microscope (SEM) measurement was used to observe and
analyze the characteristics of material morphology, as shown in Figure 2. The diatomite
we used has a complete shape, and the micropores on the wall are uniform in size and
arranged in an orderly manner. It is an exquisite natural porous material (Figure 2a).
The diatomite in the shape of a round cake has a rich and well-developed honeycomb
porous structure (Figure 2b). Thus, the large specific surface area of diatomite is conducive
to the embedding of lithium ions, and the porous circular cake structure can provide
more buffer space to enhance the stability. The Si/C anode material obtained by reducing
diatomite maintains the characteristics, and the surface is rougher from the increased porous
structure (Figure 2c,d). This special structure can maintain the structural stability of the Si-
based material during cycling, which was also proved by subsequent electrochemical tests.
The surface morphology of Li2MnSiO4/C cathode material is different from the original
diatomite. The observed void structure is significantly smaller, and the surface has obvious
granularity (Figure 2e,f). This is mainly because the synthesis process of Li2MnSiO4/C
cathode material is an “addition” reaction, which is different from the diatomite-based
“reduction” reaction of the Si/C anode material in the reaction process.

 

Figure 2. The SEM images of (a,b) diatomite, (c,d) Si/C anode material, and (e,f) Li2MnSiO4/C
cathode material.

Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDX) were used to further analyze the structure of the samples on a smaller scale, which is
shown in Figures 3 and 4. It shows that the Li2MnSiO4/C cathode material is composed of
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100 nm~200 nm particles (Figure 3a,b). EDX element mapping displays that the elements
of O, Si, and Mn are evenly distributed on the surface of the Li2MnSiO4/C composite
(Figure 3c–e). And the Si/C anode material is distributed with a porous structure and with
Si elements uniformly distributed (Figure 4).

 

Figure 3. The (a,b) TEM images of Li2MnSiO4/C cathode material; the EDX mapping images: (c) O,
(d) Mn, and (e) Si elements distribution.

 

Figure 4. The (a,b) TEM images and (c) EDX mapping image of Si/C anode material.

67



Coatings 2023, 13, 146

3.2. Structural Characteristics

The X-ray diffraction (XRD) patterns were used to determine the main composition of the
Li2MnSiO4/C cathode and Si/C anode. It was found that the XRD pattern of Li2MnSiO4/C
contained an impure phase that belonged to MnO as shown in Figure 5a. However, other
characteristic peaks are consistent with the pure Li2MnSiO4 phase. Figure 5b shows the XRD
diffraction patterns of different Si/C anode materials prepared by changing the synthesis
conditions. The characteristic peaks at 76.7◦, 69◦, 56.2◦, 47.4◦, and 28.5◦ are attributed to the
(331), (400), (311), (220), and (111) of pure silicon lattice planes, respectively [34]. Therefore, it
was confirmed that there are no other impurities in the synthesized samples.

(a) (b) 

Figure 5. (a) The XRD patterns of Li2MnSiO4/C cathode and (b) Si/C anode.

The specific surface area and pore volume of the samples were measured by the N2
adsorption method based on Brunauer–Emmett–Teller (BET), which is shown in Figure 6
and Table 1. The diatomite has a specific surface area of 32.6 m2 g−1, while the specific sur-
face area of the Li2MnSiO4/C cathode material is reduced by about five times to 6.4 m2 g−1

(Figure 6a). Due to the generated internal “addition” reaction with the MnCO3·nH2O and
LiOH·H2O, the mass of diatomite increases, which will significantly reduce the size of the
structural pores, which is also confirmed by the SEM. Different from the Li2MnSiO4/C
cathode material, the specific surface areas of the synthesized anode materials DS–1, DS–2,
and DS–3 increase to 137.6, 160.6, and 253.0 m2 g−1, respectively. As a result of the “reduc-
tion” reaction, the oxygen atoms in the diatomite are released, and more space is reserved
in the structure.

Table 1. BET measurement result of materials.

Material
Specific Surface

Area/m2 g−1 Pore Volume/m3 g−1

Precursor Diatomite 32.6 0.05

Cathode Li2MnSiO4/C 6.4 0.01

Anode
DS–1 137.6 0.18
DS–2 160.6 0.56
DS–3 253.0 1.07
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Figure 6. The nitrogen adsorption−desorption isotherms of (a) diatomite and Li2MnSiO4/C; and
(b) SD−1, DS−2, and DS−3.

3.3. Electrochemical Performance

The cyclic voltammetry (CV) curves of the Li2MnSiO4/C cathode and the DS-3 anode
are shown in Figure 7. For Li2MnSiO4/C cathode, the peaks around 3.6 V and 4.3 V at
the cathodic scan are due to the conversion reaction of Mn2+ to Mn3+ and Mn4+. The
peaks at 2.0 V, 2.8 V, and 4.4 V at the cathodic scan are due to the reversible reduction of
Mn4+ to Mn2+ (Figure 7a). Figure 7b shows the redox curve of a typical Si-based anode.
The cathodic peak at 0.1 V corresponds to the formation of an amorphous Si–Li alloy,
while two anodic peaks at 0.25 and 0.5 V are due to the conversion reaction of LixSi to
amorphous Si. Figure 7c shows the charge–discharge curves of Li2MnSiO4/C with different
carbon content during the first cycle at a current density of 0.05C. The discharge capacity
of LMS/wt.0% C is 187.4 mAhg−1, which is 59% of the charge capacity of 318.2 mAhg−1,
while the LMS/wt.10% C and LMS/wt.20% cathode exhibit over 80% initial coulomb
efficiency. Figure 7d shows the cycle curves of Li2MnSiO4/C cathode materials at a current
density of 0.05C. Compared to LMS/wt.0% C and LMS/wt.10% C, LMS/wt.20% C has
the best electrochemical performance. For LMS/wt.20% C, the specific capacity is about
150 mAh g−1 after 50 cycles, which proved it has stable cycling performance. The results
of LMS/wt.10% C and LMS/wt.20% proved that combining with carbon is an effective
way to improve the conductivity of the Li2MnSiO4 cathode. Figure 7e shows the cycle
curves of the Si/C anode. After 100 cycles, the discharge specific capacity of the DS-3 anode
is 1063 mA h g−1, which is much superior to DS-1 and DS-2. This is due to the fact that
the original shape and porous structure of diatomite are maintained during the synthesis
process. In addition, the participation of N2 is conducive to the generation of porous
structure which provides more buffer space for the expansion of the Si-based anode during
cycling. At the same time, the rate capability test is also used to confirm the performance
of Si/C anode materials at different current densities (Figure 7f). As expected, the DS-3
anode material exhibits the best rate performance, and when the current density returned
to 100 mA g−1, its specific capacity returned to above 1000 mAh g−1.
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Figure 7. The CV curves of (a) Li2MnSiO4/C cathode under the potential range from 1.5 to 4.8 V and
(b) DS−3 anode under the potential range from 0.005 to 3.0 V at 0.1 mV/s. (c) Charge/discharge
curve diagram and (d) cycling performance of Li2MnSiO4 cathode under the potential range from 1.5
to 4.5 V at a current density of 0.05C. (e) Charge/discharge curve diagram and (f) cycling performance
of Si/C anode materials under the potential range from 0.005 to 3.0 V at a current density of 0.1 A g−1.

4. Conclusions

In this work, we designed and synthesized a porous Li2MnSiO4/C cathode and Si/C
anode materials using natural diatomite and glucose. By compounding, the electrical
conductivity of the materials is significantly improved, and the porous structures of the ma-
terials can effectively maintain stability. Through gradient comparison, the Li2MnSiO4/C
cathode material prepared with 20% glucose has better electrochemical performance and
capacity retention after 50 cycles. With a simple mixed calcination treatment, we obtained
a stable Si/C anode material with high specific capacity. After different conditions and
comparisons, we screened out the best reaction conditions. By mixing NaCl and adding
a step of nitrogen calcination, the treated materials react more fully, the impurities can
be effectively removed, and a purer product sample DS-3 can be obtained which has a
smaller particle size distribution. It has a larger specific surface area of 253 m2 g−1 while
still maintaining a porous structure, which has a positive effect on the fast transport of
lithium ions. Thus, the cycling performance of the material can be improved. After 100 cy-
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cles, the material can maintain the capacity of above 1000 mAh g−1 at the current density
of 100 mA g−1. This provides a very good reference for the use of natural materials to
construct high specific-energy lithium-ion batteries.
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Abstract: Composite materials "base–transition layer–surface metal layer (Ta/Ti)" were produced
using a complex vacuum technology including magnetron sputtering. The structure (by scanning
electron microscopy, Auger electron spectroscopy, X-ray diffractometry) and mechanical properties
were studied. An almost linear increase in the thickness of both the surface and transition layers
was observed with increasing deposition time and power; however, the growth of the surface layer
slowed down with increasing power above some critical value. The transition zone with the growth
of time stopped growing upon reaching about 300 nm and was formed approximately 2 times
slower than the surface one (and about 3.5 times slower with power). It was noted that with equal
sputtering–deposition parameters, the layer growth rates for tantalum and titanium were the same.
In the sample with a Ta surface layer deposited on titanium, a strongly textured complex structure
with alpha and beta Ta was observed, which is slightly related to the initial substrate structure and
the underlying layer. However, even at small thicknesses of the surface layer, the co-deposition of
tantalum and titanium contributes to the formation of a single tantalum phase, alpha.

Keywords: tantalum; titanium; magnetron sputtering; surface layer; composite

1. Introduction

Tantalum (Ta), titanium (Ti) and their compounds have not ceased to arouse functional
interest for humans for decades as a material applicable in various spheres of human
life: in optics (transmitting, antireflection, filtering, reflecting, absorbing media) [1–3],
electronics (conductors, semiconductors, dielectrics) [4,5], machine and instrument making,
construction and everyday life (tribological, wear-resistant, functional, protective coatings,
resistant to aggressive environments, decorative, antibacterial, etc.) [6–10], environmental
cleanup and agriculture [11–13], medicine (biocompatible, adhesive intermediates) [14–25],
and etc., due to its significant characteristics (biocompatibility, resistance to aggressive
media, wear resistance, electrical, light and thermal conductivity, photocatalytic activity,
radiopacity, strength and/or plasticity, etc.), also including in the form of coatings, thin
films and surface layers.

Composites, including layered ones, are unique structures that allow effectively com-
bining, improving and forming in radically new characteristics compared with the original
components that are inaccessible to classical materials, which has led to their widespread
use [26–43]. In particular, composite structures with surface layers such as TaTiON for
optics and electronics, TiTa (at a shape memory ratio), Ta/Ti/TiN/Ti/DLC (diamond-like
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carbon) and Ta/Ti/DLC for implantology, TaN-(Ta,Ti)N-TiN-Ti for energy, etc. are gain-
ing importance in the modern world [44–47]. For example, to obtain corrosion-resistant
biocompatible coatings on superelastic alloys, similar in mechanical properties to living
tissues, but containing toxic elements, a mixture of tantalum and titanium is used, because
at a certain ratio, this mixture also exhibits similar mechanical characteristics [45]. This
mixture is obtained by depositing tantalum layers on a titanium-containing substrate by
the magnetron method with intermittent mixing by cycling electron-beam additive tech-
nique. The process seems to be quite complicated and requires the preliminary presence of
titanium in the substrate. That is, the problem of joint deposition of these two metals (in
series or in parallel) is now quite relevant.

A fairly popular method for creating composite surfaces is physical deposition in
a vacuum is vacuum ion-plasma methods, especially a variety of magnetron sputtering,
which allows, at a fairly low cost of time and resources, effectively obtaining high-quality
thin surface layers and coatings of various compositions and structures on a substrate of
almost any nature and geometry [48–59]. At the same time, the resulting layers parameters
are directly connected with the time and power of sputtering, the deposition distance, the
state of the substrate surface and other process parameters, which can vary within wide
limits. They determine the phase composition of the new surface. If a multi-component
spray system used, the variability of the results increases many times over.

The purpose of this work was to study the features of substance deposition in the
region of magnetron sputtering of a tantalum-titanium binary system under varying process
conditions and their relationship with the structure of the layers formed during vacuum
ion-plasma production of layered metal composite materials.

2. Materials and Methods

In this work, the creation of layered composite materials of various nature was carried
out using ion-vacuum technologies by forming surface layers of tantalum and titanium on
various substrates (base material) using a DC magnetron in an argon gas environment at a
Torr International facility (New Windsor, NY, USA).

The use of magnetron sputtering to create surface layers makes it possible to avoid
overheating of the substrate by bombarding electrons due to their retention at the sputtered
target, which is extremely important for substrate materials with low melting temperatures
or a phase structure sensitive to temperature changes, such as, for example, in superelastic
titanium alloys: heat treatment makes it possible to change static properties and cyclic
loading under operating conditions with a broad diapason of deformations and is essential
for the stabilization of properties, creation and successful application of the product.

The formation of a new surface of a mixed composition on the substrate was carried
out in two ways: sequential deposition of a layer from one metal onto a layer from another
and simultaneous deposition of both metals. To test the sputtering modes before obtaining
composite materials with a mixed surface, surface layers of tantalum or titanium were
deposited in the form of separate single layers.

Disks made of chemically pure tantalum, titanium, or a bicomponent structure were
used as a sputtered target. As a basis for the composites, plates made of titanium alloys
TiNi, TiNbMo, TiNbZr, steel, copper, titanium, etc., 10 mm × 10 mm × 0.5 mm in size,
were used. The plates were treated with abrasive sandpaper (grit from 400 to 800) and
polished (to a mirror surface) with the addition of diamond suspensions with a particle
size of 3, 1 and 0.05 microns to remove flat dents and defects. The depth of surface defects
after treatment did not exceed 1 μm. Substrates made of steel, copper and glass/SiO2 are
of interest as a basis for the production of functional materials for a broad diapason of
applications (electronics, optics, structural materials, etc.), and superelastic titanium alloys
in medicine. For cleaning, activation and polishing, the substrate surface was bombarded
with argon ions at U = 900 V and I = 80 mA prior to deposition, i.e., preliminary ion etched.

Surface layers were obtained under the following process conditions (deposition parame-
ters): (1) current I ~ 400–1100 mA, voltage U ~ 360–700 V (power supply power ≈ 135–600 W);
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(2) deposition time from 5 to 120 min; (3) deposition distance (distance from the target to
the substrate) 40–250 mm. The temperature on the substrate surface did not exceed 150◦C. The
working and residual pressures in the vacuum chamber were ~0.4 and 4 × 10−4 Pa, respectively.

Morphology, type of destruction during mechanical tests and layer-by-layer elemental
composition (including using transverse sections) of the surface of materials were studied
using a scanning electron microscope TESCAN VEGA II SBU (TESCAN, Brno, Czech Re-
public) equipped with an attachment for energy-dispersive analysis INCA Energy (Oxford
Instruments, High Wycombe, UK), a JAMP-9500F Auger electron spectrometer (JEOL,
Tokyo, Japan) in combination with ion etching under argon bombardment at an angle of
30◦, and a GDS 850 A glow-discharge atomic emission spectrometer (Leco, St Joseph, MI,
USA) with a high-frequency alternating current source.

X-ray diffraction patterns were obtained on ARL X′TRA (Thermo Fisher Scientific)
SARL, Ecublens, Switzerland) and UltimaIV (Rigaku, Tokyo, Japan) instruments, in CuKα

radiation in parallel beam geometry. The device was calibrated according to the standard
sample NIST SRM-1976a, the error in the position of reflections did not exceed 0.01 ◦2θ.
The crystal lattice parameter was refined by extrapolation to θ = 900 using the Nelson-Riley
method in the Origin-2017 program (OriginLab Corporation, Northampton, MA, USA), the
magnitude of the crystal lattice microdeformation of the main phase was determined using
the Williamson–Hall method in the HighScore Plus program (version 3.0.3, PANanalytical,
Almelo, the Netherlands). The quantitative content of crystalline phases was estimated
by the method of corundum numbers. Before the study, the surface of the samples was
cleaned by washing in ethyl alcohol and distilled water.

Static tests were carried out on a universal testing machine INSTRON 3382 (Instron
Corp., Norwood, MA, USA) with a stretching speed of 1 mm/min with an accuracy of the
traverse speed of ± 0.2% of the value of the set speed. The processing of test results in
determining the characteristics of mechanical properties was carried out in accordance with
GOST RF standard 10446-80 (ISO 6892-1:2019(E)) using INSTRON Bluehill 2.0 software.
For each experimental point, 3–5 samples were tested. The values of yield strength, tensile
strength, relative elongation and Young’s modulus were determined.

3. Results and Discussion

In general, identical results were obtained when studying the composition of the
obtained surface monolayers: the upper surface layer is enriched with oxygen to a depth of
20 nm due to active surface adsorption; the deeper layer consisted only of the deposited
element; between it and the substrate there was a transition layer (containing elements of
both the substrate and the deposited substance), which was also enriched with oxygen.
Depending on the deposition parameters of several successive layers, regularities were
obtained identical to those of the single layer’s formation, and transition zones were
also observed between the layers of deposited metals (Figure 1). Even when using a
titanium alloy substrate, regions of layer-by-layer deposition of titanium (without other
alloy elements) and tantalum can be noted on the results of the energy-dispersive analysis
of a multilayer composite material (Figure 2).

The generation of the transition layer can be considered as a result of magnetron
sputtering, when sputtered particles both condense on the substrate surface, and ap-
proach it with some additional energy, and their contact leads to a number of particle
interactions [60,61]: “driving in” of sputtered atoms and ions, their “knocking out” (inter-
action can be elastic and inelastic, with or without energy transfer) and re-deposition or,
conversely, the surface particles penetration (both the substrate and previously deposited
sputtered elements) into the substrate subsurface structure, the formation of radiation
defects stimulated mutual diffusion of the substrate elements and of the deposited layer
atoms at their interface, etc. This means that the particles brought into the mobilized state
(the deposited substance and the area of the substrate surface), repeatedly colliding and
chaotically moving on the substrate surface or near it, are constantly mixed. Ultimately, the
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surface area is so saturated with the sprayed substance that its interaction with new flows
of atoms and ions leads to the formation of a pure surface layer of the composite.

Figure 1. Surface layered chemical composition of the composite material with tantalum and titanium
surface layers created for 30 min at 865 mA and 400 V with a distance of 150 mm, on a glass substrate.

Figure 2. Results of energy-dispersive analysis of a multilayer composite material with tantalum
and titanium surface layers created in 30 min at 400 V and 865 mA with a distance of 150 mm, on a
TiNbMo base.

The relief of the newly formed surface repeats the surface morphology of the substrate,
regardless of the deposition conditions. When applying tantalum to the titanium sublayer,
an additional roughness smoothing of the surface is observed (Figure 3). However, at
short distances, dotty deepening surface microdefects appear (Figure 4), resembling ion
implantation [62], which correlate with a higher flow of spray substance reaching the
surface of the substrate compared with longer distances.
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Figure 3. Morphology of a composite material surface with (a) a titanium surface layer created in
30 min at 400 V and865 mA, with a distance of 250 mm, on a glass substrate and (b) a tantalum
surface layer sputtered on the surface A at the same conditions.

 

Figure 4. Morphology of the Ta-TiNbZr composite material created in 20 min at a distance of 40 mm.

With an increase in the distance, other conditions being equal, on the one hand, the
thickness of the deposited zones diminishes (Figure 5), since more of the sprayed substance
diverge to the sides from the main sputtering axis without hitting the substrate; on the other
hand, the transition zone thickness rises, which may be due to the higher flux density of the
sprayed material particles at a smaller distances, faster and evenly settling on the interface
and less penetrating into the base material. The summary layers thickness practically does
not change at a distance of 80–150 mm and decreases at a greater distance. As the existence
of a significant transition zone is a presumed cause for high adhesion of the newly deposited
surface to the base material, and this surface must be adapted to the mechanical behavior
of the substrate, and taking into account surface microdefects at short length between the
substrate and the sputtered target, distances within 100–150 mm are more optimal.

Figure 5. Dependence of the formed layers thickness on distance during magnetron sputtering of
tantalum for 30 min at 400 V and 865 mA.
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With increasing deposition time an almost linear growth in the thickness of both the
surface and transition layers is observed, and the transition zone formed approximately
2 times slower than the surface one. For example (Figure 6), under conditions of 865 mA
and 400 V, deposition distance of 200 mm, the growth rate the tantalum surface layer was
about 28 nm per minute, and the transition layer was about 15 nm per minute. However,
there was a significant difference in that the transition zone stopped growing after about
300 nm, and it can be assumed that the transition layer is saturated. Thus, at a deposition
time of 30 minutes, the maximum possible transition layer (0.3 μm) and a surface layer of
about 0.9 μm were formed under the given conditions, which correspond to the previously
selected optimal conditions when changing the distance. The pattern was preserved under
all conditions and materials used.

Figure 6. Dependence of layer thickness on time for a composite obtained at 400 V, 865 mA at a
distance of 200 mm.

At the beginning of the formation of the new surface zone, the particles of the deposited
substance, overcoming the spraying distance, colliding with working gas atoms and ions,
with each other and with the new surface of the substrate, do not end up in each surface
section at the same time and at first interact with it randomly and irregularly Thereafter
(with an increase in the spraying time, and hence the time of exposure to the surface),
the particles kept colliding and mixing, trying to take an energetically more favorable
state and position, leading to a more uniform distribution of the precipitated substance on
the surface. The selected value of the operating pressure for the surface layer deposition
of ≈ 0.4 Pa, according to the literature data, promotes the formation of strong films of
a crystalline structure with low surface roughness and high density [55,58,59,63]. The
continuous interaction of the mobilized particles of the target and the substrate contributes
to the fact that, when the layer thickness reached 300 nm in this work, the islands were
already smoothed out.

The total thickness value of the surface and transition layers increased almost linearly
with increasing deposition power. Thus, when titanium was deposited on any substrate at
the deposition distance 150 mm, for 30 min, in the deposition power range of 0–350 W, the
average increase in the thickness of the surface layer was 2.61 nm/W, and the transition
layer was 0.725 nm/W (Figure 7). An increase in their thickness may be associated with
an increased target sputtering rate. The effect of a further increase in power (up to 500 W)
was slightly less, which may be caused by the compaction of the near-surface zone and the
reduction in the time for transition layer creation with an increase in the deposited material
flux density and energy, but at the same time, the target consumption of the target and the
possibility of contamination of the composite surface increased, including by-elements of
the stainless steel vacuum chamber walls, which can be etched by high-energy particles;
it is also possible to spray the newly formed surface with high-energy particles of the
deposited flow.

78



Coatings 2023, 13, 114

Figure 7. Dependence of layer thickness on power for a composite obtained for 30 min of tantalum
sputtering at a distance of 150 mm.

It was noted that with equal sputtering–deposition parameters, the layer growth rates
for tantalum and titanium are the same. For example, this is shown in Figure 1, where
tantalum and titanium layers obtained with the same parameters are identical in thickness,
which is in good agreement with the literature data, for example, with ref. [44].

With the simultaneous deposition of tantalum and titanium, composite materials
"oxy nitride layer (the area at the very boundary of the solid body with the surrounding
gaseous medium, free from substrate elements, where the content of titanium or tantalum
is not at a maximum, about 10 nm thick)—a surface layer of tantalum with titanium–a
transition layer containing elements of the surface and the base–the base" were obtained
(Figures 8–10). The general regularity of the change in the in composition with depth of the
obtained composites is approximately the same. Depending on the deposition parameters,
regularities were obtained identical to the regularities of the formation of single layers of
individual elements.

Figure 8. Layered composition of the surface of a composite material with a tantalum–titanium
surface layer created in 30 min at 400 V and 865 mA with a distance of 250 mm, on a TiNbMo substrate.
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Figure 9. Layered composition of the surface of a composite material with a tantalum–titanium
surface layer created in 30 min at 400 V and 865 mA with a distance of 150 mm, on a TiNbMo substrate.

Figure 10. Layered composition of the surface of a composite material with a tantalum–titanium
surface layer, created in 30 min at 400 V and 865 mA with a distance of 150 mm, on an
aluminum substrate.

The results of element mapping in a transverse section (Figures 11–13) are in good
agreement with the layer-by-layer analysis of the chemical composition of the surface. The
surface layer of the mixed composition clearly stands out on the substrate of both foreign
material (aluminum) and titanium alloy. When mapping surface elements, a uniform
distribution of deposited metals without the formation of clusters can be noted, and a
visual decrease in the contribution of the substrate can be seen when the layer thickness
increased from 0.4 to 0.9 μm (Figures 14–16).
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Figure 11. Distribution of elements in a cross section of a composite material with a tantalum–titanium
surface layer, created in 30 min at 400 V and 865 mA with a distance of 250 mm (the thickness is
0.4 μm), on an aluminum substrate.

Figure 12. Distribution of elements in a cross section of a composite material with a tantalum–titanium
surface layer, created in 30 min at 400 V and 865 mA with a distance of 150 mm (the thickness is
0.9 μm), on an aluminum substrate.
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Figure 13. Distribution of elements in a cross section of a composite material with a tantalum–
titanium surface layer created in 30 min at 400 V and 865 mA with a distance of 150 mm (the thickness
is 0.9 μm), on a TiNbMo substrate.

Figure 14. Distribution of elements in the surface of a composite material with a tantalum–titanium
surface layer, created in 30 min at 400 V and 865 mA with a distance of 250 mm (the thickness is
0.4 μm), on an aluminum substrate.
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Figure 15. Distribution of elements in the surface of a composite material with a tantalum–titanium
surface layer, created in 30 min at 400 V and 865 mA with a distance of 150 mm (the thickness is
0.9 μm), on an aluminum substrate.

Figure 16. Distribution of elements in the surface of a composite material with a tantalum–titanium
surface layer, created in 30 min at 400 V and 865 mA with a distance of 150 mm (the thickness is
0.9 μm), on a TiNbMo substrate.
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In the case of X-ray phase analysis of a titanium surface layer, regardless of its thick-
ness, production parameters and the nature of the underlying substrate, only the beta
phase (cubic crystal lattice) is observed, and this composition was not identical to the cast
sputtered target phase composition (alpha). An example is shown in the Figure 17, the
main peaks correspond to the phases: Ti—Im-3m: 39◦26′, 83◦31′; B-19 NiTi—21/m(11):
21◦46′, 36◦18′, 39◦26′, 40◦45′, 43◦8′, 44◦17′, 45◦8′, 46◦51′, 56◦43′, 83◦31′; R NiTi—P-3(147):
39◦26′, 44◦34′, 45◦8′, 46◦51′, 78◦9′, 79◦46′, 93◦36′.

Figure 17. Sample with TiNi base and Ti surface layer created in 30 min, at 400 V and 865 mA with a
distance of 150 mm.

When creating thin tantalum films and layers, as noted in the literature, its formation
in both beta and alpha states is possible [51–59,63–73]. At the same time, several theories
have been developed for the formation of tantalum in one or another phase state, mainly
related to temperature and pressure (which determine the motility and energy of atoms)
and the substrate composition and surface condition. However, different authors often
come to conflicting results.

According to our previous studies [74,75], regardless of the deposition conditions, the
beta phase of tantalum is first formed, and alpha-tantalum is deposited on it (which is
presumably due to the oxygen presence in the surface of all substrates), as in ref. [56], where,
however, this was associated with a significant heating of the surface (more than 350 ◦C).

It was observed that tantalum in alpha state is created at temperature above 400 ◦C,
which contributes to an increase in the mobility of the deposited atoms: either during
initially heating of the substrate or annealing following deposition (when the obtained
beta phase turns into alpha Ta) [56,63,67]. However, at the temperature range from 400
to 500 ◦C the beta tantalum was also obtained [63,67], while α was formed even without
heating [54,57]. It was indicated that with increasing temperature, the grain size, the
amount of surface layer impurities, and its amorphism decrease.

A high oxygen content in the working atmosphere in [58] leads to the rapid creation
of oxides causing the creation of a beta tantalum layer, while in ref. [57] the oxygen
environment did not interfere with the creation tantalum alpha phase. When deposited on
glass and silicon substrates, a pressure of 0.5 ± 0.7 Pa in Refs [55,58,59] led to the formation
of α-Ta and at lower or higher pressure, β-Ta; however, in ref. [57], the α phase was already
formed at 0.28 Pa, and in [59], the alpha tantalum creation also occurred at pressures of
0.3 and 1.4 Pa.

Being the zone of nucleation of a new surface, the base substrate surface determines the
new structure creation nature. It has been noted that beta tantalum is formed on amorphous
surfaces containing carbon or oxygen (the inartificial state of glass or titanium and alu-
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minum in an oxygen atmosphere), whereas, for example, on titanium without natural oxide,
on previously deposited α-Ta or TaN alpha tantalum is formed [52,54,56,59]. Additionally,
it was pointed out that (110) phase is the lowest energy lattice for bcc materials and causes
the formation of the same structure on itself, and α-Ta (110) is the thermodynamically most
stable phase.

In an oxygen-free environment, beta and alpha titanium formed, respectively, and on
glass and silicon, α-Ta formed [54]. Beta titanium and alpha tantalum have a similar type of
crystal lattice (110); the α-Ti lattice parameters match with the parameters of the hexagonal
lattice composed of atoms of the nearest α-Ta planes. In these two cases, titanium grains can
serve as the nucleation core for Ta crystallites. The amorphous oxide layer differs too much
in structure from the α-Ta crystal lattice and this difference leads to the formation of β-Ta.

Thus, in this work, we expected to see a modification of tantalum.
In this work, if a Ta surface layer deposited on titanium, after prolonged ion etching

(i.e. without an oxygen-containing surface) and without it, a lot of alpha and beta tantalum
peaks are recorded, which corresponds to different crystal orientations: beta (002, 410,
202, 004, 513, 333, 404, etc.), alpha (110, 211, and 220), i.e., a strongly textured structure is
formed, regardless of the substrate surface. Example is shown in Figure 18, the main peaks
correspond to the phases: Ti-beta, Im-3m: 38◦28′, 69◦55′, 121◦22′; Ta-alpha, Im-3m: 38◦28′,
69◦55′, 121◦22′; Ta- beta, hP2/1: 33◦42′, 69◦55′, 121◦22′; Ta-beta, tP30/17: 33◦42′, 38◦28′,
69◦55′, 121◦22′).

Figure 18. X-ray patterns of samples of a multilayer composite material with tantalum on titanium
surface layers created in 30 min, at 400 V and 865 mA with a distance of 250 mm, on a glass substrate.

X-ray phase studies suggest that even at small thicknesses of the surface layer, the
co-deposition of tantalum and titanium contributes to the formation of a single tantalum
phase, alpha. In Figure 19 the main peak on the X-ray corresponds to the substrate due to
averaging over the entire depth of analysis, corresponding to a mixture of alpha titanium
(hexagonal lattice) and beta, the surface peaks correspond to the TiTa (cubic), beta Ti (cubic,
typical for magnetron deposition according to previous studies) and alpha Ta (cubic) (i.e.,
the main angles in the figure correspond to Ti-alpha, P63-mmc: 35◦6′, 38◦32′, 40◦8′, 53◦,
63◦40′, 70◦32′, 76◦34′, 82◦36′, Ta-alpha, Im-3m: 38◦32′, 56◦24′, 70◦32′, 82◦36′, 96◦34′, TiTa,
Im-3m: 35◦6′, 36◦16′, 38◦32′, 56◦24′, 70◦32′, 82◦36′, 96◦34′, Ti-beta, Im-3m: 38◦32′, 56◦24′,
70◦32′, 82◦36′, 96◦34′), while, as previously discussed, beta-Ti and alpha-Ta have a similar
type of crystal lattice (110), and the parameters of the alpha-Ti lattice coincide with the
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parameters of the hexagonal lattice composed of atoms of the nearest alpha-Ta planes,
which determine the only possible option for the development of tantalum crystallite. If
the deposition occurs on a substrate of a different nature (Figure 20, on aluminum), we
also observe the main peak from the substrate, and, on the surface, a mixture of alpha
tantalum, beta titanium and TiTa (the main angles correspond to Al, Fm-3m: 38◦28′, 44◦38′,
65◦12′, 78◦, TiTa, Im-3m: 38◦28′, 56◦6′, 70◦, 82◦34′, 96◦19′, Ta-alpha, Im-3m: 38◦28′, 56◦6′,
70◦, 82◦34′, 96◦19′, and Ti-beta, Im-3m: 38◦28′, 56◦6′, 70◦, 82◦34′, 96◦19′).

Figure 19. TiNbZr sample after magnetron sputtering of a Ta–Ti target created in 30 min, at 400 V
and 865 mA with a distance of 250 mm.

Figure 20. Al sample after magnetron sputtering of a Ta–Ti target created in 30 min, at 400 V and
865 mA with a distance of 250 mm.

Carrying out irradiation of the substrate surface with argon ions before layer de-
position not only to cleaning the surface from impurities, but also to fine polishing and
activation of this surface, which ensures the formation of a stable transition layer.

The results of studying the mechanical properties of composites with titanium and
tantalum–titanium surface layers and a titanium alloy base are shown in Table 1.
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Table 1. Mechanical properties of Ti-Nb-Zr wire after surface treatment and composite material based
on it.

No. Sample Rel. ext. Yield Strength (MPa)
Tensile

Strength (MPa)
Load (kgf)

Young’s
Modulus (GPa)

1 Ti-Nb-Zr 3.05 583.68 671.58 44.58 27.571
2 Ti-Nb-Zr–Ti, 30 min 3.21 419.79 579.43 47.19 25.675
3 Ti-Nb-Zr–Ti–Ta, 30 min 3.65 448.75 619.67 45.42 23.278
4 Ti-Nb-Zr–Ta/Ti, 30 min 3.67 451.24 618.72 47.12 22.589

Based on the data obtained, it can be concluded that the elongation increases as the
surface layers are deposited and thickened by the magnetron deposition method, while the
strength and Young’s modulus decrease slightly, and the additional deposition of tantalum
increases all indicators.

4. Conclusions

The patterns of formation of layered composite materials with a surface metal layer
of a bicomponent composition (Ta/Ti) using a complex vacuum technology, including
magnetron sputtering, with varying process conditions, including options for supplying
elemental fluxes (in series and in parallel, from one source when using a target of mixed
composition) were studied.

An almost linear increase in the thickness of both the surface and transition layers was
observed with increasing deposition time, and the transition zone was formed approxi-
mately two times slower than the surface one and stopped growing after reaching about
300 nm. The total thickness of the surface and transition layers increased almost linearly
with increasing power, but after some power critical value the growth rate decreased. With
equal sputtering–deposition parameters, the layer growth rates for tantalum and titanium
were the same.

In the case of a sample with a Ta surface layer deposited on titanium, a strongly
textured mixture of alpha and beta phases was observed, which was insignificantly related
to the initial structure of the substrate and the underlying layer. However, even at small
thicknesses of the surface layer, the joint deposition of tantalum and titanium contributed
to the formation of a single tantalum phase, alpha.

The elongation increased as the surface layers were deposited and thickened, while
the strength and Young’s modulus decreased slightly, and the additional deposition of
tantalum on titanium improved everything.

The results of the works carried out using vacuum technologies and modern methods
for studying materials have prospects for use in various fields of science and technology
(medicine, electronics, optics, structural materials, etc.).
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Abstract: Ruthenium N719 is a well-known material used as the dye in commercial dye-sensitized
solar cell (DSSC) devices. However, it poses risks to human health and the environment over time. On
the other hand, titanium dioxide (TiO2) has low electron mobility and high recombination losses when
used as a photoanode in this photovoltaic technology device. In addition, using Ruthenium as the
dye material harms the environment and human health. As an alternative sensitizer to compensate
Ruthenium on two different photoanodes (TiO2 and ZnO), we constructed DSSC devices in this study
using three different natural dyes (blueberry, pomegranate, and black grape). In good agreement with
the anthocyanin content in the fruits, black grape, with the highest anthocyanin content (450.3 mg/L)
compared to other fruit dyes (blueberry—386.6 mg/L and pomegranate—450.3 mg/L), resulted in
the highest energy conversion efficiency (3.63%) for the natural dye-based DSSC. Furthermore, this
research proved that the electrical performance of natural dye sensitizer in DSSC applications with a
ZnO photoanode is better than using hazardous Ru N719 dye with a TiO2 photoanode owing to the
advantage of high electron mobility in ZnO.

Keywords: dye-sensitized solar cells; natural dye; zinc oxide; titanium oxide; anthocyanin;
renewable energy; solar cells

1. Introduction

The third generation of solar cell technology, known as the dye-sensitized solar cell
(DSSC) or Gratzel Cell, uses the photovoltaic effect to turn solar energy (photons) into
electricity [1]. Due to its low cost of production, straightforward fabrication method,
and efficiency performance comparable to other photovoltaic technology devices, this
cell has attracted much research since Gratzel and O’Regan first developed it in 1991 [2].
Resembling the photosynthesis process, in DSSC, a dye that serves as the absorber layer
(such as chlorophyll) absorbs photons and excites the electrons in the valence band to the
conduction band. The electrons are then transferred from the conduction band to the outer
circuit via metal oxide material, and a redox process completes the circuit at the counter
electrode [3].

DSSC is a sandwich cell, as shown in Figure 1, that consists of ITO-coated glass
as the electrodes and mechanical support [4], a wide bandgap mesoporous oxide layer
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photoanode [5] that serves to anchor the molecules of the dye sensitizer and acts as an
electron transport medium, a dye which responsible for absorption of solar radiation for
electron generation [6], and an electrolyte based on iodide/triiodide redox system between
photosensitized photoanode and transparent conducting counter electrode [7]. Technically,
the DSSC’s working principle can be simplified into the following [5];

Figure 1. An electrical and chemical reaction in a DSSC structure during photon absorption.

A dye molecule (S) is struck by photon energy (hv), which causes it to enter the excited
state (S*).

S + hv → S∗ (1)

When an electron escapes from a dye molecule and enters a photoanode nanostructure,
the molecule develops a hole (S+).

S∗ → S+ + e− (2)

The redox system regenerates the dye molecule.

S+ + I− → S + I−3 (3)

Electrons passing through the load regenerate the redox couple at the counter electrode.

I−3 + 2e− → 3I− (4)

The process will repeat in the presence of sunlight.
The commercialized DSSC utilizes TiO2 and metal complex N719, Ruthenium (Ru),

as the photoanode and dye sensitizer. Due to their advantageous photoelectrochemical
characteristics and great stability in the oxidized state, ruthenium complexes have attracted
particular interest as photosensitizers in DSSC applications [8]. Modern DSSCs with
ruthenium (II)- polypyridyl complexes (N719) as the active materials currently have total
power conversion efficiencies of about 11% under AM1.5G light conditions [9]. Besides
the extensive range of absorption from the visible to the near-infrared (NIR) spectrum,
careful study of the HOMO and LUMO energy levels can be used to adjust the ruthenium
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polypyridyl complexes’ absorption spectra, which may increase the performance of the
cell [10].

Unfortunately, besides the advantages listed above, the DSSC structure developed
using TiO2 and Ru N719 have drawbacks that impact the device’s performance and are
carcinogenic. TiO2 has low electron mobility (0.1–4 cm2V−1s−1) [11], which causes the
DSSC to have a high recombination rate [12]. This limitation of TiO2 reduces the number of
carriers transported to the front contact and disturbs the overall cell efficiency performance.
The red line in Figure 1 shows the electron recombination process phenomena, which results
in a loss in energy conversion efficiency; it occurs when the electrons in the TiO2 structure
recombine with the oxidized dye molecules and electrolyte rather than being transported
to the anode and cathode terminals. In addition, because the TiO2 phase is metastable
and can change into either brookite, anatase, or rutile under specific conditions such as
temperature, the nanostructure of TiO2 is also restricted to being synthesized [13]. Ru, on
the other hand, is a high-cost material [14], rare [15], and complex to be synthesized [16].
Worryingly, Ru sensitizer material has been reported as toxic and carcinogenic, harming
human health [17]. It has been reported that the basic requirements for a good sensitizer
are (a) a strong dye attached to a semiconductor material, (b) a broad absorption spectrum,
and (c) being able to inject the electron into semiconductor materials [18].

In this work, we explored the possibility of using ZnO, which has higher electron
mobility compared to TiO2, as the photoanode for the test cells using three different organic
dyes: Cyanococcus (Blueberry), Punica granatum L. (Pomegranate), and Vitis vinifera (Black
Grape). Organic dyes were synthesized using chemical mixing, and the doctor blade
technique was used to layer the photoanode material on the front contact of the respective
devices. The properties of the photoanodes (morphology and phase) and the electrical
performance of the DSSC devices with various photoanode materials and dyes used were
reviewed, measured, and studied. Our previous study on natural pigments shows that
photosensitizer dyes [19] such as chlorophyll, anthocyanin, and betalain extracted from
various plants’ leaves, flowers, and fruits have proved their efficacy as a good dye selection
for organic-based DSSCs.

2. Materials and Methods

2.1. Preparation of TiO2 and ZnO Photoanode

Two transparent conductive oxide (TCO) coated glasses were cleaned as in [20]. Fol-
lowing this, 1 g of 99% anatase TiO2 powder and 1.5 mL of acetic acid solution (0.1 M) were
combined in a pestle and mortar to create the TiO2 solution. A solution of 0.1 M acetic
acid was prepared beforehand by mixing 10 mL of deionized water with 58 μL of 99.99%
acetic acid. A white soupy solution was then obtained by stirring the acetic acid solution
and photoanode powder together. In the other pestle and mortar, 1 g of ZnO powder
(98%) with 6 mL of ethanolic solution (0.01 M) and 0.5 mL of nitric acid solution (0.1 M)
were mixed, creating a ZnO photoanode soupy solution. Ethanolic 0.01 M solutions were
prepared beforehand by mixing absolute ethanol with DI water in a ratio of 7:3 to prevent
photoanode paste from drying before applying it to the ITO-coated glass. Meanwhile, the
0.1 M nitric acid solution comprised 137 μL of 65% nitric acid base and 20 mL of DI water.

TiO2 and ZnO photoanodes were prepared using the doctor blade technique with
a 1.0 × 1.5 cm2 active area on the conductive side of the ITO-coated glass, as shown in
Figure 2. The deposited photoanode material was then annealed for 1 h at 450 ◦C in the
ambient condition furnace.

93



Coatings 2022, 12, 1781

Figure 2. Photoanode semiconductor material deposition using the doctor blade method.

2.2. Preparation of Dye Sensitizers & Dye Coating Process

Due to the different environments and facilities of the laboratory where the DSSCs
were fabricated, the efficiency of conventional DSSCs obtained in this study may differ
from the literature. In order to determine the effect of photoanode and dye variations
on the theoretical support hypothesis, a baseline cell of TiO2 with Ruthenium (Ru N719)
dyes was constructed prior to the implementation of any improvements for comparison
and justification. Ru N719 dye was prepared as [20] for the baseline sample. Natural dye
extracts from blueberry, black grape, and pomegranate were then prepared by crushing
50 g of selected fruits using a mortar. The extracts were filtered and diluted in 20 mL of
ethanol and the solutions in Figure 3 were obtained. According to previous research [21],
the presence of ethanol in the dye solution can stabilize the acidity of the fruit dyes to
prevent the photoanode from dissolving, which could reduce the DSSC’s ability to convert
sunlight into energy.

Figure 3. (a) black grape; (b) pomegranate, and (c) blueberry dye solutions.

As shown in Figure 4, the prepared photoanodes were immersed in the dye solution
for two hours in a sealed petri dish.

94



Coatings 2022, 12, 1781

 

Figure 4. Photoanode dye coating process in dark ambient.

The longer time taken for this step may cause peel-off at the photoanode layer due to
the acidity factor in the dyes. The samples were placed in a dark, enclosed area in a sealed
petri dish covered in aluminum foil. Figure 5 shows the working electrode (photoanode)
before and after the dye soaking process.

Figure 5. The working electrode (a) before the dye soaking process and (b) after 2 h of the dye
coating process.

2.3. Preparation of Counter Electrode

On the ITO-coated glass, two holes with diameters of 1 mm and 0.5 mm were drilled.
The 1-mm-size hole was created as the route for the electrolyte injection because the final
DSSC will be sealed at the edge to prevent air from reducing the efficiency of the cell. The
0.5 mm hole served as a passageway for the trapped air in the DSSC structure to exit so that
the electrolyte solution could fill the space between the two electrodes. Using the candle
soot, the carbon layer with 1.0 × 1.5 cm2 active area was deposited on the ITO-coated
glass’s conductive side Finally, the excess carbon layer was rubbed using a cotton bud.
Figure 6 shows the counter electrode’s final product.
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Figure 6. Carbon-coated counter electrode.

2.4. Dye-Sensitized Solar Cells (DSSC) Assembly

DSSC was constructed by sandwiching a photoanode that was soaked in the dye with
the counter electrode sealed with parafilm at the side (heated at 80 ◦C for 30 s with 500 g
force applied on it to ensure that the DSSC was completely sealed). A potassium iodide
(KI) solution that acts as an electrolyte was dropped into the sample through the hole at
the counter electrode. The hole was then sealed by using scotch tape. The sample was
then cooled at room temperature. This step is very important to prevent the electrolyte
from leaking.

The electrical properties and energy conversion efficiency of the constructed DSSC
were examined using a solar simulator (Keithley SMU 2450, Keithley, Tektronix, Beaverton,
OR, USA). The DSSC was subjected to 1000 W/m2 of light produced by a xenon lamp
power supply (XPS-1600, Solar Light Inc., Glenside, PA, USA), simulating actual solar
energy during the electrical testing. The current density–voltage (J–V) characteristics can
be used to determine energy conversion efficiency. The efficiency of a solar cell is calculated
from Equation (5) [22], where Pin is the input power from the sun at AM1.5G with a value
of 1000 W/m2. This mathematical relation shows that Jsc, Voc, and FF are the three most
important indicators that affect the output performance of a photovoltaic cell.

η =
Jsc × Voc × FF

Pin
=

Jsc × Voc × FF
Imax × Vmax

(5)

where
η = efficiency
Jsc = short circuit current
Voc = open circuit voltage
FF = fill factor
Pin = input power
Imax = maximum current
Vmax = maximum voltage
The factors affecting the energy conversion efficiency of the DSSC were examined

through the crystallite size and structure of the photoanode, which were seen using an X-ray
diffraction instrument (D2 Phaser, Bruker Ltd., Billerica, MA, USA). A scanning electron
microscope (SEM, JOEL JSM-6010LV, JOEL Ltd., Tokyo, Japan) was also used to examine
the surface morphology of each synthesized photoanode. ImageJ was used to determine
the average particle size. The ability of the natural fruit dyes from blueberry, pomegranate,
and black grape to absorb light was investigated using UV-visible spectroscopy (Lambda
950, Perkin Elmer, Inc., Waltham, MA, USA).

3. Results and Discussions

Based on the electrical performance testing for the laboratory baseline cell, the TiO2-
based photoanode with inorganic Ru N719 dye recorded 1.31% compared to 2.22% for the
ZnO-based photoanode DSSC with the same dye, as stated in Table 1. Compared to our
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previous research in [20], 2 h of soaking time for the photoanode in the Ru N719 dye in
this work has improved the electrical performance of both the TiO2 and ZnO photoanode.
TiO2-based photoanode DSSC portrayed better Jsc and a slightly higher fill factor than ZnO-
based DSSC. However, in contrast, the ZnO photoanode shows a significant increment in
Voc, leading to better efficiency.

Table 1. Electrical performance for the TiO2 and ZnO Baseline Cell with Ru N719 dye.

Dye Photoanode Jsc (mA/cm2) Voc (V) Fill Factor (FF) η (%)

Ru N719
TiO2 7.47 0.36 0.59 1.31
ZnO 5.18 0.79 0.54 2.22

The average crystallite size for TiO2 and ZnO calculated using the Scherrer equation
based on XRD evaluation were 18.76 nm and 19.30 nm, respectively. These findings
validated that the ZnO photoanode measured energy conversion efficiency, which was
69.5% better than the TiO2 photoanode containing Ru N719 dye.

The ZnO photoanode’s magnificent improvement can be attributed to the morpho-
logical features in the photoanode layer, according to the results of the XRD analysis and
SEM surface morphology identification in our earlier work. The ZnO photoanode layer’s
rectangular nanostructures, as seen in Figure 7, have a lot of surface area for the dye to
adhere to, enabling the DSSC to absorb more energy [23].

Figure 7. Surface morphology of SEM for (a) TiO2 and (b) ZnO [20].

Furthermore, the larger ZnO photoanode structure, which consists of rectangular-
shaped nanostructures, eventually creates a light-scattering layer and aids in enhancing the
DSSC’s capacity to harvest energy by reflecting light that passes through the photoanode
layer so that the dye molecules can reabsorb it, as demonstrated by the analogy in Figure 8.
This finding is well-concordant with earlier research [24].

The higher energy conversion efficiency of the ZnO photoanode is also supported by the
material’s chemical characteristics, which include high electron mobility (200 cm2V−1s−1) and
large free excitation binding energy (60 meV) [25]. Thus, it was proved that ZnO has a higher
energy conversion efficiency for a semiconductor photoanode than a TiO2 photoanode.
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Figure 8. Light scattering effect on large particle size semiconductor photoanode material.

The electrical performance of DSSCs using various natural fruit dyes containing
anthocyanin pigments is summarized in Table 2. The highest energy conversion efficiency
for natural dye-based DSSC is found in the ZnO photoanode-based device with black grape
dye (3.63%). We can observe that for all organic dyes, most ZnO-based DSSC was reported
to give higher Voc than TiO2-based DSSC. These findings are consistent with the hypothesis
that materials with higher bandgap values have higher Voc values, as in Equation (6) [26],
which may be associated with slower recombination and better electron collection. This
argument is backed by the characteristics of ZnO material, which is known to have better
electron mobility than TiO2 material, which further enhances electron transport and makes
charge carrier separation easier. Different organic dyes used do not seem to affect Voc
significantly, but different photoanodes do.

qVOC =

(
1 − T

Tsun

)
− kT

[
ln
(

Ωemit
Ωsun

)
+ ln

(
4n2

I

)
− ln(QE)

]
(6)

Table 2. Electrical performance of the constructed DSSC using various photoanodes and dye types.

Dye Photoanode Jsc (mA/cm2) Voc (V) FF η (%)

Blueberry TiO2 0.82 1.18 0.40 0.39
ZnO 7.12 0.79 0.50 2.81

Pomegranate TiO2 5.86 0.35 0.45 0.93
ZnO 7.12 0.71 0.60 3.03

Black grape TiO2 6.69 0.52 0.30 1.05
ZnO 9.72 0.73 0.51 3.63

In order to study the separation efficiency of photogenerated electrons and holes, a
room temperature photoluminescence (PL) spectroscopy evaluation of the photoanodes
(and dyes) is needed, which was not covered in this work. However, it is reported that the
decrease in PL intensity indicates efficient electron-hole separation and long-lived carriers,
which may effectively reduce the recombination of electrons and holes.

The highlight of this study is the utilization of ZnO-based photoanode soaked with
different organic dye materials to see the effect and impact of the interaction between the an-
thocyanin level of the dyes (compared to the commercial Ru N719 dye) with ZnO semicon-
ductor material photoanode to the performance of DSSC. The unique, organic dye materials
selected were specifically from blueberry, pomegranate, and black grape, which—reflecting
different anthocyanin levels (with different carboxylic group content)—produced a direct
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proportional relationship between the anthocyanin content level and the electrical perfor-
mance of the DSSC. With regards to our previous review on the natural pigment absorber
material for photon absorption and efficient electrical conversion in [19], it can be seen
that the results obtained from this study are better, as Jsc = 9.72 mA/cm−2, Voc = 0.73 V,
FF = 0.51, and efficiency = 3.63%. This result is not solely contributed by the absorber
material used; the photoanode semiconductor material used as the electron transporter
also significantly contributes to this result.

Figure 9 shows the trends in the short circuit current density-open circuit voltage (Jsc-Voc)
characteristics for each tested sample. Overall, it can be concluded that all ZnO-based
photoanode cells are performing better than TiO2-based cells regardless of organic dyes
tested with more convincing J–V curve shape patterns. These results support ZnO’s role
as a photoanode with higher electron mobility properties as a better solution for electron
transport to the front contact of the device than TiO2. The shorter time for the electron
to be transported to the electrode minimizes the recombination process, thus enhancing
efficiency. Black grape recorded the highest efficiency with the best Jsc among all cells
tested compared to the other natural dyes used. As the dye is important to function as
the photon absorber and electron generator for the DSSC cell, black grape proves that a
high anthocyanin content in a material is very important for the role. The advantage of
using ZnO as a photoanode compared to TiO2 in terms of output performance also has
been proved in our previous research [20] utilizing Ru N719 dye as the sensitizer.

 

Figure 9. J–V curve for DSSCs with different types of photoanodes and dye sensitizers.

According to the trend in Figure 9, even though all DSSCs tested show a valid J–V
curve for a practical photovoltaic (PV) device compared to the best DSSC cell reported
by NREL, it has a lower fill factor, which can be seen at the area under the graph. The
efficiency loss is partly due to the increased series resistance [27]. Series resistance can be
caused by the unideal series connection of the electrodes, interfacial resistance between
electrode and TCO, and electrolyte [28]. Series resistance also can be obtained from the
following formula [29];

Rs = RTCO + RCT + Rdi f f
(

I−3
)

(7)
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where;
RTCO = substrate resistance
Rdi f f

(
I−3

)
= diffusion impedance of I−3 ions in the electrolyte

RCT = charge transfer resistance
Further work is needed to understand the detailed causes of loss due to series re-

sistance to improve future device stability. A good solar cell must have near-zero series
resistance and extremely high shunt resistance [30]. The absorption spectra of the dye
extracts made from blueberry, black grape, and pomegranate are represented in Figure 10.
The maximum absorption peaks (max) for blueberry, pomegranate, and black grape were
seen at 568 nm, 539 nm, and 537 nm, respectively, corresponding to the anthocyanin pig-
ments, which also matched the other study [31]. All anthocyanin dyes absorbed photons in
UV (~350 nm) and visible light wavelengths.

 

Figure 10. The absorption spectrum of anthocyanin fruit dyes.

The observed absorption peaks are congruent with the anthocyanin content. Black
grape dye, having the highest anthocyanin content (450.3 mg/L) [32], shows high ab-
sorption and an intense peak compared to pomegranate (409.4 mg/L) [33] and blueberry
dye (386.6 mg/L) [34]. Clearly, the trend of the TiO2 blueberry curve differs from that
of the other curves in Figures 9 and 10. This is because the blueberry dye contains less
anthocyanin than other organic dyes, which produces fewer electrons during the photon-
to-electrical conversion when the cell is illuminated by sunlight. Therefore, based on the
pattern curve, this cell has very high series resistance and very low shunt resistance. This
research showed how fruit dyes contribute to a better DSSC’s energy conversion efficiency
due to anthocyanin contents in the dye. The anthocyanin dye pigments are attached to
semiconductor photoanode structures thanks to the presence of carbonyl and hydroxyl
(COOH) group chains that serve as anchorage agents. The number of dye pigments at-
tached to the semiconductor structure will determine how much sunlight can be absorbed
by the DSSC.

The energy bandgap of the three anthocyanin fruit dyes was calculated by using
equation E = hc/λ; where h = Planck’s constant (h = 6.63 × 10−34), c = speed of light
(c = 3 × 108 ms−1), and λmax = wavelength of the maximum peak of UV–visible absorption
spectrum [35]. Table 3 summarizes the energy bandgap of the anthocyanin fruit dyes:

100



Coatings 2022, 12, 1781

blueberry (2.18 eV), pomegranate (2.30 eV), and black grape (2.32 eV). It can be observed
that λmax is inversely proportional to the energy bandgap of the anthocyanin dye. This
is because a lower Eg material encounters a thermalization issue where the excess energy
absorbed may turn into heat, leading to efficiency loss [36]. This justification supports our
observation that the electrical performance of black grape dye with Eg 2.32 eV gives an
energy conversion efficiency of 3.63% higher than blueberry and pomegranate dye.

Table 3. Energy bandgap values of blueberry, pomegranate, and black grape dye.

Dye λmax (nm) The Energy Band Gap (eV)

Blueberry 568 2.18
Pomegranate 539 2.30
Black grape 537 2.32

4. Conclusions

In this work, the performance of DSSC with organic and inorganic dyes has been
examined in relation to the use of ZnO and TiO2 as photoanodes. The ZnO photoanode
has shown excellent performance due to having a bigger average crystallite and particle
size in a rectangular shape compared to TiO2 material, which helps to provide the light
scattering layer and improves the light-harvesting ability of the DSSC. In addition, ZnO,
with the advantage of high electron mobility (200 cm2V−1s−1) and large free excitation
binding energy (60 meV), reduces the recombination loss in the cell. Based on three organic
dyes selected for this research, black grapefruit (anthocyanin content 450.3 mg/L) obtained
the highest efficiency compared to blueberry and pomegranate. Furthermore, this work
proved that power conversion efficiency is directly proportional to the anthocyanin content
level in dye material for organic dyes.

5. Patents

The following code, PI2021004374, which corresponds to Malaysia, the country of
origin of the invention, has been registered for patents resulting from the work described
in this manuscript.
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Abstract: Hollow mesoporous hydroxyapatite (HM-HAP) composites coated with titania are pre-
pared to increase the stability and catalytic performance of titania for azo dyes present in the wastew-
ater system. In this work, HM-HAP particles were first synthesized by a hydrothermal method
utilizing the CaCO3 core as a template and then coated with titania to form TiO2/HM-HAP compos-
ites. Utilizing SEM, XRD, XPS, BET, FTIR, EDS, UV–vis DRS spectroscopy, and point of zero charge
(PZC) analysis, the coating morphological and physicochemical parameters of the produced samples
were analyzed. The photocatalytic efficiency of the synthesized coated composites was assessed by
the degradation of methyl red (MR) dye in water. The results indicated that TiO2/HM-HAP particles
could efficiently photodegrade MR dye in water under UV irradiation. The 20% TiO2/HM-HAP
coating exhibited high catalytic performance, and the degradation process was followed by the
pseudo-first-order (PFO) kinetic model with a rate constant of 0.033. The effect of pH on the degrada-
tion process was also evaluated, and the maximum degradation was observed at pH 6. The analysis
of degraded MR dye products was investigated using LC-MS and FTIR analysis. Finally, a good
support material, HM-HAP for TiO2 coatings, which provides a large number of active adsorption
sites and has catalytic degradation performance for MR dye, was revealed.

Keywords: TiO2-HAP composites; hydrothermal synthesis; photodegradation; azo dye removal;
degradation kinetics; degradation mechanism

1. Introduction

The majority of dyes used in textiles, leather, cosmetics, food processing, ink, and
paper are azo dyes, which are categorized by the existence of one or more azo groups
in their chemical structure. Furthermore, 15% of the world’s manufactured dyes are lost
during synthesis and application as wastes that pose a threat to human health and the
environment because of their toxic nature [1]. A high concentration of color, suspended
particles, and COD also characterize the polluted water discharged by various industries.
Even in minute quantities, the effluents of the dyes are conspicuous and hazardous. These
contaminants severely impact water bodies and the plants and animals that depend on
them. It is commonly known that methyl red dye is used in textile industries, paper
printing, and as a pH indicator in the laboratory. However, it may create problems with the
eyes, skin, and digestive tract when swallowed or inhaled [2]. Thus, owing to the health
risks posed by dyes to human health, it is of the utmost importance to develop effective
methods for their effective removal from wastewater.

Numerous methods have been introduced for the treatment of waste, which include
chemicals such as ozonation and chlorination [3,4], physical such as adsorption [5,6] and
membrane filtration [7,8], photocatalysis [9,10], and biological treatment methods [11].
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Among them, photocatalytic technology provides a simple and inexpensive way to elimi-
nate organic and inorganic contaminants from wastewater, as photocatalytic degradation
may break down or mineralize the majority of organic pollutants. Among the many pho-
tocatalysts, titanium dioxide (TiO2) is the most widely used because of its non-toxicity,
low cost, and high photochemical stability, but the disadvantages of limited pollutant
adsorption capacity [12–15] and significant recombination of photogenerated electron–hole
pairs hinder its photocatalytic efficiency [16]. Several approaches have been implemented
to improve photocatalytic performance in an effort to address these problems.

Recent research has demonstrated the capability of TiO2-based composites to improve
photocatalytic activity. For example, Sukhadeve et al. (2023) revealed the effective degrada-
tion of methylene blue dye using Ag-Fe co-doped TiO2 nanoparticles [17]. Furthermore,
Ali et al. (2023) reviewed the catalytic activity of Ag- and Zn-doped TiO2 nano-catalysts for
the removal of methylene blue and methyl orange dyes [18]. Liza et al. (2024) conducted an
additional study that examined the impact of Ag-doping on the morphology, band gap, and
photocatalytic activity of TiO2 nanoparticles in the context of textile dye degradation [19].
Moreover, TiO2 has been implemented in a variety of applications beyond wastewater treat-
ment, including antibacterial remedies [20], protective coatings for metal prostheses [21],
and self-cleaning surfaces for air purification [22].

Recent publications have indicated that TiO2-supported materials, such as silica,
hydroxyapatite (HAP), zeolite, pure natural diatomite, and activated carbon, can provide
a large number of active adsorption sites, resulting in rapid mass transport and catalytic
processes [23–26]. Among all these supporting materials, hydroxyapatite (HAP) has been
extensively researched because of its mechanical stability, high biocompatibility, non-
toxicity, and inexpensive cost [27–30]. Hydroxyapatite (HAP) is also extensively recognized
for its applications in a variety of areas, such as the environmental, biomedical, and
industrial sectors [31,32]. HAP’s ecological friendliness is one of its most intriguing features,
as it can be produced from waste materials, rendering it a sustainable and environmentally
responsible option. Recent research has investigated the potential of HAP, which is derived
from sources of waste, such as egg shells, fly ash, and fish bones, to reduce environmental
impacts and promote sustainable practices [33–35].

Hydroxyapatite (HAP) possesses hydroxyl groups (OH) and adsorbed H2O molecules
on its surface that can interact with h+ to create hydroxyl radicals (˙OH), hence enhancing
photocatalytic efficiency. Moreover, during the photocatalytic process, the electron phase
shift of the PO4

3− groups on the HAP surface can also result in the formation of ˙O2
radicals [36]. Consequently, it is anticipated that integrating the advantages of HAP and
TiO2 will not only increase the capability of TiO2 to absorb contaminants but also reduce
the combination of photogenerated electron–hole pairs. Therefore, the use of TiO2 in
conjunction with HAP may prove to be an effective wastewater treatment method.

Prior research on TiO2/HAP composites has mainly concentrated on using rod-shaped
or quasi-spherical hydroxyapatite (HAP) structures. However, these structures often face
difficulties such as particle agglomeration and ineffective TiO2 loading [37–39]. These prob-
lems might result in a decrease in the number of active sites on the surface, which in turn
reduces the effectiveness of the composite in interacting with contaminants. Our research
presents a novel method that utilizes a template technique to create hollow mesoporous
HAP structures, which are then coated with TiO2. This innovative approach effectively
solves the issues of aggregation that are typically seen with traditional HAP forms while
also greatly improving the surface area and ease of access to the active areas inside the
composite. By employing hollow mesoporous hydroxyapatite (HAP) in this distinct mor-
phology, the effectiveness and durability of the TiO2/HAP composite for photocatalytic
and environmental purposes are significantly enhanced. This study is the first known
case of employing hollow mesoporous HAP templates for TiO2 coatings. This opens new
prospects for improving the efficiency and adaptability of composite materials in sustain-
able technologies. The unique structure of spherical hollow hydroxyapatite particles not
only prevents aggregation but also allows for a greater surface area owing to the hollow
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interior. This makes them very appropriate for coating TiO2 and conducting investigations
on photocatalysis.

In this research work, we prepared HM-HAP particles through a hydrothermal tech-
nique using the CaCO3 core as a template. The synthesized HM-HAP was then coated with
different amounts of TiO2 to form a TiO2-coated HM-HAP composite. Figure 1 shows a
schematic diagram of the TiO2/HM-HAP particle synthesis. The synthesized TiO2/HM-
HAP composites exhibited good photocatalytic activity for MR dye removal under UV light.
XRD, XPS, BET, SEM, and UV–vis DRS were used to examine the effect of TiO2 coatings on
the structural behavior of HM-HAP. The photocatalytic degradation of methyl red (MR)
dye under UV irradiation was investigated over the TiO2/HM-HAP composites. Hence,
this research paper presents results on a good support material, HM-HAP, for TiO2 coatings,
which provides a large number of adsorption sites, resulting in rapid mass transport and
catalytic processes, and finally studies the photocatalytic degradation of MR dye.

Figure 1. Schematic diagram illustrating the synthesis of TiO2/HM-HAP particles.

2. Experimental Methods

2.1. Materials

Sodium carbonate (Na2CO3), calcium nitrate (Ca(NO3)2), disodium hydrogen phos-
phate dodecahydrate (Na2HPO4·12H2O), potassium hydrogen phthalate (KHP), potassium
chloride (KCl), potassium dihydrogen phosphate (KH2PO4), sodium hydroxide (NaOH),
and hydrochloric acid (HCl) were purchased from DAMAO. Sodium poly (styrene sul-
fonate) (PSS, Mw = 70,000), methyl red (MR), and Titanium dioxide (TiO2) were purchased
from MACKLIN.

2.2. Synthesis of HM-HAP Particles

A 0.1 M solution of Na2CO3 (20 mL) was quickly mixed with a 0.1 M Ca (NO3)2
solution (20 mL) containing 150 mg of PSS under magnetic stirring (600 rpm). The solution
temperature was maintained at 30 ◦C for about 30 min. The obtained CaCO3 particles,
resulting from the quick precipitation procedure, were rinsed three times with deionized
water before being collected by centrifugation (7000 rpm, 5 min). The obtained CaCO3
particles were then added to a Na2HPO4 solution (30 mL, 0.8 M). The resultant mixture
was then placed in an autoclave of 100 mL capacity and heated at 140 ◦C for 4 h. After the
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reaction was complete, the CaCO3 core was removed by adding a few drops of acid to the
solution and stirring it for 2 h.

2.3. Synthesis of TiO2/HM-HAP Composite

The obtained materials, HM-HAP (150 mg) and titanium dioxide (TiO2), were mixed
in various amounts with butanol and agitated for one hour at 45 ◦C. The butanol was then
evaporated at 60 ◦C using a rotary evaporator. The sample was then heated for 4 h at
450 ◦C. The TiO2 was coated onto the HM-HAP at 10%, 20%, 30%, 40%, and 50%.

2.4. Characterization of TiO2/HM-HAP Composite

The material’s surface shape and size were determined using a scanning electron
microscope HITACHI-SU8220 (High-Tech corporation, Tokyo, Japan). The X-ray diffraction
(XRD) patterns were acquired using a smart lab X-ray diffractometer (XRD, Rigaku corpo-
ration, Tokyo, Japan) with Cu Kα (λ = 0.15406 nm) radiation. On a ThermoFisher—6700
(Waltham, MA, USA) FTIR spectrometer, the material’s FTIR spectrum was obtained using
the KBr pellet technique. The pore structure and specific surface area of the coated particles
were determined using a BET surface area analyzer (BSD Instrument Technology (Beijing,
China) Co., Ltd. (BSD-PS (M)) at 77 K, utilizing helium as the carrier gas at liquid nitrogen
temperature. The formation of TiO2 coatings on the HM-HAP particles was confirmed via
an energy-dispersive X-ray spectrometer-QUANTA 450 (Thermo Fisher Scientific, Waltham,
MA, USA). X-ray photoelectron spectroscopy (XPS) data were collected on a Thermo Sci-
entific photoelectron spectrometer—ESCALAB250Xi (Thermo Fisher Scientific, Winsford,
UK). UV-vis diffuse reflectance spectra (DRS) of the synthesized materials were measured
by a UV-vis spectrophotometer (Lambda 1050+, Perkin Elmer, Shanghai, China) utilizing
BaSO4 as a reference material. A spectroscopic study utilizing a UV-vis spectrophotometer
carry-100 (Agilent, Kuala Lumpur, Malaysia) was used to evaluate the absorbance of methyl
red dye throughout its photocatalytic degradation. The absorbance spectra were recorded
between 350 and 750 nm wavelength. The pH measurement was performed using a PHS-
3C pH meter (Shanghai Yoke Instrument Co., Ltd., Shanghai, China) with an integrated
temperature sensor for temperature regulation. The examination of degradation products
was conducted using liquid chromatography–mass spectrometry (LC-MS, G6230, Agilent,
Santa Clara, CA, USA). The TOC of before and after decolorization of the dye solution was
quantified by an organic element analyzer (UNICUBE, Elementar Analysensysteme GmbH,
Langenselbold, Germany).

2.5. Point of Zero Charge (PZC)

Measuring PZC aids in predicting the ionic character of a catalyst, which clarifies the
interaction process between a dye and the catalyst. The salt addition method was used to
measure the PZC point of the formed TiO2-coated HM-HAP composites. Typically, a 0.1 M
NaCl solution was prepared, and for each experiment, 50 mL of the solution was taken in a
100 mL beaker. To each beaker, 30 mg of TiO2-coated HM-HAP was added and then stirred
for about 3 h. Each solution’s pH was maintained using a mixture of buffers (pH 2 to 12).

2.6. Photocatalytic Studies of MR

The photocatalytic activity of the samples was evaluated by observing the degradation
of MR dye as the pollutant target under ultraviolet irradiation. The chemical structure
and other characteristics of the employed dye are detailed in Table S1. Initially, 25 mL of
MR solution (10 mg/L) and 30 mg of catalyst were vigorously agitated for 30 min in the
dark to produce an adsorption/desorption equilibrium. The solution was then agitated at
room temperature under UV light irradiation (λ = 254 nm) for several minutes. Periodically,
3 mL of the solution was collected and filtered to eliminate the solid phase. Although this
decreased the initial volume, parallel experiments were carried out to ensure uniformity
and eliminate potential mistakes resulting from volume reduction. More precisely, 25 mL
samples were prepared and subjected to the same circumstances. This enabled the extrac-
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tion of small portions from various samples at each specific time interval. This method
guaranteed that the decrease in volume did not impact the accuracy of the outcomes. After
that, the absorbance of the filtrates was measured spectroscopically at 437 nm for MR
dye. In order to measure the extent of degradation of the MR dye, a calibration curve was
employed, which can be seen in Figure S1 in the Supplementary Information. The calibra-
tion curve was generated by measuring the absorbance of a range of MR dye solutions
with predetermined concentrations, enabling us to establish a precise relationship between
absorbance and dye concentration. Applying this calibration curve, the concentration of
MR dye at various irradiation times was established, facilitating the calculation of the
photodegradation rate and efficiency.

Photolysis and adsorption experiments were also conducted under the same conditions
as the photocatalytic experiment.

The effect of various parameters, such as pH and contact time, on the degradation of
MR by the catalysts was also analyzed. The solution pH (2, 4, 6, 8, and 10) was monitored by
the addition of sodium hydroxide (NaOH), sodium bicarbonate (NaHCO3), potassium hy-
drogen phthalate (KHP), potassium chloride (KCl), hydrochloric acid (HCl), and potassium
dihydrogen phosphate (KH2PO4).

The percentage degradation of the MR dye was determined using the following
relationship [40]:

% Degradation =
[MR]0 − [MR]t

[MR]0
× 100 (1)

where [MR]0 represents the initial concentration and [MR]t represents the concentration at
time t of the dye MR.

2.7. Kinetics of MR Degradation

The obtained experimental data were assessed further using the (PFO) pseudo-first-
order kinetic model, which is represented by the given expression [41]:

ln
[MR]0
[MR]t

= k1t (2)

where t is the given time, [MR]0 symbolizes the initial concentration, and [MR]t symbolizes
the concentration at any time (t) of MR dye. k1 is the rate constant, and its values can be
derived from the slope of the graph ln[MR]0/[MR]tvs. reaction time.

3. Results and Discussion

3.1. Synthesis of TiO2/HM-HAP Composite

In this research study, TiO2-coated HM-HAP composites were produced and employed
in a photocatalytic study. First, HM-HAP particles were synthesized using a hydrothermal
method with PSS-doped vaterite CaCO3 as a hard template. The presence of PSS, a
polyelectrolyte with a substantial negative charge, produces negatively charged HM-HAP
particles. In addition, PSS (sodium poly (styrene sulfonate)) was used as a crystal growth
additive to accelerate the transformation of CaCO3 from calcite to vaterite during the
CaCO3 manufacturing process. The reagents Na2CO3 and Ca (NO3)2 were utilized first for
the synthesis of CaCO3 by the formation of precipitates. The obtained CaCO3 particles were
then added to Na2HPO4, and after the completion of the reaction, the core was removed
by an etching process carried out with acetic acid. The synthesized HM-HAP particles
were then coated with a range of TiO2 concentrations (10% to 50%) to create a TiO2-coated
HM-HAP composite. FTIR and XRD analysis confirmed the synthesis of HM-HAP and
TiO2-coated HM-HAP composites.

The FTIR spectra of pure TiO2, HM-HAP, and TiO2-coated HM-HAP composites are
shown in Figure 2a. The functional peaks at 3432 cm−1 and 1632 cm−1 are the results of lat-
tice water in the samples [42]. At 634 cm−1, the distinctive broad absorption bands of TiO2
are detected, which can be ascribed to the stretching vibration of Ti–O–Ti bonds [43]. The
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distinctive bands at 563 and 602 cm−1 for the HM-HAP sample correspond to the bending
vibration of PO4

3−, whereas the band at 1031 cm−1 corresponds to the stretching vibration
of PO4

3−. The characteristic CO3
2− bands are situated at 1466, 1410, and 874 cm−1 [44–46].

The spectra of TiO2-coated HM-HAP (10%–50%) composites show that the characteristic
peaks of TiO2 and HM-HAP are well preserved, indicating that the structure transformation
of TiO2 and HM-HAP did not change during composite production. This demonstrates
the effective synthesis of TiO2-coated HM-HAP composites, which is compatible with the
XRD data.

 

Figure 2. FTIR spectra of as-synthesized samples (a), XRD spectra of TiO2, HM-HAP, and TiO2-coated
HM-HAP (10%, 20%, 30%, 40%, and 50%) composites (b), and UV–vis DRS spectra of pure TiO2,
HM-HAP, and TiO2-coated HM-HAP composites (c).

The XRD patterns of TiO2, HM-HAP, and TiO2-coated HM-HAP composites are
shown in Figure 2b. The diffraction peaks at 25.2◦, 37.1◦, 53.9◦, 55.8◦, 62.7◦, 68.5◦, and
70.3◦ correspond to the (101), (004), (105), (211), (204), (116), and (220) planes of anatase-
TiO2, respectively (JCPDS no. 21-1272) [47]. In the case of pure HM-HAP, all diffraction
peaks and their relative intensities correspond to the standard diffraction data of pure
hexagonal phase HAP (JCPDS, 09-0432) [48,49]. Specifically, the peaks at two values of
31.9◦, 32.1◦, and 33.1◦ correspond to the (211), (112), and (300) planes of HAP, respectively.
These indices confirm the successful synthesis of hydroxyapatite with a well-defined
crystalline structure. In addition, the diffraction patterns of the TiO2-coated HM-HAP
composites (10%–50%) demonstrate the existence of both anatase TiO2 and hexagonal
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phase HAP. Thus, the TiO2-coated HM-HAP composites were successfully synthesized
using the hydrothermal technique.

3.2. Characterization of the TiO2/HM-HAP Composite

After confirming that the material was synthesized, we further characterized a series
of samples with different Ti contents. Figure 2c depicts the UV–vis DRS spectra of pure
TiO2, HM-HAP, and TiO2-coated HM-HAP composites. The band gap energy values for the
as-synthesized samples are illustrated in Table S2, and their respective graphs are shown in
Figure S2. It can be seen that the absorption edge of pure TiO2 is evidently located around
429 nm, whereas the absorption edge of pure HM-HAP is less than 350 nm. Compared with
pure HM-HAP, the TiO2-coated HM-HAP composites exhibit a considerable red shift in the
absorption edge. In addition, the absorption edge of the TiO2-coated HM-HAP composites
exhibit a little blue shift relative to that of TiO2, indicating that the TiO2-coated HM-HAP
composites have a greater oxidation capability than TiO2.

The size and morphology of HM-HAP and TiO2-coated HM-HAP composites were
visualized using SEM (Figure 3a–f). The morphology of the particles revealed a spherical
shape with a hollow interior. The micrographs indicated that the particle size of HM-HAP
was around 1–2 μm. All six formulations of HM-HAP had the same morphology and shape.

 

Figure 3. SEM micrographs of (a) HM-HAP and (b) 10% TiO2/HM-HAP, (c) 20% TiO2/HM-HAP,
(d) 30% TiO2/HM-HAP, (e) 40% TiO2/HM-HAP, and (f) 50% TiO2/HM-HAP coated composites. In
(a–f), the insets depict the high magnifications corresponding to those figures.

Energy-dispersive X-ray spectroscopy (EDS) was used to examine the surface elemen-
tal analysis of TiO2-coated HM-HAP composites. The levels of three elements, i.e., Ca, P, and
Ti, in the samples, are summarized in Figure 4. The mapping profile illustrates the homoge-
nous surface distribution of the three components. All TiO2-coated HM-HAP composites
exhibited a close interaction between these elements. The corresponding EDS spectra in
Figure 5a confirmed the existence of the Ti element coming from TiO2, demonstrating the
successful formation of a TiO2-coated HM-HAP composite. Hence, the incorporation of
TiO2 into HM-HAP particles may therefore be validated.
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Figure 4. EDS elemental mapping of (a) 10% TiO2/HM-HAP, (b) 20% TiO2/HM-HAP, (c) 30%
TiO2/HM-HAP, (d) 40% TiO2/HM-HAP, and (e) 50% TiO2/HM-HAP coated composites.

The pore volume, pore size, and Brunauer–Emmett–Teller (BET) specific surface area
acquired from N2 adsorption–desorption for all the TiO2-coated HM-HAP composites
are presented in Table 1. Figure 5b depicts the isotherms and corresponding pore size
distribution histograms, indicating the mesoporous structure of the TiO2-coated HM-HAP
composites. According to the IUPAC system, all the synthesized samples have type IV
isotherms, which have an H3 hysteresis loop. This is because particle aggregation makes
slit-shaped pores [50]. The BET-specific surface area of 10% TiO2-coated HM-HAP was
56 m2/g and declined as the TiO2 concentration increased, while the corresponding pore
diameter increased gradually. A possible explanation for this result is that when the
number of TiO2 molecules increases, aggregation may occur, resulting in no greater pore
occupancy. Thus, a decreasing trend in the specific surface area occurred. Moreover, the
coating of TiO2 onto HAP greatly increases the surface area of the resulting composite
material (Table 1). The augmentation in surface area is essential as it offers a greater
number of active sites for photocatalytic reactions, hence enhancing the efficacy of the
photodegradation process. More precisely, the TiO2-coated HM-HAP composite has a
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greater surface area in comparison with pure HAP, as specified in Table 1. The improvement
can be attributed to the synergistic interplay between TiO2 and HAP, with HAP serving as
a supporting framework that hinders the clumping of TiO2 nanoparticles, hence ensuring a
large surface area.

(a) 

 
(b) 

 

Figure 5. EDS spectra (a) and N2 adsorption–desorption isotherms and pore size distribution (b) of
the synthesized TiO2/HM-HAP coated composites.
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Table 1. BET-specific surface area and pore diameter analysis of the synthesized composites.

Sample BET Specific Surface Area (m2/g) Pore Size (nm)

HM-HAP 44 12.47
10% TiO2/HM-HAP 56 27.82
20% TiO2/HM-HAP 57 28.19
30% TiO2/HM-HAP 47 29.28
40% TiO2/HM-HAP 46 31.94
50% TiO2/HM-HAP 38 33.43

The surface chemical composition and chemical states of pure TiO2, HM-HAP, and
TiO2-coated HM-HAP composites were investigated using XPS. The XPS survey spectra of
TiO2, HM-HAP, and 20% TiO2/HM-HAP coatings are depicted in Figure 6. In Figure 6a, the
survey spectra of TiO2-coated HM-HAP reveal the presence of the four elements including
Ti, Ca, P, and O. As indicated in the figure, the additional C element peak is mostly produced
from adventitious carbon. The XPS peaks in the Ti 2p of TiO2 in Figure 6b, situated at a
binding energy of 458.6 eV and 464.2 eV, are ascribed to the Ti-O bonds [51] but in the 20%
TiO2/HM-HAP coating, the Ti 2p peaks shift to lower energy levels, 458.1 eV and 463.9 eV,
respectively, which may be due to the presence of Ti-O-Ca bonds in the TiO2/HM-HAP
coated composite. Likewise, the Ca 2p peaks of HAP shown in Figure 6c are situated at
346.8 eV and 350.4 eV, whereas in the 20% TiO2/HAP coating, the Ca 2p peaks slightly shift
towards the higher binding energy, i.e., 347.1 eV and 350.7 eV [52]. Figure 6d displays the
high-resolution O 1s spectra that correspond to TiO2, HM-HAP, and TiO2/HM-HAP coated
composites, respectively. Ti-O bonds and -OH groups are responsible for the two peaks
in TiO2 that are located at 528.9 and 530.4 eV, respectively. In the HM-HAP spectra, the
phosphate group (PO4

3−) and adsorbed water are responsible for the two peaks that are
positioned at 530.8 eV and 532.1 eV, respectively [53,54]. In the case of the 20% TiO2/HM-
HAP coated composite, the three peaks at 529.1 eV, 529.4 eV, and 531.1 eV are ascribed to
the lattice oxygen species Ti-O bonds (TiO2), PO4

3− (phosphate group), and O-C bond of
the CO3

−2, respectively [54]. Hence, the analysis indicated that TiO2 particles existed in
the formed composition.

Moreover, the charge transfer between HAP and TiO2 was also confirmed by the XPS
analysis of the samples. By comparing the XPS data of individual atoms in pure TiO2 and
HM-HAP with those in the composite material, significant shifts in binding energy peaks
were observed. These shifts in binding energy are compelling evidence of alterations in
the chemical environment, suggesting the occurrence of charge transfer between HAP and
TiO2. Hence, the shift in peaks not only signifies the formation of the composite material
but also provides clear evidence of the charge transfer process taking place between the
two components.

Furthermore, the stability of the synthesized photocatalyst can be supported by the
fact that hydroxyapatite (HAP) exhibits exceptional stability up to 1000 ◦C, as supported by
rigorous testing through Fourier Transform Infrared (FTIR) analysis and Thermogravimetric
Analysis (TGA) [55,56]. Therefore, in the formation of the TiO2 composite with HAP, the
inherent stability of HAP was utilized, which inherently imparts durability to the resulting
photocatalyst. This stability is not merely asserted but substantiated through meticulous
examination, as evidenced in various papers. The FTIR and TGA analysis presented in the
literature elucidates the stability of HAP at different temperatures, thereby confirming the
stable nature of the synthesized photocatalyst.
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Figure 6. XPS survey spectra (a) and high-resolution XPS spectra of Ti 2p (b), Ca 2p, (c), O 1s (d), and
PZC plot (e) of the synthesized samples.

PZC is regarded as one of the several methods for determining the kind of surface
charge. It is the value at which the surface charge density of a material is equal to zero.
Consequently, the PZC points of the TiO2/HM-HAP coated composites were determined.
According to Figure 6e, the PZC point of the TiO2/HM-HAP composites (10%–50%) is
between 7.5 and 8.1. The detailed PZC values of each composite are shown in Table S3.
This signifies that the synthesized composites have a negative charge above this number
and a positive charge below it.
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In conclusion, the findings of several characterizations revealed that the TiO2/HM-HAP
coated composite was successfully formed. The SEM micrographs indicated the spherical
morphology of the particles having mesopores, as confirmed by the analysis of N2 adsorption–
desorption. The EDS elemental mapping and the corresponding spectra clearly showed
the existence of Ti in the composite. Furthermore, the XPS analysis validated the peak
corresponding to the lattice oxygen species of TiO2 in the composite of TiO2-coated HM-HAP.

3.3. Evaluation of the Photocatalytic Performance of the Synthesized Composites for the
Degradation of MR

The photocatalytic activity of the synthesized TiO2-coated composites was assessed
by the photodegradation of MR under UV light irradiation. First, the linearity of MR’s
spectroscopic response was measured, and a graph of absorbance against concentration
was plotted to demonstrate the conformity of the dye to the Lambert–Beer law (Figure
S1). As illustrated in Figure 7a, when catalyzed by a TiO2-coated HM-HAP composite
with UV irradiation (60 min), the degradation efficiency increased significantly, and in the
presence of the 20% TiO2/HM-HAP coating, up to almost 88% degradation efficiency was
achieved. In contrast, pure HM-HAP and TiO2 demonstrated degradation efficiencies of
20% and 42%, respectively (Figure 7a). This enhanced performance can be attributed to
the unique properties of HAP, specifically its hydroxyl groups (−OH) and adsorbed H2O
molecules on the surface. These hydroxyl groups are instrumental in interacting with h+

to generate hydroxyl radicals (˙OH), a highly reactive species known for its effectiveness
in photocatalysis. Furthermore, the photocatalytic process involves intriguing electron
phase shifts within the PO4

3− groups on the HAP surface. This phenomenon leads to
the formation of ˙O2 radicals, further augmenting the catalytic efficiency of the composite
material [57]. Although bare TiO2 exhibits photocatalytic activity, its efficiency is restricted
by the rapid recombination of photogenerated electron–hole pairs. Conversely, HM-HAP
alone offers adsorption sites but does not possess the catalytic efficiency of TiO2. The
TiO2/HM-HAP composite optimizes charge separation and increases the number of active
sites for the degradation reaction by integrating the benefits of both materials. Hence,
integrating the advantages of HAP and TiO2 not only results in an enhancement in TiO2’s
capability to absorb contaminants but also mitigates the recombination of photogenerated
electron–hole pairs. This synergy between HAP and TiO2 not only improves the material’s
adsorption capacity but also amplifies its overall photocatalytic performance.

However, it can also be seen that as the concentration of TiO2 increased by over 30%,
the degradation efficiency declined gradually, demonstrating a decrease in activity. Gener-
ally, adsorption and degradation capacities should increase as the TiO2 level rises. However,
this was not the situation observed, as HM-HAP with a higher TiO2 concentration exhibited
only a little increase in adsorption in comparison with the one with a lower TiO2 concentra-
tion. The existence of a large number of catalysts can prevent light from penetrating pores
and promote intermolecular collision, thereby reducing photodegradation. In addition,
the large number of TiO2 particles could have covered the active sites and inhibited the
generation of the active compounds [58]. These disadvantages counteract the enhanced
photocatalysis provided by additional TiO2.
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Figure 7. Degradation efficiency of MR over the synthesized composites at pH = 6, 25 ◦C, cata-
lyst = 30 mg, and 60 min of irradiation time (a), time curve of % degradation at pH = 6, and 25 ◦C
temperature (b), degradation kinetics of MR at pH = 6, and 25 ◦C temperature (c), and effect of pH
on the % degradation of MR at 25 ◦C, and 60 min of irradiation time (d).

3.3.1. Photocatalytic Degradation Kinetics

Figure 7b shows the MR percent degradation versus irradiation time graphs of the
synthesized TiO2/HM-HAP coated composites, demonstrating the gradual decomposition
of MR. Figure S3 shows the UV spectra of MR at different time intervals. The rates of
MR photodegradation were evaluated using a pseudo-first-order kinetic model in order to
establish quantitative comparisons. In Figure 7c, it is evident that the pseudo-first-order
kinetic model suited the experimental data well, and the R2 values were all above 0.90,
indicating that the reactions were compatible with the first-order kinetic. Table 2 displays
the values of the rate constant (kMR) and regression coefficient (R2) for the TiO2/HM-
HAP coated composites for MR removal. Among the samples, the composite contain-
ing the 20% TiO2/HM-HAP coating exhibited the highest degradation rate constant, i.e.,
3.3 × 10−2 min−1. The kMR followed the order of 20% TiO2/HM-HAP > 10%, TiO2/HM-
HAP > 30% TiO2/HM-HAP > 40% TiO2/HM-HAP > 50% TiO2/HM-HAP. As previously
indicated, this could be because composites with low amounts of TiO2 have many active
sites on their surface.
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Table 2. The rate constant values of the photocatalytic degradation of MR.

Sample Rate Constant k1 (min−1) R2

10% TiO2/HM-HAP 0.030 0.97
20% TiO2/HM-HAP 0.033 0.99
30% TiO2/HM-HAP 0.024 0.97
40% TiO2/HM-HAP 0.018 0.98
50% TiO2/HM-HAP 0.011 0.96

These above observations clearly indicate that 10% TiO2/HM-HAP has remarkable
photocatalytic efficiency, even though it has a lower TiO2 concentration compared with
20% TiO2/HM-HAP. This finding indicates that 10% TiO2/HM-HAP has high efficiency
as a photocatalyst, attaining a degradation degree (DD) that is almost equivalent to 20%
TiO2/HM-HAP while containing half the amount of TiO2. When comparing 10% TiO2/HM-
HAP to pure TiO2, it is evident that 10% TiO2/HM-HAP exhibits a substantially greater
efficiency per unit of TiO2. Furthermore, the degradation degree (DD) per unit of TiO2 was
calculated for each sample and is presented in Supplementary Information Section S1.

The efficiencies of different synthesized composites were compared to identify the most
effective and cost-efficient photocatalyst. According to the findings, 20% TiO2/HM-HAP
exhibits the highest overall degrading efficiency. However, 10% TiO2/HM-HAP provides a
comparable performance with less TiO2. The lower TiO2 content of 10% TiO2/HM-HAP is
notably advantageous from a cost and application perspective, as it reduces material costs
and increases the potential for large-scale applications.

3.3.2. Effect of pH on the Degradation of MR

The pH of a solution is a crucial variable in the photocatalytic degradation process.
The pH affects both the properties of a dye (hydrophobicity, speciation behavior, and water
solubility) and the surface charge of a catalyst. Below pH 5.3 (pKa), MR is mostly cationic
(i.e., protonated), and above pH 5.3, it is anionic (i.e., unprotonated). It was previously
stated that the electrostatic interaction among the material surface, solvent molecules, and
dye during photocatalytic degradation is pH-dependent [59]. The influence of solution pH
was studied to find the optimal pH range for maximal photocatalytic degradation. While
examining the pH range (2, 4, 6, 8, and 10), a blue shift in λmax for MR was observed when
the pH of the solution was changed from 4 to 6. No other shifts in the wavelength were
observed when the pH was increased further. The UV spectra of MR dye at different pHs
are presented in Figure S4.

Figure 7d shows the photocatalytic behavior of the synthesized composite towards
the degradation of a solution of MR dye at different pH levels carried at room temperature.
In Figure 7d, it is clear that the maximum photocatalytic degradation happened at pH 6.
The explanation for this behavior is that the PZC of the TiO2/HM-HAP coated composites
is in the range of 7.5–8.1. Thus, the material’s surface is positively charged when the pH is
<7.5 and negatively charged when the pH is >8.1. Therefore, the dye was in anionic form,
and the surface of the material at pH 6 was positively charged [46,60,61]. Hence, in this
condition, the interaction between the two species preferred photocatalytic degradation.

3.3.3. Post-Photodegradation FTIR Analysis and Mineralization Study of MR Dye

The FTIR spectrum of the MR dye is depicted in Figure 8a. The spectrum exhibited
prominent peaks at 2919 and 2857 cm−1, which correspond to the stretching vibrations
of the C-H for –CH3 groups. The O-H stretch is represented by the band at 3430 cm−1.
The apparent band at 1716 cm−1 is the result of the C=O stretching of carbonyl groups.
The C–C stretching vibration and N=N vibration of benzene are observed at 1602 cm−1

and 1528 cm−1, respectively. At 1368 and 1152 cm−1, strong bands are ascribed to C–N
stretching vibrations. The minor bands detected at 1115, 818, and 764 cm−1 are indicative
of C–H stretching vibrations [62,63].
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Figure 8. FTIR spectra of MR dye before degradation (a) and after degradation (b).

The FTIR analysis of the product obtained subsequent to the degradation of MR is
illustrated in Figure 8b. The disappearance of the peak at 1528 cm−1, which was caused by
the stretching vibration of N=N, indicates the cleavage of the azo group. The disappearance
of the band at 1159 cm−1 signifies a breakdown of C–N stretching vibrations [63,64]. The
peak observed at 1067 cm−1 is the result of stretching variations in the C–O bond. Significant
variations can be observed by comparing the FTIR spectra of the original dye with those
of the degraded dye or its metabolites. Certain methyl red dye peaks were observed to
have vanished after degradation, while others re-emerged subsequent to degradation; this
observation suggested that the dye had transformed into new compounds or metabolites.
FTIR analysis confirmed and contributed to the reduction and elimination of the methyl red
dye’s azo linkage. Moreover, an LC-MS [65] analysis of decolorized MR solution was also
carried out. The resultant spectra are provided in Figure S5, and the identified degraded
products of MR are shown in Figure S6.

As per the results of FTIR, the degradation of MR dye was confirmed. Additionally, the
mineralization of MR dye was assessed by monitoring the reduction in total organic carbon
(TOC) content following the treatment with the TiO2/HM-HAP coated composite. At a pH
of 6, a TOC removal of 35.64% was observed for 10 mg/L MR using the TiO2/HM-HAP
coated composite following a 1 h reaction time. Consequently, the TiO2/HM-HAP coated
composite was capable of facilitating dye decolorization and mineralization.

Moreover, the results of the photolysis experiment (Figure 9) demonstrated that there
was minimal degradation of the MR dye when exposed just to direct UV light. This suggests
that direct photolysis has a small impact on the overall degradation process. Furthermore,
the findings from the adsorption experiment, presented in Figure 9, demonstrate that the
catalyst was responsible for 20% of the overall removal of MR by adsorption. This demon-
strates that although adsorption plays a role in the overall process, the main mechanism
for removing dye under UV irradiation is definitely photodegradation. HAP possesses a
significant number of hydroxyl groups, which contribute to its surface having a primarily
negative charge. Methyl red (MR) is a negatively charged dye, and because of the like
charges, there is a repulsive force that decreases its ability to stick to the HAP surface. While
HAP does have some sites with a positive charge due to calcium ions, the overall negative
charge from the many hydroxyl groups is more prominent. The structure of HAP and an
explanation of the interaction between HAP and TiO2 in TiO2/HM-HAP composites are
further presented in Supplementary Information Section S2.
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Figure 9. Plot representing the effect of a scavenger on the photolysis, adsorption, and photolysis
experiment.

In addition, an examination was conducted on the impact of an OH scavenger on
photocatalysis. Isopropanol was employed as an *OH scavenger for the experiment. The
catalyst’s catalytic efficiency decreases when a scavenger is present. This is illustrated using
the graph presented in Figure 9. The predominant catalyst in this process is now clearly
identified as the *OH radical [66].

In comparison with other recently researched sorbents, the adsorption capability of
the Sa-modified hydroxyapatite as synthesized demonstrated promising findings. Zenefar
et al. observed that the photodegradation potential of a HAp-TiO2-ZnO photocatalyst for
methylene blue (MB) and methyl orange (MO) dye was 95% and 45% after 2 h, respec-
tively [67]. A Hap-TiO2 nanocomposite demonstrated a degradation efficiency of 80%
for methyl orange (5 mg/mL), as stated by Sharifat et al. [38]. Furthermore, Anmin et al.
reported the degradation efficiency of titanium-substituted HAp for methylene blue (MB)
to be 17%–37% under visible light and 39%–50% under UV light [68]. This literature review
shows that the TiO2-coated HM-HAP composite is an effective catalyst for the removal of
dyes from water.

Combining the outcomes of SEM, DRS, FTIR, N2 adsorption–desorption, and XRD
analysis, the enhanced photocatalytic degradation performance of the TiO2/HM-HAP
coated composites in comparison with pure TiO2 on the photodegradation of methyl red
is associated with the creation of a uniform layer of TiO2 particles on the highly porous
structure of HM-HAP containing a large number of hydroxyl (OH) groups. These OH
groups interact with the generated holes as Lewis bases, which results in the generation of
hydroxyl radicals. The generated OH radicals will then oxidize the adsorbed molecules,
hence improving the material’s photocatalytic efficiency. Moreover, the hollow mesoporous
structure of HM-HAP promotes the degradation performance of the composite by adsorb-
ing the dye particles on its surface, as observed in Figure 7a. The relatively better catalytic
performance of the 20% TiO2/HM-HAP coated composites compared with those with a
high concentration of TiO2 is mostly determined by the existence of active sites, surface
area, and availability of active substances.

3.4. Photocatalytic Degradation Mechanism of TiO2/HM-HAP Composites on MR Dye

The possible mechanism of TiO2/HM-HAP coated composites for the degradation of
MR is shown in Figure 10. Generally, the UV irradiation of TiO2-coated HM-HAP alters
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the electronic condition of the PO4
−3 group on the surface and generates a vacancy on

HM-HAP. In the same way, when UV light is applied to TiO2, electrons in the VB (valance
band) move to the CB (conduction band), making an equal number of holes in the VB. The
reaction is given as:

TiO2 + hν → e− + h+ (3)

The reaction of a CB electron with O2 produces superoxide radicals (O2
.−), which then

oxidizes the organic compounds. The reaction is given as follows:

e− + O2 → O.−
2 (4)

The VB hole interacts with the hydroxyl anions or the water to generate hydrogen peroxide.

h+ + H2O → OH. + H+ (5)

h+ + OH− → OH. (6)

The hydrogen peroxide then breaks apart and releases hydroxyl radicals (OH·), which
are powerful oxidizing agents that attack organic molecules that have adsorbed to the
composite [37].

Figure 10. Possible mechanism of TiO2/HM-HAP coated composites under UV irradiation for the
photocatalytic degradation of MR.

4. Conclusions

The present research demonstrated the effective synthesis of TiO2/HM-HAP coated
composites by loading the TiO2 at various concentrations, comprising 10%, 20%, 30%, 40%,
and 50%, to enhance the degradation efficiency of hazardous dyes present in aqueous
solutions and address water pollution issues. Several analysis approaches, including
FTIR, XPS, XRD, SEM, and BET, were utilized to analyze the physical properties of all the
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synthesized TiO2/HM-HAP coated composites. TiO2 was evenly incorporated into the
hollow mesoporous HAP particles, with an insignificant effect on the overall structure. The
catalytic performance was examined via the degradation of MR in the presence of UV light.
We observed that the MR removal ratio of the 20% TiO2/HM-HAP coating was 88%, which
was found to be the maximum among the HM-HAP, pure TiO2, and TiO2/HM-HAP coated
composites. It was noted that the photocatalytic degradation process was compatible with
the pseudo-first-order (PFO) kinetic model. Moreover, it was found that MR could be
more easily degraded at pH 6 than in strongly acidic or alkaline environments. This work
provides insight into the development of TiO2/HM-HAP coated composites as potential
materials for removing organic contaminants from wastewater. This will help with both
water treatment and waste management.
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Abstract: Coal holds a significant position in China’s energy consumption structure. However, the
release of Hg0 during coal combustion poses a serious threat to human health. Traditional activated
carbon for Hg0 removal is expensive; finding efficient, inexpensive and renewable adsorbents
for Hg0 removal has become a top priority. Rice husk gasification char (RHGC) is a solid waste
generated by biomass gasification power generation, which, loaded with silver to remove Hg0, could
achieve the purpose of waste treatment. This paper examines the Hg0 removal performance of
silver-loaded rice husk gasification char (SRHGC) under different operating conditions through
experimental analysis. This study employed quasi-first-order, quasi-second-order, and internal
diffusion kinetics adsorption equations to model the amount of Hg0 removed by SRHGC at different
temperatures, thereby inferring the reaction mechanism. The results indicate that Hg0 removal
efficiency of SRHGC increased by about 80%. The Hg0 removal ability was directly related to silver
load, and the amount of Hg0 removed by SRHGC did not a exhibit a simple inverse relationship
with particle size. Additionally, the Hg0 removal efficiency of SRHGC declined with increasing
adsorption temperature. The removal of Hg0 by SRHGC conformed to the quasi-second-order kinetic
equation, with the adsorption rate constant decreasing as the temperature rose, consistent with
experimental observations. This paper provides both experimental and theoretical references for
future modification and optimization of RHGC for coal-fired flue gas treatment, and also offers
valuable insights into Hg0 removal by carbon-based adsorbents.

Keywords: rice husk gasification char; silver-loaded; Hg0; adsorption kinetics; mechanism

1. Introduction

With the development of the economy and the improvement of living standards, the
demand for energy and electricity has grown rapidly [1]. In 2022, global energy consump-
tion reached an all-time high, with primary energy consumption totaling 20.6 billion tons
of standard coal, marking a 2.2% year-on-year increase and essentially returning to the
average growth level prior to the pandemic [2]. Coal would occupy a long-term position
in China’s energy structure. In 2023, China consumed 5.72 billion tons of standard coal,
accounting for 55.3% of its total energy consumption. The flue gas released by coal burning
contains CO2, NOX, SO2, and the heavy metal mercury; these pollutants can cause serious
environmental pollution. CO2 causes the greenhouse effect, SO2 and NOX cause acid rain,
and mercury causes mental illness [3,4]. The control technologies for SO2, NOX, and CO2
are relatively mature and could effectively remove these pollutants using adsorbents or
devices [5,6]. However, Hg0 removal technology is still in the development stage. Hg0 is
highly toxic, volatile, lipophilic, and bio-accumulative, and would seriously harm human
health [7–10]. Furthermore, Hg0 is insoluble in water, making it difficult to remove using
traditional separation technologies [11].

Activated carbon (AC) is effective in removing Hg0 from coal-fired flue gas, but
the cost is high [12–14]. Therefore, finding an efficient and cost-effective adsorbent is
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imperative. Rice husk gasification char (RHGC), a solid waste from biomass gasification
power generation, has gained increasing attention for recycling due to the “zero-waste city”
concept [15]. RHGC possesses highly active surface functional groups and a developed
microporous structure, making it an effective adsorbent for Hg0 in flue gas. Loading RHGC
with silver (SRHGC) enhances its Hg0 removal capabilities and supports waste treatment
objectives. Additionally, SRHGC can be regenerated after heating, making it a potential
long-term adsorbent [16,17]. There are limited studies on Hg0 removal using RHGC,
especially after silver loading. This article provides valuable insights and a reference for
future researchers studying Hg0 removal with RHGC.

Removing Hg0 with adsorbents is a complex process involving both surface adsorption
and internal diffusion. Domestic and international scholars have predicted the performance
of carbon-based adsorbents for Hg0 removal by establishing various models [18]. This study
investigated the Hg0 removal performance of SRHGC under different conditions through
experimental studies. Additionally, the quasi-first-order kinetic equation, the quasi-second-
order kinetic equation, and the intraparticle diffusion equation were used to simulate the
Hg0 removal behavior of SRHGC at different adsorption temperatures, providing further
insights into the Hg0 removal mechanism. In the context of carbon neutrality and carbon
peak goals, utilizing inexpensive and renewable SRHGC for Hg0 removal is particularly
relevant. Applying simulated kinetics methods to predict experimental results enhances
the efficiency, economy, and predictability of the experiments, offering significant economic
and practical benefits.

2. Materials and Methods

In the experiment, RHGC was obtained from the Jiangsu Gaoyou biomass gasification
power plant. The carbon content was 43.58%, determined using a German Elementar Vario
ELIII element analyzer (analytical precision C ≤ 0.1 abs). After drying, grinding, and
sieving, particle sizes of 97–125 μm, 125–200 μm, and 200–450 μm were selected for use.
RHGC (particle size 125–200 μm) was impregnated with 20% hydrochloric acid for 30 min,
placed in a vacuum oven at 50 ◦C for 2 h, cooled to room temperature, washed to neutrality
with deionized water, and dried for later use. A total of 6 mL of silver nitrate solution with
a mass concentration of 2 mg/mL was placed in a beaker, and the pH was adjusted to 9.7
with ammonia water. A total of 300 mg of dried RHGC was added and the mixture was
shaken at a constant temperature of 298 K for 24 h. RHGC was then filtered and placed
in an electric furnace tube, where Ag(NH3)2+ was reduced to elemental silver under a
N2 atmosphere at 120 ◦C for 4 h. After the reduction process was complete, heating was
stopped and the sample, which was silver-loaded rice husk gasification char (labeled as
SRHGC, mass ratio of AgNO3 to RHGC of approximately 40 mg/g), was allowed to cool
to room temperature before being removed and stored in a desiccator for later use. The
same method was used to prepare SRHGC-20 (mass ratio of AgNO3 to RHGC was about
20 mg/g) and SRHGC-60 (mass ratio of AgNO3 to RHGC was about 60 mg/g), which
were stored in a desiccator for later use. The experiment was conducted in a fixed-bed
experimental setup [19].

3. Results

3.1. X-ray Diffraction

Qualitative analysis of the phase and composition of SRHGC was conducted using
a Rigaku D/max-2550 PC XRD analyzer from Japan. The XRD pattern of SRHGC is
shown in Figure 1. A relatively sharp diffraction peak appeared near the diffraction angle
2θ = 24◦, indicating that SRHGC was amorphous with a certain degree of crystallinity. A
very sharp diffraction peak at 2θ = 38◦ was observed, which was a typical characteristic
diffraction peak of elemental silver, confirming the presence of elemental silver in RHGC.
The height and sharpness of this peak reflected the silver content and crystallinity in the
sample. Additionally, a sharp diffraction peak at 2θ = 78◦ was noted, caused by silver
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entering RHGC through ion exchange, further confirming the successful loading of silver
onto RHGC.

 
Figure 1. XRD pattern of SRHGC.

3.2. Hg0 Removal Performance of SRHGC under Different Conditions

3.2.1. Hg0 Removal Performance of Different Adsorbents

For the experiment, 300 mg each of RHGC, SRHGC, and AC were selected, along with
an additional 450 mg of SRHGC (labeled as 2-SRHGC). The experimental conditions were
set as follows: the temperature was maintained at 160 ◦C, the equilibrium gas was N2 with
a flow rate of 3 L/min, the inlet concentration of Hg0 was 38.6 μg/m3, and the adsorption
time was 120 min. The experimental results are shown in Figure 2.

 

Figure 2. Hg0 removal performance of different adsorbents.

Figure 2 shows that the Hg0 removal efficiency stabilized after 20 min. The Hg0

removal efficiencies of the four adsorbents followed this order: RHGC < SRHGC < AC <
2-SRHGC. The Hg0 removal efficiency of RHGC increased by nearly 80%. Although the
Hg0 removal efficiency of an equivalent amount of SRHGC was lower than that of AC,
increasing the quantity of SRHGC to 450 mg resulted in a higher Hg0 removal efficiency
compared to AC. This improvement was attributed to the increased mass, which provided
a longer contact time between the adsorbent and mercury vapor, thereby enhancing Hg0

removal efficacy. As a cost-effective industrial solid waste, SRHGC has the potential to
replace AC for Hg0 removal.
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3.2.2. Effect of Different Silver Loads on Hg0 Removal Performance of SRHGC

For the experiment, 300 mg each of SRHGC-20, SRHGC, and SRHGC-60 were selected.
The experimental conditions were as follows: the temperature was maintained at 160 ◦C,
the equilibrium gas was N2 with a flow rate of 3 L/min, the inlet concentration of Hg0 was
38.6 μg/m3, and the adsorption time was 120 min. The experimental results are shown in
Figure 3.

Figure 3. Effect of different silver loads on Hg0 removal performance of SRHGC.

As seen in Figure 3, SRHGC-60 exhibited the highest Hg0 removal efficiency, followed
by SRHGC and then SRHGC-20. The Hg0 removal ability was directly related to the silver
load. After adsorption stabilization, the Hg0 removal efficiency of SRHGC-60 reached 100%,
SRHGC achieved about 90%, and SRHGC-20 attained 70%. Considering both silver load
and efficiency, SRHGC demonstrated the best overall performance in removing Hg0.

3.2.3. Effect of Different Particle Sizes on Hg0 Removal Performance of SRHGC

For the experiment, 300 mg of SRHGC with particle sizes of 97–125 μm, 125–200 μm,
and 200–450 μm were selected. The experimental conditions were as follows: the tem-
perature was maintained at 160 ◦C, the equilibrium gas was N2 with a flow rate of
3 L/min, the inlet concentration of Hg0 was 38.6 μg/m3, and the adsorption time was
120 min. The experimental results are shown in Figure 4.

 

Figure 4. Effect of different particle sizes on Hg0 removal performance of SRHGC.
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As shown in Figure 4, the Hg0 adsorption capacity was 41.79 μg/g for particles sized
200–450 μm, increased to 43.54 μg/g for particles sized 125–200 μm, and was 42.87 μg/g for
particles sized 97–125 μm. This variation was due to the relationship between particle size
and factors such as mass transfer resistance, specific surface area, and the internal diffusion
coefficient of SRHGC. When particle size decreased, the specific surface area increased, and
the internal diffusion coefficient also rose, facilitating the diffusion of Hg0 to the surface
of the adsorption layer and enhancing the adsorption of Hg0 by SRHGC. At this stage,
the positive effects dominated. However, further reduction in particle size increased the
mass transfer resistance of the adsorption layer, leading to a rise in penetration pressure
drop. Beyond a certain range, the specific surface area of SRHGC no longer increased with
decreasing particle size, and the pressure drop continued to rise, weakening the effect of
physical adsorption. Consequently, the negative effects became more significant. Therefore,
to improve the Hg0 adsorption performance of the adsorbent, the positive effects should
outweigh the negative effects. Based on these findings, a particle size of 125–200 μm was
selected for this experiment [20,21].

3.2.4. Effect of Different Temperatures on Hg0 Removal Performance of SRHGC

For this experiment, 300 mg of SRHGC with a particle size of 125–200 μm was selected.
The experimental temperatures were set at 120 ◦C, 160 ◦C, and 200 ◦C. The equilibrium
gas was N2 with a flow rate of 3 L/min, the inlet concentration of Hg0 was 38.6 μg/m3,
and the adsorption time was 120 min. The results are shown in Figure 5. The Hg0 adsorp-
tion capacities of SRHGC at 120 ◦C, 160 ◦C, and 200 ◦C were approximately 44.09 μg/g,
43.54 μg/g, and 41.15 μg/g, respectively. As the temperature increased, the Hg0 adsorption
capacity consistently decreased. This trend could be attributed to the nature of adsorption
pores on the surface of SRHGC, where physical adsorption was predominant, and gaseous
mercury was preferentially adsorbed at lower temperatures. As the temperature rose,
the chemisorption rate surpassed the physical adsorption rate, potentially destroying the
chemical bonds of oxygen-containing functional groups. Moreover, Hg0 might degrade on
the surface of SRHGC due to high temperatures, leading to a decrease in chemisorption
capacity. Consequently, the adsorption capacity of SRHGC diminished at higher temper-
atures, with the rate of decline accelerating with temperature. Based on these findings,
160 ◦C was selected for this experiment.

 
Figure 5. Effect of different temperatures on Hg0 removal performance of SRHGC.

3.3. Adsorption Kinetics Study of Hg0 Removal by SRHGC

The experimental data for Hg0 removal by SRHGC at 120 ◦C (SRHCC-120), 160 ◦C
(SRHCC-160), and 200 ◦C (SRHCC-200) were analyzed and fitted by using the quasi-first-
order kinetic equation [22], the quasi-second-order kinetic equation [23] and the in-particle
diffusion equation [24], the aim of which was to further study the mechanism of removing
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Hg0 from SRHGC at different temperatures. In the figure below, qe is the adsorption
amount of mercury on the adsorbent at adsorption equilibrium (μg/g); qt is the adsorption
amount of mercury on the adsorbent at time t (μg/g); t is the adsorption time (min); k1 is
the rate constant of the adsorption quasi-first-order model (min−1); k2 is the rate constant
of the bi-media rate equation (g/μg·min); C is related to the thickness at the boundary
(μg/g); h and R2 are the fitting parameters. The results are shown below.

3.3.1. Quasi-First-Order Kinetic Equation Fitting

According to the kinetic fitting results in Figure 6, the relevant kinetic parameters and
correlation coefficients were obtained, as shown in Table 1.

 
  

(a) 120 °C (b) 160 °C (c) 200 °C 

Figure 6. Quasi-first-order kinetic simulation of SRHGC Hg0 removal.

Table 1. Related parameters of quasi-first-order dynamic equation.

Sample qe K1 R2

SRHGC-120 44.09 0.022 0.95199
SRHGC-160 43.54 0.0216 0.95164
SRHGC-200 41.15 0.02135 0.95307

3.3.2. Quasi-Second-Order Kinetic Equation Fitting

According to the kinetic fitting results in Figure 7, the relevant kinetic parameters and
correlation coefficients were obtained, as shown in Table 2.

   
(a) 120 °C (b) 160 °C (c) 200 °C 

Figure 7. Quasi-secondary dynamics simulation of SRHGC Hg0 removal.
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Table 2. Related parameters of pseudo-second-order kinetic equation.

Sample h K2 R2

SRHGC-120 0.517 2.22 × 10−5 0.99348
SRHGC-160 0.504 2.15 × 10−5 0.99623
SRHGC-200 0.475 2.11 × 10−5 0.99713

3.3.3. In-Particle Diffusion Equation Fitting

According to the kinetic fitting results in Figure 8, the relevant kinetic parameters and
correlation coefficients were obtained, as shown in Table 3.

   
(a) 120 °C (b) 160 °C (c) 200 °C 

Figure 8. Kinetic simulation of internal diffusion of SRHGC Hg0 removal.

Table 3. Intraparticle diffusion equation-related parameters.

Sample C K1 R2

SRHGC-120 −15.85088 5.36538 0.99063
SRHGC-160 −14.69875 5.23916 0.99233
SRHGC-200 −14.05459 4.938 0.99103

Figures 6–8 show the fitting of Hg0 adsorption capacity of SRHGC at different tem-
peratures using the quasi-first-order, quasi-second-order, and internal diffusion kinetic
equations, respectively. Tables 1–3 present the parameters obtained by fitting three kinetic
equations at different temperatures. The fact that none of the lines in Figure 4 pass through
the origin indicates that intraparticle diffusion is not the sole factor controlling the ad-
sorption process. The adsorption of Hg0 on the adsorbent surface was divided into two
stages: internal diffusion and surface adsorption. In the initial stage, the adsorption rate
was faster, while the internal diffusion rate was slower. The R2 of the quasi-second-order
kinetic fitting parameters were all above 0.993. The fitting curves were also very consistent
with the experimental data of SRHGC, indicating that the adsorption of Hg0 on SRHGC
conforms to the quasi-second-order kinetic equation. It can be seen from Tables 1–3 that the
adsorption rate constant of the quasi-first-order, quasi-second-order, and internal diffusion
kinetic equations decreases with the increase in temperature, indicating that the adsorption
performance of the adsorbent Hg0 decreases with the increase in temperature, hindering
the adsorption of Hg0, which was consistent with the experimental results.

4. Conclusions

This paper investigated the Hg0 removal performance of silver-loaded rice husk gasi-
fication char (SRHGC) under various operating conditions through experimental studies.
The adsorption kinetics were analyzed using quasi-first-order, quasi-second-order, and
intraparticle diffusion equations to model the amount of Hg0 adsorbed by SRHGC at
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different temperatures, thereby inferring the reaction mechanism. The results show that the
Hg0 removal efficiency of SRHGC improved by approximately 80%. The amount of Hg0

removed by SRHGC did not exhibit a simple inverse relationship with particle size, and
the Hg0 removal efficiency decreased with increasing adsorption temperature. The process
of removing Hg0 from SRHGC followed the quasi-second-order kinetic equation, with
the adsorption rate constant decreasing as the temperature increased, consistent with the
experimental findings. This study provides both experimental and theoretical references for
the subsequent modification and selection of adsorbents. It also lays a solid foundation for
the application of RHGC in the environmental protection field, particularly in the efficient
removal of Hg0 from flue gas, offering significant economic and practical benefits.
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