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Abstract: In the past decade, triboelectric nanogenerators (TENGs) have attracted significant attention
across various fields due to their compact size, light weight, high output voltage, versatile shapes,
and strong compatibility. However, substantial wear at solid–solid contact interfaces presents a major
obstacle to the electrical output stability of TENGs. The objective of this study is to investigate the
output performances of TENGs lubricated with TiO2-doped oleic acid. The results suggest that the
triboelectrical performances of the polyimide (PI) film sliding against a steel ball under 0.1 wt%
TiO2-doped oleic acid are significantly improved compared to those under dry conditions; the growth
rates are 35.2%, 103.6, and 85.6%, respectively. Moreover, the coefficient of friction dropped from 0.31
to 0.066. The wear and performance enhancement mechanism are also analyzed. This study provides
an effective approach to improve both the electrical performances and tribological behaviors.

Keywords: triboelectric nanogenerators; TiO2 nanoparticles; oleic acid lubricant; tribological
characteristics; PI film

1. Introduction

In the past decade, the widespread application of triboelectric nanogenerators (TENGs)
in fields such as healthcare, electronics, sensors, and artificial intelligence has garnered sig-
nificant attention [1,2]. TENG devices are distinguished by their compact size, lightweight
nature, high output voltage, diverse shapes, and strong compatibility. They have the
potential to harness wave energy from the ocean and supply power for small measuring
instruments. In marine environments, numerous TENGs have been engineered to capture
and store energy produced by wave motion, providing power for distributed sensors
utilized in ocean monitoring [3,4]. TENGs effectively exploit random wave energy by con-
verting it into electrical energy or signals with broad applications in blue energy collection
and monitoring various water quality parameters [5–8] as well as self-powered sensor
fields. Data are transmitted via Bluetooth to remote receivers and mobile communication
systems [9]. TENGs integrated with signal processing circuits have been developed to
establish self-powered temperature sensors and wireless self-powered waveform alarm
systems, including wireless water temperature alarm systems [10] and water level alarm
systems [11].

Over the years, numerous researchers have dedicated their efforts to enhancing the
structure and efficacy of TENGs, delving into avenues such as optimizing the selection
of materials, refining preparation methodologies, and pioneering innovative structural
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designs [12–16]. The recent advances in and technologies, affecting factors, and applications
of liquid–solid triboelectric nanogenerators (L-S TENGs) were summarized in [17–21].

However, TENGs have considerable problems during actual operation. Especially in
the solid–solid contact mode, the material surface is subjected to serious wear, which seri-
ously affects the enduring stability of the electrical output performance of the TENGs. The
inherent limitation poses a significant obstacle to their widespread application in long-term
power supply and the deployment of precision-oriented, self-sufficient sensor networks.
In order to enhance the wear resistance of TENGs and optimize their electrical output
performance, researchers conducted a series of studies to explore additional lubrication
strategies. By introducing an appropriate liquid lubricant at the frictional interface, the
wear resistance of TENGs can be significantly enhanced. Additionally, the incorporation
of lubricating oil not only enhances the wear resistance of TENGs, but also improves the
electrical output performance of TENGs under certain lubricants.

Many studies have demonstrated the effectiveness of lubrication in improving the
electrical output performance of TENGs. For example, Wu et al. [22] observed a significant
improvement in frictional performance and electrical output performance after long sliding
cycles by adopting liquid lubrication. Similarly, Wang et al. [23] also found that the addition
of specific lubricants to the friction surface can lead to a significant reduction in the coeffi-
cient of friction (COF) and an improvement in the electrical energy conversion efficiency.
Additionally, Liu et al. [24] studied the effect of different polarity liquid lubricants on the
frictional electricity of friction pairs composed of steel balls and polytetrafluoroethylene
blocks. It was found that appropriate lubricants (alkanes and alkenes) and the quantity
of liquid can increase the triboelectric signal, achieving a long-term stable output, while
the COF is significantly reduced. Qiao et al. [25] used an MXene solution as a lubricant to
increase the output current density of TENG to a high value of 754 mA/m2, and achieved a
durability of 90,000 cycles at the same time. Yang et al. [26] achieved a decrease in the COF
from 0.76 to 0.16 by adding polyalphaolefin PAO4 as a lubricant at the metal-semiconductor
heterojunction interface of the planar structure while maintaining the DC output voltage
almost constant.

Additionally, nanoparticles exhibit unique properties, such as a small size effect, sur-
face effect, and interface effect [27]. As lubricant additives, they demonstrate enhanced
load-bearing capacity. The incorporation of a small quantity of mono- [28,29] or multiele-
ment [30] nano-additives into lubricating oil can significantly enhance the wear resistance
performance of the friction pair. Guo et al. [31] added a mixture of hexadecane and onion-
like carbon (OLC) lubricants at the interface between a polytetrafluoroethylene (PTFE) film
and steel. The introduction of hexadecane reduced the transfer of the PTFE material, and
some OLC particles rolled between the interfaces, further improving the wear resistance
performance and electrical output performance of TENGs, reducing the COF by about
75.3%. The short-circuit current Isc doped with OLC hexadecane is about five times the
output current of dry friction. Chen et al. [32] successfully achieved a super lubrication
friction nanogenerator (SL-TENG) at the microscale. Under the condition of graphene
silicone oil lubrication, the optimized high load was 10N and the high sliding speed was
1000 mm/s, resulting in an ultra-low COF of 0.008. The corresponding wear rate of the
PTFE film was significantly reduced to mm3/Nm, achieving an ultra-low wear rate and
ultra-low COF. At the same time, the short-circuit current and open-circuit voltage were
increased by 6.8 times and 3.0 times, respectively, compared to those observed under dry
friction conditions.

In this study, an investigation was conducted on the friction pairs of a polyimide (PI)
film and 304 stainless steel ball as TENG friction pairs. PI films, a PI-based polymer, have
attracted more attention and research in the field of TENGs due to their excellent thermal
resistance, good breakdown resistance, and dielectric properties [33,34]. While the PI film
demonstrates impressive frictional electrical properties, positioning it as a main candidate
for integration into the friction pairs of TENGs, its widespread application faces a challenge
due to the limited electron absorption capacity of the most commonly used commercial
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films, resulting in restricted charge density generation that fails to fully meet the devel-
opment requirements of high-performance TENGs. This shortfall impedes meeting the
stringent demands of high-performance TENGs. Consequently, enhancing the triboelec-
trical capabilities of PI films is a key way to propel the development of high-performance
TENG systems. Furthermore, 304 stainless steel, renowned for its exceptional corrosion
resistance, mechanical strength, and ease of processing, serves as a prevalent material in
diverse industrial sectors. In a series of experiments, the impact of oleic acid lubrication
with varying mass fractions on the wear resistance and electrical output performance of
TENG friction pairs was investigated. In addition, the surface characterization of PI after
wear and the analysis of the chemical composition of wear trace were also performed.
Ultimately, it was determined that, under appropriate lubrication conditions, the addition
of TiO2 nanoparticles with a specific mass fraction in relation to oleic acid can enhance both
the wear resistance and electrical output performance of PI films in TENGs. These results
may provide important references for the promotion and in-depth research of TENGs
in practical applications and provide new ideas and methods for further optimizing the
design and improving the performance of TENGs.

2. Materials and Methods
2.1. Materials

The PI material used in this study was procured from Guangzhou Baike Electronics Co.,
Ltd. (Guangzhou, China). The 3D topography is shown in Figure S2. The thermoplastic
polyurethane (TPU) material was sourced from the Dongguan Changan Belin Plastic
Products Business Department, while the polydimethylsiloxane (PDMS) material was
obtained from Shanghai Dibo Biotechnology Co., Ltd. (Shanghai, China), a department of
Dongguan Changan Belin Plastic Products. The polytetrafluoroethylene (PTFE) material
was acquired from Dongguan Hongfu E-commerce Company. The thicknesses of these four
types of polymer films were 200 µm. The TiO2 (titanium dioxide) material with a purity
of 99% and particle size in the range of 20–40 µm was purchased from Jiangsu Xianfeng
Nanomaterials Technology Co., Ltd. (Nanjing, China). Oleic acid and dimethylsilicone oil
were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
The quartz plate was sourced from Donghai Yibo Quartz Products Co., Ltd. (Lianyungang,
China). Additionally, 6.35 mm diameter ball-shaped 304 stainless steel was acquired from
a local supplier. Furthermore, TiO2 and oleic acid were blended in accordance with the
specified ratios outlined in Table 1, and the precise measurements of TiO2 nanoparticles
and appropriate quantities of oleic acid were obtained using a precision balance. The
measured oleic acid and TiO2 nanoparticles were added to a centrifuge tube and mixed
to prepare oleic acid solutions with different mass fractions of TiO2. The mixture was
subjected to ultrasonic oscillation at 30 ◦C for 15 min to promote particle dispersion and
mixing. Subsequently, the mixture was transferred to a rotary mixer and stirred at 2000 rpm
for 10 min to further ensure uniform mixing. The completed oleic acid-based lubricant was
transferred to suitable containers for storage, ensuring its seal to prevent contamination
from external impurities.

Table 1. Experimental lubrication condition.

Designation Lubrication Condition

Dry friction No lubrication
0.00 wt% Pure oleic acid
0.01 wt% Oleic acid Gew. 0.01 wt% TiO2
0.05 wt% Oleic acid Gew. 0.05 wt% TiO2
0.1 wt% Oleic acid Gew. 0.1 wt% TiO2
0.5 wt% Oleic acid Gew. 0.5 wt% TiO2
1 wt% Oleic acid Gew. 1 wt% TiO2
2 wt% Oleic acid Gew. 2 wt% TiO2
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Table 1 presents a comprehensive overview of the experimental lubrication conditions
implemented in the study. The “Designation” column enumerates the specific designations
assigned to each lubrication condition, facilitating easy reference throughout the analysis.
In the “Lubrication Condition” column, detailed information regarding the composition or
concentration of the lubricants utilized in each condition is provided. These lubrication
conditions encompass a wide spectrum, ranging from instances of dry friction with no
applied lubricant to various concentrations of oleic acid combined with TiO2 nanoparticles,
spanning from 0.01 wt% to 2 wt%. This comprehensive range allows for a thorough
exploration of the effects of different lubrication conditions on the experimental outcomes.

2.2. Preparation of the TENGs

The TENGs were composed of 304 stainless steel and four polymeric components
(PDMS, PTFE, TPU, and PI) in this study. The schematic of the experimental setup is shown
in Figure 1, which is designed to simultaneously measure the COF and triboelectrical
performances (voltage, current, and charge) in a ball-on-flat configuration. The actual ex-
perimental device is shown in Figure S1A. The 6.35 mm diameter ball-shaped 304 stainless
steel served as the upper friction pair, while the PI film as a representative measuring
35 mm × 35 mm × 0.2 mm acted as the lower friction pair. The 304 stainless steel ball was
securely mounted in copper foil, clamped by a polyether ether ketone rod, and attached
to the friction testing machine. A copper wire connected the 304 stainless steel ball to a
programmable electrometer (Keithley 6514 Electrostatic Meter, Tektronix, Shanghai, China),
with the electrometer grounded. The PI film was adhered to a glass sheet measuring 35 mm
× 35 mm × 3 mm using 3M double-sided adhesive tape as the lower friction pair of the
TENG. Subsequently, the glass sheet was secured within a poly-ether-ether-ketone (PEEK)
box. A pipette gun was utilized to apply lubricant (50 µL) onto the PI surface before
initiating the sliding motion between the steel ball and PI film.
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Figure 1. Schematic of the experimental apparatus.

2.3. Characterization of Triboelectric and Tribological Behaviors

The reciprocating module of the tribological tester was employed for conducting
friction experiments. To prevent electron loss, the polymeric films were adhered to the
glass plate using 3M tape, and subsequently, the glass plate was fixed onto the PEEK
box of the friction tester. The speed of the reciprocating platform was adjusted using the
computer software of the tribological tester. During the experiment, the voltage, current,
charge and COF were measured for the solid–solid mode TENGs and TENGs with oleic
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acid lubrication and with TiO2-doped oleic acid lubrication. The data of voltage (Voc),
current (Isc), and transferred charge (Q) were measured by a programmable electrometer
and collected by a data acquisition card. The software platform was developed based
on LabView, enabling the real-time display and storage of data on a computer. The COF
was calculated using the software of the tribological tester. The surface morphology of
the samples, including the depth and width of the wear traces, was measured using
a 3D white-light interference surface topography instrument. Additionally, a scanning
electron microscope (SEM, TESCAN MIRA LM, Brno, Czech Republic) equipped with an
energy-dispersive spectrometer (EDS, Brno, Czech Republic) was employed to observe the
microstructural surface features and the element distribution of the wear traces. Fourier
transform infrared spectroscopy (FTIR, Thermo Fisher Scientific Nicolet iN10, Waltham,
MA, USA) was utilized to analyze the molecular structure and chemical bond information
of the sample surfaces.

3. Results
3.1. Effect of Materials of Friction Pairs on the Triboelectrical Performances

The selection of the materials of the friction pairs in TENGs is important for enhancing
the output electrical performances, such as the short-circuit current (Isc) and open-circuit
voltage (Voc). Four materials were chosen to investigate the effect of the materials of friction
pairs on triboelectrical performances. The process of triboelectric charge accumulation on
the steel ball in the dry friction state is displayed in Figure 2. When the steel ball and the PI
film came in contact, the steel ball became positively charged and the PI became negatively
charged. Equal positive and negative charges accumulated in the contact area (Figure 2a).
The electrons were transferred from the earth to the PVDF through the ground wire and
the steel ball during sliding (Figure 2b,c). When the steel ball slid in the opposite direction,
electrons flowed into the ground, which generated a negative current (Figure 2d), then
began the next cycle. This is in accordance with the work presented in [24].
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Figure 3 shows the triboelectrical and tribology performances of four polymer (PDMS,
TPU, PTFE, and PI) films sliding against a steel ball under dry conditions with a load of 5N
and a sliding speed of 40 mm/s. The output short-circuit current and open-circuit voltage
of the various PTFE films in contact with the steel ball under dry conditions are shown in
Figure 3a–c. As it can be seen from Figure 3a–c, PTFE exhibits the highest voltage magnitude
among the different tested materials, followed by PI, TPU, and PDMS. Consequently, the
corresponding maximum short-circuit current shows a similar trend, PTFE shows the
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highest current, and the PI material is second, with an amplitude of 0.7 nA. This aligns
with its high voltage triboelectric properties, as a higher voltage typically correlates with an
increased current. The current difference between TPU and PTFE is not large, and PDMS
shows the smallest current among the tested materials. The charge observed shows that PI
exhibits the highest charge magnitude, indicating its effectiveness in accumulating charge
during the triboelectric process. Due to the electron-withdrawing nature of the amidide
group, PI generally has a strong electron-withdrawing capacity. This property allows the
polyimide material to efficiently capture and store charges during friction. Though PTFE
has superior performances in voltage and current generation, the effective charge of PTFE
is much lower than that of PI, with a difference of approximately 0.4 nC. The reason for
this may be attributed to the dissipation of the generated charge during friction through
the air or other mediums. The difference in the triboelectrical performance is related to the
interactions between the contact pair during the sliding process as well as the chemical
compositions. However, further exploration is still required.
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Due to PI’s electron-withdrawing nature, TENGs have a higher voltage output. The
tribological behaviors of the contact pair play a key role in the life duration of TENGs. The
variation curves of COF of the four polymer materials (PDMS, PTFE, TPU, and PI) are
shown in Figure S3, and the average COF at the steady state is shown in Figure 2d. PTFE
demonstrates the lowest coefficient, followed by TPU, PI, and PDMS. The electrical output
properties of the different materials of TENGs are different, possibly because the roughness
of the material surface is also an influencing factor [35,36]. Generally, the COF, to some
degree, reflects the performance of wear resistance. Though the PI material has excellent
triboelectrical performance, the poor performances of the friction and wear resistance could
affect the life duration, thus limiting the application of the PI material in TENGs.
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3.2. Effect of Load and Sliding Speed on the Triboelectrical Performances of PI Films

In order to determine the appropriate parameters for the subsequent experiments,
the influence of the load and velocity on the triboelectric properties of the PI film sliding
with a steel ball under dry conditions was investigated. Figure 4 illustrates the triboelectric
performances of the PI film and a 304 stainless steel ball at various sliding velocities
(20 mm/s, 40 mm/s, 60 mm/s, 80 mm/s, 100 mm/s) and different loads (1N, 2N, 3N,
4N, and 5N). Based on the observed results depicted in Figure 4a–c, it is evident that the
voltage, current, and charge generated by the TENGs under a 1N load are consistently
lower compared to those under a 5N load. This indicates that the mechanical force applied
to the TENGs affects their electrical output, with higher loads resulting in an increased
electrical output performance. Similarly, as illustrated in Figure 4d–f, the voltage, current,
and charge output of the TENGs at a velocity of 20 mm/s are consistently lower than
those generated at a velocity of 100 mm/s. This suggests that the velocity of operation also
influences the electrical output performance of TENGs, with higher frequencies leading to
an enhanced electrical output.
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Figure 4. Triboelectrical performances of the PI film sliding against a steel ball under dry conditions
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sliding velocities (20 mm/s to 100 mm/s).

Furthermore, the results indicate that higher loads and frequencies exacerbate the
abrasion of the PI film, which is a crucial component of the TENGs. The escalating abrasion
of the PI film leads to more electrical energy being released during the wear process,
resulting in an increase in the values of voltage, current, and charge detected by the
electrometer. However, it is noteworthy that, in the practical operation of our TENGs, a
velocity of 80 mm/s imposes a lesser burden compared to a velocity of 100 mm/s. Therefore,
we maintained the TENGs at a load of 5N and a velocity of 80 mm/s in subsequent
experimental trials to ensure consistent and reliable results.

3.3. Effect of Lubrication with TiO2-Doped Oleic Acid on the Triboelectrical Performances

Compared to the dry conditions, liquid lubricants could effectively reduce the fric-
tion and wear of sliding contacts. The presence of the lubricant forms a protective layer
between the contacting surfaces, minimizing direct contact and reducing frictional forces.
Zero-dimensional materials with a spherical microstructure have been extensively used
as additives to improve the tribological behavior. In this study, TiO2-doped oleic acid
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at different concentrations was used to investigate the influence on the tribological and
triboelectrical performances. Figure 5 shows the triboelectrical performances of the PI film
sliding against a steel ball under TiO2-doped oleic acid with a concentration of 0–2 wt%. As
it can be seen in Figure 5a, as the concentration of TiO2 increases, the output open-circuit
voltage gradually increases and then decreases. The lubrication with a concentration of
0.1% exhibits the best performance, which is better than under dry conditions. This trend
suggests that the presence of TiO2 nanoparticles enhances the frictional electrification effect
of the oleic acid lubricant, leading to a notable increase in voltage generation. Similarly,
Figure 5b–c present similar trends in current and charge data, indicating that the incorpo-
ration of TiO2 nanoparticles promotes electron flow and charge accumulation within the
TENGs. The triboelectrical amplitudes of the TENG with the PI sliding against the steel
ball lubricated with TiO2-doped oleic acid with various TiO2 weights (including (a) voltage,
(b) current, and (c) charge) are plotted in Figure S4. As it can be seen, the voltage, current,
and charge increase with the increase in the content of TiO2 before 0.1 wt%; then, they
reach a certain value. Note that oleic acid lubrication alone could not greatly improve the
triboelectrical performance. Especially for the output open-circuit voltage, the value of
the amplitude under oleic acid lubrication is much smaller than that under dry conditions.
This discrepancy may be attributed to the larger surface contact area generated during dry
friction, which enhances the frictional electrification effect and results in a higher voltage
output. The surface roughness decreases and the enlarged wear surface area contributes
in part to the improved output power of the TENGs [37]. Consequently, the surface ap-
pearance changes in the material have a great influence on the output performance of the
TENGs [38–40]. It was found that the lubrication with 0.1 wt% TiO2 in the oleic acid greatly
improved the triboelectrical performances, including voltage, current, and charge. The key
determinant of power output on the TENGs is the amount of charge transferred per unit
time [41]. This phenomenon may be due to the increase in the mass fraction of titanium
dioxide in oleic acid, which isolates the contact between the PI film and the 304 stainless
steel ball, affecting the rate of charge transfer.
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oleic acid (TiO2 concentration of 0–2 wt%) lubrication, with a load of 5N and a velocity of 80 mm/s.
(a) Output short-circuit current. (b) Output open-circuit voltage. (c) Effective charge. (d) Average COF.

The variation of the COF curve of the TENG of the PI sliding against the steel ball
lubricated with TiO2-doped oleic acid with various TiO2 weights is shown in Figure S5, and
the average COF at the steady state is shown in Figure 5d. A substantial decrease in the COF
is observed from dry friction to the oleic acid lubrication, which can be attributed to the
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improved lubricating effect of introducing oleic acid. However, as the TiO2 concentration
increases, the COF gradually rises, indicating that the addition of TiO2 nanoparticles
increases friction. The increased wear trace may be attributed to the excessive addition
of solid lubricant compared to liquid lubricants, which may result in an increase in the
COF [42,43]. In the case of titanium dioxide particles, their uneven distribution in oleic
acid or interaction with the sample surface may lead to the accumulation of excessive solid
particles on the friction surface, thereby increasing friction. These interactions may cause
changes in surface roughness and exacerbate wear, ultimately reducing the effectiveness of
oleic acid lubrication.

Subsequently, the worn surface was analyzed. Three worn surfaces and their cor-
responding cross-sectional profiles under typical lubrication conditions, for which the
concentrations were dry friction, 0 wt%, and 0.1 wt%, are plotted in Figure 6.
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In Figure 6a,d, corresponding to dry friction conditions, the sample surface exhibits
wide and deep wear traces, indicating substantial material loss and surface damage re-
sulting from friction. As shown in Figure 6b,e, the widths and depths of the wear traces
significant decrease. This reduction in wear trace dimensions suggests that the application
of TiO2-doped oleic acid as a lubricant effectively reduces friction and slows down surface
wear. As shown in Figure 6c,f, both of the widths and depths of the wear traces under
lubrication at a concentration of 2 wt% are larger than that at a concentration of 0.1 wt%.
More scratch marks were observed, which were mainly caused by the TiO2 nanoparticles
sandwiched between the PI film and steel ball. The hardness of the TiO2 nanoparticles is
much greater than that of the PI, which results in abrasive wear during the sliding process.

In order to verify the durability of the output performances of the TENG lubricated
with TiO2 0.1 wt%-doped oleic acid, a test lasting 3600 s was performed. As it can be seen
from Figure 7, no significant change was observed in the voltage, current, and charge after
sliding for a long time.

Overall, the lubrication with TiO2-doped oleic acid improved the triboelectrical perfor-
mances and tribological behavior. However, the addition of TiO2 nanoparticles to the oleic
acid lubricant slightly impaired the friction and wear behaviors. The concentration of TiO2
has a significant influence on the surface wear and frictional behaviors of the friction pairs
of TENGs. This observation suggests that the inclusion of TiO2 particles in the lubricant
may have contributed to a heightened surface roughness, thereby exacerbating the severity
of wear experienced by the samples.
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Figure 7. The output performances of the TENG lubricated with TiO2 0.1 wt%-doped oleic acid tested
for a long time (3600 s).

4. Discussion

In order to gain more insights into the triboelectrical mechanisms of the PI film sliding
against a steel ball lubricated with the TiO2-doped oleic acid, a comprehensive investigation
was carried out from a microcosmic viewpoint.

4.1. Microstructures of the Worn Surface

Figure 8 shows the SEM image of the wear traces of the PI film under various magni-
fications under dry friction, oleic acid lubrication, and TiO2-doped oleic acid lubrication.
As it can be seen from Figure 8a–c, plenty of fragments can be observed at the wear trace,
which are formed by the detached chunks from the PI film during the sliding against the
steel ball. It is conceivable that material worn off from the PI surface could adhere to the
steel counterpart and then detach due to the shear force, ultimately leading to the formation
of fragments. Adhesive wear is the main mechanism for this case. Upon the introduction
of lubrication with oleic acid, as illustrated in Figure 8d–f, most of the large fragments
disappeared, replaced by a variety of small fragments. In addition, more characteristics,
such as parallel grooves, debris, and material removal, that left pits are shown. The grooves
on the PI film are formed from what surfaced from the cutting or scraping action by the
mating steel ball. The microvolume of the friction surface material is subjected to cyclic
contact stress, resulting in repeated deformation, cracks and separation of micro-pits, and
fatigue wear.

Lubricants 2024, 12, x FOR PEER REVIEW 11 of 17 
 

 

introduction of lubrication with oleic acid, as illustrated in Figure 8d–f, most of the large 
fragments disappeared, replaced by a variety of small fragments. In addition, more char-
acteristics, such as parallel grooves, debris, and material removal, that left pits are shown. 
The grooves on the PI film are formed from what surfaced from the cutting or scraping 
action by the mating steel ball. The microvolume of the friction surface material is sub-
jected to cyclic contact stress, resulting in repeated deformation, cracks and separation of 
micro-pits, and fatigue wear. 

 

Figure 8. SEM images of wear traces on the PI film under dry friction (a–c), oleic acid lubrication 
(d–f), and oleic acid lubrication with 0.1 wt% TiO2 (g–i), with magnifications of 200, 1000, and 5000. 

Hence, this is the result of the coordinated interaction of the mechanisms of adhesive 
wear, abrasive wear, and fatigue wear. This may also be because of the adhesion and tem-
perature [44–48] effects of steel on the PI film during wear, resulting in partial material 
detachment. In the case of oleic acid lubrication containing TiO2 0.1 wt%, as shown in 
Figure 8g,h, the absence of local material defects suggests a modification in the properties 
at the friction interface attributed to the presence of TiO2 particles. The wear trace becomes 
very smooth, and only a few fragments are detached. As it can be seen from Figure 8i, 
there are many tortuous routes on the surface; this is mainly because of the micro-cutting 
of TiO2 nanoparticles during the friction process [43,49]. This lubrication may significantly 
reduce the interaction between the friction surfaces, thereby minimizing wear and detach-
ment. 

4.2. Composition Analysis of the Wear Surface 
To determine the elemental composition and distribution on the entire wear trace, 

mapping using energy-dispersive spectrometry (EDS) was performed. The results of the 
elemental mapping obtained by analyzing the frictional contacts using EDS are presented 
in Figure 9. The contributions of the PI film (C, H, N, and O), oleic acid (C, H, and O), and 
TiO2 nano-additives (Ti and O) are indicated in the EDS elemental maps. It can be seen 
from Figure 9a that numerous slight smooth scratches are located on the wear trace. The 

Figure 8. SEM images of wear traces on the PI film under dry friction (a–c), oleic acid lubrication
(d–f), and oleic acid lubrication with 0.1 wt% TiO2 (g–i), with magnifications of 200, 1000, and 5000.



Lubricants 2024, 12, 269 11 of 16

Hence, this is the result of the coordinated interaction of the mechanisms of adhesive
wear, abrasive wear, and fatigue wear. This may also be because of the adhesion and
temperature [44–48] effects of steel on the PI film during wear, resulting in partial material
detachment. In the case of oleic acid lubrication containing TiO2 0.1 wt%, as shown in
Figure 8g,h, the absence of local material defects suggests a modification in the properties
at the friction interface attributed to the presence of TiO2 particles. The wear trace becomes
very smooth, and only a few fragments are detached. As it can be seen from Figure 8i, there
are many tortuous routes on the surface; this is mainly because of the micro-cutting of TiO2
nanoparticles during the friction process [43,49]. This lubrication may significantly reduce
the interaction between the friction surfaces, thereby minimizing wear and detachment.

4.2. Composition Analysis of the Wear Surface

To determine the elemental composition and distribution on the entire wear trace,
mapping using energy-dispersive spectrometry (EDS) was performed. The results of the
elemental mapping obtained by analyzing the frictional contacts using EDS are presented
in Figure 9. The contributions of the PI film (C, H, N, and O), oleic acid (C, H, and O), and
TiO2 nano-additives (Ti and O) are indicated in the EDS elemental maps. It can be seen from
Figure 9a that numerous slight smooth scratches are located on the wear trace. The EDS
mapping (Figure 9b–f) reveals that the characteristic elements, including the Ti element,
are distributed on the wear trace uniformly and the TiO2 aggregates in some regions.
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Figure 9. SEM image and EDS maps of the wear trace under the lubrication with TiO2 0.1 wt%-doped
oleic acid. (a) SEM image (b) EDS elemental mapping of all elements (c–f) EDS elemental mapping of
Ti, C, N and O elements, respectively.

FTIR spectroscopy analysis was conducted to investigate the wear mechanism of TiO2-
doped oleic acid lubrication during friction. The spectra of the wear tracks generated on the
PI films under four different lubrication conditions—non-friction, dry friction, oleic acid
lubrication, and oleic acid lubrication with the addition of TiO2 nanoparticles—are shown
in Figure 10. As shown in Figure 8, the peaks at 2960 cm−1 and 2870 cm−1 correspond
to the asymmetric and symmetric stretching vibrations of -CH3 groups, respectively. The
peaks at 2922 cm−1 and 2853 cm−1 correspond to the asymmetric and symmetric stretching
vibrations of -CH2 groups, respectively. The carbonyl (C=O) and amido (N-H) stretching
vibrational absorption peaks are observed at 1711 cm−1 and 3483 cm−1. The characteristic
peak of [CH2CH(CH3)]n of PI is also observed at 1165 cm−1. A blank spectrum of the PI
film was used as a benchmark. The presence of absorption peaks at 2960 cm−1, 2922 cm−1,
2870 cm−1, and 2855 cm−1 related to the stretching vibrations of the C-H groups is observed,
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indicating that the molecular radicals appeared after the sliding test. Compared to the
dry conditions, the magnitude ratio of CH3, ACH3,As/ACH3,s, decreased slightly, while the
magnitude ratio of CH2, ACH2,As/ACH2,s, decreased. This indicates that the addition of
oleic acid changed the molecular vibrational state. The stretching vibrational absorption
of (C=O) became stronger, which suggests that the PI film is covered with plenty of oleic
acid molecules. For the case of TiO2-doped oleic acid lubrication, most of the vibration
peaks became weaker with the addition of TiO2 nanoparticles. Especially, the vibrational
absorption peak of N-H disappeared. The reason for this might be that some nanoparticles
were immersed in the PI film, resulting in the intermolecular space, further reducing the
vibration of molecular groups. Moreover, the absorption peaks related to the stretching
vibrations of the C-H groups increased dramatically, may because the TiO2 nanoparticles
increased the dispersion and stability of the lubricant, which enhanced the signal intensity
of the C-H group molecule in the absorption spectrum measurement.
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4.3. Mechanism of TENG Performance Improvementit

According to the above analysis, the behavioral models of the TENG interface under
dry friction, oleic acid lubrication, and TiO2-doped oleic acid lubrication are presented in
Figure 11. Similar to [30], under dry friction, the friction generates a triboelectric charge
accompanied with voltage and current. However, the high friction also leads to the severe
wear of the PI film, and some wear debris transfers from the PI onto the steel surface.
Some of the debris are scattered and adhere to the PI film again and then form fragments,
as shown in Figure 11a. Thus, the coverage of the wear debris and fragments prevents
the further generation of the triboelectric charge. The main mechanism is abrasive wear.
As shown in Figure 11b, the wear debris and the fragments are drastically reduced with
oleic acid lubrication. The main mechanism is change to fatigue wear, resulting in the
emergence of cracks in and material removal from the PI interface. Furthermore, the
triboelectrical performances change little from those of dry friction. As shown in Figure 11c,
the addition of TiO2 nanoparticles reduces the formation of debris from the PI film due
to the ratio of TiO2 nanoparticles, therefore increasing the generation of charge as well as
voltage and current. In addition, the sliding of TiO2 nanoparticles can make the PI surface
furrow, known as the micro-machining effect. Therefore, the contacting area is increased,
which ceases the improvement in the triboelectrical performances. Overall, the reduced
wear and increased output performances are the combined effect of oleic acid and TiO2
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nanoparticles. In addition, the polarity of oleic acid directly affects the generation of friction
charge when it comes into contact with a solid material. Oleic acid has properties between
polar and non-polar. It not only increases the total triboelectrical charge amount, but also
has good lubrication properties, which can reduce the wear of the interface. The surface
wettability [50] and molecular behaviors [51] have an effect on lubrication, and may also be
closely related to the triboelectrical performances of TENGs. The underlying mechanism is
much more complex and still needs exploration.

Lubricants 2024, 12, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 11. Mechanism of wear and output performances under various condition. (a) Dry friction. 
(b) Under oleic acid lubrication. (c) Under TiO2-doped oleic acid lubrication. 

5. Conclusions 
Our comprehensive investigation of the electrical output performance, wear re-

sistance performance, and surface composition of TENG systems led to the following con-
clusions: 
(1) Different materials, such as PTFE, PDMS, TPU, etc., demonstrate distinct variations 

in voltage, current, and charge generation, which are closely associated with their 
unique surface properties. 

(2) The voltage, current, and charge generation of TENGs are significantly influenced by 
the load and velocity conditions. Higher loads and frequencies exacerbate the wear 
of PI films, resulting in higher electrical energy release. 

(3) The triboelectrical performances of the PI film sliding against a steel ball under 0.1 
wt% TiO2-doped oleic acid are significantly improved compared to those under dry 
conditions, with the growth rates of 35.2%, 103.6, and 85.6%. 

(4) The COF of the TENG lubricated with 0.1 wt% TiO2-doped oleic acid dropped from 
0.31 to 0.066 compared to that under dry conditions. The EDS analysis revealed a 
uniform distribution of Ti elements on the surface of wear marks, and the addition 
of 0.1 wt% TiO2 resulted in deeper and wider wear marks on the PI films. The FTIR 
spectra indicated changes in the molecular structure of the surface wear marks of the 
PI films after friction, suggesting that TiO2 nanoparticles enhance the interaction be-
tween oleic acid and the PI films during friction. 

(5) The enhancement mechanism of TiO2-doped oleic acid in TENGs was also analyzed. 
TiO2-doped oleic acid significantly improved the tribological behaviors and triboe-
lectrical performances of TENGs. The introduction of oleic acid reduced the amount 
of segments, which are usually created under dry friction condition. Incorporating 
the appropriate amount (0.1 wt%) of TiO2 into the oleic acid lubricant can reduce 
surface damage, but it may result in more nano-furrows. The corresponding contact 
area increases, thereby increasing the voltage, current, and charge generated by the 
TENGs. 

  

Figure 11. Mechanism of wear and output performances under various condition. (a) Dry friction.
(b) Under oleic acid lubrication. (c) Under TiO2-doped oleic acid lubrication.

5. Conclusions

Our comprehensive investigation of the electrical output performance, wear resistance
performance, and surface composition of TENG systems led to the following conclusions:

(1) Different materials, such as PTFE, PDMS, TPU, etc., demonstrate distinct variations
in voltage, current, and charge generation, which are closely associated with their
unique surface properties.

(2) The voltage, current, and charge generation of TENGs are significantly influenced by
the load and velocity conditions. Higher loads and frequencies exacerbate the wear of
PI films, resulting in higher electrical energy release.

(3) The triboelectrical performances of the PI film sliding against a steel ball under
0.1 wt% TiO2-doped oleic acid are significantly improved compared to those under
dry conditions, with the growth rates of 35.2%, 103.6, and 85.6%.

(4) The COF of the TENG lubricated with 0.1 wt% TiO2-doped oleic acid dropped from
0.31 to 0.066 compared to that under dry conditions. The EDS analysis revealed a
uniform distribution of Ti elements on the surface of wear marks, and the addition
of 0.1 wt% TiO2 resulted in deeper and wider wear marks on the PI films. The FTIR
spectra indicated changes in the molecular structure of the surface wear marks of
the PI films after friction, suggesting that TiO2 nanoparticles enhance the interaction
between oleic acid and the PI films during friction.

(5) The enhancement mechanism of TiO2-doped oleic acid in TENGs was also analyzed.
TiO2-doped oleic acid significantly improved the tribological behaviors and triboelec-
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trical performances of TENGs. The introduction of oleic acid reduced the amount of
segments, which are usually created under dry friction condition. Incorporating the
appropriate amount (0.1 wt%) of TiO2 into the oleic acid lubricant can reduce surface
damage, but it may result in more nano-furrows. The corresponding contact area
increases, thereby increasing the voltage, current, and charge generated by the TENGs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/lubricants12080269/s1, Figure S1: The experiment setup for
measuring triboelectrical performances and coefficient of friction; Figure S2: The 3D topography of
PI film; Figure S3: The COF varies with time of four polymer materials; Figure S4: The triboelectrical
amplitudes of TENG of PI sliding against steel ball lubricated by TiO2-doped oleic acid with various
TiO2 weights; Figure S5: The variation COF curve of TENG of PI sliding against steel ball lubricated
by TiO2-doped oleic acid with various TiO2 weights.
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