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Abstract: Energy saving and reduced consumption of key materials such as bearings in high-end
equipment can be realized by synthesizing a new lubricating functional additive, copper-doped
carbon quantum dot dispersion liquid (Cu-CQDs) via hydrothermal reaction with glycerol, cupric
chloride dihydrate, and choline chloride as raw materials. The influence of the dispersion liquid
containing Cu-CQDs nanoparticles on the lubricating properties of polyethylene glycol (PEG200) was
investigated on a four-ball friction tester. The wear scars of steel balls after friction were analyzed
using a scanning electron microscope accompanied by energy dispersive spectroscopy (SEM/EDS),
photoelectron microscopy, and Raman spectroscopy. The results revealed the friction and wear
mechanism of Cu-CQDs. Cu-CQDs dispersion liquid can significantly enhance the lubrication
performance of PEG. The average friction coefficient of PEG containing 2.0 wt% Cu-CQDs dispersion
liquid was 40.99% lower than that of pure PEG. The friction and wear mechanism can be ascribed to
friction, inducing Cu-CQDs to participate in the formation of boundary lubricating film, resulting in
a low friction coefficient and wear scar diameter.

Keywords: copper doping; carbon quantum dots; boundary lubricating film; friction and wear mechanism

1. Introduction

Nanoparticles have broad application prospects because of their unique nano-size
effect and superior chemical properties [1]. Many kinds of nano-materials exist, including
copper, silver, nickel, molybdenum disulfide, tungsten disulfide, graphite nanosheets,
nanospheres, graphene, carbon nanotubes, and carbon quantum dots (CQDs), which can
be divided into organic, inorganic, and metal-based nanoparticles. Nanoparticles have
been widely used in real life as lubricant additives. Its excellent antifriction and anti-
wear properties and unique self-healing ability are potential substitutes for traditional
additives that meet the developing requirements of high-performance lubricants [2,3].
It is well known that a large amount of energy loss in industrial production is caused
by friction and wear. Improved lubrication can save 30% of energy. Therefore, how
to save energy and reduce consumption is the focus of tribology scientists. The use of
superior lubricants with the proper functional additives can prolong the life of mechanical
components and realize energy savings and reduced consumption [4,5]. He et al. [6]
used it as a functional additive of N32 lubricating oil. The nano copper bearing function
improved the lubricating film’s wear resistance and played a good role in reducing friction
and anti-wear. Qin et al. [7] investigated halloysite nanotubes as an oil-based additive to
improve the anti-wear properties. The outstanding wear resistance of the surface lubricated
by the calcined product is attributed to the faster and easier formation of a multilayer
nanocrystalline tribo-film. Jiang et al. [8] investigated and compared the tribological
behaviour of steel/steel surface lubricated by poly alpha olefin (PAO 6) oil containing
MoS2/h-BN hybrid nanoparticles. The formation of the tribo-film on the surface of the
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tribo-pair resulted in a lower friction coefficient and wear rate. Lahouij et al. [9] have
studied the influence of the crystal structure of IF-MoS2 nanoparticles on the lubricating
properties of the fullerenes added to a synthetic base oil. The good lubricating properties of
poorly crystallized particles by their higher ability to exfoliate and to form rapidly a tribo-
film made of h-MoS2 sheets on the surfaces compared to the perfectly crystallized particles.
Li et al. [10] reported that nano-Cu powder can significantly improve the lubrication
performance of PEG. The tribological mechanism can be attributed to the formation of
copper deposition film by nano-Cu, thereby reducing the friction coefficient and the wear
of friction pairs.

As a new material in the carbon family, CQDs are usually mono-disperse spherical
carbon nanomaterials with a size of less than 10 nm, which are new nanomaterials with
various industrial application prospects [11,12]. The research on the tribology of CQDs is
still in its infancy. CQDs have remarkable tribological properties and great potential to
become green and efficient lubricating materials. Kumar et al. [13] studied and introduced
several applications, development progress, antifriction performance, anti-wear perfor-
mance, and lubrication mechanism of lubricant additives based on carbon quantum dots
(CQDs), and provided some suggestions on complete functionalized or mixed doped CQDs
materials. Tang et al. [14] made a comprehensive and systematic review of the research
progress of carbon dots in the lubrication field. The research work of carbon dots in the
field of lubricating functional additives and lubricating coatings has been described in
detail. Three strategies for improving the lubricating effect (size and shape control, surface
modification, and heteroatom doping) have been pointed out, and the lubricating mecha-
nism of CQDs and the main challenges have been comprehensively analyzed. Ma et al. [15]
studied that CQDs and ionic liquid (IL) nanoparticles prepared by simple modification
showed excellent tribological properties as lubricating materials and obtained a super-low
friction coefficient of about 0.006 and wear rate of about 0.7 × 10−14 m3/Nm with the
CQDs content of 3.6 wt%. The results show that IL-modified CQDs can provide a new
idea for studying various lubricating materials to achieve ultra-low friction and can further
study other practical applications. Shang et al. [16] studied chemically grafted CQDs and
IL hybrid nanomaterials (CQDs/IL), and the hybrid nanomaterials with spherical shell
structure showed a synergistic effect in improving the friction reduction and anti-wear
properties of boundary lubrication. Tang et al. [17] found that the introduction of 0.1 wt%
CQDs in water reduced the friction coefficient and wear rate by 33% and 80%, respectively.
This finding can be attributed to the excellent tribological energy of CQDs from minimiz-
ing CQD sediment particles and reducing friction and wear through nano-bearing and
nano-filling mechanisms. Hu et al. [18] prepared water-soluble CQDs by adjusting the car-
bonation degree of ammonium citrate through a simple, low-cost bottom-up method. The
lubricity and inhibition of CQDs as nano-additive of water-based lubricant were studied.
CQDs as environment-friendly nano-additives have low friction coefficients, excellent wear
resistance, and excellent inhibition effect.

Limited studies have focused on the tribological properties of element-doped or hybrid
CQDs. He et al. [19] prepared a new type of nitrogen-doped CQD (N-CQD) nanoparticles by
solvothermal method. The particle diameter is about 10 nm. Nanoparticles have a graphene
oxide (GO) micro graphitization structure, and they were added to MoS2 nanofluids. The
tribological properties of the composite fluid were investigated, and the results show that
the friction process of MoS2 and N-CQDs nanofluids was in a mixed lubrication state. The
particles do not interfere with each other and play a synergistic role in lubrication. Ye
et al. [20] studied nitrogen-doped CQDs (N-CQDs) as functional additives and explored
their influence on the lubricating properties of bio-based castor oil. The chemical grafting of
CQDs in the olefins (PAO) with good dispersion. The friction mechanism can be attributed
to the continuous deposition of the wear surface by nanoparticles at the interface of the
friction pair, forming a thin protective film containing iron oxide, inorganic carbon, and
nitrogen. Tu et al. [21] synthesized a new green lubricating oil additive CQDs particle-
doped nickel (Ni-CQDs) with citric acid and nickel acetate as raw materials. The effects
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of CQDs and Ni-CQDs nanoparticles on the friction behaviour of polyethylene glycol
(PEG200) were investigated. Results show that both CQDs and Ni-CQDs particles can
enhance the lubrication performance of PEG200. Moreover, Ni-CQDs nanoparticles can
enhance the lubricating performance compared with ordinary CQD particles. This finding
can be attributed to the fact that friction induces Ni-CQDs to participate in the formation of
friction film, resulting in a low friction coefficient and wear rate. Huang et al. [22] found
that when CQDs/CuSx nanocomposite particles are used as additives, they show excellent
lubrication and superior repair ability of worn surfaces. The mechanism can be attributed
to the combination of the multilayer graphite structure of CQDs and the high chemical
activity of CuSx. Shang et al. [23] prepared a hybrid of CQDs and graphene oxide (GO)
through a one-pot method. The tribological behaviour of PEG as a lubricating additive
was studied. A significant antifriction effect was observed, and the mechanism can be
attributed to the synergistic effect of adsorption of spherical CQDs and GOs on the sliding
surface, which effectively protected the interface from bad friction and wear.

Limited research has focused on the preparation of metal-based biomass CQDs dis-
persion and its tribological properties. Therefore, the copper-doped CQDs dispersion was
prepared using a traditional hydrothermal synthesis method, and the influence of different
concentrations of the dispersion on the lubrication characteristics of PEG lubricant was
investigated. The successful implementation of this work has laid a certain foundation for
the development of high-performance lubricants and provided basic data for enriching the
tribological research of metal-based CQDs.

2. Experimental
2.1. Preparation and Dispersion of Materials
2.1.1. Preparation of Copper-Doped CQDs Dispersion

Precursor solution (DES): Choline chloride (analytically pure, Shanghai Zhanyun
Chemical Co., Ltd., Shanghai, China), cupric chloride dihydrate (analytically pure, Shang-
hai Zhanyun Chemical Co., Ltd.), and glycerol (analytically pure, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) were weighed at a proportion of 5:1:1, and the mixed
solution was poured into a 50 mL three-necked flask and placed in an oil bath to prevent
liquid splashing and water loss during heating. The bottle mouth was covered with a
rubber stopper. At room temperature, the oil bath was stirred and heated to 110 ◦C, and
the reaction lasted for 5 h until the precursor solution became stable. After the solution was
cooled to room temperature, it was sealed for use.

Hydrothermal synthesis: Approximately 1.0 g of DES solution was obtained, mixed
with 30 mL of pure water, placed in a beaker, and sealed. The mixture was stirred with
small magnets for 2 h until the DES solution was uniformly dispersed in pure water.
The sample was placed in mixed DES solution into a 50 mL reaction kettle lined with
polytetrafluoroethylene, the shell was tightened, the oven temperature was set to 220 ◦C,
and it was held for 24 h for the successful preparation of Cu-CQDs. After the reaction, 0.22 µ

the supernatant was filtered out by PVDF membrane, and the macromolecular impurities
were removed by dialysis with 3500D dialysis bag for 2 days. After rotary evaporation, the
solution was freeze-dried to obtain copper-doped carbon dots dispersion.

2.1.2. The Mutual Solubility of Copper-Doped CQDs Dispersion with PEG200

The dispersion containing copper-doped carbon nanoparticles was added to the base
oil PEG200 (99%, Shandong Yousuo Chemical Co., Ltd., Heze, China) as a lubricating
additive. The dispersion characteristics of its nanoparticle dispersion with different mass
fractions in PEG are shown in Figure 1. The figure that copper-doped carbon dots have
good dispersion in PEG. The yield of copper-doped carbon nanoparticle dispersion is
approximately 95.35%. The formation mechanism can be summarized as follows: during
the formation of doped carbon dots, glycerol molecules, and cupric chloride molecules
experienced a process of "Dispersion pyrolysis, Aggregation carbonization, Hydrothermal
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recombination" three kinds of reaction processes [24]. The specific colour development
mechanism can be expressed in publicity (1).

[Cu(H2O)4]2+ +4Cl− � (CuCl4)2−+ 4H2O, H > 0 (1)
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Figure 1. Mutual solubility of Cu-CQDs dispersions with different mass concentrations in PEG200.

Cu-CQD dispersions with different amounts of addition show different colours in PEG.
The colour change mechanism can be explained as follows: After dissolution in PEG200,
hydrated copper ions [Cu(H2O)4]2+, and tetrachloride copper complex ions [CuCl4]2− are
formed by the combination of Cl− and copper ions. The colour of the ions is yellow, because
the concentration of Cu-CQDs changes the equilibrium constant of copper tetrachloride
ion, making it move forward. With the increase in concentration, the colour of the solution
changed from blue to yellow-green and then yellow (Figure 1 shows the colour change of
copper-based CQDs in PEG).

2.2. Characterization of Physical and Chemical Properties of Cu-CQDs Particles in Dispersion Solution

Transmission electron microscopy (TEM, FEI Tecnai 200 kV) was used to character-
ize the internal structure of the Cu-CQDs particles in the dispersion solution and the
morphological characteristics of the primary particles. As shown in Figure 2a, the Cu-
CQDs particles were uniformly dispersed, and the average particle size was approximately
8.33 nm. Then, a fluorescence spectrophotometer (Edinburgh FLS1000, EI) was used to
obtain the fluorescence emission spectrum of copper-based carbon dots at the excitation
wavelength of 360 nm and at room temperature. Figure S1 shows that the maximum emis-
sion wavelength of fluorescence is 525 nm, and the maximum emission wavelength does
not change with time without a blue shift or red shift. The absorption spectrum of CQDs
was measured using an ultraviolet–visible absorption spectrometer (UV-1800, Mapada).
The dispersion of Cu-CQDs in water was conducted with Zeta spectroscopy (model Zs90).
It indicated that Cu-CQDs particles could be dispersed uniformly as shown in Figure 2b,c
shows that their absorption ranges are all in the ultraviolet light region, and relatively
wide absorption peaks belonging to the near ultraviolet region were observed between
200–250 nm, which can be attributed to π-π * transition of aromatic sp2 hybridization. The
molecular structure of the material was characterized using a Fourier transform infrared
spectrometer (NicoletiS50). The functional group absorption peak was inferred based on
the vibration form of the molecular group corresponding to the absorption peak. As shown
in Figure S2, the peak at 3357 cm−1 of Cu-CQDs shown in Figure 2b is the absorption peak
of -OH, the peak at 1636 cm−1 is the absorption peak of C=O, and the peak at 1080 cm−1 is
the characteristic absorption peak of C-O stretching vibration in -C-OH [25,26]. PEG200 is
a hydrophilic polymer with a large number of hydroxyl groups on its molecular surface,
which makes it show polar properties and can be well compatible with Cu-CQDs, which is
also the reason why PEG is selected as the base oil. Figure S2c shows the infrared spectrum
of PEG200. The peak at 3405 cm−1 is the absorption peak of -OH. In the figure, there is a
strong absorption peak at 1062 cm−1, which is the characteristic absorption peak of C-O-C
stretching vibration in the PEG200 molecule. Figure 2a shows the infrared spectrum of the
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added amount of 1.0 wt% Cu-CQDs in PEG200, the functional groups are almost the same
as PEG due to the small proportion of the added amount.
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2.3. Tribological Tests

The four-ball friction testing machine (MRS-10D type) is shown in Figure 3. Based
on the petrochemical industry standard parameters of 392 N and 1200 rpm/min, the
tribological test was carried out for 30 min at 25, 75, and 100 ◦C [27]. The GB/3142-2019
test standard was used to test the maximum seizure load (PB value, accuracy less than
10 N) of solution oils with different concentrations of Cu-CQDs. Table 1 provides the PB
values of solution oils with different concentrations of Cu-CQDs. The four steel balls were
arranged according to the regular tetrahedron, the upper ball rotated at 1450 ± 5 rpm/min,
the lower three balls were fixed together with oil boxes, and the load was applied to the
steel balls from bottom to top through the hydraulic system. During the test, the contact
points of the four steel balls were immersed in the lubricant. Each test lasted for 10 s. After
the test, the wear spot diameter of any steel ball in the oil tank was measured. The test was
repeated according to the specified procedure until the evaluation index representing the
bearing capacity of the lubricant was obtained [28].

The steel ball used in the test was ASTM E2100 bearing steel with a diameter of 12.7 mm,
which was manufactured according to the Chinese national standard GB/T308-2002. The hard-
ness of steel was set to HRC = 65, and the average surface roughness was Ra = 0.012 µm [29].
The lubrication state was reduced to the boundary lubrication condition by analysis of the
friction coefficients of samples and surface contact stress of steel balls [30]. The antifriction
and wear behaviours of Cu-CQDs as a lubricating additive under different working con-
ditions were explored by subjecting all oil samples to ultrasonic dispersion treatment for
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30 min. The test steel balls and oil box abrasives were cleaned with ethanol or petroleum ether.
Each group of experiments was carried out thrice independently to reduce the experimental
deviation [31,32]. SEM/EDS and a 3D laser scanning microscope (VK-X100k) were used to
analyze the morphology of the wear scar area and the element composition on the surface.
The valence states of chemical elements were studied by X-ray photoelectron spectroscopy
(ESCALAB 250), and the mechanism of friction and wear was expounded.
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Table 1. PB value of solution oil with different concentrations of Cu-CQDs.

Sample Maximum Non-Seizure Load (N) Rate of Change (%)

PEG200 530 –
0.5 wt% Cu-CQDs 588 10.94%
1.0 wt% Cu-CQDs 588 10.94%
2.0 wt% Cu-CQDs 637 20.19%

3. Results and Discussion
3.1. Antifriction Property

Figure 4 shows the influence of different amounts of dispersion on PEG lubrication
characteristics at 25, 75, and 100 ◦C. As shown in Figure 4a, at 25 ◦C, with the increase in
the content of Cu-CQD dispersion, the friction coefficient also decreased, with a maximum
reduction of 19.83%, reflecting the Cu-CQDs can promote the antifriction property of
PEG200. Figure 4b,c show the change in friction coefficient under the lubrication of
different amounts of dispersion at 75 and 100 ◦C. With the increase in the content of
Cu-CQD dispersion, the friction coefficient decreased. With the increase in temperature,
the friction coefficient became considerably lower than that of pure PEG200. At 75 ◦C the
highest reduction was 31.86%. At 100 ◦C, the maximum reduction was 40.99%. At high
temperature, the lubricating performance of the oil sample was significantly enhanced, and
the results are shown in Figure 4c,d. By using the formulas σ = 1.5 × W1/(π × a2) [33],
the contact surface stress between steel balls during lubrication (W1 refers to the pressure
between steel balls, and a refers to the circular contact area between steel balls) can be
calculated, and the results are shown in Table 2. Combined with the friction coefficients
analysis of samples, which indicates that Cu-CQDs are in a boundary lubrication state when
lubricated with PEG at different temperatures, friction can induce Cu-CQDs to participate
in the formation of boundary lubrication film.
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Table 2. Contact surface stress of oil samples under different temperatures.

Samples 25 ◦C (Gpa) 75 ◦C (Gpa) 100 ◦C (Gpa)

PEG200 0.33 0.54 0.24

0.5 wt% Cu-CQDs 0.51 0.47 0.37

1.0 wt% Cu-CQDs 0.43 0.68 0.51

2.0 wt% Cu-CQDs 0.41 0.36 0.29

3.2. Abrasion Resistance Property

Figure 5 shows the changes in average wear scar diameter (AWSD) under oil sample
lubrication with different Cu-CQD dispersions at different temperatures. When the oil
temperature was 25 ◦C the AWSD diameter of pure PEG200 was 0.71 mm. When Cu-CQD
dispersions with different contents were added, AWSD decreased slightly. The oil film
thickness of PEG possibly took an important role in reducing the AWSDs. However, when
adding high contents of Cu-CQDs, the aggregation role resulted in the high AWSDs.

At 75 ◦C, the AWSD of pure PEG200 was 0.56 mm. When 1.0 wt% Cu-CQDs dispersion
was added, the AWSD of the oil sample decreased significantly. Friction induced the
formation of tribo-film including components of Cu-CQDs particles. Chemical reactions
took place on the surfaces of steel balls during the friction process which is better than
that of oil film thickness. The AWSD of pure PEG was 0.83 mm at 100 ◦C. When 0.1 wt%
Cu-CQDs dispersion was added, the AWSD decreased to 0.57 mm, with a reduction rate
of 31.2%. Cu-CQDs nanoparticles can significantly improve the anti-wear properties of
base oil PEG200 at higher temperatures. However, with the increase in oil temperature
from room temperature to 75 and 100 ◦C, when 2.0 wt% of Cu-CQDs was added, AWSD
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is higher than that of other additions. After the tests, scratches of different degrees were
found at the bottom of the steel balls. When a high concentration of Cu-CQDs was added
to PEG200, a certain amount of Cu-CQDs nanoparticles or wear debris at the interface
of the friction pair will agglomerate, and abrasive wear will occur at the interface of the
friction pair, thus reducing the wear resistance property of PEG [34]. Friction film plays an
important role in wear resistance. The optimal concentration of Cu-CQDs nanoparticles
additive was 1.0 wt%. PB value in Table 1 also confirms the above experimental results,
and Cu-CQDs nanoparticles had the most significant wear resistance at high temperatures.
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3.3. Surface Analysis

The micro-oil stain analysis system (YP-2 type) was used to analyze the oil stain after
the experiment. Figure S3 shows the oil stain of 2.0 wt% Cu-CQDs at different temperatures.
The oil stain was possibly composed of copper ion and chloride ion complexes, iron filings
and iron oxides, and copper, and its derivatives. After friction, the wear debris and abrasive
particles in the dispersion show agglomeration in Figure S3a, and the colour of the oil
sample was significantly deepened in Figure S3c. Friction induced the oxidation of the oil.

Figures 6–8 show the cross-sectional area, three-dimensional morphology, average
wear scar diameter, and its change rate of wear scar area lubricated by different oil samples
at different temperatures. At 25 ◦C, many wide pits and deep grooves were observed on
the surface of the steel ball, as indicated by the red arrow in Figure 6. This finding shows
that the protection ability of pure PEG on the surface of steel balls is poor. When different
amounts of Cu-CQDs were added, the width and depth of the furrow on the surface of the
steel ball were significantly reduced, and the lubricating film formed. The average wear
scar diameter on the steel ball surface decreased significantly. When 0.5 wt% Cu-CQDs
was added, the AWSD decreased by 18.93% compared with pure PEG as shown in Figure 6.
At 75 ◦C, under pure PEG lubrication, the surface furrow was very deep, but the average
wear scar diameter slightly changed to approximately 560.72 µm. Different amounts of
Cu-CQDs were added, and only 1 wt% Cu-CQDs reduced the average wear scar diameter
by 11%, as shown in Figure 7. This conclusion can be attributed to the decomposition of
PEG at 75 ◦C, resulting in the improvement of lubrication performance, and the lubrication
efficiency is better than that of Cu-CQDs particles. At 100 ◦C, when 1.0 wt% Cu-CQDs was
added to PEG, the wear spot diameter of the steel ball decreased by the largest proportion.
In comparison with pure PEG lubrication (0.83 mm), the wear spot diameter decreased by
31.2%, as shown in Figure 8.

Figure 9 shows SEM/EDS analysis of the steel ball surface under different oil sample
lubrication. Figure 9a shows a deep furrow on the surface of the steel ball lubricated by
pure PEG, as indicated by the red arrow. This finding shows that PEG has a poor ability
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to protect the surface of the steel ball. The energy spectrum analysis shows that the main
elements on the surface are carbon, oxygen, and iron. When 0.5 wt% Cu-CQDs were added
to PEG, the width of the furrow of the ink mark on the steel ball surface was significantly
reduced, and the friction-induced boundary film on the surface was formed as shown by
the red arrow (Figure 9b). The energy spectrum analysis of the wear mark area shows
that, except for the steel ball component elements, the copper content was significantly
increased, reaching 0.8 wt%. Therefore, the friction-induced copper-doped carbon dots
participated in the composition of the boundary film. The furrow depth on the surface of
the steel ball was significantly reduced, and the surface smoothness was significantly better
than that of the sample without carbon dots when the steel ball was continuously added at
contents of 1.0 and 2.0 wt%. The results also confirmed that the copper-doped carbon dots
participated in the formation of boundary lubrication film and remarkably improved the
lubrication characteristics of PEG200.
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3.4. Analysis of Friction and Wear Mechanism

Generally, the heat generated by friction will lead to the oxidation of lubricating oil,
and the wear debris generated will also lead to further deterioration of the oil. PEG solution
with different amounts of Cu-CQDs added was easy to oxidize under friction induction
(Figure S3c), especially at high temperatures. The deterioration of oil products will reduce
the anti-wear property of lubricating oil film. The mechanism of the lubricating perfor-
mance of Cu-CQDs solution at high temperature was determined by heating the oil sample
in an air blast drying oven at a certain temperature and time, and the influence of local
high temperature generated at the steel ball interface during the friction process. A certain
amount of Cu-CQDs solution was taken and heated to 100 ◦C from room temperature
in an air blast drying oven. Cu-CQDs solution (2.0 wt%) was used to observe the colour
change clearly. When the heating lasted for 30 min, the solution turned brick red, as shown
in Figure S3b. When the solution was continuously heated or taken out of the oven for
storage, the solution turned yellow again. This finding confirmed that the newly prepared
2.0 wt% Cu-CQDs produced cuprous ions when heated, but cuprous ions are not as stable
as divalent copper ions in solution. The cuprous ion formed coordination compounds with
water molecules in Cu-CQDs. The simulated experimental proves that the cuprous ion in
solution will change into copper ion under high temperature and friction induce role.

According to the typical octahedral field and crystal field stabilization energy (CFSE)
formed in the ligand field theory [35]. The energy reduction after Cu (II) coordination is
relatively stable. However, the energy of Cu (I) is not stable, and the copper ion (Cu (II)) in
the solution was more stable than that of copper ion (Cu (I)) [36]. When the solution was
heated or taken out for standing, the unstable cuprous ion will self-disproportionate and
transform into a more stable copper ion (Cu (II)). This conclusion can be used to explain the
reason why the lubricity of PEG can be improved by the colour change of the oil sample
during the friction process. After friction, black agglomerated CuO particles were found
in the collected oil stain, indicating that the cuprous ions (Cu (I)) were oxidized to copper
oxide (Cu (II)) at the interface of the friction pair during lubrication and participated in the
formation of the boundary lubrication film. Figure 9 shows the EDS analysis in the wear
scar area. The content of copper element increased significantly, confirming that copper
oxides participated in the formation of boundary lubricating film.

The recognized lubrication mechanism of CQDs is the carbon film formed at the
friction interface, and the C-σ bond passivation is related [37]. The SEM/EDS image in
Figure 9 shows that the carbon content in the wear area after PEG lubrication containing
Cu-CQDs (29.3 wt%) is significantly higher than that of pure PEG200 lubrication (19.5 wt%).
This finding proves that Cu-CQDs additives can be rapidly deposited and embedded in the
wear surface through physical absorption and electrostatic attraction [38]. With the increase
in time, during the friction process, copper and trace cuprous oxide form copper derivatives
on the surface of the friction pair. The continuous deposition of carbon at the interface
forms a protective film (boundary friction film), thus reducing the direct contact between
friction pairs and increasing the content of C and Cu. The composition of the boundary
film can be illustrated by the valence states of each element in Figure 10. Figure 10a shows
the general flow chart, indicating that Cu-CQDs induced by friction participate in the
formation of the boundary film. Figure 10b shows the valence spectrum of carbon element
(C1s) in the boundary film. The peak at 284.6 eV belongs to C-C or C-H in the film, and
while the peak at 288 eV belongs to C-O. Figure 10c shows the chemical valence state of
oxygen element (O1s) in the film. The peak at 529.4 eV belongs to iron oxide, while the peak
at 532 eV belongs to ferric hydroxide [39]. Figure 10d shows the valence state of iron (Fe2p),
confirming that iron oxides are Fe (706 eV), FeO, Fe2O3, and Fe3O4 (709–711 eV) [40,41].
Figure 10e shows the valence of copper (Cu LMM). The peak at 910 eV belongs to copper
oxide, confirming that the friction induced copper-doped CQDs participate in the formation
of boundary lubrication film, thus playing a good role in friction reduction and anti-wear.
In addition, the low content of Cu-CQDs in PEG was dispersed uniformly which is easy to
form the boundary lubrication film under friction process; however, the high content of
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Cu-CQDs in PEG was easy to be agglomerated or wear debris resulted in abrasive wear. It
could be proved by the aggregates in PEG after friction.
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Figure 10. Valence analysis of different elements in the wear scar region of steel ball: (a) XPS total
spectrum; (b) C1s; (c) O1s; (d) Fe2p; and (e) Cu2p.

4. Conclusions

High-performance lubricants for energy saving and reduced consumption were devel-
oped by preparing a novel copper-doped CQDs dispersion via hydrothermal synthesis. On
the four-ball friction tester, the influence of copper-based CQD dispersion with different
dosages on the lubrication performance of polyethylene glycol at different temperatures
was investigated, and the following conclusions were obtained:
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(1) The average particle size of the synthesized Cu-CQDs in the dispersion solution is
about 8.33 nm, which shows good dispersion in PEG200.

(2) At the different test temperatures, the anti-wear and antifriction properties of PEG200
were significantly improved by adding 1.0 wt% Cu-CQDs dispersion.

(3) The friction and wear mechanism of Cu-CQDs dispersion can be attributed to the
boundary lubrication film including the components of Cu-CQDs, thus reducing the
friction and wear of the friction pair.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/lubricants11020086/s1, Figure S1: Fluorescence emission
spectrum of Cu-CQDs; Figure S2: Infrared spectrogram analysis of CQDs and PEG (a) 1.0 wt%Cu-
CQDs+PEG200; (b) pure Cu-CQDs; (c) PEG-200; Figure S3: (a) Agglomeration morphology of
Cu-CQDs in PEG after friction; (b) Color of 2.0 wt% Cu-CQDs after passing through an air blast
drying oven at 100 ◦C for 30 min; (c) Appearance color of oil stain at different temperatures of 2.0 wt%
Cu-CQDs (1) 2.0 wt% Cu-CQDs, (2) 2.0 wt% Cu-CQDs at 25 ◦C, (3) 2.0 wt% Cu-CQDs at 75 ◦C,
(4) 2.0 wt% Cu-CQDs at 100 ◦C.
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