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Reduced graphene oxide modified by hyperbranched polyamine-ester (RGO-HBPE) liquids was success-
fully fabricated through the surface chemical engineering and tested for serving as a solvent-free novel
lubricant. Structural characterization, dispersibility and rheology behavior of the lubricant and the
related frication performance on steel plate were investigated thoroughly. The results manifest that
the RGO-HBPE exhibited good dispersity in distilled water and liquid behavior without any solvent at
ambient temperature. And this RGO-HBPE liquids could be directly introduced onto the surface of steel
plate as lubricants without any additional base oil. Tribological results and the proposed lubricating
mechanism of RGO-HBPE imply that the fluidity of RGO-HBPE is favorable for lubrication and is crucial
to reduce the friction coefficient. The spontaneous flow of RGO-HBPE provide a spreading effect to form
the lubricating film. The specific spreading effect of RGO-HBPE and the synergistic lubricating effect
between HBPE and graphene demonstrate that RGO-HBPE could be directly used as promising candidates
for lubricants in nowadays moving machines.
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1. Introduction

Traditional lubricants face challenges of minimizing both fric-
tional coefficient and moving mechanical damages [1,2]. Novel
lubricant materials have been developed to overcome those prob-
lems [3-5]. Generally, traditional solid lubricants, such as graphite
and molybdenum sulphide, are used as additive and introduced
into the base oil to improve antifriction and antiwear properties
[6,7]. Unlike solid lubricants, liquid lubricants possess more obvi-
ous advantages such as a lower machinery noise, longer term
endurance, and more favorable thermal conductance in the elasto-
hydrodynamic regime [8]. However, both solid and liquid lubri-
cants exhibit the deficiency of themselves [9]. For example, solid
additives are easy to agglomerate owing to both large specific sur-
face areas and their poor compatibility with some liquid medium
[10]. Though liquid lubricating oil is convenient to use directly,
the wear resistance is reduced due to the soft chain and weak bond
of the molecules. Thus, it is essential to explore a novel lubricating
system which combines the advantages of both solid and liquid
lubricants, and simultaneously avoids their deficiencies. For exam-
ple, Giannelis et al. had developed solvent-free liquids, i.e., core
nanoparticles grafted with organic oligomers [11,12]. In this hybrid
system, the organic oligomers acted as a fluid medium to warrant
fluidity, while the core nanoparticles were adjusted according to
the demanded function [13,14].

Additionally, in the last decades, solvent-free nanofluids or lig-
uids combining the fluidity and designability supply a desired
platform for specific applications [11,15-20]. For example, gra-
phene oxide/zinc hydroxystannate nanoparticles successfully
served as flame retardant [21,22]. For gas separation, the cavities
of hollow silica and the organic oligomeric chains served as gas
transport pathway and a separation medium, respectively
[13,23]. As for the lubricating materials, Archer et al. had demon-
strated that the obtained solvent-free silica-based poly-alpha-
olefin (PAO) fluids displayed a better lubricant behavior than
PAO [24]. Most importantly, these lubricants also improved the
wear resistance due to the supporting silica in the wear trails
[12,24]. Namely, the solvent-free liquids, one of the ideal lubricat-
ing systems, combines the advantages of both liquid and solid
lubricants. Although, current researches mainly focus on
solvent-free liquids as lubricating additives, it’s worth for the
solvent-free liquids to be directly used as lubricants having the
same results as the base oil.

Graphene displays a hexagon lattice of graphitic materials
[3,21,25,26]. Its excellent thermal/electrical conductivity [27,28]
and lubricating properties attract many interests in different
fields [1,25,29-31]. Graphene platelets have served as additives
to resist the friction and wear at an optimal concentration
[30,32,33]. Moreover, previous reports imply that graphene as a
self-lubricant can reduce friction-related energy and correspond-
ing losses in different tribological applications [3,34]. Therefore,
the solvent-free graphene liquids are expected to work as promis-
ing candidates for lubricants without any base oil, which has not
been reported yet.

In this study, GO was synthesized based on a modified Hum-
mers method [21,35,36]. The solvent-free graphene liquids (RGO-
HBPE) were successfully fabricated according to the surface grating
of GO with hyperbranched polyamine-ester (HBPE). Their struc-
ture, solubility in water, and rheology behavior were characterized,
and the lubricant properties of RGO-HBPE on metal plates were
analyzed. Besides, the lubricant properties of blank metal plates
and GO-HBPE on metal plates were also performed to compare
the effects of fluidity behavior of RGO-HBPE and the applied load.
At the end, the frictional surfaces of the samples were observed
to deduce the antifriction and lubricating mechanisms for these
solvent-free graphene liquids.

2. Experimental section
2.1. Materials

The natural graphite, HCl (36-38%), H,SO4 (95-98%), NyH4-H,0
(30%), and KMnO4 were purchased from Sinopharm Chemical
Reagent. Deionized (DI) water was obtained with Ulupure ultra-
pure water device. The hyperbranched polyamine-ester (HBPE)
was synthesized by SN, nucleophile substitution reaction based
on the AB, branched monomer (see Fig. S1) [37].

2.2. RGO-HBPE and GO-HBPE nanomaterials

As shown in Fig. 1, graphite oxide was obtained based on the
oxidation of natural graphite [21]. Then, 140 mL DI water and
1.4 g graphite oxide were introduced in 3-neck flask to ultrasoni-
cally treat for 1 h. Previously prepared HBPE (5 g) was transferred
into the above 3-neck flask and sonicated for 0.5 h. Subsequently,
N,H4-H,0 (2 g) was dropped into the 3-neck flask under stirring
[36]. For completely reducing GO, the 3-neck flask was performed
under magnetically stirring at 60 °C for 6 h. The suspension was
centrifuged to collect the precipitate, then rinsed for several times
with DI water, and dried to finally form the RGO-HBPE sample. For
comparison, the GO-HBPE nanomaterials were also fabricated
using the same treatment in the absence of N,H4-H,0.

2.3. Characterizations

The Fourier transform infrared spectroscopy (FTIR) was chosen
to characterize the synthesized products on WQF-310 spectrome-
ter with dry KBr tablet. The Raman spectra were executed to deter-
mine the structure variation of the synthesized products by the
confocal Raman microscope (Invia Renishaw) with a 514 nm laser
excitation source. The rheometer tracking their rheological behav-
iors by TA Instruments (ARG2) was employed at a 10 rad/s of angle
frequency, 2.0% of strain amplitude and the 30-65 °C of tempera-
ture range. The heat stability of the samples was taken by a
thermo-gravimetric analysis (TGA) measurement (Q50 TA) with a
heating rate of 10 °C per min using a nitrogen protection (at a flow
rate of 20 mL/min). Worn surfaces and roughness were character-
ized by the confocal laser scanning microscopy (LEXTOL S4000).

The ultraviolet spectrophotometer (UV-vis) was adopted to
evaluate the dispersion of GO-HBPE and RGO-HBPE in water. The
sample solutions with different concentrations were scanned
based on DI water as a reference solution. According to the inten-
sity versus concentration, the linear calibration curve was depicted
(see Fig. S2). Subsequently, the supernatant liquor after depositing
different time intervals was scanned to affirm their concentration
and evaluate their dispersion.

Tribological studies of the steel plate samples coated with GO-
HBPE and RGO-HBPE against counterface balls were implemented
by the friction wear testing machine (UMT-2) with a ball-on-disk
contact pattern at room temperature in air. Firstly, the 304-grade
stainless steel plate samples (10 * 10 mm) were grounded with
sand paper and polished with 0.5 um abrasive paste. Then they
were cleaned by acetone and methanol through sonication to
remove residues. At last, the plates were carefully coated with
equal amount of GO-HBPE or RGO-HBPE for comparison, respec-
tively. The Al,03 (2055 HV;) balls were used as counterface balls.
The applied load during the tribotest changed from 1 to 3 N at a
speed of 25 mm/s, and the wear track radius was 0.5 mm for
30 min. The tests for each load were repeated for three times to
obtain mean friction coefficients. In addition, the blank steel plate
sample was also performed for comparison.
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Fig. 1. Synthetic schematic of RGO-HBPE.

3. Results and discussion
3.1. Structural analysis

Fig. 2a shows the FTIR spectra of GO, GO-HBPE and RGO-HBPE.
In the case of GO (Fig. 2a), the appearance of peak from 1620
t01720 cm™! is the stretching of C=0 bond. In addition, an
observed band at 3440 cm™! indicates the stretching OH, and the
stretching C—O occurs at 1195 cm™!. Epoxy bond results in a faint
peak at around 900 cm ™! [38-40]. Thus, those oxygenic groups are
introduced onto the surface of GO. The bands of OH stretching
vibration for the RGO-HBPE and GO-HBPE exhibit intensifier and

broader peaks owing to a large amount of OH in the HBPE. The
C=0 peak shifts to 1589 cm~! due to the inductive effect and weak
bond of HBPE. The new peak at about 1406 cm ™! is associated with
the C—O vibration of carboxyl. The C—N vibration contributes to
the band around 1072 cm™!. The results are further verified with
the XPS analysis (Fig. S3).

Raman spectra are used to explore the layered and defect struc-
ture of graphene materials [41,42], as shown in Fig. 2b. The two
bands around 1350 (D) and 1590 cm™! (G) reflect the disorder,
symmetry and crystallization, respectively. A bigger intensity ratio
of the D versus G band (Ip/Ig) represents more defects for carbon
materials [39,43-46]. Compared with the GO (Ip/Ig=0.91), Ip/lg
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Fig. 2. (a) FTIR spectra, (b) Raman spectra of GO, GO-HBPE and RGO-HBPE; curves of concentration versus time for (c) GO-HBPE and (d) RGO-HBPE in distilled water,

respectively.
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of GO-HBPE slightly increases from 0.91 to 0.98. This implies that
the surface of GO forms new defects and polar groups. So HBPE
molecules are successfully attached on the surface of GO. The Ip/
Ig ratio sharply decreases from 0.98 for GO-HBPE to 0.39 for
RGO-HBPE, demonstrating that considerable defects derived from
the oxygen-containing groups have been removed. In addition,
the GO-HBPE and RGO-HBPE with similar shape and position for
D and G bands suggest that the reduction process and decoration
via HBPE did not destroy or change the structure of GO.

3.2. Dispersibility analysis

Fig. 2c and d shows the concentration versus time of GO-HBPE
and RGO-HBPE dispersed in 20 mL DI water, respectively. Their
dispersity was observed at different settling time intervals. In
Fig. 2c and d, the concentration of GO-HBPE and RGO-HBPE is
decreased by 2.1 and 5.0% due to the settling of the graphene par-
ticles, respectively. Both tend to be stable after placing for 120 h.
Overall, both exhibit a stable and homogenous system in DI water,
which is significant for further fabricating the graphene-based
composites [17]. This expected result is ascribed to the oxygenic
groups in the HBPE. In addition, the interaction between HBPE
and water retards the graphene settlement and enhances their
stable dispersion in water. This result indicates that the covalently
bounded HBPE improves the dispersion of graphene in water.
However, it should be noted that the stability of RGO-HBPE in
water is slightly worse than that of GO-HBPE. This is because the
reduction process decreases the hydrophilic oxygen-containing
groups of HBPE and destroys some HBPE structures.

3.3. Rheology analysis

It has been reported that multiwall carbon nanotubes attached
with HBPE via an ionic bond formed the nanoscale ionic materials
with fluidity [8,14]. It is expected that both GO-HBPE and RGO-
HBPE also exhibit definite liquid-like behaviors (Fig. S4b). How-
ever, as shown in Fig. S4b, the fact is that RGO-HBPE is a homoge-
neous viscous liquid while the GO-HBPE shows solid-like phase at
room temperature. In order to explain this phenomenon, the rheo-
logical behaviors (loss (G”) and storage (G') modulus) for RGO-
HBPE were assessed. As shown in Fig. 3a, the G’ and G” reasonably
decrease gradually with increasing the temperature. Furthermore,
it could be easily found that the value of G’ is lower than that of G”
in the range of testing temperature, which indicates a liquid behav-
ior [47,48]. In addition, it should be noted that the viscosity of
RGO-HBPE also decreases with the rise of temperature (Fig. 3b),
demonstrating more prominent flowability of RGO-HBPE after
slight heating. In contrast, the resultant GO-HBPE always exhibited
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a solid-like manner even when it was heated, thus it was not eval-
uated by the rheological measurements in this work. Soft poly-
meric chains of HBPE are grafted on to RGO to move and thus
lead to the fluidity for RGO-HBPE. Also, the reduction process
slightly damages the grafting sites between RGO and HBPE (see
Fig. S3), cuts some of the soft polymeric chains into smaller seg-
ments and releases part of crosslinking networks in the RGO-
HBPE, which result in a liquid-like behavior for RGO-HBPE. Evi-
dently, a high organic fraction (88.75 wt%) was verified in the
RGO-HBPE liquids from the TGA test and thus acted as the fluid
medium to warrant fluidity (see Fig. S5) [18,49]. For the GO-
HBPE, the strong adsorption and the crosslinking networks of the
substantial oxygen and polar functional groups in the soft poly-
meric chains contribute to the solid-like manner.

3.4. Tribological performance analysis

3.4.1. The effect of fluidity of RGO-HBPE

The GO-HBPE and RGO-HBPE exhibit different rheological man-
ners in the above results. Herein, the effects of rheological behavior
of GO-HBPE and RGO-HBPE on the tribological property were
explored. The results are showed in Fig. 4a. To make a better com-
parison, the weights of GO-HBPE and RGO-HBPE in each steel plate
were strictly controlled at 0.1 g. The blank steel plate was also per-
formed for comparison. The friction coefficient of blank plate
increases gradually as the time goes on (Fig. 4a). The detailed rea-
son is that the elastic deformation at the contact area becomes
more serious under a larger applied load, which push some frag-
ments into a deeper depression. Thus, it consumes more energy
and finally results in a higher friction coefficient with time elaps-
ing. After the decoration of HBPE, the friction coefficient of GO-
HBPE fluctuated heavily as exhibited in Fig. 4a. This unique phe-
nomenon is attributed to the solid-like manner of GO-HBPE ran-
domly dispersed on the surface of steel plate. In addition, GO-
HBPE is inclined to flee to both sides during the friction process.
Therefore, when the counterface ball comes across the steel plate
coated with GO-HBPE, it is difficult for GO-HBPE to autonomously
form the continuous film, leading to a larger friction coefficient and
wider variation range. After the reduction procedure, the friction
coefficient of RGO-HBPE shows the smallest value among those
samples as shown in Fig. 4a. It is due to the formed lubricating film
through spreading effect derived from the liquid-like behavior of
RGO-HBPE [50]. As shown in Figs. 3 and 4S, RGO-HBPE is a homo-
geneous viscous liquid at room temperature, which can sponta-
neously flow and build the lubricating film on the steel plate.
The formed lubricating film decreases the friction coefficient and
reinforces antiwear by preventing direct contact and lowering
the shear load between the steel plate and the counterface ball,
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which is similar to that of liquid lubricants. Furthermore, the fric-
tion coefficient and their fluctuation of the RGO-HBPE always
remain the lowest in the whole friction process due to the formed
lubricating film.

The 2D scanning microphotographs of worn surfaces for the
samples were obtained to detect the effects of the fluidity behavior
on the surface of abrasion. Both the blank steel plate and GO-HBPE
exhibit rough scratches (Fig. 4b and c). Whilst, in the case of RGO-
HBPE (Fig. 4d), the worn surfaces are smoother than those of blank
steel and GO-HBPE. In addition, as shown in Fig. 4c, a grinding
crack with the largest width and deepest depth occurs for the
GO-HBPE. However, RGO-HBPE (Fig. 4d) exhibits the lowest width
and the shallowest depth under the same load. Their worn surfaces
were also observed by SEM. The blank steel plate exhibits rough
worn surfaces (Fig. 5a and b), which are due to the adherence wear
resulting from the elastic or plastic deformation on the contact
bump of steel plate. The worn surface of steel plate coated with
GO-HBPE shows wide furrows scratches, while they are hardly
found in the steel plate coated with RGO-HBPE (Fig. 5c¢ and d).
More importantly, the worn surface along the frictional direction
of the steel plate coated with RGO-HBPE is blacker than that of
the steel plate coated with GO-HBPE, which may be due to the
formed carbon membrane during the frictional process. To verify
this conjecture, EDS of the worn surface was obtained (Fig. 5e
and f). The results demonstrate that the samples coated with
RGO-HBPE contain a higher carbon content than the counterpart
of GO-HBPE. The GO-HBPE with a solid-like phase served as parti-
cles to generate the abrasive wear on the surface of friction pairs
and then cut into the low hardness stainless steel plate, leading
to the furrows effects [51,52]. For the RGO-HBPE with a liquid-
like behavior, the high mechanical strength and self-lubrication
of graphene promote the formation of carbon membrane, which
main contributes to the high wear resistance. While HBPE with soft
polymeric organic chains and good flexibility is easy to form
unique viscous thin lubricating film during the friction process,
the soft polymeric organic chains make the RGO-HBPE naturally

enter into the sliding interphase and scratches of worn field, which
prevents the direct contact between plate and friction pairs. For
GO-HBPE, however, viscous particles lacking liquidity conversely
weaken the lubricity of GO itself and easily destroy the lubricating
film. Namely, the RGO-HBPE not only forms a lubricating carbon
film but also affords an orderly and viscous liquid film on the slid-
ing interface to effectively isolate the direct rolling of ball on the
metal plates, which is crucial to finally form a protective layer
and thus gets a much smoother worn surface and lower friction
coefficient [53,54].

3.4.2. The influence of applied load

Fig. 6 depicts the friction coefficient versus time under a con-
stant applied load. The friction coefficient of the blank steel plate
increases from 0.198 (1 N) to 0.673 (3 N). The increased 0.475 of
friction coefficient is due to the generated deeper fovea arising
from the larger elastic deformation under a larger applied load
[55]. Thus, the friction pair has to fall into a deeper fovea in the
sliding process, which increases the sliding distance and thus con-
sumes a larger energy. Therefore, the blank steel plate exhibits a
greater average friction coefficient for the larger applied load. For
GO-HBPE, the friction coefficient initially increases, and then does
not prominently change (in fact, a slight drop, Fig. 6b and d). The
main reason is that the solid-like GO-HBPE is difficult to form a
continuous lubricating film. Thus, the average friction coefficient
increases at initial stage of loading. However, with continuously
increasing the applied load, some compacted GO-HBPE form the
solid-like lubricants to slightly decline the friction coefficient. As
for RGO-HBPE (Fig. 6¢ and d), its friction coefficient is close to
0.2, which is much lower than those of blank steel and GO-HBPE.
As shown in Fig. 6¢, under the low applied load (such as 1 N), the
friction coefficient of RGO-HBPE gradually declines as time goes
on. In comparison, under the high applied load (such as 2 and
3 N), their friction coefficients are close to 0.2 with a little fluctua-
tion during the whole friction testing process. Those completely
different experimental phenomena are attributed to the lubricat-
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ing film. The RGO-HBPE can spontaneously flow and form the
lubricating film through the spreading effect derived from its
liquid-like behavior. In addition, the flowing of HBPE and graphene
core oriented along the shear force direction and thus promoted
the formation of lubricating film. Under the low applied load, the
orientation of RGO-HBPE is not so easy that it cannot form a perfect
lubricating film in a short time. Thus, the friction coefficient cannot
sharply but gradually decrease as time goes on at 1 N. As for the
high applied load, the orientation of RGO-HBPE becomes easier.

Thus, a perfect lubricating film can be easily obtained in a short
time, leading to a low friction coefficient with small fluctuation.
Fig. 7a and b presents the 2D scanning microphotographs of
worn surfaces for RGO-HBPE with different applied loads. The
worn surface of the steel plate coated with RGO-HBPE differs from
that of the blank steel plate (Fig. 4b). RGO-HBPE always exhibits
similar and smooth worn surfaces under each applied load
(Fig. 4d, Fig. 7a and b). The only difference among them is their
roughness and abrasion loss (Fig. 7c and d). For GO-HBPE, some
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fragments coming from large plastic deformation cut the depres-
sions by the later repeated sliding ball, which leads to a high abra-
sion loss (Fig. 7d). It is clear that the roughness and abrasion loss of
the steel plate coated with RGO-HBPE firstly rise sharply and then
begin to increase slowly, but are evidently lower than those of the
steel plate coated with GO-HBPE and blank plate. This result can be
understood by considering that the formed perfect lubricating film
fills in the defects and traces on the friction pair, isolating the fric-
tion pair surface and providing the effect of lubricating. Most
importantly, as shown in Figs. 6d and 7c & d, once the perfected
lubricating film of RGO-HBPE is formed, the antifriction and anti-
wear of metal plate sharply increase.

3.5. Antifriction and lubricating mechanism for RGO-HBPE

From the above observations, a typical schematic of friction-
reducing and lubricating mechanism of GO-HBPE and RGO-HBPE
is proposed for the ball-plate sliding process as shown in Fig. 8
[56,57]. For the GO-HBPE case, as shown in Fig. 8a, when the ball
rolls over the tray, there is no formation of lubricating film
between the steel plate and the counterface ball. As shown in
Figs. 1, 3 and S4, the GO-HBPE is a solid-like material. Thus, its
spreading effect on the steel plate is not so good that it inclines
to flee on either side during the friction process. In addition,
although some of the GO-HBPE may be compacted and thus pro-
duce the effects of solid-like lubricating film, this kind of lubricat-
ing film is discontinuous and easy to be peeled off. Therefore, it is
difficult to build an efficient protective cover on the sliding contact
surfaces. In contrast, the soft polymeric HBPE serves as the base oil
and the RGO acts as the additive for the RGO-HBPE system. HBPE is
covalently grafted onto the RGO, forming a self-suspended system
and advoiding the incompatibility between liquid and solid phases.
Fig. 8b draws the lubricating mechanism of RGO-HBPE where the
complex lubricating thin film is formed during the friction process.
RGO-HBPE as the homogenous viscous liquid (Figs. 1, 3 and S4) can
spontaneously flow and form a uniform absorbed film [58]. In
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Fig. 8. The friction-reducing and lubricating mechanism for GO-HBPE and RGO-
HBPE: GO-HBPE(a), RGO-HBPE(b), RGO-HBPE under low load (c) and under high
load (d).

addition, the rolling ball accelerates the film to become very thin
and actually plays the lubricating role [56]. For the low load case
(such as 1 N) as shown in Fig. 8c, the formed absorbed film allevi-
ates the wear and reduces the friction coefficient arising from the
spreading effect. In addition, for RGO-HBPE, the directional move-
ment along the shear force perfects the ordered liquid film and also
contributes to a lower friction coefficient throughout the whole
working time (Fig. 6¢). Furthermore, under the high load (such as
2 and 3 N) as shown in Fig. 8d, the adhesive liquid film of RGO-
HBPE is also favorable to spread graphene on the sliding contact
surface and broken membrane area. Under the high load, the orien-
tation of this RGO-HBPE liquids becomes easier to form the lubri-
cating film in a short friction time, leading to a faint fluctuation
for the friction coefficient. It is also easy to seep into the wear scars
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and tracks under the high load. Most importantly, the high
mechanical strength and self-lubricating properties of graphene
core mainly contribute to the wear resistance [50,53,54]. Namely,
the complex lubricating thin film from RGO-HBPE provides an iso-
lated layer and also exhibits a mending effect for the broken mem-
brane under the high load, which interprets the desired antiwear
performance as shown in Figs. 6d and 7. Therefore, the synergistic
effect between HBPE film and lubricating graphene endows RGO-
HBPE liquids excellent antifriction properties.

4. Conclusions

For the previously reported solid and liquid lubricants with
deficiencies, new methods have been taken to reduce the friction
and wear [7,59,60]. Solvent-free nanomaterial liquids have
attracted significant interests in the tribology field due to their
desired designability and fluidity [12,61,62]. In this work, the
chemical modification of GO and the reduction process were used
to produce homogeneous viscous graphene liquids (RGO-HBPE) at
room temperature, which exhibited a good dispersibility and sta-
bility in DI water and overcome easy agglomeration and incompat-
ibility of solid lubricate in the liquid oil [24]. For the friction
behavior of three samples, RGO-HBPE is the most favorable for
lubrication and exhibits the smallest friction coefficient that is sim-
ilar to graphene liquids based on M2070 block copolymers [62].
The friction coefficients for RGO-HBPE remain almost constant
with increasing the applied load. But the value of other two sam-
ples rises significantly. Those excellent results could be understood
by considering a spreading effect derived from the liquid-like
behavior and a synergistic effect coming from the viscous thin film
lubrication of HBPE and nano-lubrication of graphene. Therefore,
the RGO-HBPE liquids are promising lubricants to be used without
any base oil.
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