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ABSTRACT

Alkyl phosphate modified graphene oxide (GON-DDP) was successfully syn-
thesized using dodecanol, ethanol amine and self-made graphene oxide (GO) as
precursors. The structure and morphology of GON-DDP were characterized by
FT-IR, XPS, TG/DSC, SEM and TEM. The characterization results indicate that
long alkyl phosphate chains were successfully grafted on GO surface, which
guaranteed the dispersibility of GON-DDP in hydroisomerization dewax base
oil (VHVI8). Then the tribology properties of GON-DDP as friction reduction
and anti-wear additive in VHVI8 were evaluated on four-ball machine and SRV
test system. The results show that the friction coefficient and wear scar diameter
were reduced by 22.7% and 30.3% compared with bare VHVIS8 base oil. More-
over, the non-seizure load of VHVI8 was significantly raised by adding GON-
DDP. Finally, the lubrication mechanism was proposed according to Raman
analysis on the worn surfaces of steel balls.
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Introduction

Graphene was first prepared in 2004 and found to
possess great talent in physical and chemical prop-
erties such as high mechanical strength, supercon-
ductivity, good transmittance, high thermal stability
[1-5]. Thus, graphene and graphene derivatives have
attracted extensive attractions in fundamental
research such as structure, morphology features and
intrinsic properties. In the recent few years, more and

more researches have been focusing on the techno-
logical development of macroscopic preparation,
industrial production and potential application
[6-11]. Furthermore, great technological break-
throughs have been made in many terminal appli-
cation products.

As well known to us, friction and wear are the
most important causes of energy consumption and
materials losses [12, 13]. Choosing suitable additives
is essential to formulate high performance lubricants.
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Owing to the ultrathin lamellar structure, low shear
stress, ultimate mechanical strength and high thermal
stability, graphene and graphene derivatives possess
potential application prospect as lubricant additive
[14-18]. The challenge of graphene dispersion in oil
has been solved in many research reports. Thus,
many researchers have reported their work focusing
on the lubricating properties of modified graphene.
Khatri [19] have reported that octadecylamine-func-
tionalized graphene oxide improves the performance
of hexadecane by 26% and 9% reduction in friction
coefficient and wear scar diameter, respectively.
Cheng [20, 21] developed an oleic diethanolamide
borate modified graphene oxide (ODAB) possessing
good dispersibility and transparency in oil. Further-
more, the friction coefficient and wear scar diameter
of base oil with 0.02 wt% ODAB were decreased by
38.4%, 42.0%, respectively. The maximum non-sei-
zure load (Pp) increased by 46.2%. Also excellent
friction reduction and anti-wear properties of alky-
lated graphene (AGN) have been verified in our
previous work [22]. However, the anti-wear property
of AGN under boundary was poor. According to the
researches on the mechanism of many organic addi-
tives such as ZDDP and phosphonium alkyl phos-
phate ionic liquids [23, 24], we designed a new
structure of alkyl phosphate modified graphene
oxide (GON-DDP) to improve the boundary lubri-
cating performance of modified graphene oxide
[23, 25].

Boundary lubrication is very common among the
four lubrication regimes, especially when the load is
elevated. Boundary film always plays a very impor-
tant role to protect the surfaces of friction pair when
the oil film between moving solid surface breaks
down. According to our previous research, alkylated
graphene without active element or polar group
possesses little boundary anti-wear property. Herein,
we report the preparation of alkyl phosphate
modified graphene oxide (GON-DDP) and the
structure characterization by FI-IR, XPS, TG/DSC,
SEM and TEM. The results show that the alkyl
phosphate has been successfully grafted on GO sur-
face by covalent bond. Then the tribological perfor-
mances of VHVI8, which were evaluated using four-
ball test machines and SRV test system, were signif-
icantly enhanced by adding a small quantity of GON-
DDP, indicating its promising application potential
as oil-based lubricant additive.
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Experimental section
Materials

The graphene dioxide (GO) was prepared from nat-
ural graphite powder by the modified Hummer’s
method [26, 27]. The specific procedures have been
reported in our previous work [28]. The hydroiso-
merization dewax base oil (VHVI8) was provided by
PetroChina Lubricant Company, and its specifica-
tions are tabulated in Table 1. The other chemical
reagents were analytical grade and purchased from
Aladdin. All the materials mentioned above were
used without any further purification.

Preparation and characterization of GON-
DDP

As shown in Scheme 1, the phosphate ester modified
graphene dioxide (GON-DDP) was prepared by two
steps. All the reaction processes were conducted
under the protection of nitrogen. The self-made GO
was used as precursor after structure identification.

GO was first treated with SOCI, to activate the
carboxylic groups. Briefly, 1 g GO and 20 mL SOCI,
were mixed in a 250-mL flask, followed by 1-h reflux
at 70 °C. The redundant SOCl, was distillation and
recollected by heated the reaction system to 100 °C.
Then the flask was transferred to an ice-water bath.
The mixture of 5 mL ethanol amine (ETA) and 50 mL
DMF was dropwise added and stirred for 1 h. The
ETA modified graphene oxide (GON) was washed
with ethyl alcohol and dried.

Then 0.06 mol phosphorus oxychloride was drop-
ped into 0.12 mol liquid dodecanol and refluxed
under the protection of nitrogen at 70 °C for about
3 h. Then 0.2 g GON was dispersed into the mixture
by ultrasonic treatment. The mixture was treated
under the protection of nitrogen while stirring at
70 °C for 12 h. Finally, the black powder (GON-DDP)
was washed with ethyl alcohol and dried in oven at
60 °C. The structure of GO, GON and GON-DDP was
characterized by FT-IR, XPS, TG/DSC, XRD and
TEM.

Fourier transform infrared (FT-IR) spectra of GO,
GON and GON-DDP samples were characterized on
an infrared spectroscopy(FT-IR, WQF-520, Ray-
leigh)with KBr pellets as the sample matrix. The
crystal structures were tested by X-ray diffraction
(XRD) with Cu Ko radiation source on a Thermo
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Table 1 Physical and chemical properties of VHVI8 without and with GON-DDP (0.3 mg mL™") for tribology test

Sample ID Density (20 °C) Viscosity (40 °C), Viscosity (100 °C), Viscosity Pour point,
kg m—? mm? s~ mm?* s~ index °C
VHVI8 841.7 46.08 7.615 132 — 18
VHVI8 4+ GON- 841.7 46.27 7.618 131 — 18
DDP

Scheme 1 Schematic mode
for the fabrication of GON-
DDP.

(1) SOCl, ,70°C

Y

(2) ETA, 0°C
! 3h (”) !
© ROH t+ POCly; —> RO—P—OH ! 70°C, 12h
! 70°C ! H

OR

_____________________________________________________

O(CH,);;CH;
%LZH = _C_NHCH2CH20_P=O
O(CH,);,CH;

_______________________________________________________________________

ESCALAB 250 instrument (PANalytical, Nether- analyzer (Netzsch, Germany) with the temperature
lands) with the 20 angle ranges from 5° to 80° at a  ranging from 50 to 900 °C at a heating rate of
scan rate of 2°min~'. Thermogravimetric analyses 10 °C min~". The morphology was observed by SEM
(TG/DSC) were carried out on a TG209F1 thermal
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(FEI Magellan 400, USA, 5 kV) and TEM (JEM-2100,
200 kV) measurements.

Lubrication properties test

Different concentrations of GON-DDP dispersed in
VHVI8 were blended by ultrasonic method. Then the
tribological properties of VHVI8 with GON-DDP
were evaluated in terms of frictional coefficient (COF)
and wear scar diameter (WSD). The COF curves were
measured on an SRV test system as per the standard
ASTM D6425 (50 °C, 50 Hz, 200 N). Another types of
COF of VHVI8 with different concentration of GON-
DDP at varying load were tested on a four-ball test
machine as per the standard ASTM D5183 (75 °C,
600 rpm), and the WSDs were tested on another four-
ball machine as per the standard ASTM D4172 (75 °C,
1200 rpm, 392 N).

Results and discussion
Characterization of GON-DDP
FT-IR analysis

FT-IR analyses of intermediate and target products
were carried out, and the results are shown in Fig. 1.
The spectrum of GO presents the following charac-
teristic peaks. The peaks at 1735 cm ™" in all spectra
are assigned to the C=O on surface of GO and
modified GO. The strong and broad bands of GO
from around 3400 cm™' are attributed to stretching
vibration of O-H in -COOH. The same band in GON
spectrum is attributed to O-H and N-H. However,
the intensity of this broad band in GON-DDP has
obviously declined, which is attributed to the con-
verting of -COOH to -CONHC-. Simultaneously,
there are new peaks in GON-DDP spectrum. The new
strong peaks at 2922, 2850 and 1214 cm ™' are attrib-
uted to -CHj, -CH,— and P=0 groups, respectively.
According to the analysis of IR spectra, we can pre-
liminary conclude that the alkyl phosphate long
chains have been successfully grafted on GO surface.

XPS analysis

Figure 2 shows the XPS spectra of GO and GON-
DDP. According to the C1s, spectrum of GO, C and O
was detected in terms of peaks: C—-C/C=C (284.8 eV),
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Figure 1 FTIR spectra of GO, GON and GON-DDP.

C-0 (286.7 eV) and C=0 (287.2 eV). In the spectra of
GON-DDP (Fig. 2¢), there were new signals of N and
P detected in GON-DDP: C-N (400.6 eV) and P-O
(134.2 eV). We can also observe that the intensity of
Cls peak is higher than Ols in GON-DDP survey
spectrum, which is opposite to that in the survey
spectrum of GO. Moreover, the C/O atomic ratio of
GON-DDP increased from 1.65 of GO to 3.83, indi-
cating that long-chain alkyl has been introduced into
the structure of GON-DDP. The conclusion above is
consistent with that in FT-IR analysis.

XRD analysis

The XRD measurements were conducted to charac-
terize the stacking state of GO and GON-DDP sheets.
As shown in Fig. 3, the spectrum of GO shows
identical diffraction peak of graphene oxide at
20 = 10.9° [29]. However, the peak at 20 = 10.9° dis-
appeared in GON-DDP pattern. And there is a new
weak and broad peak around 20 = 24.0°, indicating
that the alkyl phosphate modified graphene oxide
sheets are loosely stacked in GON-DDP powder. As
shown in Scheme 1, the long alkyl chains were graf-
ted on the surface of exfoliated GO sheets. With the
intercalation of long alkyl group chains between the
layers, the GON-DDP sheets are prevented from
agglomerating. Therefore, they are loosely stacked
and exist as an amorphous material instead of a
lamellar crystal [30, 31].
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Figure 2 a XPS survey spectrum and b Cls spectrum of GO, ¢ XPS survey spectrum, d Cls, e N1s and f P2p spectra of GON-DDP.

TG/DSC analysis

TG/DSC tests were carried out to evaluate the ther-
mal decomposition properties of GO, GON and
GON-DDP from 50 to 900 °C under flowing N,. As
shown in Fig. 4, GO suffers a small amount loss near
100 °C, which can be attributed to the loss of

@ Springer

adsorbed water in the samples. Subsequently, the
major mass loss of GO around 220 °C can be
accompanied by a vigorous release of gas, which is
attributed to CO, CO, and steam release from labile
functional groups [32, 33], resulting in a rapid ther-
mal expansion of the powder material and large mass
loss [34]. Similar analyses of self-made GO have been



J Mater Sci (2019) 54:4626—4636

10.9° —GO
—— GON-DDP

Intensity (a.u.)

124.00

20 40 60 80
20 (degrees)

Figure 3 XRD patterns of GO and GON-DDP sheets.

proposed in our previous work [28]. As for GON, the
mass loss was much less than GO, indicating that the
thermal stability of GON was much better than that
of GO. When comparing the weight loss and heat
flow of GON and GON-DDP, we can find that even
though the total weight loss of GON-DDP was about
20% less than that of GON (Fig. 4a), the heat flow of
GON-DDP was always higher than GON (Fig. 4b).
This phenomenon can be attributed to the higher
thermal stability of GON-DDP sheets.

Morphology analysis of GON-DDP
The morphology investigations of GO and GON-DDP

sheets were carried out on SEM and TEM instru-
ments, and the results are shown in Fig. 5. The results
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Figure 4 a TG and b DSC curves of GO, GON and GON-DDP.
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shown in Fig. 5 clearly display the lamellar structure
of GO and GON-DDP. Meanwhile, the wrinkles of
sheets can be clearly observed in both GO and GON-
DDP. Figure 5c presents the partial enlarged detail of
Fig. 5b, showing the ultrathin structure and smooth
surface of GON-DDP. This is essential to ensure the
interposition of GON-DDP nanosheets into friction
pairs.

Lubrication characterization of GON-DDP

Stable dispersibility in base oil is very important for
GON-DDP as nano-lubricant. That is essential to
guarantee the optimal lubricating property of GON-
DDP sheets. Figure 6 shows different concentrations
of GON-DDP sheets dispersed in VHVI8 base oil.
GON-DDP sheets are nicely dispersed in base oil for
10 days. There is a little precipitation for 20-day set-
tlement. The UV-vis absorbance spectra of VHVI8
base oil with GON-DDP are also displayed in Fig. 6.
There is only a little reduction of the absorbance with
longer time settlement, indicating that the GON-DDP
sheets possess good dispersibility in VHVIS. This can
be attributed to the van der Waals interaction
between the grafted long alkyl chains on GON-DDP
surface and hydrocarbon molecule of base oil.

The friction reduction and anti-wear properties
were investigated using SRV system and four-ball
test machine. First, the COF of GON-DDP in VHVI8
was tested on SRV test system in accordance with
standard ASTM D6425 (50 °C, 50 Hz, 200 N). The
results are shown in Fig. 7. The curves shown in
Fig. 7a illustrate the fluctuation of COF. The initial
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Figure 5 SEM images of
a GO, b GON-DDP and

¢ magnification of the
highlight area in (b). TEM
images of d GON-DDP.
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Figure 6 Digital images of VHVIS8 base oil with different
concentration of GON-DDP (a—f 0, 0.10, 0.20, 0.30, 0.40 and
0.50 mg mL™") settled for 10 days and 20 days. UV-vis
absorption spectra of VHVI8 base oil containing GON-DDP
(0.30 mg mL™") after ultrasonic treatment, 10-day and 20-day
settlement.

high COFs around 0.13 at the beginning of friction
test are attributed to the lack of lubricant between
friction pairs. Subsequently, they all decline soon
with the insertion of lubricant. As shown in Fig. 7a,
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500nm

the COFs of bare base oil and low concentrate of
GON-DDP (black and red curves) keep more
stable than that of higher concentrate of GON-DDP
(blue and purple curves) during early friction.
However, this situation goes into reverse for longer
friction especially after 2000s. The fluctuation range
of black and red curves becomes larger than blue and
purple ones, indicating that VHVI8 containing GON-
DDP possesses more excellent lubricating property
than bare VHVI8 after running-in. According to
Fig. 7b, the average COF decreases with the concen-
tration of GON-DDP increases. The lowest COF
(~ 0.092) found at the concentration of 0.3 mg mL ™"
is reduced by 22.7% compared to pure VHVIS.

To investigate the boundary lubricating property of
GON-DDP, a four-ball test was carried out in accor-
dance with the standard ASTM D5183(75 °C,
600 rpm) and the results are shown in Fig. 8. Before
the test was conducted, the steel balls must have
passed the wear-in process using a standard wear-in
lubricant, white oil having a viscosity at 40 °C of
24.3-26.1 cSt. Further test was carried out only when
the wear-in scar diameter was 0.67 & 0.03 mm
(Fig. 8b). The test began with the load of 98 N. Then
98 N more load was added every 10 min until the
friction trace indicated incipient seizure was
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Figure 7 a Friction coefficient curves of VHVI8 with and
without GON-DDP sheets and b average friction coefficient.
Test condition: ASTM D6425, 50 °C, 50 Hz, 200 N.

occurring. The friction coefficient at the end of each
10-min interval was recorded, and the final wear
scars on the three lower balls were measured.

As shown in Fig. 8a, the COF of all samples keeps
rising with the increasing of load. It shows small
differences between VHVIS and the others in rela-
tively low load area. Then the COF of VHVIS base oil
climbs sharply when the load reaches 294 N and then
exceeds all other samples, indicating its weak
boundary lubricating property. However, the COFs
of VHVIS8 containing 0.3 and 0.5 mg mL~' GON-DDP
are lower and kept stable in high load area without
no seizure occurring even when the load are 981 N.
For the bare VHVI8 without and with 0.1 mg mL™"
GON-DDP, the incipient seizure occurred at the load
of 785 N, which is owing to the breakdown of
boundary film. According to Fig. 8b, the oil with
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Figure 8 a Friction coefficient, b final wear scar diameter and
wear-in scar diameter of VHVI8 with different concentration of
GON-DDP at varying load. Test condition: ASTM D5183, 75 °C,
600 rpm.

higher concentration of GON-DDP shows much
smaller final wear scar than bare base oil. In conclu-
sion, the GON-DDP sheets significantly enhanced the
friction reduction and boundary lubricating capabil-
ity of VHVIS base oil.

To acquire further understanding of anti-wear
property of GON-DDP under boundary friction
conditions, the tests as per ASTM D4172 (75 °C,
1200 rpm, 392 N, 60 min) were carried out. The
results shown in Fig. 9 display that the WSD
decreases with the increment of GON-DDP concen-
tration to the lowest value 0.467 mm (about 30.3%
decline compared to base oil). Then there is a slight
increment as concentration of GON-DDP continues
increasing. The SEM images of wear scar shown in
Fig. 10 nicely confirm the results above. The com-
parison of wear scar in higher amplification (Fig. 10c,
d) clearly displays the scratches. Obviously, the steel
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ball lubricated by bare base oil VHVI8 shows much
wider and deeper scratches than that lubricated by
GON-DDP. This indicates that GON-DDP sheets can
significantly enhance the anti-wear property of base
oil.

Furthermore, to understand the role of GON-DDP
in the lubrication process, Raman shift was detected
on the worn surface of lower balls. As shown in
Fig. 10e, there are two characteristic bands observed
around 1300 cm™" (D band) and 1570 cm™" (G band)
detected on the worn surface of steel ball that lubri-
cated by GON-DDP. However, there is no Raman
signal of graphene detected on the worn surfaces
lubricated with bare VHVI8. The results above
strongly indicate that the GON-DDP sheets have
successfully entering the gap of friction pairs and
deposited on the surfaces, forming excellent and
essential boundary lubricating film on the steel balls.
This confirms the previous speculations of lubrication
mechanism of GON-DDP sheets.

Conclusions

In this report, the self-made GO has been modified
with alkyl phosphate in two facile procedures to
prepare a novel GON-DDP sheet. The followed
characterization using FT-IR, XPS, TG/DSC, SEM
and TEM confirms that the alkyl phosphate has been
successfully grafted on GO surface, which guarantees
the stable dispersibility of GON-DDP in VHVIS8 base
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Wear scar diameter, mm
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0.0 0.1 0.2 03 0.4 0.5

Concentration of GON-DDP , mg mi™!

Figure 9 Wear scar diameter as a function of the concentration of
GON-DDP sheets blended in VHVI8 base oil. Test condition:
ASTM D4172, 75 °C, 1200 rpm, 392 N, 60 min.
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Figure 10 SEM images of the wear scar of steel balls lubricated
by a, ¢ bare VHVI8 and b, d VHVI8 containing 0.3 mg mL™"
GON-DDP sheets. e Raman shifts detected on the worn surfaces
lubricated with and without GON-DDP sheets. Test condition:
ASTM D4172, 75 °C, 1200 rpm, 392 N, 60 min.

oil. The results of tribological evaluations in terms of
friction coefficient, wear scar diameter and incipient
seizure load indicate that GON-DDP possesses
promising application potential as friction reduction
and anti-wear additive in VHVI base oil under
boundary friction conditions.
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