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A B S T R A C T

Two types of ionic liquids-doped polyaniline (ILs-doped PANI) were synthesized based on an improved interfacial
polymerization and evaluated as anti-wear and anti-corrosion additives in poly alpha olefin (PAO) and polyurea
grease. Their nanostructures and functionalization were analyzed in detail. The anti-corrosion performance of ILs-
doped PANI was assessed via salt spray test, which reveals the excellent anti-corrosion performance. Tribological
tests demonstrated that ILs-doped PANI as additives can remarkably reduce friction coefficients and wear volumes
in PAO and also in polyurea grease. The scanning electron microscope (SEM) micrographs and X-ray photo-
electron spectroscopy (XPS) spectra of the worn surfaces suggested the excellent friction reduction and anti-wear
abilities of ILs-doped PANI were strongly dependent on the synergistic lubricating effect during the friction
process.
1. Introduction

As the terminology is explained in mechanics, friction reflects the
tangential movement resistance between two bodies in contact under the
relative motion (or relative motion tendency) induced by external force,
while the wear is the consequence of the friction. Friction is one of the
most common physical phenomena which consumes a portion of energy,
and the wear caused by friction is the main reason for the failure of
mechanical devices [1–3]. To address the detrimental effects of friction
and wear, lubricants and additives are generally employed to improve
the friction reduction and anti-wear abilities. In the past decades, a lot of
nanoparticles as potential lubricating additives have been experimentally
evaluated through comparison analysis of the tribological behaviors
[4–8]. Some nanoparticles have been successfully employed in me-
chanical equipment, thereby saving energy and creating a huge economic
benefits.

Recently, polyaniline (PANI) as an ideal material has attracted our
attention because of its excellent environmental stability, tunable con-
ductivity, novel anti-corrosion property, controllable structure, as well as
its easy preparation by chemical or electrochemical polymerization [9,
10]. We have reported that PANI as an additive in lubricating grease
exhibited some certain friction reduction and anti-wear abilities under
various conditions, and it also remarkably improved the anti-corrosion
performance of the grease [11]. However, in our previous work, the
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relatively large size of micro-PANI limited its tribological performances
because nanoparticles generally exhibit better tribological properties
than microparticles under boundary lubrication. Meanwhile, we found
that micro-PANI as an additive in lubricating oil is easy to agglomerate
and precipitate, whichmay result from its large size and the existence of a
strong conjugated π electron system [12,13]. Therefore, in order to
improve the tribological properties, it is of great significance to obtain
nanometer PANI and improve its solubility. Some studies have reported
that interfacial polymerization is a preferable approach to synthesize
PANI in different nanostructures through controlling reaction parameters
and reagents [13–16]. It is named as interfacial polymerization because
the polymerization reaction is conducted at the interface of two immis-
cible solvents. Interfacial polymerization is a relatively easy method
which has made it the preferable approach to synthesize conducting
polymers [13–16]. To improve the solubility of PANI, various procedures
have been adapted: (1) doping PANI by using the so-called functionalized
protonic acids (such as dodecylbenzene-sulfonic or camphorsulfonic
acid) in the protonation of PANI, resulting in enhanced solubility [17,
18]; (2) copolymerization or homopolymerization with aniline deriva-
tive (e.g. ring or N-substituted anilines) for improved solubility [19–21];
(3) incorporation of polar functional groups is a general approach to
enhance solubility of PANI in common organic solvents and water [22,
23]. These previous studies provide a rich theoretical and experimental
basis for the preparation of nanometer PANI with preferable solubility,
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thus PANI could hold a great promise as a novel lubricant additive for a
huge range of applications.

Room temperature ionic liquids (ILs) are organic salts, where inor-
ganic/organic anions and organic cations are protected against to
generate a common crystalline, thus maintaining the liquid phase at a
wide range of temperature as the name describes. ILs have remarkable
thermal stability, negligible vapor pressure and low volatility, which
make it explored as promising green solvents [24,25].
Imidazolium-based ILs play an important part in the family of ILs. Ac-
cording to the previous studies, imidazolium-based ILs are sufficiently
acidic in the 2-position, and the π-π interaction and hydrogen bonding
interaction could be generated between imidazolium ring and PANI [10,
26–28]. Therefore, imidazolium-based ILs are expected to serve as an
unique dopant to afford protons for doping PANI and donate functional
groups which can be incorporated onto PANI via π-π interaction and
hydrogen bonding interaction, resulting in enhanced solubility.
Furthermore, due to the excellent anti-corrosion resistance of PANI and
novel tribological properties of ILs 11–13,24,25], the functionalized
PANI in association with imidazolium-based ILs may also exhibit an
excellent anti-corrosion resistance and tribological behaviors.

In this work, two types of functionalized PANI in different nano-
structures were synthesized based on an improved interfacial polymeri-
zation in which imidazolium-based ILs served as an organic phase to
dissolve aniline monomers and dope PANI in the process of polymeri-
zation. This polymerization method also eliminated the usage of extra
protonic acids. Meanwhile, compared with conventional interfacial
polymerization, we also studied the possibility to synthesize PANI at the
interface of two miscible phases. The nanostructures and functionaliza-
tion of obtained ILs-doped PANI were characterized and analyzed by
scanning electron microscope (SEM), energy dispersive X-ray spectros-
copy (EDS) and Fourier transform infrared spectrometer (FT-IR), and the
tribological performances, anti-corrosion property and lubrication
mechanisms of obtained ILs-doped PANI as additives in lubricating oil
and grease were investigated and discussed in detail.

2. Experimental section

2.1. Chemicals

1-butyl-3-methylimidazolium hexafluorophosphate (LP104, 99%)
and 1-butyl-3-methylimidazolium tetrafluoroborate (LB104, 99%) were
obtained from J&K Scientific Ltd (Beijing, China). Poly alpha olefin
(PAO) as base oil was obtained from Golden Chemical Co., Ltd (Nanjing,
China) and it has kinematic viscosity of 396mm2/s at 40 �C and 39mm2/
s at 100 �C. Aniline, ammonium persulfate (APS) and acetone were all
purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China)
and they are all analytical reagent. Polyurea grease was provided by
Zhongcheng Petrochemical Co., Ltd (Changsha, China).

2.2. Synthesis and characterization of ILs-doped PANI

The ILs-doped PANI were synthesized as following steps. First, 10 g of
ILs containing 0.4 g aniline and 10 g of distilled water containing 0.98 g
APS were efficiently dispersed for 10min by ultrasonic wave, respec-
tively. Second, the APS aqueous solution was slowly transferred into the
breaker of aniline-ILs solution. After 10min, PANI was generated at the
interface of ILs and distilled water. With no disturbance, the reaction
lasted for 24 h at room temperature. Finally, the mixture was filtered and
washed with acetone and distilled water for several times, and then the
filtrate cakes were dried using a heat oven at 40 �C and for 12 h to obtain
the ILs-doped PANI (were abbreviated as PANI-LP104 and PANI-LB104).

A SU8010 scanning electron microscope (SEM, Hitachi) was
employed to take micrographs of PANI-LP104 and PANI-LB104. A
Fourier transform infrared (FT-IR) spectrometer (Thermo Fisher Scien-
tific) recorded the FT-IR spectra of LP104, LB104, PANI-LP104 and PANI-
LB104 in the wavenumber range of 4000–400 cm�1. And an EVO-18
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scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDS) (Zeiss SEM, Bruker EDS) was employed to characterize the
chemical compositions of ILs-doped PANI under 12 kv accelerating
voltage with 7.5 nm beam current.

2.3. Tribological characterization

2.3.1. Lubricant preparation
The lubricants were obtained by mixing the PAO/polyurea greases

and additives thoroughly via vigorous stirring for 30min at room tem-
perature. It was found that no precipitate was observed in the lubricating
oil after a storage for 24 h, indicating a preferable dispersion and stability
of ILs-doped PANI in the base oil. Furthermore, the lubricating greases
need to be grinded using a three-roller mill to ensure uniform dispersion
of the additives. The concentration of additives in PAO and polyurea
greases was adjusted as 0.1%, 0.2%, 0.3% and 0.4% (mass fraction). The
LB104 was also added into base oil and grease to prepare lubricants.

2.3.2. Friction and wear test
The tribological properties of lubricants for steel/steel pair were

evaluated on aMFT-R4000 reciprocal friction and wear tester with a ball-
on-disc configuration, which was provided by State Key Laboratory of
Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese
Academy of Science (Lanzhou, China). The upper ball (AISI 52100 steel
ball, diameter 5mm, hardness 710 Hv) slides reciprocally against the
fixed lower disc (Ф24mm� 7.9mm, AISI 52100 steel, hardness 590–610
Hv, surface roughness 0.05 μm) at a stroke of 5mm, a frequency of 5 Hz
and a normal load of 50–200 N (corresponding to the Hertzian pressure
in the range of 1.7–2.7 GPa) for a duration of 30min at room temperature
(RT). Before and after every tribological test, the running balls and lower
discs were cleansed in acetone for 10min utilizing an ultrasonic cleaner.
Prior to test, about 0.5 g lubricant was introduced into the sliding region
and every friction and wear test was conducted thrice to get more reliable
values. A computer noted down the coefficient of friction (COF) and a
Micro-XAM 3D surface mapping microscopy profile meter determined
the wear volumes on the steel discs.

2.4. Corrosion test

The anti-corrosion property of the lubricating greases were evaluated
via salt spray test according to the ASTM B117. Some bright finish steel
blocks were evenly coated with lubricating greases, and then placed in a
salt spray test chamber under the temperature of 35� 1 �C and the NaCl
concentration of 5� 0.1% for a duration of 720 h. After that, the steel
blocks were washed with acetone and thoroughly air-dried, and a PHI-
5702 multifunctional X-ray photoelectron spectroscopy (XPS, American
Institute of Physics Electronics Company) with K-alpha irradiation as the
excitation source was employed to analyze the chemical states of char-
acteristics elements on the steel block surfaces. A pass energy of 29.3 eV
characterized the binding energies of the target elements with the
binding energy of carbon (C1s: 284.6 eV) as the reference.

2.5. Surface characterization

After tribological test, the steel discs were ultrasonically cleansed
with acetone for 10min. An EVO-18 SEM (Zeiss, Germany) was
employed to take the images of the wear scars and an XPS was employed
to analyze the chemical states of the characteristics elements on the
rubbing surfaces. The test parameters were the same as that mentioned
above.

3. Result

3.1. Analysis of ILs-doped polyaniline

In general, interfacial polymerization involves that two reactive

astm:B117
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agents are dissolved respectively in two immiscible solvents, and target
product is generated at the interface of the two immiscible phases
[13–16]. As is known to all, water cannot be mutually soluble with
LP104, but with LB104. Therefore, PANI could be synthesized normally
at the interface of water and LP104. In terms of the system composed of
water and LB104, although they were miscible, we found that an inter-
face was still successfully formed between water and LB104 and main-
tained for at least 24 h. Here, density may make a great contribution for
the formation of the interface because the larger density of LB104 keeps
LB104 staying in the bottom of the breaker for a long duration during the
polymerization (LB104: 1.26 g/cm3, 25 �C; water: 1 g/cm3, 25 �C). Thus,
two types of ILs-doped PANI were successfully fabricated based on
interfacial polymerization and their structures, FT-IR and chemical
compositions were characterized and discussed in following sections.

Fig. 1 presents the SEM morphologies of the PANI-LP104 and PANI-
LB104. Observing the images, two types of ILs-doped PANI show
different shapes, where PANI-LP104 is rod-shaped with the diameter of
about 100 nm but PANI-LB104 shows an irregular shape. In the course of
interfacial polymerization, PANI is generated at the interface of water
and ILs and then moves into water phase because the amino groups
located at the end of PANI chains are hydrophilic. At the interface be-
tween water and LB104, a relatively thick film (reaction region) may be
formed because of the mutual solubility of water and LB104, so that PANI
stayed in the reaction region for a relatively long time, resulting in a large
nucleation amount and secondary growth, which is responsible for the
irregular shape of PANI-LB104.

Fig. 2 shows the FT-IR spectra of the ILs and PANI to confirm the
presence of functional groups of ILs on PANI. As shown in Fig. 2(a), the
characteristics peaks at 1064 and 839 cm�1 are attributed to the B-F
stretching vibration and P-F stretching vibration from the anions,
respectively. The peaks located at 1565 and 1474 cm�1 belong to the C-N
bands on the imidazolium ring [24,26,29]. The peaks at 3170 and
2960 cm�1 are assigned to the H-C-C-H asymmetric stretch and N¼C
stretch vibrations on imidazolium rings [30]. Observing the Fig. 2(b),
the ILs-doped PANI exhibit the characteristics peaks at 1567 and
1479 cm�1, belonging to the C¼C stretching vibration of quinoid and
benzenoid rings, respectively. The peaks located at 1305 and 1242 cm�1

are assigned to C-N stretching vibration for the benzenoid unit, and the
peaks located at 1112 cm�1 belongs to the in-plane bending vibration of
C-H [9,30,31]. The relatively ratio of quinoid to benzenoid ring can be
calculated approximately on the basis of the intensity ratio of the peaks at
1567 and 1479 cm�1. When the ratio of benzenoid to quinoid rings is
larger than 1.0, PANI was protonated [31]. Thus, it can be determined
from FT-IR spectra that the ILs-doped PANI had been successfully doped
with protons. In the region between 2500 and 400 cm�1 of FT-IR spectra,
it is difficult to determine whether the functional groups of ILs are pre-
sent on the PANI because the peaks of ILs are almost overlapped by the
peaks of PANI. However, observing the region above 2500 cm�1, the
characteristics peaks on the FT-IR spectra of ILs-doped PANI located at
3170 and 2960 cm�1 are attributed to the imidazolium ring [26], which
proves a successful modification of PANI with functional groups of
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imidazolium-based ILs.
Fig. 3 presents the EDS elemental surface distribution images of the

PANI-LP104 and PANI-LB104 to provide a direct evidence for the suc-
cessful modification. Observing the images, the typical elements
including F, B and P have reached high-density coverage on the obtained
PANI, which further proves that the PANI were modified effectively with
ILs via π-π interaction and hydrogen bonding interaction during the
polymerization of aniline monomers.

3.2. Tribological properties of ILs-doped PANI as additives in PAO

Fig. 4 shows the COFs and wear volumes for steel/steel contact as a
function of the adding amount of PANI-LP104 and PANI-LB104 in PAO at
50 N, 5 Hz and RT. It is visible that the overall COFs and wear volumes
decrease first and then increase as the additive concentration increases.
The reason is ascribed that the tribological performances of solid lubri-
cant additives depend on the optimal concentration because low con-
centration is not capable to form a sufficient tribofilm but high
concentration may cause agglomeration and abrasive wear. The results
show that the most significant improvement for lubricity of PANI-LP104
and PANI-LB104 is obtained by the PAO with the same concentration of
0.2 wt% ILs-doped PANI.

Fig. 5 presents the friction reduction and anti-wear abilities of
different additives in PAO at various loads, 5 Hz and RT. As shown in Fig.
5(a), PANI-LP104 and PANI-LB104 have close COFs which are all lower
than that of pure PAO and PAOþ0.2 wt% LB104 at different loads,
indicating ILs-doped PANI have preferable friction reduction property in
PAO. Fig. 5(b) shows that the addition of PANI-LP104 and PAN-LB104
can reduce the wear volumes by several times at different loads as
compared to pure PAO, indicating an excellent anti-wear property. The
excellent tribological behaviors may be attributed to that the ILs-doped
PANI can easily adsorb on the rubbing surfaces to decrease close con-
tact between the friction interfaces and form a protective tribofilm
throughout the sliding process.

SEM was employed to obtain the morphologies of worn surfaces after
friction test to further compare the tribological performances of different
lubricants. Fig. 6 displays the SEM morphologies of worn surfaces on the
steel discs lubricated by PAO and PAO plus 0.2 wt% each of different
additives at 200 N, 5 Hz and RT. As shown in Fig. 6(a-d), the steel discs
lubricated by PAO and PAOþLB104 acquire considerably wider and
deeper wear scars and a lot of deep and narrow furrows appear on the
worn surfaces, indicating severe scuffing occur in this condition. As
shown in Fig. 6(e-h), the addition of PANI-LP104 and PANI-LB104
remarkably reduced the wear widths and made the surfaces became
smoother, implying ILs-doped PANI have an excellent anti-wear ability.

3.3. Tribological properties of ILs-doped PANI as additives in polyurea
grease

Polyurea grease has attracted considerable research and extensive
applications owing to its novel anti-oxidation, wide range of operating
Fig. 1. SEM morphologies of PANI-LP104 and PANI-LB104.



Fig. 2. FT-IR spectra of (a) ILs and (b) ILs-doped
PANI.

Fig. 3. EDS elemental surface distribution images of the PANI-LP104 and PANI-LB104.
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temperature, remarkable thermal, mechanical and colloidal stabilities
[32–34]. Therefore, we continued to investigate the effect of PANI-LP104
and PANI-LB104 on the tribological performances of polyurea grease.

Fig. 7 shows the COFs and wear volumes for polyurea grease in the
absence and presence of different ILs-doped PANI concentrations at 50 N,
5 Hz and RT. It can be seen that the ILs-doped PANI at different con-
centrations all can remarkably lower the COFs and wear volumes. The
PANI-LP104 shows better friction reduction and anti-wear abilities than
449
PANI-LB104, which may be ascribed to that the PF6� anion has a more
active property than BF4�, leading to that PANI-LP104 can more easily
adsorb on the worn surfaces and react with metal to form a protective
film. Taking into account the friction reduction and anti-wear abilities,
the optimal concentration of ILs-doped PANI in polyurea grease is
determined as 0.3 wt% to provide excellent tribological performances.

Fig. 8 displays the COFs and wear volumes for polyurea grease in the
absence and presence of different additives at various loads, 5 Hz and RT.



Fig. 4. COFs (a) and wear volumes (b) for PAO plus
different concentrations of ILs-doped PANI at 50 N,
5 Hz and RT.

Fig. 5. COFs (a) and wear volumes (b) for PAO and
PAO plus 0.2 wt% each of different additives at
various loads, 5 Hz and RT.

Fig. 6. SEM morphologies of worn surfaces on steel discs lubricated by (a-b) PAO, (c-d) LB104, (e-f) PANI-LP104, (g-h) PANI-LB104 at 200 N, 5 Hz and RT.

Fig. 7. COFs (a) and wear volumes (b) for polyurea
grease plus different concentration of ILs-doped PANI
at 50 N, 5 Hz and RT.
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As shown in Fig. 8, although overall trends of the COFs and wear volumes
of lubricating greases increase with the normal load ranging from 50 to
450
200N, the values of PANI-LP104 and PANI-LB104 are still lower than
others. When the load is 200 N, PANI-LP104 and PANI-LB104 reduce the



Fig. 8. COFs (a) and wear volumes (b) for polyurea
grease and polyurea grease plus 0.3 wt% each of
different additives at various loads, 5 Hz and RT.
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wear volumes by 3.6 and 3.2 times as compared with polyurea grease,
respectively. This results reveal that PANI-LP104 and PANI-LB104 as
additives in polyurea grease can also remarkably improve the friction
reduction and anti-wear abilities at different loads.

Fig. 9 displays the SEMmorphologies of the worn surfaces on the steel
discs lubricated by different lubricating greases at 200 N, 5 Hz and RT. As
shown in Fig. 9(a-b), although polyurea grease has a good friction
reduction and anti-wear abilities, the wear surface acquires a relatively
wide wear scar and rough friction surface with some narrow and deep
grooves. Fig. 9(c-d) shows a little narrow wear scar and smooth worn
surface, indicating the addition of 0.3 wt% LB104 in polyurea grease
exhibits come certain anti-wear ability. Observing the Fig. 9(e-h), it is
visible that the addition of PANI-LP104 and PANI-LB104 not only
significantly reduce the wear widths, but also greatly make the worn
surfaces become smoother, which reveals that PANI-LP104 and PANI-
LB104 as additives in polyurea grease exhibit excellent anti-wear ability.

3.4. Salt spray corrosion test

The steel blocks after salt spray test were washed with acetone and
Fig. 10 shows the pictures. The blocks (Fig. 10(c-d)) covered with the
greases in the presence of PANI-LP104 and PANI-LB104 were bright as
compared with pure polyurea grease, indicating ILs-doped PANI as ad-
ditives in polyurea greases exhibited an excellent anti-corrosion prop-
erty. The block covered with LB104 grease acquired many corrosion
spots because LB104 has corrosion property [32,35]. The anti-corrosion
mechanisms is explained in the discussion sections.

3.5. XPS analysis of worn surfaces

Since XPS as a powerful facility could offer the information about the
Fig. 9. SEM morphologies of the worn surfaces on steel discs lubricated by (a-b) po
and RT.
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chemical states of characteristics elements on the worn surfaces, there-
fore, it is usually employed to probe the lubrication mechanisms. Fig.
11(a-f) gives the XPS spectra of Fe2p, O1s, F1s, B1s, N1s and P2p on the
worn surfaces lubricated by PAO in absence and presence of different
additives. XPS Fe2p spectra at 724.3 eV and 710.8 eV may correspond to
Fe2O3 and Fe3O4 [34,35]. The peaks of O1s located at 530.0–531.5eV
may be ascribed to FeO and C-O compounds, implying the formation of
complex oxide species [32,34,35]. The peaks of F1s at 684.5 eV may
belong to FeF2 and FeF3, and another peak located at 689.0 eV may
belong to C-F binding [36,37]. The generation of borides is uncertain
because the characteristics peak of B1s was not detected on the worn
surfaces. The binding energies of N1s appearing at about 400.2 eV may
belong to carbonitride and/or nitrogen oxide, and/or nitrogen
doubled-bond compounds [32,35]. The peak of P2p at 133.5 eV may
illustrate the presence of FePO4 [38,39]. XPS analysis suggests that a
protective lubrication film was generated on the worn surfaces by com-
plex physical adsorption and tribo-chemical reactions, which was
responsible for the enhanced friction reduction and anti-wear abilities
throughout the friction process.

4. Discussion

4.1. The unique functions of ILs during the polymerization

Two types of ILs-doped PANI in nanostructures have been successfully
fabricated at the interface of water and imidazolium-based ILs. In the
process of interfacial polymerization, the imidazolium-based ILs perform
multiple functions which can be described as following aspects: (1) ILs,
even the water-miscible LB104, work as a liquid phase to dissolve aniline
monomers in the polymerization. Meanwhile, the mutual solubility be-
tween ILs and water could have a significant influence on the structures
lyurea grease, (c-d) LB104, (e-f) PANI-LP104, (g-h) PANI-LB104 at 200 N, 5 Hz



Fig. 10. Pictures of steel blocks after salt spray test. (a) polyurea grease, (b) LB104 grease, (c) PANI-LP104 grease and (d) PANI-LB104 grease.

Fig. 11. XPS spectra of (a) Fe2p, (b) O1s, (c) F1s, (d)
B1s, (e) N1s and (f) P2p on the worn surfaces lubri-
cated by (A) PAO, (B) PAOþLB104, (C) PAOþPANI-
LP104 and (D) PAOþPANI-LB104.
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of obtained PANI. (2) Because imidazolium-based ILs are sufficiently
acidic in the 2-position, ILs act as functional acids to protonate the PANI,
resulting improved solubility, conductivity and anti-corrosion
452
performance [10,17,18,26–28]. Meanwhile, compared with conven-
tional interfacial polymerization of PANI, this approach eliminates the
usage of extra protonic acids as dopant. (3) Imidazolium-based ILs serve
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as unique dopant to modify PANI via hydrogen bonding interaction and
π-π interaction for enhanced solubility and tribological properties [10,22,
23,26,28].

4.2. Anti-corrosion mechanism of PANI in lubricating greases

Salt spray test indicates lubricating greases containing ILs-doped
PANI have preferable anti-corrosion ability. Wessling and Fahlman pro-
posed the passivation mechanism of PANI for the excellent anti-corrosion
ability through an XPS study [40,41], and it has been thoroughly studied
and proved in recent decades [42–46]. Here, two rational mechanisms
may be responsible for the excellent anti-corrosion performance of the
lubricating greases. (1) Physical barrier effect. The lubricating greases
work as a barrier to protect the substrate metals against the invasion of
corrosive substances. (2) Passivation mechanisms. In salt spray test, the
corrosion potential of bare steel is usually located in the active potential
region and the corrosion rate is relatively high. Since PANI has a higher
potential than substrate steel, therefore, it could work as an oxidant to
shift the potential of steel in the passive region. Thus, a dense passivation
film composed of iron oxides is formed on the metal surface, leading to a
reduction in corrosion rate of steel [42–46]. To support this
anti-corrosion mechanisms, the steel block surfaces were characterized
by the XPS and Fig. 12 gives the XPS spectra of Fe2p and O1s on the steel
block surfaces covered by the greases in the absence and presence of
ILs-doped PANI after salt spray test.

As shown in Fig. 12, the peaks of Fe2p at about 710.5 and 724.1 eV
belong to Fe2O3 and Fe3O4, respectively, and the peaks of O1s at about
529.6 and 531.3 eV suggest the generation of iron oxide. The Fe2p and
O1s on the surface covered by polyurea grease also exhibit relatively
strong peaks at 724.1 and 531.3 eV as compared with the Fe2p and O1s
on the surfaces covered by greases containing ILs-doped PANI, which is
attributed to that the steel blocks covered by polyurea grease was
corroded during the salt spray test. The XPS spectra of Fe2p on the sur-
faces covered by greases containing ILs-doped PANI are similar to the
results described by Fahlman andWessling in their works where the Fe2p
protected by PANI exhibited relatively weak peaks at about 724.1 eV and
the peaks are slightly shifted to high binding energy, indicating that a
passivation film composed of iron oxide was generated on the worn
surfaces for corrosion prevention [40,41].

4.3. Lubrication mechanisms of ILs-doped PANI as additives

Functionalized PANI is presented as an ideal material for enhanced
tribological properties and its preferable friction reduction and anti-wear
abilities have been proved based on the tribological tests and SEM
analysis. The results inspire us to further explore the lubrication mech-
anisms. Herein, the lubrication mechanisms may be explained by two
aspects.
453
(1) It is well-known that nanoparticles such as carbon nanotubes,
graphene and nano-Cu can fill the valley of surfaces to avoid the
direct contact and achieve the rolling/sliding functions by acting
as spacers or bearings between the contact pairs, thereby forming
an easily shearing film on the rubbing surfaces for enhanced
tribological performances [2,24,29,47–49]. Herein, the synthe-
sized ILs-doped PANI as nanometer materials may perform similar
functions for the excellent friction reduction and anti-wear
abilities.

(2) XPS offers some information about the lubrication mechanisms.
Keeping eyes on the XPS spectra shown in Fig. 11, the binding
energies of the Fe, O, F, B and N are similar on the rubbing sur-
faces lubricated by PANI-LP104, PANI-LB104 and LB104, indi-
cating they experienced similar tribo-chemical reaction
throughout the friction process. XPS analysis suggests that the
functional groups of ILs on PANI-LP104 and PANI-LB104 may
make a great contribution for the formation of the protective film
which is composed of FeO, Fe2O3, Fe3O4, FeF2, FeF3 or FePO4
during the friction process. The binding energy of N1s located at
400.2 eV corresponds to carbonitride and/or nitrogen oxide, and/
or nitrogen doubled-bond compounds [32,35]. It may be an evi-
dence for the physical adsorption film generated by ILs-doped
PANI. In addition, nanometer particles modified with ILs could
have an improved stability in lubricants [24,29,50], which also
benefits the tribological performances.

Consequently, based on the characterization and analysis of ILs-
doped PANI, and the SEM and XPS analysis of worn surfaces, the excel-
lent friction reduction and anti-wear abilities mainly depend on the
synergistic lubricating effect of the rolling/sliding functions and the
physical adsorption film and the tribo-chemical reaction film on the worn
surfaces. Hence, the ILs-doped PANI as an ideal material holds a great
potential for a wide range of applications.

5. Conclusions

We summarize the abovementioned experimental results and analysis
as follow: the ILs-doped PANI including PANI-LP104 and PANI-LB104
were successfully synthesized based on the improved interfacial poly-
merization. SEM micrographs showed that PANI-LP104 was rod-shaped
with the diameter of about 100 nm and PANI-LB104 was irregular sha-
ped. SEM-EDS and FT-IR analysis showed that both of obtained PANI
were effectively doped with imidazolium-based ILs via π-π interaction
and hydrogen bonding interaction in the process of polymerization. Salt
spray test suggested that ILs-doped PANI as additives in polyurea grease
exhibited excellent anti-corrosion performance, which depended on the
physical barrier effect and passivation mechanisms. In addition, PAO
containing 0.2 wt% ILs-doped PANI and polyurea greases containing
0.3 wt% ILs-doped PANI exhibited excellent friction reduction and anti-
wear abilities under a series of friction tests as compared to pure PAO/
Fig. 12. XPS spectra of (a) Fe2p and (b) O1s on the
steel block surfaces covered by (A) polyurea grease,
(B) PANI-LP104 grease and (C) PANI-LB104 grease
after salt spray test.
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polyurea grease and lubricants adding LB104. Based on the SEM and XPS
analysis, the excellent tribological properties are ascribed to the syner-
gistic lubricating effect because ILs-doped PANI could avoid the direct
contact between the friction interfaces and generate physical adsorption
film and tribo-chemical reaction film on the worn surfaces throughout
the friction process. Given the simple and effective synthetic approach,
the excellent anti-corrosion performance and tribological properties, ILs-
doped PANI as an ideal material holds a great potential for a huge ap-
plications in lubrication domain.
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