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Abstract Considering the excellent solubility of pyrroli-

done ring organic compounds, the synthesized N-

(trimethoxysilyl) propyl-N-methyl-2-pyrrolidone chlorides

was tethered onto titanium dioxide (TiO2) nanoparticles to

improve dispersion of TiO2, and then polyethylene oxide

(PEO) oligomer through ion exchange embraced the teth-

ered TiO2 to obtain a novel self-suspended hairy TiO2

nanomaterials without any solvent. A variety of techniques

were carried out to illustrate the structure and properties of

the self-suspended hairy TiO2 nanomaterials. It was found

that TiO2 nanoparticles embody monodispersity in the

hybrid system though the ‘‘false reunion’’ phenomenon

occurring due to nonpermanent weak physical cross-link-

ing. Remarkably, self-suspended hairy TiO2 nanomaterials

exhibit lower viscosity, facilitating maneuverable and

outstanding antifriction and wear resistance properties, due

to the synergistic lubricating effect between spontaneously

forming lubricating film and nano-lubrication of TiO2

cores, overcoming the deficiency of both solid and liquid

lubricants. This make them promising candidates for the

micro-electromechanic/nano-electromechanic systems

(MEMS/NEMS).

Keywords Friction and wear properties � Self-suspended

hairy nanomaterials � TiO2 nanoparticles � Liquid-like

behavior

Introduction

With the rapid development of nanotechnology, the mov-

ing interface gap of micro-/nano-electromechanical sys-

tems and magnetic recording system has been reduced to

nanometers for achieving more components on per unit,

faster response speed and better and more properties.

Therefore, nanotribology puts forward higher requirements

such as high thermal stability, excellent temperature flu-

idity, low vapor pressure, good lubrication, abrasion-re-

sistance and self-repairing capacity (Rojas et al. 2015; Ye

et al. 2001; Hussein et al. 2015; Tang et al. 2014). Solid

inorganic or liquid organic materials are the traditional

lubricants for controlling friction and wear, e.g., natural

and synthetic organics (animal fat, vegetable oil, refined

oil, silicone oil, esters, etc.), micro-/nanometal oxide

powder (MoS2, ZnO, etc.) and carbon materials. In general,

solid lubricants are usually added into the lube base oil to

reduce the interfacial friction and improve the load-bearing

capacity of the parts by their benign extreme pressure

grease, anti-oxide, anti-wear roles and so on. However,

solid lubricating additives cannot homogeneously disperse

well in the base oil, due to their easy agglomeration and

poor compatibility with the base oil. Compared with the

solid lubricants, liquid lubricants show different advan-

tages, such as long-term endurance, low mechanical noise,

promotion of thermal conductance and very low friction in

the elastohydrodynamic film regime (Zheng et al. 2016).

Liquid lubricants can be directly used as lubricant without

the base oil, but their ability to bear the wear resistance

decreases due to the absence of solid nanoparticles (Guo

et al. 2006).

Compared with traditional nanofluids, novel self-sus-

pended nanomaterials at room temperature through cova-

lent graft a soft organic corona onto the nanomaterials
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surface have been proved to enhance the manipulation and

impart compatibility of nanoparticles (Huang et al. 2016;

Li et al. 2015; Lei et al. 2008; Zheng et al. 2016; Warren

et al. 2006). Organic corona generally refers to a surface-

active agent, in which one end can tether nanoparticles and

the other can further bond with polymers. A series of self-

suspended hairy nanomaterials based on various nanopar-

ticles such as TiO2, SiO2, graphene oxide and carbon

nanotubes have been fabricated using nanoparticles as

cores, surface functionalized with a charged corona, and

ionically tethered with oligomeric chains as a canopy to

balance the charge (Zhang et al. 2009a, b, 2013; Yang et al.

2016c; Petit et al. 2013; Li et al. 2009, 2016a, b). Self-

suspended hairy nanomaterials offer attractive possibilities

for particular applications, e.g., transportation, micro-

electromechanical systems (MEMS), liquid electrolytes

and magnetic fluid. For the lubricating materials, silica-

based nanomaterials with liquid-like behavior used as

thickeners in traditional lubricating oils created lubricants

whose friction coefficients were lower than that of the base

oil, as demonstrated by Yang et al. (2016b) and Kim and

Archer (2011). More importantly, wear resistance also was

reduced due to the localization of silica in the wear tracks

of the contact surface. The silica-based nanomaterial with

liquid-like (Li et al. 2016a, b; Bai et al. 2016) behavior

described here is one of the ideal lubricating systems that

successfully combines the advantages and efficiently

avoids deficiency of both solid and liquid lubricants.

However, nanoparticles exhibit stable performance, and

the random accumulation in the whole system makes it

difficult to form a film. Long-chain organic matter can

easily form regular and orderly molecular film, but the

poor thermal stability and mechanical stability restrain

their application in the tribology field. For the self-sus-

pended hairy TiO2 nanomaterials, we consider their syn-

ergies: nanoparticles can not only form nanoscale

lubricating film on the surface of the friction pair, but also

repair the wear surface through a scrollable sliding

bearing role. The long-chain ionic liquids display a much

higher molecular weight and flexible and stronger binding

force with substrate, facilitating the formation of a vis-

cous lubricating film. So, it is a beneficial challenge to

develop some new lubricating materials. It is believed that

self-suspended hairy nanomaterials may obtain the same

or even better effects when directly used as lubricants

without the base oil. So, it is believed that self-suspended

hairy nanomaterials may obtain the same or even better

effects when directly used as lubricants without the base

oil. In the present experiment, in view of the low toxicity

and excellent solubility of the pyrrolidone ring organic

compounds, known as ‘‘super solvent’’ (Giordani et al.

2006), we first synthesized the alkyl pyrrolidone ring task-

specific ionic liquids with excellent solubility and surface

activity as the corona to modify the dispersibility of

nanoparticles. Then, the counterion long-chain organic

corona was introduced to obtain self-suspended hairy

TiO2 nanomaterials with a core–corona–canopy structure

using the ion exchange reaction. We studied their abra-

sion properties of self-suspended hairy TiO2 nanomateri-

als against the slide, which showed good friction

reduction and anti-wear capacity.

Results and discussion

Preparation of self-suspended hairy TiO2

nanomaterials

First, anatase TiO2 nanoparticles with a large number of

hydroxyl groups were prepared by the sol–gel method.

Then, self-suspended hairy TiO2 nanomaterials were

prepared through a simple and facile two-step method as

shown in Fig. 1. Synthetic functionalized ionic liquids

were heated and reacted with TiO2 nanoparticles (Guo

et al. 2009). Based on the chemical bonding theory, the

synthetic functionalized ionic liquids contain two different

chemical functional groups, of which one can react with

silanol groups on the surface of the inorganic material

(such as metal oxides, inorganic salts, glass fibers, sili-

cates) and the other can further participate in other

reactions, so that the two kinds of materials with very

different properties can be ‘‘coupled’’ together. Based on

Arkles theory, the process consisted of a four-step reac-

tion (Arkles 1977). The specific reaction mechanism is

shown in Fig. 1.

The charged oligomer weakens the short-range attrac-

tion among adjacent TiO2 nanoparticles through a steric

effect (Zhang et al. 2009a, b). In addition, the charged

oligomer decreases the surface free energy of nanoparti-

cles, and the electrostatic interactions among anionic TiO2

colloids effectively improve the dispersion of TiO2

nanoparticles. In the second step, organic sulfonate

implements the ion exchange and self-assembly (Langford

and Stoddart 1996; Philp and Stoddart 1996) reaction with

fatty alcohol polyoxyethylene ether sulfonate C9H19–

C6H4–(OCH2CH2)20(CH2)3SO3-K?(FAPES).

In self-suspended hairy nanomaterials system, organic

sulfonate as canopy provides enough ‘‘solvent’’ for the

dispersion of the TiO2 nanoparticles. The organic shell acts

like a lubricant among the core nanoparticles.

Chemical and physical performances of self-

suspended hairy TiO2 nanomaterials

The chemical structures of primary materials and self-

suspended hairy TiO2 nanomaterials are shown in Fig. 2.
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TiO2 nanomaterials show S=O stretching vibration

absorption peak at about 1200 cm-1, while many small

peaks appearing in the fingerprint region are caused by the

pyrrole ring of functionalized ionic liquids. Clearly, the

functionalized ionic liquids and nonylphenol poly-

oxyethylene sulfonate are grafted successfully on the sur-

face of TiO2 nanoparticles.

Figure 3a shows the TEM images of self-suspended

hairy TiO2 nanomaterials, which displayed different mor-

phologies at different conditions. For the sample in Fig. 3a,

an appropriate amount of water was directly added to small

amounts of the sample. The resulting solution was dis-

persed ultrasonically for 30 min, then directly dropped on a

copper grid and the water evaporated. The TEM image in

Fig. 3b was taken by dispersing the liquid in water (5%

w/v), heating and ultrasonic dispersing at 60 �C for 5 min,

then placing a few drops of the dispersion on a copper grid

and evaporating the water. Figure 3a reveals that partial

nanoparticles emerge with flocculation and are bonded

together at room temperature (under 20 �C). Organic

molecular chain segment on the surface of the nanoparti-

cles move difficultly under melting transition temperature

according to the DSC curves (see Fig. 5). The interaction

among organic molecules forms a nonpermanent weak

physical cross-linking (associative phenomena) and leads

to the ‘‘false reunion’’ phenomenon (Wang 2008).

When heating, the temperature is high than the melting

transition temperature, Brownian motion of particles

accelerate, organic molecular chains grafted on the surface

move freely and the segments are stretched. Then the

nanoparticles overcome the interaction force and realize

monodisperse after ultrasonic dispersion. The nanomateri-

als were heated at 60 �C for 5 min, the false reunion

phenomenon disappeared and the TiO2 nanoparticles

showed monodispersity, as in Fig. 3b. After the heating

treatment, it can also be seen from Fig. 3b that TiO2
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Fig. 1 The scheme of self-suspended hairy TiO2 nanomaterials
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Fig. 2 FTIR spectra for TiO2 ionic nanomaterial
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nanoparticles exhibit monodispersed distribution in size

with a diameter of about 4 nm, which illustrates that

functionalized ionic liquids graft on the surface of

nanoparticles through covalent bonds promote the

monodispersity. Self-suspended hairy nanomaterials are

composed of nanoparticles and ionic species canopy by Si–

O–C chemisorption and electrical role. The dense corona

brush effectively reduces the surface energy of the

nanoparticles and stabilizes the nanoparticles against

aggregation. At the same time, functionalized ionic liquids

contain N-methyl-2-pyrrolidone structure, which is known

as a ‘‘super solvent’’. Carbon nanotubes are almost insol-

uble in all solvents, but exhibit good dispersity in N-

methyl-2-pyrrolidone, which was reported by Giordani

et al., and the calculation showed that the enthalpy change

of the mixture, which consists of carbon nanotubes solute

and N-methyl-2-pyrrolidone solvent, is negative and the

mixture is a kind of true solution (Giordani et al. 2006).

Carbon nanotubes dissolve in the ‘‘super solvent’’ N-

methyl-2-pyrrolidone (Li et al. 2012). Therefore, N-

methyl-2-pyrrolidone in the present system can further

increase the solubility of TiO2 nanoparticles in ionic liq-

uids, thereby enhance the dispersity of ionic nanomaterials

(Guo et al. 2006).

The content of organic canopy on the surface of

nanoparticles (Yu et al. 2016) influenced the properties of

self-suspended hairy nanomaterials. Thermogravimetric

analysis (TGA) is a simple way to quantify the organic

content of TiO2 ionic nanomaterial. There is almost no

thermal weight loss within the low temperature range as

shown in Fig. 4, which suggests that few solvent or

residual small molecules were involved in the TiO2 ionic

nanomaterial. The weight loss above 200 �C is attributed to

decomposition of the organic sulfonate groups. The TiO2

content is around 20 wt%, which can increase the thermal

stability of the organic canopy.

Figure 5 presents the DSC curves of TiO2 ionic nano-

material and nonylphenol polyoxyethylene ether sulfonate.

The sample was heated to 120 �C and cooled down to

- 40 �C; then the reheating process was recorded. Fig-

ure 5a shows that pure nonylphenol polyoxyethylene ether

sulfonate manifests a crystallization transition at

Tc & -14 �C, and a melting transition at a temperature

Tm & 27 �C. Nonylphenol polyoxyethylene ether sul-

fonate also exhibits a metastable phase with melting tem-

perature around 12 �C. The curve of TiO2 ionic

nanomaterial (Fig. 5b) is similar to that of nonylphenol

polyoxyethylene ether sulfonate, but all of the character-

istic peaks are found at lower temperature. It appears the

Fig. 3 TEM images of TiO2 ionic nanomaterial. The sample was

prepared, a at room temperature and b heating at 60 �C
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Fig. 4 TGA curve of self-suspended hairy TiO2 nanomaterials
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corresponding temperatures are at - 34, 6, and 25 �C,

respectively. The TiO2 nanoparticles may be used as the

nucleating agent promoting the organic modifier to cause

crystallization transition. However, the connection between

nanoparticles and the organic modifier hinders the free

rearrangement of the organic modifier during the crystal-

lization process and results in lower melting temperature.

The effect of physical state on the transport and sta-

bility is critical to design the lubricant. Self-suspended

hairy TiO2 nanomaterials display a wine-red transparent

liquid-like appearance with no evident phase separation in

the absence of the solvent at room temperature (insert of

Fig. 6a). The wine-red transparence and high fluidity are

attributed to the ‘‘super solvent’’ ionic liquids covalently

grafting onto TiO2 and the high content of organic canopy

acting like a solvent of the inorganic cores. To understand

the rheological behavior, the rheometer was further per-

formed under two types of the steady rotate flow (Fig. 6a,

b) and small-amplitude oscillatory flow (Fig. 6c). The

shear viscosity is basically independent of the shear rate,

and the curve of shear stress vs. shear rate diagram is a

straight line (see Fig. 6a). It indicates Newtonian fluid

behavior for self-suspended hairy TiO2 nanomaterials

with a constant shear viscosity covering a wide range of

shear rates (0.1–100 s-1) (Fig. 6a). The viscoelastic

behavior in our work is consistent with the report of

tertiary amine-based silica ionic nanomaterials reported

by Gu et al. (2013). However, the Newtonian plateau with

shear thinning appears in the lowest shear rate region due

to the minimum shear rate threshold value of our

rheometer used. Over a temperature range (20–80 �C), it

can be recognized from the rheological traces (Fig. 6b)

that the storage modulus and loss modulus decrease with

the temperature increases. Because temperature enhances

the molecular movement, the extension and retraction of
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Fig. 5 DSC curves of self-suspended hairy TiO2 nanomaterials
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chain segments become easier and the times of collision

between segments increase. Evidently, temperature can

regulate their fluidity. It is further confirmed by the vis-

cosity–temperature relationship. It can be seen that the

viscosity of nanomaterials is 0.2 Pa s at 20 �C, while it

decreases rapidly to 0.02 Pa s when the temperature

increases to 80 �C. The viscosity of self-suspended hairy

nanomaterials is between water and glycerol 0.001 and

1.50 Pa s at 20 �C, respectively. TiO2 nanomaterials

exhibit lower viscosity than that of TiO2/TSAC/NPES and

TiO2/DMAC/NPES (Yang et al. 2016a; Tan 2013). Low

viscosity is attributed to the structure of the canopy,

which contains ‘‘super solvent’’ in the functionalized ionic

liquid and without branches. The frequency-dependent

dynamic elastic modulus was recorded in the linear vis-

coelastic region with angular frequencies ranging from

0.1 to 100 rad s-1 and a constant strain value of 1%. The

loss modulus exceeds the storage modulus over the whole

measured frequency (Fig. 6c), indicating a liquid-like

behavior of self-suspended hairy TiO2 nanomaterials

under those conditions. The liquid-like behavior of self-

suspended hairy TiO2 nanomaterials without solvent

originated from the ionic bonding structure and ion

exchange (Tang et al. 2012), where the former promotes

the monodipersibility of TiO2 and the latter provides an

organic canopy moving on and off the TiO2 core.

Tribological properties of self-suspended hairy TiO2

nanomaterials

Nanoparticles can reduce the resistance in the friction

process by a similar ‘‘micro bearing’’ effect. Nanoparticles

can form a smooth protective layer of friction pairs, and fill

the crater and damage the surface of friction pairs. This

plays an important role in lubrication and surface repair.

Organic polymers having a higher molecular weight, good

flexibility, and strong adhesion to the substrate can lubri-

cate friction pairs by a viscous thin film. Therefore, the

organic–inorganic hybrid nanomaterials can effectively

improve the tribological properties of the material. Nano-

tribological behaviors of the self-suspended hairy TiO2

nanomaterials were investigated by a friction and wear

tester in the present work. The friction coefficients under

different applied normal loads are shown in Fig. 7. The

value of the friction coefficient on the silica substrate

rapidly increases within 80 s and then become relatively

stable. While 10 wt% of ion nanomaterials is spread over

the silica substrate, the friction coefficient display essen-

tially unchanged as test time go on. Table 1 shows that the

average friction coefficient decreases as the load increases.

This is mainly because the surface convex peaks on the real

contact parts of the friction surface were pressed and

meshed with each other under a large unit pressure.

Meantime, surface molecules also attract each other.

Consequently, the friction process is actually a process

overcoming the attraction beween mechanical engaging

surface molecular of convex peaks on the submicroscopic

surface, according to the formula (Huang and Ding 1999):

fm ¼ bþ c
SA

N
; ð1Þ

where SA is the real contact area, N is the load (positive

pressure) and b, c are the coefficients, respectively, deter-

mined by the physical and mechanical properties of friction

surfaces. b is a constant and is a friction coefficient based

on pure mechanical theory.

For the friction surface, the real contact area increases

slowly as the load increases, so the friction coefficient

decreases with the increase of the load. In addition, the

friction coefficient of self-suspended hairy TiO2 nanoma-

terials (0.04) is significantly decreased by one order of

magnitude less than that of the silica substrate (0.68). This

indicates that the self-suspended hairy TiO2 nanomaterial

enhances the surface smoothness of the silica substrate,

further improves the wear resistance of the material. The
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Fig. 7 The friction coefficient curve of self-suspended hairy TiO2

nanomaterials (up: silica substrate, down: 10 wt% nanomaterials on

the silica substrate)

Table 1 The average friction coefficient of self-suspended hairy

TiO2 nanomaterials

Loads Average friction coefficient

Silica substrate 10 wt% nanomaterials

1N 0.81 0.06

2N 0.71 0.05

3N 0.68 0.04
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viscous film on the substrate surface formed by a long-

chain molecule of hybrid nanomaterials can reduce the

shear force between the contact regions and the nanopar-

ticles, which plays a key role during weight bearing. Thus,

it can reduce friction and improve the friction and wear

properties of the substrate.

To further analyze their friction and wear behavior,

we observed microtopographies after washing the coat-

ing on silicon substrates. Figure 8 shows the images of

scratches under different normal loads. We find that the

scratches become wider with the increase of normal

loads for the silica substrate. While under the same

normal loads, the scratches for ionic nanomaterials are

almost invisible. The friction scratches still are invisible

on the silica substrate coated with 10 wt% self-sus-

pended hairy nanomaterials even the magnification

enlarging to 1000 times for the sample. The synergistic

effect of nanoparticles and oligomer sulfonate enhances

wear resistance. We further investigated the scratch

surface for silica substrate with and without 10 wt%

nanomaterials under 2N load by SEM. Figure 9a, b

shows that the silica substrate without nanoparticles had

serious wear and obvious scratches, and small cracks

similar to fish scales appear on the surface of the silica

substrate. The scratches on the silica substrate with 10

wt% nanomaterials are almost invisible under different

magnifications. Table 1 shows that the self-suspended

hairy TiO2 nanomaterials are significant on reducing

surface friction and improve lubrication performance.

The self-suspension TiO2 has high strength and self-lu-

bricant effect and it has an enhancement effect on the

surface of the silica substrate. The mechanism of the

self-suspended hairy TiO2 nanomaterials is shown in

Fig. 10. The self-suspended hairy TiO2 nanomaterials

have a ball structure, which makes it possible to produce

rolling friction on the friction surface. The surface of

this hairy ball material has two layers of polymer chains

bonded by ionic bonds. The chain structure can be fol-

Fig. 8 The optical images of

scratches under different normal

loads (up: silica substrate,

down: 10 wt% nanomaterials on

the silica substrate)
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ded and compressed at will. Therefore, the carrying

capacity and elasticity of the hairy ball can be increased.

When the applied load is low, the lubricating film does

not rupture. When the load increases, the lubricant film

breaks easily. It is notable that the self-suspended hairy

TiO2 nanomaterials can flow to repair damaged lubri-

cating films (see Fig. 10). The monodispersed nanopar-

ticles play a strengthening role on the surface of the

substrate for good self-lubricating effect, which is the

main bearing structure to improve wear resistance. Self-

suspended hairy nanomaterials exhibit good flexibility,

strong adhesion to the substrate and can form viscous

thin films, which can self-heal on the surface of the

scratches and thus reduce the wear of the substrate.

Materials and methods

Materials

N-methyl-2-pyrrolidone, methanol, ethanol, HCl, ammonia,

n-hexane, ethyl acetate and tetrahydrofuran were purchased

from Fuchen Chemical Ind., Ltd., 3-(trimethoxysilyl) propyl

chloride (industrial grade, purity 99%) was provided by

Wanda Chemical Ind. Ltd., and tetra-n-butyl titanate was

obtained from TianJing Ke Miou Chemical Company.

Deionized water was made in our laboratory. C9H19–C6H4–

(OCH2CH2)20(CH2)3SO3-K? was from Sigma-Aldrich.

Unless otherwise stated, all solvents were of analytical

grade.

Fig. 9 SEM micrographs of scratches under 2 N load of silica substrate without nanomaterials (a, b) and silica substrate with 10 wt%

nanomaterials (c, d)

Fig. 10 The mechanism of the

self-suspended hairy TiO2

nanomaterials (left: under small

load, the film is not damaged;

right: the film rupture under

heavy load)
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Preparation of nanoparticles

TiO2 nanoparticles were prepared by sol–gel method in the

experiment. Solution A was got by mixing 17 mL butyl

titanate with 15 mL anhydrous ethanol for 15 min. Solu-

tion B was got by mixing and stirring 2.15 mL anhydrous

ethanol, 2 mL (5.5 mol/L) hydrochloric acid and 1 mL

distilled water for 10 min. Solution B was added slowly

dropwise into solution A and formed a gel, followed by

aging for 6 h. Next, the product was dried under 70 �C and

ground carefully. Finally, we got TiO2 nanoparticles

powder.

Preparation of TiO2 ionic nanomaterial

0.5 g TiO2 powder was dispersed ultrasonically for 30 min

in 10 mL ammonia methanol solution (pH = 10), then an

appropriate amount of (25 wt% methanol solution) task-

specific ionic liquids [(CH3O)3Si(CH2)3(C5H9NO)]?Cl-

were added into flask and stirred for 7h under refluxing.

The [(CH3O)3Si(CH2)3(C5H9NO)]?Cl- was synthesized

according to the process in literature (Zhang et al. 2011).

The product was washed three times with methanol and

dried at 65 �C. The dried product was dissolved in

tetrahydrofuran and left for 5 min. The upper suspension

was separated and dried at 65 �C. 1 g dried product was

added into 15 mL (16.5 wt/vol) C9H19–C6H4–(OCH2-

CH2)20(CH2)3SO3-K? methanol solution and reacted for

24 h at 70 �C. The product was extracted with hot toluene

for two or three times and dried at 65 �C. It was re-dis-

persed in 15 mL deionized water and extracted with hot

toluene for two or three times and dried at 65 �C. The dried

product was dispersed in acetone, centrifuged and dried at

65 �C. We finally got self-suspended hairy TiO2

nanomaterials.

Characterization

The chemical composition information about the TiO2

nanomaterials was obtained by Fourier transform infrared

spectrometer WQF2310 of Beijing Second Optical Instru-

ment Company. Thermogravimetric analysis (TGA) was

performed under N2 with a TGAQ50 at a heating rate of

20 �C. Differential scanning calorimetry (DSC) curves

were measured using a Q1000 TA Instruments at a heating

rate of 10 �C/min. The microstructure morphology was

observed by H-800 transmission electron microscope

(TEM) at an accelerating voltage of 100 kV. The

microstructure of scratches was observed by Merlin

Compact field emission scanning electron microscope

(SEM) of Zeiss Enterprise. For this study, a few drops of an

aqueous dispersion of self-suspended hairy TiO2 nanoma-

terials were dropped on a copper grid and the solvent

evaporated prior to observation. The rheological behavior

of TiO2 nanomaterials was studied using an ARG2

rheometer. A parallel plate with 40.00 mm diameter was

used as a holder and the plate spacing was 1.00 mm. The

testing temperature range was 20–80 �C. Self-healing

abrasion properties of ionic nanomaterials were tested on

the UMT—two friction and wear tester. The friction pat-

tern is the ball–disc linear friction. The friction head is

A2O3 ceramic ball, the load is 1N, 2N and 3N, the relative

sliding speed is 25 mm/s, and the friction time is 30 min.

The images of the scratches were observed by an

LV100POL polarizing microscope after removal of coated

films on silicon substrates.

Conclusions

In summary, we report on synthesized ionic liquid

N-(silicon propyl trimethoxy)-N-methyl-2-pyrrolidone

hydrochloride covalently grafted on the surface of TiO2

nanoparticles. Then, monodispersed ionic nanomaterial

was obtained after grafting nonylphenol polyoxyethylene

ether sulfonates on the outermost layer through ion

exchange. TiO2 ionic nanomaterial is a homogeneous

fluid without solvent at room temperature. The surface

functionalization offers novel exciting properties to TiO2

nanoparticles. The ionic nanomaterials display lower and

more stable friction coefficient and exhibit outstanding

self-healing lubricating behaviors, which make them

ideal candidates for new lubricants for micro-elec-

tromechanic and nano-electromechanic systems (MEMS

and NEMS).

Supplementary materials

The following are available online at www.mdpi.com/link,

Fig. S1: The interaction mechanism of tailor-making ionic

liquids and TiO2.
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