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structure and their friction-reducing and anti-wear properties in engine oils. In this paper, two-dimensional MoS, nanosheets
with surface modified by oleylamine molecules were prepared by in-situ surface method using ammonium heptamolybdate and
thiourea as reaction precursors and oleylamine as the reaction solvent. The morphology, surface state, and chemical composition
of the prepared MoS, nanosheets were characterized by transmission electron microscopy (TEM), infrared (FT-IR), and X-ray
photoelectron spectroscopy (XPS), respectively. Further, the tribological property of the fabricated two-dimensional nanosheet
MoS, as lubricating additives in engine oils was tested on a ball-on-disk tribometer, and the wear scars were analyzed by a
white-light interference profilometer, scanning electron microscope (SEM) and XPS. Results showed that the prepared two-
dimensional MoS; nanosheets with ultra-thin structure has good anti-friction and anti-wear properties in engine oils. The friction
coefficient was decreased by 27.1% and the wear scar diameter was reduced by 17.17% after adding 3wt% two-dimensional
MoS, nanosheets into oils. It was worth pointing out that at the high temperature of 150 ‘C, the friction coefficient suddenly
increased to 0.5 at the initial stage of friction, and lubrication failure occurred when the pure engine oil was used for lubrication.
However, for the case lubricated with two-dimensional MoS, nanosheets, the friction coefficient was relatively stable during the
whole friction process at the high temperature of 150 °C. In addition, the wear volume and maximum wear scar depth were only
23.44 % and 28.53% of these lubricated with the pure engine oil, respectively, at the high temperature of 150 ‘C. During the
friction test, the two friction surfaces were in the boundary lubrication region, and the two-dimensional MoS, nanosheets with
ultra-thin structure entered the friction contact area with lubricating oil, which exerted a good lubrication effect. Especially, when
the lubrication of the pure engine oil failed at high temperature, the two-dimensional MoS, nanosheets could form MoS,-based
tribochemical reaction film on rubbing surfaces that filled and repaired the worn surfaces, which acted the lubrication effect.

KEY WORDS: ultra-thin two-dimensional MoS, nanosheets; oleylamine modified; lubricating additives; friction-reducing and
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Tab.1 The main used chemical reagents
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Co., Ltd
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Co., Ltd
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Fig.1 TEM images of MoS, sample



- 64 - * wm #H R

2020 £ 9 H

P 2030 nm, SrHEUMER L, 2 5)2EZ00)E TR
BRA RN, B 1a BRIl % 5 MoS, B 5 B A 8
GG, H1EE 0 MoS, I i 1~4 ZJEFZ A . Fr
£ 1 MoS, B i HRTEM o, FotRE #4092 )
ik 0.62 nm (& 1b) , XJRF 2H-MoS, (002 ) ##
TR . & 1e i MoS, P2y i) %k X i, 117 56 /&
HAT RS> I T 2H-MoS, B9 (100) #1 (110)
W TE . MoS, =11y EDS JCE M HT KIS WLIA 1d, Firil
) MoS, FEdh R, Mo FIl S IR T 0.46, 42T
MoS, H* Mo I S BYJEF L .

il AR B AR 4 2T AR E A ( FT-IR ) £ AiF MoS,
BE R AL AL, IS5 F 1Y FT-IR &3t
Xt dr, g5 anE 2 o, B 2 b 2k priil
) MoS, B S BYLE AN REZE S, Hop 7 T 3460 cm ™!
b B SE I T U B TR A TR gE R s, T 2922
2854, 1647, 1608, 1460, 720 cm™" &b 4 M i Sy it
g5y T LT AMRAE WD FT-IR 255360, 7l &
) MoS, Fikr & MBI A e 4r 7o [WIIE, 7Edh e s
T FT-IR i (& 2 Fhafligk) B, 7T 3376 I
3300 cm ™" AW IACIG SR YiE IS A N R A (—NH, )
FR) Xt R 5 R X R e 4 i s R AL R0 200 A I A Y
MoS, £ ity H A WA 312 WU Y A7 7E . B IFoE R I,
AR (—NH,) ' N JEFRHIT B FE 55

8 0000

Cls

60 000

Mo3p
Mo3d

40 000

T
Ols

Count/s™

S2p

20 000

M

Mo4p

0F

1200 1000 800 600 400 200 0

Binding energy/eV
a &

S—Mo
4000

3000

Count/s™

2000 |-

1000 —~A~

————

176 172 168 164 160 156

Binding energy/eV
¢ S2p

2 A B 7 A LB A P TR T IR 45 1 MoS, B
BAT WA B —NH, ZLAMR RN, BB 707 b 19 2
H 55 MoS, 4K BIRL & THES

1.0k :
: Synthesized MoS, 720
0.9 F 2922 2854 1647 16081 o

<08

ki

g 0.7t

£ 181

5 1.0 Oleylamine

8 1647

& 09 3374 3300 1608V49 O0 720
0.8 30 oy 2853
0.7F
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™

B2 R o1 A i MoS, i ZL AN
Fig.2 FTIR spectra of oleylamine molecule and synthesized
MoS,; sample

K XPS X MoS, # it B4k 24 41 A 743 Hr ( I
Kl3) . K 3am L, prifil& MoS, ML C. O,
N. Mo. S SHMICE, Hp C N JILER A
TG 5> 7, O JLE K [ TR i 2 1 W Bt A
Y. B 3b—d ATl % MoS, #Edh i Mo3d. S2p. Nls

10 000

Mo—S

8000

6 000

3
2
Q

4000

T
5]
N
2]

2000

0 1 1 L 1
240 235 230 225

Binding energy/eV
b Mo3d

7500

Mo3ps;,
7 000

6500 Nls

6 000

Count/s™!

5500

5000

4500 1 1 1 1 1 1
406 404 402 400 398 396 394 392

Binding energy/eV
d Nls

K3 MoS, Fah Y XPS JpHr4h
Fig.3 (a) XPS survey spectrum and high-resolution XPS spectra of (b) Mo3d; (c) S2p; (d) N1s for the MoS, sample



F49% H£oW

WIPEAE . T HEAOK AR Mo, 114 ] 8 K A S i 8 T ) £ i 2470 S 11 e <65+

75 73 B XPS 3% 5] . B 1Kl 3b AT UL, Mo3ds), Fll Mo3ds),
LA e BB T 228.26 F1231.4 eV, AT I JE T Mo**
) Mo3ds, 1 Mo3ds,. 341, Z5ABENLT 225.41 eV
1) 55 7T U9 J F S2s.S2p YR 43 ¥ XPS i EI7E 161.02
F1162.21 eV Ab 7R H A 5 I4 T 8 T S A S2psn
F1 S2pine Mo3d il S2p 925 A BE-5 SCHkHRE H' MoS,
WKLY Mo3d Fl S2p AYZE A RER A, [ 3d
i Nls [ XPS i &, 455 e 394.78 eV (i E ] 14
J& T Mo3psy, 45 A HE N 399.70 eV (AT )& T N1s,
5 C—N il Mo—N H Nis (254 E#RH Jy 24,

T C—N 5 Mo—N H1iy Nis B&5 A iefR%ir, T
P TR B Y N1s 35060k B C—N £ /& Mo—N,

22 EBERBERSSH

i SRV4 i BE 48 B Bt il g AL B8 i A A ()
WP ) —HEGK F R Mo, 9V 7 B R 2= M etk
TPt s SEERAPE R . B 100 N (XL 4] 1R e K
WG A%l 18 2.32 GPa ), 172 2 mm, 4% 50 Hz,
W 25 C, JHeRFE 1he o A 4a WL, T
TSGR R MoS, BT T T A TV T, B AR
BT FH i & sh ML o e o 1 B9 B4 R 8, I HL

0.14 -
5 on2f
2
b=l
[}
8 0.10}
=
2
ksl
& 0.08 \E/’{
0.06
1 1 1 1 1
0 1 2 3 4
Concentration/%
a BEEERY

B —ZEA0K Btk MoS, TN g H i, RS R K
BT T S8 0, Y 4EA0K ok MoS, I Es N
O 3%, EEEEARBURAL (0.08) , H4ikshHLiE
WM R BRI R4 (0.127 ) ML, EEE R
fik 37.01%, FEEESLIEEHG, RGBS I &
PR R R AL BR 0 B B AR, A SR AN 4b TR
& 4b o] UL, —ZEGAK Rtk MoS, T T BB BE B A%
/T4 % shAILTE W S 1 T B B BE AR, T RS
THEGK FOIR MoS, SRR, B BT AR A W
DG AN S 4 K R MoS, IR 3%
I, BEREE AR/ (275 nm) , 546k ShHL0E e
R (332 um) ML, BEREEARIKT 17.17%.
&5 A AS TRV T A EAS )R RE T il A5 A JEE 42 2R
B2k 100 N, F7RE A 2 mm, 4% Ky 50 Hz ).
MR Sa AL, &0 & shAIL i v dh a4 i e s, B
BEVIUR B B R 2 R A i, 4o 300 s ARSI,
FEBER R B TR o [WIRT, A& BRI X4 % shpLiE i
TR A BRI R B R MR/, R TR A R
REAE 0125 ZEARIFREE . WI 3%_4E9K Aotk
MoS, J&, 7E 50. 100, 150 CHISCINIRE, FER
WA — EFRBERIRRAE, 100 CS2B0 T T Y EEHE R

400

E 360
ERURE:
2 320 —\
3 i /i
g 280} \E
=]
Ll
= 240 -

200 1 1 1 1 1

0 1 2 3 4
Concentration/%
b BERHERZ

Bl 4 A INASTR) B 7 ) — 40K Aotk MosS, Je F 45 14 JEE 458 28 ORI B 1A%

Fig.4 Friction coefficient (a) and wear scar diameter (b) as functions of the MoS, nanosheets concentration in oils
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KT XPS XA [ 1 A6 45 T IR N 2R 1Y
W E N S BEAT o0 Hr, G5 RANE 9 Fs o 1R K ShpLiE

HIRIEE T, BIRANM Mo JTTER EE LI Mo—S JE
AR (B 9ay) , ZZEGPKR AR Mos, T T i



- 68

E TR NN

2020 £ 9 H

JEIN, Mo JtZE A Mo—O #l Mo—S BIERLELE (K
9a,) o XfF SILE, PIFEEAMF T S LR
Mo-S Hil S-Zn/Fe I A AFFEEEIR (18] 9b, FTE] 9b, ).
T ZnS 1 FeS iy S2p 45 AHER WU, 16 S2p
) XPS 35 HxE LUK & X 530 X F Zn FI P JLE,
BAMIE I 2, Zn EELL ZnS (b EWHITE (
9c; F1E 9cy ) , P LABERRER AL (B 9d, FE 9d, ) ,
TETE TR N . eAh, XF 49K Fotk MoS, 18 # 11)
EEJR N Cls. Ols Fl Fe2p #4T XPS Z+#r. Cls (¥
XPS & E UL, BRIV BE AR C AL

(E 9e) . 7£ Ol1s Y XPS & E H M EL E] Fe ALY
Il Mo SEALYIEAE (B 9f ) . Fe2p 4 XPS W74y
FIXFR FeS 1 Fe MIEALDIH I Fe2p, it LA )
XPS 43 M Al AL, ARSI Z4E 49K JtR Mo, il
IMPEA T, IR NAFAAER MoS,. MoOs. ZnS,
FeS. BRI K Fe BN C BYAHLYI A L
PEREAL S RN IR TR, T 4EG K HOIR Mo, 18T )
PR N 5 B W B 1Y Mo JG K, R IATE 4l & ShdLiE
T I SR, HEGK Btk MoS, 5685 31| B 1 4%
fih DX - 4 52 AT U AR

2100 1800
2400 b,  S2p
1700
~ 2000 —_ -
= = = 1600
& & &
& 1900 i & 1500
& & é
8 8 2 1400
S 1800 = = if
1300
1700 L~ 1 1 1 1 1 1 1 1 1200 L~ 1 1 1
240 236 232 228 224 174 170 166 162 158 154 1050 1040 1030 1020
Binding energy/eV Binding energy/eV Binding energy/eV
2600 2500 5000
2400 | a Mo3d bz S2p 4500 F Cy Zn2p
~ 2200 ~ 2000 - ~ 4000 |-
= = E
8., 2000 8, 3 3500 | Z]]\.Zp 3
z 1800 2 1500 23000 - / \k
g 1600 g €2500F Zn2pi,  zp—§ ) e
€ 1400 f k=] g I Tl
= 1200 = 1000 = 2000 | A Dkt
1000 | 1500
1 1 1 1 1 500 1 1 1 1 1000 L~ 1 1 1
240 236 232 228 224 174 170 166 162 158 154 1050 1040 1030 1020
Binding energy/eV Binding energy/eV Binding energy/eV
2400 2000
2300 _ 1800
B =
s 2200 s 1600
22100 | 2 1400
8 2000 8 1200
R R
1900 1000
1800 i 1 1 1 1 1 800 1 1 1 1 1
144 140 136 132 128 144 140 136 132 128
Binding energy/eV Binding energy/eV
20000 20000
20000 L Ols g  Fe2p3
16000 16000
3 = 16000 | 0—Mo 3
S 12000 & 12000
2 212000 | O—Fe z
= 8000 - g
= 4000 2 1000
0 L 1 1 1 1 4000 i 1 1 1 1 0 1 1 1 1 1
298 294 290 286 282 278 520 525 530 535 540 545 740 732 724 716 708
Binding energy/eV Binding energy/eV Binding energy/eV
B9 AS[ENEW AT IR R XPS i/ . (a), by, ¢, d)ZEESIHLIHIE I ; (ay, by, €0, da, €, T, @)U HEGK R MoS,
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Fig.10 The viscosity of lubricating oils under different tem-
peratures
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Tab.4 The calculated oil film thickness under different lubricating conditions

Pure engine oil

Oil with MoS, nanosheets

Lubrication conditions

50 C 100 C 150 C 50 C 100 C 150 C
Oil film thickness (initial)/nm 49.69 19.13 10.56 51.95 20.15 11.05
Composite roughness(initial)/nm 55.90 55.90 55.90 55.90 55.90 55.90
Ainitial 0.89 0.34 0.19 0.93 0.39 0.20
Wear scar diameter/um 419 459 561 310 380 440
Oil film thickness (final)/nm 76.74 33.53 24.48 52.74 27.16 18.28
Composite roughness (final)/nm 83.55 104.69 126.67 80.26 100.00 81.69
Afinal 0.92 0.32 0.19 0.66 0.27 0.22
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Fig.11 Schematic diagram of friction-reducing and antiwear
properties of lubricating oils: (a) lubrication structure; (b) pure
engine oil; (¢) oil with two-dimensional MoS;nanosheets
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