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1.1 Materials and Methods
Aluminum-based grease prepared in the laboratory was used as the base grease[1]. The main properties of the aluminum-based grease are presented in Table S1.

Table S1 Properties of aluminum-base grease used in work
	Base oil
	150BS Naphthenic oil

	Soap thickener
	Stearic acid- Benzoic acid Aluminum Soap

	Penetration (0.1mm@25°C)
	280

	Dropping point, °C
	285

	Viscosity of base oil at 40°C mm2/s(cSt)
	480



1.2 Morphology and Chemical Composition of Worn Surfaces
1.2.1 SEM-EDX of Worn Surfaces
The micro-morphology and chemical composition of the worn surface were investigated using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX).
Fig. S1 exhibits the element distribution diagram of the tribofilms lubricated with aluminum-based grease, MoDTC and MoDTC+ZDDP, which contain C, Fe, Al, and Zn elements. Fig. S2 shows that the worn surfaces of aluminum-based grease of MoDTC, MoDTC+TBP and MoDTC+TCP, which contain C, O, Fe and Al elements.
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Figure S1. The element distribution of the worn surface lubricated with aluminum-based grease, MoDTC (6.0 wt.%) and MoDTC+ZDDP (6.0 wt.%, mixing ratio 2:1) in aluminum-based grease (392N, 1200rpm, 30min). (a1-a4) Element distribution mappings from the worn surface of aluminum-based grease. (b1-b5) Element distribution mappings from the worn surface of MoDTC. (c1-c5) Element distribution mappings from the worn surface of MoDTC+ZDDP.
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Figure S2. The element distribution of the worn surfaces lubricated with MoDTC (4.0 wt.%), MoDTC+TBP (4.0 wt.%, mixing ratio 1:2) and MoDTC+TCP (4.0 wt.%, mixing ratio 1:2) in aluminum-based grease (392N, 1200rpm, 30min). (a1-a5) Element distribution mappings from the worn surface of MoDTC. (b1-b5) Element distribution mappings from the worn surface of MoDTC+TBP. (c1-c5) Element distribution mappings from the worn surface of MoDTC+TCP.

1.3 Friction tests 
The different additives were added into aluminum-based grease and mixed well by homogeneous grinding. The tribological performances of additives in aluminum-based grease were evaluated using the MMW-1 four-ball tester with the following parameters, 392N, 30 minutes, 1200 rpm and room temperature. The four-ball wear test enables the acquirement of coefficient of friction (COF) and dynamic friction curves, reflecting the friction properties of the additives. Then, an optical microscope (accuracy of 0.01 mm) was used to measure the wear scar diameters of the three lower steel balls to evaluate the anti-wear properties of the additives. In addition, each test was repeated at least 3 times to minimize experimental errors during testing. The assembly schematic of the oil box of the four-ball tester was shown in Fig. S3[2].
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Figure S3. The assembly diagram of the ball-pot in the four-ball tester
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