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Supplementary Note 1. AFM topographies and calculations of root-mean-square heights 

and slopes 

20µm × 20µm AFM topographies were measured with a resolution of 512×512 pixels. The 

discretization size ∆𝑙 of our AFM data is about 39 nm – slightly above the diameter of the AFM 

tip (𝑑tip ≈ 20 nm). Note, that discretization smaller than the tip size is prone to mapping errors. In 

contrast, increasing the grid spacing would lead to the loss of nanoscale characteristics of the 

surface and as a result numerical contact mechanics calculations would give smaller local contact 

pressures. Since our interest is in nanoscale contact pressures, the spacing should be as small as 

possible without biased by AFM errors. Moreover, the RMS slope ℎrms
′  is a central quantity in the 

Persson’s theory2. While ℎrms is dominated by power-law scaling behaviour of a power spectral 

density at the largest wavelengths, ℎrms
′  depends entirely on the surface structure at a smallest scale. 

A comparison of the RMS slope ℎrms
′  between a 20µm × 20µm topography with 512×512 pixels 

and a 5µm × 5µm topography with 256×256 pixels (corresponding to ∆𝑙 ≈ 20 nm) for a ta-C(51)-

coated disc shows that the calculated values are very similar and thus indicates that the original 

grid size ∆𝑙 ≈ 39 nm is sufficiently small.  

Supplementary Figure 1 shows AFM surface topographies after running-in inside the wear tracks 

on both the cylinder and disc, which were used in our contact mechanics calculations (Fig. 1e and 

f). During running-in, large asperities are removed and thus ℎrms and ℎrms
′  decrease for the three 

softer DLCs (a-C:H, a-C, and ta-C(51)). For example, ℎrms
′  values measured outside the wear 

tracks for a-C:H are about twice as large as those inside the weak tracks after running-in. In 

contrast, for ta-C(66) and ta-C(78), wear events are observed especially at the edge of the stroke 

after 2000 sliding cycles. Supplementary Figure 1d and e show scratches on the cylinder and disc 

due to wear, resulting in an increase in ℎrms and ℎrms
′ .  

A height map ℎ𝑥,𝑦 of a surface topography with 𝑁𝑥 × 𝑁𝑦 grid points along the x and y axis was 

obtained using AFM. The root-mean-square height ℎrms and slope ℎrms
′  were computed by the 

following standard definitions: 

ℎrms = 〈|ℎ|2〉 = √
1

𝑁𝑥𝑁𝑦
∑ ∑ (ℎ𝑥,𝑦 − 〈ℎ〉)

2
𝑦𝑥 ,     (1) 
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ℎrms
′ = 〈|∇ℎ|2〉 = √

1

(𝑁𝑥−1)∙(𝑁𝑦−1)
∑ ∑ ((

𝜕ℎ𝑥,𝑦

𝜕𝑥
)

2

+ (
𝜕ℎ𝑥,𝑦

𝜕𝑦
)

2

)𝑦𝑥 .   (2) 

We used a first-order finite-difference approximation for computing the partial derivatives in 

Supplementary Eq. 2. The computed RMS heights and slopes for the DLC topographies in 

Supplementary Fig. 1 are tabulated in Supplementary Table 1.  

 

 

Supplementary Fig. 1: AFM surface topographies of DLC surfaces coated on the steel 

cylinder (top) and disc (bottom). (a) a-C:H, (b) a-C, (c) ta-C(51), (d) ta-C(66) and (e) ta-C(78). 

For all panels, 〈ℎ〉 = 0.0 µm. 

 

Supplementary Table 1: RMS heights (nm) and slopes for DLC topographies in 

Supplementary Fig. 1. 

 RMS after running-in 
 height (nm) slope (-) 

Material cylinder disc cylinder disc 

a-C:H 5.48 5.25 0.061 0.038 

a-C 10.66 26.44 0.071 0.128 

ta-C(51) 4.82 10.39 0.026 0.073 

ta-C(66) 4.22 8.87 0.051 0.084 

ta-C(78) 11.78 5.86 0.082 0.063 
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Supplementary Note 2. Wear tracks after sliding tests in PAO + ZDDP of ta-C(66) and ta-

C(78) 

The wear tracks of the softer DLCs, a-C:H, a-C, and ta-C(51), are barely visible and their wear 

volumes are negligible in both PAO and PAO+ZDDP (Fig. 1). However, the hardest DLCs, ta-

C(66) and ta-C(78), exhibit severe wear and appear very scratched only in PAO+ZDDP. 

Supplementary Figure 2 shows optical interferometer images of the wear tracks of ta-C(66) and ta-

C(78) in PAO+ZDDP. The wear depths of the discs and cylinders is approximately 0.5 and 1.5 µm, 

respectively. These correspond to about 25% and 75% of the initial film thickness of the DLC 

coatings (ℎDLC = 2.0 µm). 

 
Supplementary Fig. 2: Optical interferometer images of the wear tracks. (a) Disc of ta-

C(66), (b) cylinder of ta-C(66), (c) disc of ta-C(78), and (d) cylinder of ta-C(78). The images of 

the cylinders are flattened in order to observe the wear volume. 

 

Supplementary Note 3. Surface chemistry of DLCs studied by XPS after sliding tests in 

PAO+ZDDP 

The chemical states of C, O, P and Zn are practically undistinguishable between the five DLCs (see 

Supplementary Fig. 3). C1s XPS spectra show the contribution of three types of chemical bonds: 
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the first peak at BE = 284.8 eV is attributed to both sp2 and sp3 carbon bonds in DLC as well as to 

adsorbed aliphatic carbon. The second and third peaks at BE = 286.5 and 288.3eV correspond to 

C−O and C=O bonds, respectively. O1s XPS spectra can be fitted using only two peaks: the first 

peak at BE = 531.7 eV is attributed to non-bridging oxygen (C=O, oxygen in phosphates and 

sulphates) and the second peak at BE = 533.0 eV is attributed to C−O bonds. P2p spectra are fitted 

with one doublet with a separation of 0.84 eV and intensity ratio of 0.5. The P2p3/2 peak located at 

BE = 133.4 eV corresponds to phosphates. The obtained P2p spectra indicate the absence of poly-

phosphates, and thus no contribution from bridging-oxygen is considered. The Zn2p3/2 peak at 

BE = 1022.3 eV corresponds to ZnS or Zn2+ in zinc phosphates. No ZnO compound, 

corresponding to a peak at a lower BE (~1021.2 eV), is detected. 

 

Supplementary Fig. 3: XPS spectra of DLC surfaces after sliding tests in PAO+ZDDP. (a) 

C1s, (b) O1s, (c) P2p, and (d) Zn2p3/2 XPS spectra. 
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Supplementary Note 4. Analysis on the ZDDP-derived tribofilms formed on DLC surfaces 

lubricated with PAO+ZDDP 

Supplementary Figure 4 shows representative SEM images of the five DLC surfaces in secondary 

electrons (SE) detection mode. EDX spectra acquired in different regions of interest allow the 

identification of chemical species. The spectra are indicated by red or green dashed regions or 

points. The green spectra are used to identify the ZDDP-derived tribofilm (bright tribo-patches) 

and the red ones for the DLC surface (gray areas). The quantification results of the recorded spectra 

are presented in Supplementary Table 2.  

 

Supplementary Fig. 4: SEM images of DLC surfaces after sliding tests in PAO+ZDDP in 

SE detection mode. Red dashed-circles and dots indicate the regions analyzed by EDX spectra. 

(a) a-C:H, (b) a-C, (c) ta-C(51), (d) ta-C(66) and (e) ta-C(78). 
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Supplementary Table 2: Elemental quantification obtained by EDX analysis of a-C:H and 

ta-C in the regions shown in Supplementary Fig. 4 after tribological experiments in 

PAO+ZDDP. 

 Chemical composition (at.%) 

Spectrum # C O P S Zn 

Spectrum 01 84.3 5.0 2.8 1.9 6.0 

Spectrum 02 99.3 0.7 - - - 

Spectrum 03 88.3 3.2 1.6 2.0 4.9 

Spectrum 04 99.8 0.2 - - - 

Spectrum 05 93.9 1.4 0.3 1.7 2.7 

Spectrum 06 99.7 0.3 - - - 

Spectrum 07 98.8 0.2 0.3 0.6 0.1 

Spectrum 08 99.8 0.2 - - - 

Spectrum 09 96.1 2.0 0.5 1.1 0.3 

Spectrum 10 99.9 0.1 - - - 

 

It is also interesting to note that ZDDP-derived tribo-patches form predominantly near the edges 

of the stroke and much less are found at the middle of the wear track (Supplementary Fig. 5). This 

indicates that probably due to weak interactions of ZDDP with DLC a boundary lubrication 

condition is a prerequisite for either tribofilm formation or sulphur doping of the DLC surface. In 

contrast, on steel, thick tribofilms form even without asperity contacts, i.e. under hydrodynamic 

lubrication1. 
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Supplementary Fig. 5: SEM images in SE detection mode after sliding tests. The top and 

bottom panels represent SEM images for ta-C(51) and a-C:H, respectively. SEM images in the 

left and right column are those measured at the edge and centre of the wear track, respectively.  

 

Supplementary Note 5. Elemental quantification obtained by EDX analysis of a-C:H and 

ta-C(66) in the regions shown in Fig. 4 after tribological experiments in PAO+ZDDP. 

Supplementary Table 3 shows the quantification results of the spectra recorded in ROI 1−3 for a-

C:H and ROI 4−8 for ta-C(66). The ROIs are indicated in Fig. 4.  

Supplementary Table 3: Elemental quantification of the spectra recorded in ROI 1−3 for a-

C:H and ROI 4−8 for ta-C(66).  
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Label ROI 
Elemental quantification of the spectra (at.%) 

C O S Zn Pt 

a-C:H 

1 65.7 22.0 5.1 5.0 2.2 

2 66.1 - - - 33.9 

3 100.0 - - - - 

ta-C(66) 

4 94.7 2.8 1.2 1.3 - 

5 92.0 5.4 1.7 0.9 - 

6 93.7 4.6 1.1 0.6 - 

7 99.5 0.5 - - - 

8 99.3 0.7 - - - 

 

 

Supplementary Note 6. Quasi-static contact-closing/opening simulations of fully-hydrogen-

passivated DLC surfaces 

Usually, asperities on DLC surfaces are sufficiently passivated with hydrogen atoms or other 

functional groups5. During asperity contacts hydrogen terminations of DLC surfaces via 

dehydrogenation of alkyl groups in ZDDP can form, which is one of the dominant 

mechanochemical reactions at higher contact pressures. However, asperity collisions can 

simultaneously remove passivating species mechanically and produce reactive carbon atoms11. 

Therefore, we consider unpassivated surfaces in the main text of this article. In this note, we 

examine the reactivity of hydrogen-passivated surfaces. For fully-H-passivated surfaces, C−C 

bonds across the cutting plane were replaced with hydrogen atoms when introducing the vacuum 

region. Supplementary Figure 6 shows averaged numbers of S−C bonds 〈Δ𝑛S−C〉 formed between 

ZDDP sulphur and DLC carbon atoms and sulphur atoms released from ZDDP 〈𝑛Sulphur〉 to the 

DLC after opening the contact as a function of the contact pressure 𝑃𝑧 for both a-C:H and a-C. 

There is a clear difference in the reactivity of ZDDP with DLC surfaces between unpassivated (Fig. 

6) and hydrogen-passivated surfaces (Supplementary Fig. 6). The formation of S−C bonds and 

release of sulphur to DLC surfaces are severely inhibited for both hydrogen-passivated a-C:H and 

a-C surfaces especially at 𝑃𝑧 ≲ 10 GPa. The difference in the chemical structures of DLC surfaces 

also has a minor role in ZDDP decomposition for hydrogen-passivated surfaces. 
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Supplementary Fig. 6: Quasi-static contact-closing/reopening simulations for hydrogen-

passivated a-C:H with ρ = 2.0 g cm-3 and CH = 20 at.% and for hydrogen-passivated a-C 

with ρ = 2.0 g cm-3 in contact with a ZDDP molecule using DFTB3 quantum chemical 

calculations. Averaged numbers of (a) S−C bonds 〈Δ𝑛S−C〉 formed between ZDDP sulphur and 

DLC carbon atoms as well as (b) sulphur atoms released from ZDDP 〈𝑛Sulphur〉 to the DLC after 

opening the contact as a function of the contact pressure 𝑃𝑧 for a-C:H (red) and a-C (blue). The 

error bars represent standard error of the means. The vertical lines mark the effective local contact 

pressures 𝑃l,eff for the five experimental coatings (reported in Fig. 1f). 

 

Supplementary Note 7. Quasi-static contact-closing/opening simulations of sp3-rich ta-C 

surfaces 

Hard ta-Cs contain more sp3 carbon atoms in the bulk compared with soft a-Cs. However, the sp3 

content in the top surface region is completely different from that in the bulk, and the surface is 

covered with an sp2-rich a-C layer. According to a previous molecular dynamics study by Kunze 

et al.11, sliding ta-C and even diamond produces a surface a-C region with a low sp3 content of 

about 10%, evidenced by experiments in the same article. Therefore, we chose a-C systems with 

low sp3 contents (less than 10%) in our DFTB simulations. Larger sp3 contents near surfaces would 

not be representative of a tribological DLC surface. Nevertheless, it would be interesting to study 

the effect of the sp3 content in the top surface region on ZDDP’ reactions. We thus performed 
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quasi-static contact-closing/opening simulations for 9 ta-C systems with higher sp3 contents 

(ranging from 48 to 67%) and a density of 3.0 g cm-3. Supplementary Figure 7 shows that the 

average number of S−C bonds and sulphur released onto the surface and their pressure dependence 

are similar to those for a-C:H and a-C. This indicates that an increase in the sp3 content on the DLC 

surface has a minor influence on the chemical reactivity of ZDDP (especially S-C bonds formation 

and sulphur release). Thus, we can conclude that the kinetics of ZDDP’s reactions on unpassivated 

DLC surfaces is predominantly determined by the local contact pressure.  

 

Supplementary Fig. 7: Quasi-static contact-closing/reopening simulations for sp3-rich ta-C 

with ρ = 3.0 g cm-3 (orange) in contact with a ZDDP molecule using DFTB3 quantum 

chemical calculations. Averaged numbers of (a) S−C bonds 〈Δ𝑛S−C〉 formed between ZDDP 

sulphur and DLC carbon atoms as well as (b) sulphur atoms released from ZDDP 〈𝑛Sulphur〉 to 

the DLC after opening the contact as a function of the contact pressure 𝑃𝑧. The plots for a-C:H 

(red) and a-C (blue) are the same as in Fig. 6. The error bars represent standard error of the means. 

The vertical lines mark the effective local contact pressures 𝑃l,eff for the five experimental 

coatings (reported in Fig. 1f). 

 

Supplementary Note 8. ZDDP-derived fragments and their contact pressure dependence  
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As we discussed in the main text, ZDDP decomposition is not influenced by the structural and 

chemical differences between a-C:H and a-C, but by the local contact pressure 𝑃l (Supplementary 

Fig. 8). At low 𝑃l (≲ 1 GPa), most ZDDP molecules undergo fragmentation into two chemical 

species. An increase in 𝑃l accelerates decomposition, and sulphur and hydrogen of alkyl groups are 

predominantly released onto DLC surfaces. The detachment of alkyl groups is a rate-limiting step. 

For a-C:H, 𝑃𝑧 = 10 GPa, the surface is functionalized with ZDDP-derived species. The 

accumulation of ZDDP-derived species could lead to the growth of anti-wear tribofilms. In 

contrast, ta-C undergoes cold-welding and subsequent mechanical mixing of the sub-surface, 

resulting in the sulphur doping in the matrix as well as the formation of polyynic chains after 

surface separation.  

 

Supplementary Fig. 8: Representative pictures of DLC surfaces functionalized with ZDDP-

derived atoms/fragments. Atomic configurations for a-C:H (left) and a-C (right) at three 

different contact pressures (𝑃𝑧 = 2, 5, and 10 GPa) after opening the contacts. 

 

Supplementary Note 9. Estimation of the friction regimes 
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In our reciprocating friction tests, the sliding speed 𝑣 is not constant. At the edges of the stroke 

(where there is a change of direction), 𝑣 falls to zero, whereas 𝑣 reaches its maximum value (𝑣 ≈

0.157 ms-1) in the center of the stroke. This means that at the edges of the stroke, much less 

lubricant is entrained in the contact zone between two contacting bodies, resulting in a transition 

from mixed/hydrodynamic lubrication (ML/HL) to boundary lubrication (BL). To estimate the 

friction regime of our sliding tests, we performed elastohydrodynamic lubrication (EHL) film 

thickness calculations using a Moes’ equation for line contacts12 and calculated Tallian’s lambda 

values13. The central EHL film thickness 𝐻EHL is calculated by  

𝐻EHL = [(𝐻RI
7 3⁄

+ 𝐻EI
7 3⁄

)
3𝑠 7⁄

+ (𝐻RP
−7 2⁄

+ 𝐻EP
−7 2⁄

)
−2𝑠 7⁄

]
𝑠−1

,   (3) 

where s is an auxiliary variable defined as 𝑠 =
1

5
(7 + 8 exp(−2 𝐻EI 𝐻RI⁄ )), and 𝐻RI, 𝐻EI, 𝐻RP, and 

𝐻EP are also defined as 𝐻RI = 3𝑀−1, 𝐻EI = 2.621𝑀−1 5⁄ , 𝐻RP = 1.287𝐿2 3⁄ , 𝐻EP =

1.311𝑀−1 8⁄ 𝐿3 4⁄ , respectively. The dimensionless lubricant number 𝐿 and load number 𝑀 are 

defined as 𝛼𝐸′ (
𝜂0𝑣

𝐸′𝑅
)

1 4⁄

 and 
𝐹

𝐸′𝑅
(

𝐸′𝑅

𝜂0𝑣
)

1 2⁄

, where 𝐸′ is the reduced Young’s modulus (
2

𝐸′ =
1−𝜐1

2

𝐸1
+

1−𝜐2
2

𝐸2
), 𝑣 is the sliding speed, 𝜂0 is the lubricant viscosity, 𝛼 is the viscosity pressure coefficient, 𝑅 

is the radius of the cylinder, and 𝐹 is the normal load per unit length. The Tallian’s lambda values 

𝜆 is defined as 
𝐻EHL

ℎrms
, where ℎrms is the composite root-mean-square roughness of the cylinder and 

disc (defined as ℎrms = √(ℎrms,cylinder)
2

+ (ℎrms,disc)
2
). Here, ℎrms,cylinder and ℎrms,disc are 

taken from Table 1 for all DLC coatings. Supplementary Figure 9 shows a visual representation of 

the friction regimes in our reciprocating sliding tests for a-C:H and ta-C(51). BL (𝜆 < 1) and ML 

(1 ≤ 𝜆 < 3) apply at the edges and middle of the stroke, respectively. In our a-C:H system, about 

18% of the stroke are under BL, where tribochemical reactions of ZDDP with DLC surfaces occur. 

For ta-C(51), the BL regime accounts for 32% of the stroke. 
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Supplementary Fig. 9: Tallian’s lambda (red), sliding speed (green), and flash temperature 

(blue) as a function of the cylinder’s position over the stroke length (−𝟎. 𝟎𝟎𝟓 ≤ 𝒙 ≤ 𝟎. 𝟎𝟎𝟓 

m). (a) a-C:H, (b) a-C, (c) ta-C(51), (d) ta-C(66), and (e) ta-C(78).  

 

Supplementary Note 10. Flash temperature calculation 

Supplementary Table 4 shows DLC’s structural, mechanical, and thermal parameters and averaged 

maximum flash temperatures 𝑇fmax,BL in boundary lubrication. For a-C:H, 𝑇fmax is about 5.3 ℃ at 

the center of the stroke, and decreases as the cylinder approaches to the ends of the stroke. The 

averaged maximum flash temperature in BL 𝑇fmax,BL is about 2.3 ℃. 𝑇fmax,BL is the smallest for 

ta-C(51) due to ultralow friction (𝜇 ≈ 0.02) and largest for a-C since BL applies over the entire 

stroke. This flash temperature rise is negligibly small for all DLC coatings, and plays little role in 

ZDDP’s chemical reactions and observed tribological phenomena. 
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Supplementary Table 4: Densities and thermal properties of all five DLC coatings and 

maximum flash temperature 𝑻𝐟𝐦𝐚𝐱,𝐁𝐋 (°C) in boundary lubrication. 

Label 

Young’s 

modulus 

E (GPa) 

Density ρ 

(g cm-3) 

sp3 C 

𝑝𝑠𝑝3 (%) 

 

Thermal 

conducti

vity K 

(W m-1 

K-1) 

Heat 

capacity 

Cp (J g-1 

K-1) 

Thermal 

diffusivit

y D 

(10-6 m2 

s-1) 

Maximu

m flash 

temperat

ure in BL 

𝑇fmax,BL 

(°C) 

a-C:H 259 2.07 - 1.01 0.74 0.66 2.3 

a-C 287 2.34 31 1.12 0.74 0.65 4.1 

ta-C(51) 493 2.77 62 1.92 0.69 1.01 0.5 

ta-C(66) 572 2.91 73 2.22 0.67 1.15 2.2 

ta-C(78) 625 3.01 79 2.43 0.66 1.23 3.1 

 

Supplementary Note 11. Validation of the accuracy of the third-order density-functional 

tight-binding (DFTB3) quantum chemical force field 

DFTB34 is a semi-empirical quantum chemical method, and interatomic Slater-Koster parameters 

are fitted to ab-initio density-functional theory (DFT) calculations for a large set of molecules and 

crystals in terms of geometries, energies, forces and vibrational frequencies. Thus, it describes 

accurately bonding states in complicated chemical environments. For example, we have 

successfully employed DFTB for modeling of tribochemistry of organic friction modifiers and 

water with diamond5 and diamond-like carbon surfaces6. However, it is important to validate the 

accuracy for each specific system.  

We here performed ab-initio DFT calculations of a-C:H interacting with ZDDP. Quasi-static 

reference DFT calculations were performed using the CP2K code7, where the mixed Gaussian 

Plane Wave (GPW) method was employed8. A plane wave cutoff of 500 Ry was chosen to define 

the grid spacing. All calculations were performed within the Perdew-Burke-Enzerhof (PBE) 

approximation9 to the exact exchange correlation functional. Gaussian double-zeta basis sets with 

polarization functions were used to expand the Kohn-Sham wave functions of the valence electrons 
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and Goedecker-Teter-Hutter pseudopotentials10 were applied to effectively treat the core electrons. 

Periodic boundary conditions were imposed along all spatial directions. 

In order to obtain statistics about the formation of C−S bonds and the splitting-off of single S atoms 

from the ZDDP-molecule, 25 different initial configurations were generated by translating the 

initial position of the ZDDP-molecule on a regular lateral 5×5 grid. Normal pressure in the 

simulation box was successively increased by decreasing the simulation box size in the direction 

perpendicular to the a-C:H slab in steps of 0.5 Å. After each step the atom positions were relaxed 

until the convergence criterion of a maximal atomic force of 0.01 eV Å-1 was reached.  

Supplementary Figure 10 shows averaged numbers of S−C bonds 〈Δ𝑛S−C〉 formed between ZDDP 

sulphur and DLC carbon atoms and sulphur atoms released from ZDDP 〈𝑛Sulphur〉 to the DLC as 

a function of 𝑃𝑧 obtained from both DFTB3 and ab-initio DFT PBE calculations. Although DFTB3 

slightly overestimates these numbers, the results are in good agreement between DFTB3 and DFT 

PBE calculations in terms of a linear increase in both quantities on the contact pressure 𝑃𝑧. It thus 

confirms that DFTB3 is able to describe mechanochemical decomposition of ZDDP on DLC 

surfaces accurately. 

 

Supplementary Fig. 10: Comparison of DFTB3 with ab-initio DFT-PBE calculations for 

quasi-static contact-closing of unpassivated a-C:H surfaces interacting with a ZDDP 

molecule. Averaged numbers of (a) S−C bonds 〈Δ𝑛S−C〉 formed between ZDDP sulphur and 

DLC carbon atoms as well as (b) sulphur atoms 〈𝑛Sulphur〉 released from ZDDP to the DLC after 

opening the contact as a function of the contact pressure 𝑃𝑧 for DFTB3 (red) and DFT-PBE 
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(green). For both DFTB3 and DFT-PBE, the same a-C:H samples were employed as in Fig. 6. 

The error bars represent standard error of the means. 
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