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1. Carbon coverage estimation 

        Table S1 shows the estimated coverage of carbon species of Figure 1 in the main text. 

The calculation of “Normalized Area” is obtained through dividing the peak area by the 

background level and FWHM. The coverage (per Ni atom) is calculated through dividing the 

“Normalized Area” by 6.0, a factor obtained on the basis that the fully covered graphene (2 

carbons per surface Ni) has the “Normalized Area” of 12.  

 

Figure 1 of the main text        Table S1: Carbon Coverage Estimation

  

 

 

  



2. Ni 2p peak of clean and graphene-covered Ni(111) 
 

 

Figure S1. Ni 2p spectra of clean (black) and graphene covered (red) Ni(111). Both of them 

were measured in UHV, before CH4 dosing or after the evacuation of CH4. 

 

  



3. LEED Simulation for the clock reconstructed Ni2C 

LEED simulation of the Ni2C structure was obtained by software “LEEDpat version 4.1”. 

A reflection symmetry was added by compositing the flipped image to the originally 

simulated image where only the 3-fold domains were considered.  

Two typical description of the Ni2C from literatures are presented here, with the Wood’s 

notations, vector length and the angle against the Ni(111) base vectors. These two 

expressions have very little difference in the actual parameters of the Ni2C:  a unit lattice of 

about twice of the Ni–Ni distance in Ni(111), and the angle of about 2.6˚ and 94.1˚ against 

the Ni–Ni direction. The simulated diffraction patterns are close to the measured pattern as 

shown in Figure S2. 

 

Nature 1969: √39�16.1° × √39�16.1°; from Ref. 1  

a = 4.98 Å = 2.00 r0, b = 4.86 Å = 1.95 r0,  

γ = 94.1˚, θ = 2.6˚  

 

ACSNano2012: √39�16.1° × √37� − 34.7°; from Ref. 2 

a = 4.86 Å = 1.95 r0, b = 5.06 Å = 2.03 r0,   

γ = 94.72˚, θ = 2.83˚  

  



 

  

 

Figure S2. Parameters (a, b) and simulated LEED patterns (c, d) of the clock-reconstructed 

Ni2C on Ni(111) from Reference 1 and Reference 2, respectively. The measured pattern in (e) 

was obtained at 70 eV beam energy.  

  



4. Schematic drawing of inclined C–H bond, an explanation to the LEED pattern of 

the *CH adsorbates. 

The ring-like √3 × √3  LEED pattern of the sample after CH4 exposure at 300 K was 

inferred from the inclined C–H bond, as shown in Figure S3. The reason for the ring-type 

diffraction (rather than spots) was inferred from the non-perpendicular C–H bonds with a 

(probably) fixed zenith angle and randomly distributed azimuth angles. For the 70-eV 

electron beam, the angle between the (01)–beam and the z-axis is ~42.8˚. By comparing the 

diameter of the diffraction ring to the (01) vector of Ni(111), the effect zenith angle of the C–

H bond was estimated as 8.7˚.  

 

Figure S3.  (a) Measured LEED pattern after CH4 exposure at 300 K; (b, c) Schematic 

explanation of the formation of ring-like  

For the 70 eV electron beam, its wavelength can be calculated using the De Broglie 

formula: 
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Knowing that the Ni–Ni distance of 2.49×10–10 m, the angle between the (01) diffraction 

beam of Ni(111) and the normal n, can be calculated: 

   � - ∙ sin123 � �.4#Å×√$
�

∙ sin123 � 1.466 Å 

⇒  ∠89: � 2 � 42.8°, 

 
2.49Å × 3

2
∙ sin1∠89>3 � 1.466 Å, ⇒  ∠89> � 23.1° 

The measured CD:DO in panel (a) is 1:2.66. Therefore, the ∠?9> is about 8.7˚, indicating 

that the C–H bond has deviated ~8.7˚ (effective) from the normal.  

 

 

5. O2 probing test on the nickel surfaces covered by pre-treated carbon species 

The clean Ni(111) was first exposed to 0.4 mbar CH4 at various temperatures (300–900 K). 

After cooling to room temperature and evacuating to UHV, it was characterized by UPS. 

Then 1×10–7 mbar O2 was introduced, and the UPS characterization continued. Figure S4 (a–

e) show the time-resolved UPS spectra. The reduce of d-band electronic state near Fermi 

Edge, and the increase of O 2p are the general feature during the O2 exposure. In panel (f), 

the intensity at 0.168 eV binding energy was plotted as a function of O2 dosage. The *CH 

covered sample (300 K) showed delayed oxidation, while others were oxidized immediately 

after O2 dosing. This reflects the reactivity of carbon species (*CH, Ni3C, *Cn and Ni2C) 

towards O2. It is noted that the sample after 400 K CH4 dosing were characterized by LEED 

prior to the O2 dosing. The UPS spectra shrank after electron beam bombardment, and the 

initial oxidation rate of the 400 K sample became slower. For the graphene covered sample, 

no change in the valence band was observed, and therefore are not shown here. 



 

Figure S4. (a–e) Time resolved UPS spectra during O2 dosing in 1×10–7 mbar O2, at 300 K, 

after CH4 pre-treatment at various temperatures.  (f) The intensity at the binding energy of 

0.168 eV below Fermi Edge, plotted against the O2 dosage in Langmuir.  

 

 

  



6. Comparison of activation energies for CH4 dissociation on Ni(111)   

 

Table S 2 lists the reported activation energies and sticking probabilities (in black) for CH4 

on Ni(111). For easier comparison, they were converted to the sticking probability at 300 K 

or activation energy in bold (conv.) using the following equations: 

@1A3 � B+�C/(EF 

Table S2. Some reported activation energies for CH4 dissociation on Ni(111).  

Apparent  

Ea (eV) 

Sticking Probability Remarks Ref. (Year) 

0.879 (conv.) 

4×10–8
 at 600K 

1.7×10–15 at 300 K (conv.)  

1.33 mbar, bulb experiment (uneven 
heating might exist) 

3 (1991) 

0.546 6.7×10–10 at 300K (conv.) 1.33 mbar 4 (1987) 

0.767 (conv.) 

1.3×10–13 at 300K (conv.) 

1.3×10–8
 at 500K (meas.) 

<10–2 mbar, using a thermal finger 5 (2002) 

0.516 (conv.) 

 

1.5×10–9
 beam energy 0.73 eV 

2.1×10–9 at 300K (conv.) 

Molecular beam 6 (1986) 

0.718 8.6×10–13 at 300K (conv.) Ab initial  7 (1992) 

0.649 (steps) 

 

0.859 (terrace) 

 

2.8×10–7 at 500K 

1.3×10–11 at 300K (conv.) 

2.1×10–9 at 500K (meas.) 

3.7×10–15 at 300K (conv.) 

0.01 mbar, thermal finger at 500K  8 (2005) 

1.31  9.8×10–23 at 300K (conv.) DFT 9 (2012) 
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