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Introduction 

1. Introduction 
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About the reaction and simulation techniques 

 

2. Background and theoretical fundaments 

 Catalytic CO2(g) methanation 

Δ𝐻298𝐾
𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂

𝐶𝑂2 + 3𝐻2 → 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂

2𝐶𝑂2 + 6𝐻2 → 𝐶2𝐻5𝑂𝐻 + 3𝐻2𝑂

ΔH298K=41.1

ΔH298K=-206
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2.1.1 Catalyst and fine tuning of catalytic properties 

 




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log 𝑘 = 𝛽1 log(𝐾𝑎) + 𝐶

𝐸𝑎 Δ𝐸𝑟𝑥 𝐸𝑎 = 𝐸0 + 𝛽2Δ𝐻𝑟𝑥
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2.1.2 Reaction mechanisms 

𝐸0 + 𝑍𝑃𝑉𝐸



                                                      

[27]

[29]
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[36]
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 Chemical simulations at the molecular level 

𝑖 𝑟𝑖 𝛹(𝑟1, 𝑟2, … , 𝑡)

|𝛹𝑖⟩ 𝛹

𝐸

𝐻̂ 𝐾̂ 𝑉̂ 𝐻̂ = 𝐾̂ + 𝑉̂ =

∑ (𝛻𝑖
2/2𝑚𝑖)𝑖 + 𝑉̂

iℏ
∂

∂t
Ψ(r1, r2, … , t) = ĤΨ(r1, r2, … , t)

𝑉̂𝛹(𝑟, 𝑡) = 𝑓(𝑟) 

𝛹(𝑟, 𝑡) = 𝜓(𝑟) ⋅ 𝑓(𝑡) 𝜓𝑖(𝑟) · exp(𝑖𝐸𝑖𝑡/ℏ) 

𝜓(𝑟) 𝐸𝑖

Ĥ |𝜓(𝑟)⟩ = 𝐸|𝜓(𝑟)⟩

𝑚𝑝+ , 𝑚𝑛° ≈ 10
−27

𝑚𝑒− ≈ 10
−31

𝜓

𝑟𝛼

 𝑉̂𝛼−𝛼
𝐸𝛼−𝛼(𝑟𝛼)

                                                      
[26]
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𝐸𝑒𝑙(𝑟𝑖)

(𝐻̂𝑒𝑙 − 𝑉̂𝛼−𝛼)𝜓 = 𝐸𝜓 = (𝐸𝑒𝑙 + 𝐸𝛼−𝛼)𝜓 ⇒ 𝐻̂𝑒𝑙𝜓 = 𝐸𝑒𝑙𝜓

 ℝ

𝐸(𝛼1, … , 𝛼𝑛):ℝ
3𝑛 → ℝ

2.2.1 Approximate solution methods and Density Functional Theory (DFT) 

𝜑(𝑟) 𝐸[𝜑]

𝐸[𝜓]

𝐸[𝜑] ≥ 𝐸[𝜓]

𝜓 𝜑(𝑟)

𝜓0
𝑁 𝜒𝑖

|φ0⟩ = |𝜒1, … , 𝜒𝑁⟩ = |1,… ,𝑁⟩

𝐸[Φ0] ⟨𝜒𝑖|𝜒𝑗⟩ =

𝛿𝑖𝑗 𝑓 |𝜒𝑖⟩ = 𝜀𝑖|𝜒𝑖⟩ |𝜒𝑖⟩

𝜀𝑖

𝑓 |𝜒𝑖⟩ = 𝜀𝑖|𝜒𝑖⟩    ;     𝑓𝑖 ≔ 𝑓(𝑖) = [−
𝛻𝑖
2

2
− ∑

𝑍𝛼
𝑟𝑖𝛼

𝑛𝑢𝑐𝑙.

𝑎

+∑(2𝐽𝑗(𝑖) − 𝐾𝑗(𝑖))

𝑁/2

𝑗

]

∇𝑖
2/2 𝑍𝛼/𝑟𝑖𝛼 𝑍𝛼 𝑟𝑖𝛼 =

‖𝑟𝑖𝛼‖ ∑ 𝐽𝑗(𝑘)𝑗

𝑗 𝜒𝑖(𝑙) 𝜒𝑖(𝑙) ∫ |𝜒𝑗(𝑘)|
2
𝑟𝑖𝑘𝑑𝑟𝑘∞

𝑁/2 2

𝐾𝑗(𝑘)

                                                      
⟨ψ ψ⟩

ψ ψ

χ

χ χ ⟩ ⟩
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𝜌𝑒(𝑟)

𝜌𝑒(𝑟)

𝐸[𝜌𝑒
′ (𝑟)] ≥ 𝐸[𝜌𝑒(𝑟)]

𝜌𝑒(𝑟) 𝜌𝑒
′ (𝑟)

𝜌𝑒
′ = ∑ 𝜙𝑒,𝑘𝑘

𝜌𝑒
′ (𝑟) 𝜌𝑒(𝑟)

ℎ𝑖
𝐾𝑆𝜙𝑒,𝑘(𝑟) = 𝜀𝑖𝜙𝑒,𝑘(𝑟) 𝜙𝑒,𝑖

𝜀𝑖 ℎ𝑖
𝐾𝑆

ℎ𝑖
𝐾𝑆𝜙𝑖(𝑟) = 𝜀𝑖

𝐾𝑆𝜙𝑖(𝑟)    ;     ℎ𝑖
𝐾𝑆 ≔ [−

𝛻𝑖
2

2
− ∑

𝑍𝛼
𝑟𝑖𝛼

𝑛𝑢𝑐𝑙.

𝑎

+∫
𝜌𝑒(𝑟

′)

‖𝑟𝑖 − 𝑟‖
𝑑𝑟′ + 𝑉𝑋𝐶[𝜌𝑒(𝑟)] ]

𝐽 𝑉𝑋𝐶
𝑉𝑋𝐶 = 𝛿𝐸𝑋𝐶[𝜌𝑒]/𝛿𝜌𝑒

𝜌𝑒(𝑟) 𝜌𝑒(𝑟) ∇𝜌𝑒(𝑟)
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2.2.2 Implementation of DFT calculations 

 

ℎ𝑖
𝐾𝑆

𝜙𝑖
ℎ𝑖
𝐾𝑆 𝜙𝑖

𝜙𝑖
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𝜓𝑘 = exp(𝑖𝑘 ⋅ 𝑟)𝑢𝑘(𝑟)
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𝑔(𝑘)

𝐼 = (
𝑉𝑐𝑒𝑙𝑙
2𝜋3

)∫ 𝑔(𝑘)𝑑𝑘
𝐵𝑍

≈∑𝑐𝑗𝑔(𝑘𝑗)

𝑛

𝑗=1

[47]

 

𝑔(𝐸) 𝑔(𝐸)



[20], [48]

𝑔(𝐸)

𝑒𝑑 = (∫ 𝐸 ⋅ 𝑔(𝐸)𝑑𝐸
∞

)(∫ 𝑔(𝐸)𝑑𝐸
∞

)

−1





𝜌𝑒(𝑟)
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∇𝜌𝑒 = 𝜃

𝜌𝑒(𝑟)

𝜌↑(𝑟) − 𝜌↓(𝑟)

[49]

[50]–[52]

𝜀𝑓

 

𝑟𝜃
3𝑛𝑎 𝑛𝑎

∇𝐸(𝑟𝜃) = 𝜃 𝑟 = 𝑟𝑖 − 𝑟𝜃

𝐸(𝑟) = 𝐸(𝑟𝜃) +
1

2
[ 𝑟 ⋅ 𝐻̂𝜃 ⋅ 𝑟

𝑇] = 𝐸(𝜃) +∑∑𝐻𝑖𝑗𝑟𝑖𝑟𝑗

3𝑛𝛼

𝑗

3𝑛𝛼

𝑖

𝐻𝑖𝑗 = 𝜕
2/𝜕𝑟𝑖𝜕𝑟𝑗𝐸(𝑟) ∇2𝐸 𝑟𝜃

𝐹 = −∇𝐸(𝑟) = −∑ 𝑟𝑖𝐻𝑘𝑖
𝑛𝑎
𝑖

𝑑2𝑟𝑘
𝑑𝑡2

= −∑(
𝐻𝑘𝑖
𝑚𝐴
) 𝑟𝑖

3𝑛𝑎

𝑖

=∑(𝐻𝑘𝑖
(𝑚))𝑟𝑖

3𝑛𝑎

𝑖

𝑚𝐴 𝑘 𝐻𝑘𝑖
(𝑚)

𝑖 𝑘 𝐻𝑘𝑖/𝑚𝑖
𝑘
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𝑑2

𝑑𝑡2
(𝑟𝑇) =

(

 
 
 
 
−∑(𝐻1𝑖

(𝑚1)) 𝑟𝑖

𝑛

𝑖

⋮

−∑(𝐻3𝑛𝑎𝑖
(𝑚1)) 𝑟𝑖

𝑛

𝑖 )

 
 
 
 

= −𝐻(𝑚) ⋅ 𝑟𝑇

3𝑛𝑎
𝑟(𝑘) 𝑘 𝑟(𝑘)(𝑡) =

cos(√𝜆𝑘𝑡 + 𝜑)𝑟
(𝑘)(𝑡)

𝑘

𝑘 < 0

6𝑛𝑎 + 1 𝑛𝑎

𝜇

2.2.3 Thermodynamic contributions 

[55]

𝑞𝑒 𝑞𝑣 𝑞𝑟 𝑞𝑡
𝑄 = 𝑞𝑒𝑞𝑣𝑞𝑟𝑞𝑡

𝐸𝑖 = 𝑁𝑎𝑣𝑘𝑏𝑇
2(𝜕 ln 𝑞𝑖 /𝜕𝑇)𝑉

𝑆𝑖 = 𝑁𝑎𝑣𝑘𝑏(ln(𝑞𝑖) + 𝑇(𝜕 ln(𝑞𝑖) /𝜕𝑇)𝑉)
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𝑁𝑎𝑣 𝑘𝑏 ℎ

𝑞𝑡 = (2𝜋𝑚𝑘𝑏𝑇ℎ
−2)3/2𝑉 𝑉 = 𝑘𝑏𝑇/𝑃

𝐸𝑡 = (3/2)𝑁𝑎𝑣𝑘𝑏𝑇 𝑆𝑡 =

𝑁𝑎𝑣𝑘𝑏(ln(𝑞𝑡) + 5/2)

𝐼𝑖𝑗 =

∑ 𝑚𝑘(‖𝑟𝑘‖
2𝛿𝑖𝑗 − 𝑟𝑖𝑟𝑗)

𝑁
𝑘 𝐼𝑟,𝑖

𝜃𝑟,𝑖 =

ℎ2/8𝜋𝐼𝑟,𝑖𝑘𝑏 𝑞𝑟 = (𝜋
1/2𝜎𝑟

−1)(𝑇3/𝜃𝑟,1𝜃𝑟,3𝜃𝑟,3) 

𝜎𝑟
𝐸𝑟 = (3/2)𝑁𝑎𝑣𝑘𝑏𝑇 𝑆𝑟 =

𝑁𝑎𝑣𝑘𝑏(ln(𝑞𝑟) + 3/2) 𝐸𝑟 = 𝑁𝑎𝑣𝑘𝑏𝑇 𝑆𝑟 =

𝑁𝑎𝑣𝑘𝑏(ln(𝑞𝑟) + 1)

𝜈𝑖 𝜃𝜈,𝑖 = ℎ𝜈𝑖/𝑘𝑏

∏ exp(−𝜃𝜈,𝑖/2𝑇)(1 − exp(−𝜃𝑣,𝑖))
−1

𝑖  

𝑍𝑃𝑉𝐸 =  𝑁𝑎𝑣𝑘𝑏∑
𝜃𝜈𝑖
2

𝜈𝑖

𝐸𝑣(𝑇) = 𝑁𝑎𝑣𝑘𝑏∑
𝜃𝜈𝑖

exp(𝜃𝜈𝑖/𝑇) − 1
𝜈𝑖

𝑆𝑣 = 𝑁𝑎𝑣𝑘𝑏∑[
𝜃𝜈𝑖/𝑇

exp(𝜃𝜈𝑖/𝑇) − 1
− ln (1 − exp (−

𝜃𝜈𝑖
𝑇
))]

𝜈𝑖

𝜀𝑘 𝜔𝑘
𝑞𝑒 = ∑ 𝜔𝑘 exp(−𝜀𝑘/𝑘𝑏𝑇)𝑘

𝜔0 = 1 𝑞𝑒 = exp(−𝜀0/𝑘𝑏𝑇)

𝑁𝑎𝑣𝜀0

                                                      

ν ν
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𝐻 = 𝑈 + 𝑃𝑉 = 𝐸0 + 𝐸𝑣 +

𝑍𝑃𝑉𝐸 + 𝐸𝑟 + 𝐸𝑡 𝑆 = 𝑆𝑡 + 𝑆𝑟 + 𝑆𝑣 + 𝑆𝑒 𝐺 =

𝐻 − 𝑇𝑆 𝑆𝑒 = 0

𝐸𝑡 = 𝐸𝑟 = 0 𝑆𝑡 = 𝑆𝑟 = 0

𝐺 = 𝐸0
𝐺 = 𝐸0 + 𝐸𝑣 + 𝑍𝑃𝑉𝐸 − 𝑇𝑆𝑣

2.2.4 Transition State Theory: reaction rate and equilibrium constants 

−𝑟𝐴 = 𝑘𝐴[𝐴] = 𝑘‡[𝐴
‡]

[𝐴‡]/[𝐴] = 𝐾‡ = exp(−(𝐺‡ − 𝐺𝐴)/𝑘𝑏𝑇) = exp(−Δ𝐺𝐴‡/𝑘𝑏𝑇)

Δ𝐺𝐴‡ 

(1 − exp(−ℎ𝜈𝑖/𝑘𝑏𝑇))
−1 𝑘𝐴 = 𝑘‡ exp(−Δ𝐺𝐴‡/𝑘𝑏𝑇)

𝑘𝐴 =
𝑘‡

1 − exp(−ℎ𝜈𝑖/𝑘𝑏𝑇)
⋅
𝑄‡
′

𝑄𝐴
exp (−

Δ𝑈𝐴‡
𝑘𝑏𝑇

) ≈
𝑘𝑏𝑇

ℎ
⋅
𝑘‡
𝜈𝑖
⋅
𝑄‡
′

𝑄𝐴
exp (−

Δ𝑈𝐴‡
𝑘𝑏𝑇

)

𝑘‡/𝜈𝑖

−Δ𝑈𝐴‡ −Δ𝐺𝐴‡

𝑘𝐴 = [
𝑘𝑏𝑇

ℎ
exp (

Δ𝑆𝐴‡

𝑘𝑏
)] exp(

−Δ𝐻𝐴‡

𝑅𝑇
) = 𝑘0 exp (−

Δ𝐻𝐴‡

𝑅𝑇
)

ln 𝑘𝐴 ln 𝐾𝐴
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Structure of the study 

3. Guidelines and outlook 

 Hypothesis and objectives 

 Organization of the study 
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Experimental and theoretical methods 

4. Methodology 

 Catalysts preparation and characterization 



 

⟨ ⟩

〈𝑑𝑇𝐸𝑀〉 =
∑ 𝑛𝑖𝑑𝑖

3
𝑖

∑ 𝑛𝑖𝑑𝑖
2

𝑖
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𝐷𝐼 =
(∑ 𝑛𝑖𝑑𝑖

3
𝑖 ∑ 𝑛𝑖𝑖 )

(∑ 𝑛𝑖𝑑𝑖
3

𝑖 ∑ 𝑛𝑖𝑑𝑖𝑖 )

𝑑𝑋𝑅𝐷 = 𝐾𝜆/𝛽 cos 𝜃

  

 
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𝐷 = 𝑛𝑠/𝑛𝑡 = 6𝑣𝑚/𝑑𝑝𝑎𝑚

 Kinetic studies 


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 In-situ spectroscopic and operando analysis 



24 
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 Molecular simulations 


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𝐸𝑏(𝑉) =
𝐵0𝑉

𝐵0
′(𝐵0

′ − 1)
[𝐵0

′ (1 −
𝑉0
𝑉
) + (

𝑉0
𝑉
)
𝐵0
′

− 1]

𝐸𝑁𝑖,bulk 𝐸𝐶𝑜,bulk
𝐸𝑓𝑜𝑟𝑚(𝑁𝑖𝑥𝐶𝑜𝑛−𝑥) = 𝐸0 − (𝑥/4)𝐸𝑁𝑖,bulk − ((1 − 𝑥)/4)𝐸𝐶𝑜,bulk
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≲

Δ𝐸𝑠𝑢𝑟𝑓 = (𝐸𝑆 − 𝑛𝐸𝑏𝑢𝑙𝑘)/2

Δ𝐸𝑎𝑑𝑠−𝑋 = 𝐸𝑆−𝑋 − (𝐸𝑆 + 𝐸𝑋)

Δ𝐸𝑓𝑜𝑟𝑚−𝐶𝑥𝑂𝑦𝐻𝑧 = 𝐸𝑆−𝐶𝑥𝑂𝑦𝐻𝑧 + (𝑥 + 𝑦 + 𝑧 − 1)𝐸𝑆 − (𝑥𝐸∗𝐶 − 𝑦𝐸∗𝑂 − 𝑧𝐸∗𝐻)

(d
z
/dz)

2

                                                      



28 
 

[56]

Δ𝐺𝑎 = 𝐺𝑇𝑆 − 𝐺𝑖
Δ𝐺𝑟𝑥 = 𝐺𝑓 − 𝐺𝑖
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Results I: Structure 

5. Characterization of catalysts 

θ

θ
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Table 2: Mean nanoparticle diameter from TEM and XRD (in nm), with DI the dispersion index. 

 

 Crystal structure of supported nanoparticles 
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Table 3 Lattice parameters fit to the Murnaghan equation of state (in Å) and experimental values. 

Functional PBE PBE-D3BJ RPBE RPBE-D3BJ Experimental values 

Ni 3.518 3.476 3.554 3.368 3.516 [16] 

NiCo 3.517 3.479 3.552 3.379 3.527 [16] 

Co 3.516 3.481 3.551 3.389 3.544 [71]  
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 σ

π





34 
 



35 
 

 Electronic properties of Ni, Co and NiCo bulk and surfaces 

γ γ γ

γ

γ γ

μ

μ
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Table 4 DDEC6 atomic (average) electronic charges and spin magnetic moments. 

μ

μ μ
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→ 

Table 5 Average d-band centers (ed in eV) for bulk, (111) and (100) surfaces. 

 Composition and segregation 



38 
 

α

γ γ

5.3.1 Experimental study of the CO-induced segregation 
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5.3.2 Simulating segregation and composition 

 

𝜃𝑁𝑖 = 𝑛𝑁𝑖/(𝑛𝑁𝑖 + 𝑛𝐶𝑜) = 0.5 𝜃𝑁𝑖 = 0.25

θ

𝐸𝜃𝑁𝑖 − 𝐸𝜃𝑁𝑖=0.5
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γ γ

𝐸𝑁𝑖𝑥𝐶𝑜1−𝑥 − 𝑥𝐸𝑁𝑖,bulk/55 − (1 − 𝑥)𝐸𝐶𝑜,bulk/55

  

                                                      

[94]
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Results II: Reaction kinetics 

6. Kinetic studies 

 Reaction rates and selectivity 
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 Apparent reaction orders 

𝑟 = 𝑘0𝑃𝐶𝑂2
𝑛𝐶𝑂2𝑃𝐻2

𝑛𝐻2

|𝑛𝐶𝑂2| < 0.15
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𝑛𝐻2 𝑛𝐶𝑂2
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Results III: The reactive surface 

7. Species on the reactive surfaces 

 Surface species under reaction conditions from MS/FTIR analysis 
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 Adsorbed species on surface models 
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7.2.1 Carbonyl species 

𝜇𝑧

𝜈∗𝐶−𝑂 > 1500 𝑐𝑚
−1

𝜈∗𝐶−𝑂
(𝜕𝜇/𝜕𝑧)2

                                                      

[44], [96]
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▲ ▼

▬ ■

 (𝜕𝜇/𝜕𝑧)2 

 

2𝜋̃∗
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[6] [43], [97]

[6]



𝜈∗𝐶−𝑂

[98]

[98]  [43] 
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𝜈∗𝐶−𝑂

𝜈∗𝐶−𝑂

(𝜕𝜇/𝜕𝑧)2

  

𝜈∗𝐶−𝑂
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(𝜕𝜇/𝜕𝑧)2 7.8 − 8.2𝜇𝐵
2/Å2

7.2.2 Atomic H and C, Cn chains, and CHx species 
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σ



                                                      
 ∑ |𝑥data − 𝑥fit|/𝑛𝑛
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σ

7.2.3 Stability of O and OH and the oxophilicity of Co 

▲ ▼ ■
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



7.2.4 Stability of other CxOyHz species 

                                                      



60 
 

                                                      



61 
 

Δ𝐸∗𝐶 Δ𝐸∗𝑂

                                                      

〈Δ𝐸∗𝐶〉 〈Δ𝐸∗𝐶〉 〈Δ𝐸∗𝑥〉 = ∑ (Δ𝐸∗𝑥) exp(−Δ𝐸∗𝑥/𝑘𝑏𝑇)𝑖 /∑ exp(−Δ𝐸∗𝑥/𝑘𝑏𝑇)𝑖
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Results IV: Mechanism 

8. Detailed study of the reaction mechanism 

 Kinetic isotopic experiments 

 Adsorption and activation of CO2 

8.2.1 Experimentally observed direct dissociation 

                                                      



63 
 



64 
 

8.2.2 Simulating the direct *CO2 dissociation 
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Δ Δ Δ

Δ Δ Δ Δ Δ Δ Δ Δ Δ

δ

                                                      



67 
 

                                                      



68 
 

 Preferred *C-O dissociation pathways 

(1) Direct route (2) H-assisted: HCO route (3) H-assisted: COH route 
CO(g) + * → *CO CO(g) + * → *CO CO(g) + * → *CO 

*CO + * → *C + *O *CO + ½ H2(g) → *HCO *CO + ½ H2(g) → *COH 

*C + ½ H2(g) → *CH *HCO + * → *CH + *O *COH + * → *C + *OH 

*O + ½ H2(g) → *OH *O + ½ H2(g) → *OH *C + ½ H2(g) → *CH 

→

→ →

→
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8.3.1 Routes on the (111) surface 

Δ

↔
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8.3.2 Routes on the (100) surface 

Δ
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Δ
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 Hydrogenation of surface *C 

                                                      
50 Even considering this positive value as part of the innacuracies of the functional it suggests a close to zero free energy 

dissociative adsorption which supports the absece of an *H pool or at least the  
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8.4.1 *C hydrogenation on the (111) surface 
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8.4.2 *C hydrogenation on (100) surfaces 
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8.4.3 Evidence of the transition state stabilization from the density of states  
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 Complete reaction profile 
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9. Concluding remarks 

 Outcome from objectives and hypothesis validation 
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A4 Surface species – DFT studies 

 

Surface Eads (eV) Comments Ref. 

Ni(111) -1.1~-1.5 Exp., compiled from ref. within  [117] 

Ni(111) -1,22 Exp. [108] 

Ni(111) -1.28±0.13 Exp. (Hollow) [96] 

Ni(111) -1.49 ~ -2. Theoretical, compiled from ref. within [117] 

Ni(111) -1.92 (hcp) VASP-PBE [28] 

Ni(111) -1.5 Dacapo [113] 

Ni(111) -2.09 (hcp) SIESTA [78] 

Ni(111) -1.88 (hcp) VASP, PBE [78] 

Ni(111) -1.95 (hollow) VASP-PW91(450eV) [43] 

Ni(111) -1.90 (hollow) VASP-PW91(700eV) [43] 

Ni(111) -1.44 (hollow) VASP-RPBE(700eV) [43] 

Ni(111) -1.93 (hcp), -1.91 (fcc), -1.78 (b), -1.49 (t) VASP-PBE-D [118] 

Ni(111) -1.34 (t), -1.52 (b), -1.62 (hcp), -1.59 (fcc) DACAPO-RPBE [96] 

Ni(111)-t -1.20 (t), -1.24 (b), -1.26 (fcc), -1.29 (hcp) DACAPO-RPBE +ZPVE+ES-T corrections [96] 

Ni(111) -1.89 VASP-PBE [31] 

Ni(111) -1.93 (h), -1.92 (f), -1.55 (t) VASP, PBE [119] 

Ni(111) -1,32 (fcc) Dmol3, PW91 [76] 

Ni(111) -1.93 (hcp) VASP, PBE (385eV) [30] 
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Surface Eads (eV) Comments Ref. 

Co(0001) -1.20±0.13 Experimental (top-preferred) [96] 

Co(0001) -1.33 Experimental (low coverage enthalpy) [120] 

Co(0001) -1.65 (t) VASP-PW91(450eV) [43] 

Co(0001) -1.62 (t) VASP-PW91(700eV) [43] 

Co(0001) -1.32 (t) VASP-RPBE(700eV) [43] 

Co(0001) -1.34 (t), -1.34 (b), -1.38 (fcc), -1.39 (hcp) DACAPO-RPBE [96] 

Co(0001) -1.16 (t), -1.05, -1.03 (fcc), -1.05 (hcp) DACAPO-RPBE +ZPVE+ES-T corrections [96] 

Co(0001)-t -1.34 (t), -1.23 (b), -1.27 (hcp), -1.26 (fcc) VASP-RPBE-D [120] 

Co(0001)-t -1.50 (t), -1.43 (b), -1.46 (hcp), -1.47 (fcc) VASP-RPBE [120] 

Co(111) -1.84 VASP-PBE [31] 

Co(111)-f -1.68 VASP-PBE [3] 

Co(111)-f -1.64 VASP-PBE+ZPVE [3] 
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A6 Geometries and properties of adsorbed models 
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Site Ni/H @ f Ni/H @ h Co/H @ f Co/H @ h 

 

    

E0= -302.20374172 

dNi-H=1.72/1.72/1.72 

-302.19008890 

dNi-H=1.72/1.72/1.72 

-399.86814225 

dCo-H=1.75/1.75/1.75 

-399.83752437 

dCo-H=1.76/1.76/1.76 

Site NiCo/H @ fC NiCo/H @ fN NiCo/H @ hC NiCo/H @ hN 

 

    

E0= -350.96281044 

dNi-H=1.72, dCo-H=1.77/1.77 

-350.95286606 

dNi-H=1.72/1.72, dCo-H=1.77 

-350.95215547 

dNi-H=1.72, dCo-H=1.77/1.77 

-350.94085674 

dNi-H=1.73/1.73, dCo-H=1.76 

Site Ni/C @ f Ni/C @ h Co/H @ f Co/H @ h 

 

    

E0= -306.01523836 

dNi-C=1.78/1.78/1.78 

-306.07358952 

dNi-C=1.78/1.78/1.78 

-403.48314760 

dCo-C=1.80/1.80/1.80 

-403.74626185 

dCo-C=1.79/1.79/1.79 

Site NiCo/C @ fC NiCo/C @ fN NiCo/C @ hC NiCo/C @ hN 

 

    

E0= -354.72752759 

dNi-C=1.85, dCo-C=1.76/1.76 

-354.58773653 

dNi-C=1.82/1.82, dCo-C=1.73 

-354.87504482 

dNi-C=1.84, dCo-C=1.78/1.78 

-354.76524594 

dNi-C=1.81/1.81, dCo-C=1.74 

Site Ni/CH @ f Ni/CH @ h Co/CH @ f Co/CH @ h 
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dC-H=1.10 
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dC-H=1.10 

-407.88817465 

dCo-C=1.88/1.89/1.89,  

dC-H=1.10 

-407.98522612 
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dC-H=1.10 

Side NiCo/CH @ fC NiCo/CH @ fN NiCo/CH @ hC NiCo/CH @ hN 

 

    

E0= -359.13598665 
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dNi-C=1.90/dCo-C=1.86/1.86,  
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dNi-C=1.89/1.89, dCo-C=1.83,  

dC-H=1.10 
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Site Ni/CH2 @ f Ni/CH2 @ h Co/CH2 @ f Co/CH2 @ h 
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dNi-C=1.96/1.96, dCo-C=1.97,  

dC-H=1.16/1.10, dCo-H=1.78, 

AHCH=101.59 
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dNi-C=2.02/1.97, dCo-C=1.94,  

dC-H=1.15/1.10, dNi-H=1.81, 
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Side NiCo/CH2 @ hC-Co NiCo/CH2 @ hC-Ni NiCo/CH2 @ hN-Co NiCo/CH2 @ hN-Ni 
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dCo-C=1.95/1.98, dNi-C=1.97,  

dC-H=1.17/1.10, dCo-H=1.76, 
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dC-H=1.16/1.10, dNi-H=1.77, 

AHCH=101.14 
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dNi-C=1.96/1.96, dCo-C=1.96,  

dC-H=1.17/1.10, dCo-H=1.76, 

AHCH=100.99 

-362.65775192 

dNi-C=1.96/2.01, dCo-C=1.94,  

dC-H=1.16/1.10, dNi-H=1.79, 
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Site Ni/CH3 @ f Ni/CH3 @ h Co/CH3 @ f Co/CH3 @ h 
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dNi-H=2.07/2.09/2.08 
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dC-H=1.11/1.11/1.12,  

dNi-H=2.12/2.12, dCo-H=2.10 

-366.83746156 

dNi-C=2.18, dCo-C=2.19/2.19,  

dC-H=1.11/1.12/1.12,  

dNi-H=2.12, dCo-H=2.09/2.10 

-366.78170284 

dNi-C=2.18/2.18, dCo-C=2.19,  

dC-H=1.11/1.11/1.11,  

dNi-H=2.12/2.12, dCo-H=2.13 
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Site Ni/H @ h Co/H @ h NiCo/H @ hC NiCo/H @ hN 

 

    

E0= -295.70972902 

dNi-H=1.86/1.86/1.86/1.86 

-391.42238870 

dCo-H=1.90/1.90/1.90/1.90 

-343.66270869 

dCo-H=1.90/1.90,  

dNi-H=1.87/1.87 

-343.66953284 

dCo-H=1.90/1.90,  

dNi-H=1.87/1.87 

Site Ni/C @ h Co/C @ h NiCo/C @ hC NiCo/C @ hN 

 

    

E0= -300.94934499 

dNi-C=1.85/1.85/1.85/1.85 

-396.54758999 

dCo-C=1.88/1.88/1.88/1.88 

-348.67742135 

dCo-C=1.86/1.86,  

dNi-C=1.87/1.87 

-348.71392115 

dCo-C=1.85/1.85,  

dNi-C=1.88/1.88 

Site Ni/CH @ h Co/CH @ h NiCo/CH @ hC NiCo/CH @ hN 

 

    

E0= -304.61776645 

dNi-C=1.94/1.94/1.94/1.94,  

dC-H=1.11 

-400.22081693 

dCo-C=1.97/1.97/1.97/1.97,  

dC-H=1.11 

-352.37142346 

dCo-C=1.95/1.95,  

dNi-C=1.96/1.96, dC-H=1.11 

-352.47777421 

dCo-C=1.96/1.96,  

dNi-C=1.97/1.97, dC-H=1.11 

Site Ni/CH2 @ h Co/CH2 @ h NiCo/CH2 @ hC - bridge NiCo/CH2 @ hN - 

bridge 
NiCo/CH2 @ hN - Co 

 

    

 

 

E0= -307.84866428 

dNi-C= 

1.97/1.97/2.09/2.09,  

dC-H=1.22/1.11,  

dNi-H=1.79/1.79, 

AHCH=97.55 

-403.50116730 

dCo-C= 

2.02/2.02/2.16/2.16,  

dC-H=1.18/1.11,  

dCo-H=1.90/1.90, 

AHCH=99.15 

-355.65564461 

dCo-C=2.00/2.14,  

dNi-C=2.01/2.14,  

dC-H=1.19/1.11,  

dCo-H=1.88, dNi-H=1.89, 

AHCH=98.75 

-355.79405341 

dCo-C=2.00/2.16,  

dNi-C=2.00/2.15,  

dC-H=1.19/1.11,  

dCo-H=1.87, dNi-H=1.90, 

AHCH=98.58 

-355.78083907 

dCo-C=2.08/2.08,  

dNi-C=2.06/2.06,  

dC-H=1.17/1.11,  

dCo-H=1.77,  

AHCH=96.54 
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Site Ni/CH2 @ b Ni/CH2 @ b (unstable) Co/CH3 @ h NiCo/CH3 @ b - Co NiCo/CH3 @ b - Ni 

 

 

 

 

 

 

 

 

 

 

 

E0= -311.61189387 

dNi-C=2.02/2.16,  

dC-H=1.14/1.10/1.10, 

dNi-H=1.88/2.50/2.50 

-311.58176797 

dNi-C=2.09/2.09,  

dC-H=1.10/1.11/1.11,  

dNi-H1=2.72/2.72,  

dNi-H=2.11/2.13 

-407.37304320 

dCo-C=2.07/2.22,  

dC-H=1.13/1.10/1.10,  

dCo-H=1.96/2.57/2.57 

-359.62356230 

dCo-C=2.22, dNi-C=2.05,  

dC-H=1.13/1.10/1.10,  

dCo-H=1.94,  

dNi-H=2.55/2.54 

-359.60463947 

dCo-C=2.07, dNi-C=2.19,  

dC-H=1.13/1.10/1.10,  

dCo-H=2.57/2.51,  

dNi-H=1.94 

      

 

Model Co(111)/C1 Co(111)/C2 Co(111)/C3 Co(111)/C4 Co(111)/C5 

 

 

 

 

 

 

 

 

 

 

 

E0= -403.74626185 

dCo-H=1.76/1.76/1.76 

 

-412.02711286 

dC-C= 1.34, dCo-C= 2.04/ 

1.91/ 2.03, dCo-C2= 2.04/ 

2.04/ 1.90 

-420.12877459 

dC-C= 1.36/ 1.37,  

dCo-C1= 2.04/ 1.95/ 1.87, 

dCo-C3= 2.03/ 1.95/ 1.86, 

dCo-C2= 2.01/ 2.39/ 2.39 

-428.30426440 

dC-C= 1.34/1.37/ 1.34, 

dCo-C1= 2.02/ 2.08/ 1.89, 

dCo-C4= 1.88/ 2.07/ 2.02 

-436.38031157 

dC-C= 1.35/ 1.36/ 1.36/ 

1.35, dCo-C1= dCo-C5= 

2.04/ 1.87/ 1.96,  

dCo-C3= 2.22/ 2.23/ 2.02 
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Model Ni(111)/C1 Ni(111)/C2 Ni(111)/C3 Ni(111)/C4 Ni(111)/C5 

 

 

 
 

 

 

 

 

 

 

 

 

E0= -306.07358952 

dNi-H=1.72/1.72/1.72 

-314.26031641 

dC-C= 1.34, dNi-C1= 2.02/ 

2.02/ 1.87, dNi-C2= 2.01/ 

2.01/ 1.87 

 

-322.25405774 

dC-C= 1.36/ 1.36, dNi-C1= 

dNi-C3= 1.85/ 2.06/ 1.96, 

dNi-C2= 2.04/ 2.04/ 2.01 

-330.47703184 

dC-C= 1.34/ 1.36/ 1.34, dNi-

C1= 1.99/ 2.06/ 1.85, dNi-

C4= 2.04/ 1.86/ 1.97 

-338.45952531 

dC-C= 1.34/ 1.35/ 1.35/ 

1.34, dNi-C1= 1.84/ 2.04/ 

1.94, dNi-C5= 1.84/ 2.04/ 

1.93, dNi-C3= 2.31/ 2.33/ 

1.98 

Model NiCo(111)/C1 –l NiCo(111)/C2 -l NiCo(111)/C3 -l NiCo(111)/C4 -l NiCo(111)/C5 -l 

-l along 

Co/Ni 

lines 

 
 

 
 

 
 

 
 

 
 

E0= -354.87504482 

dNi-C=1.84,  

dCo-Ni=1.78/1.78 

-363.04751038 

dC-C= 1.34,  

dCo-C1= 1.90/ 2.04,  

dNi-C1= 2.04,  

dCo-C2= 2.00,  

dNi-C2= 2.04/ 1.89 

-370.81283375 

dC-C= 1.36/ 1.36,  

dNi-C1=dNi-C3=1.87/2.10,  

dCo-C1=dCo-C3=1.92,  

dCo-C2=2.34/2.34,  

dNi-C2=2.01 

-379.25555209 

dC-C= 1.34/ 1.36/ 1.33, 

dNi-C1= 1.89/ 2.07,  

dCo-C1=1.97, dNi-C4=2.04, 

dCo-C4= 1.87/ 2.05 

-387.40543628 

dC-C= 1.34/ 1.36/1.36/ 

1.34, dCo-C1= 1.87/ 2.03, 

dNi-C1= 2.00,  

dCo-C5=2.03/ 1.87,  

dNi-C5= 2.00 

Model NiCo(111)/C1 -t NiCo(111)/C2 -t NiCo(111)/C3 -t NiCo(111)/C4 -t NiCo(111)/C5 -t 

-t along 

Co/Ni 

lines      
E0= -354.87504482 

dNi-C=1.84,  

dCo-Ni=1.78/1.78 

-363.14279503 

dC-C=1.34,  

dCo-C1= dCo-C2= 2.04/ 

2.02, dNi-C1= dNi-C2= 1.98 

(C-C in line in this view) 

-371.02048088 

dC-C= 1.36/ 1.36, dCo-

C1=1.92/ 2.06, dNi-C1= 

1.88, dNi-C2= 1.97/ 1.86, 

dCo-C2= 2.03 

-379.26773842 

dC-C= 1.33/ 1.36/ 1.34, 

dCo-C1= 1.99/ 2.08,  

dNi-C= 1.89,  

dNi-C4=2.06/ 2.01,  

dCo-C4= 1.87 

-387.31007518 

dC-C= 1.35/ 1.35/ 1.36/ 

1.35, dCo-C1= 2.02,  

dNi-C1=1.86/1.98,  

dCo-C5=1.86, dNi-C= 2.29, 

dNi-C5=2.06/ 1.99,  

dCo-C3=2.32/ 2.02,  
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Model Co(100)/C1 Co(100)/C2 Co(100)/C3 Co(100)/C4 Co(100)/C5 

 

     
E0= -396.54758999 

dCo-C= 1.88/ 1.88/ 1.88/ 

1.88 

(C in plane with surface) 

-403.71112218 

dC-C= 1.35,  

dCo-C1= 1.94/ 1.94/ 2.18/ 

2.18,  

dCo-C2= 1.94/ 1.94 

-412.78029716 

dC-C= 1.39/1.39,  

dCo-C1= dCo-C1= 1.99/1.99/ 

2.08/ 2.08 (C-C-C in line) 

-420.29728414 

dC-C=1.35/ 1.34/ 1.34,  

dCo-C1= 1.93/ 1.93/ 2.22/ 

2.22,  

dCo-C4= 1.91/ 1.91 

-429.41286208 

dC-C= 1.37/ 1.37/ 1.37/ 

1.37,  

dCo-C1= dCo-C2= 1.98/ 

1.98/ 2.10/ 2.10 

Model Ni(100)/C1 Ni(100)/C2 Ni(100)/C3 Ni(100)/C3-2 Ni(100)/C4 Ni(100)/C5 Ni(100)/C5-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
E0= -300.94934499 

dNi-C= 1.85/ 1.85/ 

1.85/ 1.85 

(C in plane with 

surface) 

-307.92255416 

dC-C= 1.35,  

dNi-C1= 1.88/ 1.88/ 

2.21/ 2.21,  

dNi-C2= 1.91/ 1.91 

-317.08637608 

dC-C= 1.39/ 1.39, 

dNi-C1= dNi-C3= 

1.93/ 1.93/ 2.10/ 

2.10 

-314.54362074 

dC-C= 1.40/ 1.54/ 

1.54,  

dNi-C1= 1.98/ 1.78/ 

1.98/ 2.51,  

dNi-C2= dNi-C3= 

2.03/ 1.93 

-324.57694819 

dC-C= 1.34/ 1.33/ 

1.34,  

dNi-C1=1.85/1.85,  

dNi-Cn=1.86/1.86 

-333.65392743 

dC-C= 1.37/ 1.37/ 

1.37/ 1.37,  

dNi-C1= dNi-C5= 

1.93/ 1.93/ 2.09/ 

2.09 

-332.65410396 

dC-C= 1.36/ 1.41/ 

1.41/ 1.36,  

dNi-C1= 1.90/ 1.94/ 

2.12/ 2.22,  

dNi-Cn= 1.89/ 1.94/ 

2.12/ 2.22 

Model NiCo(100)/C1 NiCo(100)/C2 NiCo(100)/C3 NiCo(100)/C4 NiCo(100)/C5 

 

     
E0= -348.71392115 

dCo-H=1.90/1.90,  

dNi-H=1.87/1.87 

(C in plane with surface) 

-356.17773423 

dC-C=1.32,  

dNi-C1= dNi-C2= 2.15/ 2.15, 

dCo-C1= dCo-C2=1.82 

-364.90018887 

dC-C= 1.39/ 1.39,  

dCo-C1= 2.08/ 1.98,  

dNi-C1=2.11/1.97,  

dNi-C2=2.12/1.97,  

dCo-C2= 2.10/1.97,  

dNi-C2=2.02, dCo-C2= 1.98 

-372.40996148 

dC-C= 1.34/ 1.34/ 1.34, 

dNi-C1= 1.91/ 2.30,  

dCo-C1= 2.29/ 1.90,  

dNi-C4=1.92, dCo-C4=1.87 

-381.49634639 

dC-C=1.37/1.37/1.37/1.37, 

dNi-C1= 1.97/ 2.12,  

dCo-C1= 2.10/ 1.96,  

dCo-C5=2.11/1.96,  

dNi-C5= 2.11/ 1.97,  

dNi-C3=2.27/2.27,  

dCo-C3= 2.25/ 2.25 
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A7 Reaction profiles 
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A8 Kinetic Isotopic effect 
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A9 Main geometric parameters during surface reactions 
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Ni(100) 

 initial  TS final 

R1 
dNi-H*=1.78/1.78/ 1.94/ 1.94,  

dNi-C=1.84/ 1.84/ 1.86/ 1.86, dC-H*=2.72 

dNi-H*=1.69/1.69, dC-H*=1.52,  

dNi-C=1.85/1.85/1.87/1.87 

dNi-C=1.94/1.94/1.94/1.94,  

dC-H=1.11 

R2 
dNi-H*=1.78/1.78/ 1.91/ 1.91,  

dNi-C=1.92/ 1.92/ 1.95/ 1.95,  

dC-H=1.11, dC-H*=2.70, AHCH=97.09 

dNi-H*=1.66/ 1.66,  

dNi-C=1.95/ 1.95/ 2.01/ 2.01,  

dC-H=1.11, dC-H*=1.52, AHCH=92.69 

dNi-C= 1.97/1.97/2.09/2.09,  

dC-H=1.22/1.11,  

dNi-H=1.79/1.79, AHCH=97.55 

R3 
dNi-H*=1.79/1.88/1.86/1.88, dC-H*=3.61, 

dNi-H= 1.77/1.78, dC-H=1.23/1.11, 

AHCH=97.34, dNi-C=2.08/2.08/1.97/1.97  

dNi-H*=1.56/ 1.83,  

dNi-C=1.94/ 1.92,  

dC-H=1.10/ 1.10, dC-H*= 1.72 

dNi-C=2.02/2.16,  

dC-H=1.14/1.10/1.10, dNi-

H=1.88/2.50/2.50 

R4 
dNi-H*=1.79/ 1.91/ 1.80/ 1.91,  

dNi-C=2.04/ 2.13, dNi-H= 1.87, 

dC-H= 1.14/ 1.10/ 1.10, dC-H=3.11 

dNi-H*=1.77/ 1.54, dNi-C=2.05,  

dC-H= 1.10/ 1.10/ 1.10,  

dC-H*=1.65 

dNi-C=3.96, dC-H=1.10/ 1.10/ 

1.10/ 1.10, dNi-H*=2.86 

Co(100) 

 initial  TS final 

R1 
dCo-H*= 1.86/ 1.86/ 1.90/ 1.90,  

dCo-C= 1.87/ 1.87/ 1.88/ 1.88, dC-H*=2.64 

dCo-H*=1.73/ 1.73, dC-H*=1.53 

dCo-C=1.90/ 1.90/ 1.90/ 1.90,  

dCo-C=1.97/1.97/1.97/1.97,  

dC-H=1.11 

R2 
dCo-H*=1.83/ 1.83/ 1.92/ 1.92,  

dCo-C=1.95/ 1.95/ 1.99/ 1.99,  

dC-H=1.11, dC-H*=2.67, AHCH=96.80 

dCo-H*=1.70/ 1.70, dC-H=1.11, 

dCo-C= 1.90/ 1.90/ 2.04/ 2.04,  

dC-H*=1.56, AHCH=92.35 

dCo-C= 2.02/2.02/2.16/2.16,  

dC-H=1.18/1.11,  

dCo-H=1.90/1.90, 

AHCH=99.15 

R3 
dCo-H*=1.85/ 1.91/ 1.91/ 1.89,  

dCo-C= 2.02/ 2.01/ 2.15/ 2.16,  

dC-H=1.18/ 1.11, dC-H*= 3.62, AHCH=98.91 

dCo-H*= 1.56/ 2.01, dCo-C= 1.97/ 1.97,  

dC-H= 1.11/ 1.11, dC-H*= 1.75 

dCo-C=2.07/2.22,  

dC-H=1.13/1.10/1.10,  

dCo-H=1.96/2.57/2.57 

R4 
dCo-H*= 1.83/ 1.91/ 1.86/ 1.99,  

dCo-C=2.09/ 2.21, dC-H=1.13/ 1.10/ 1.10,  

dCo-H=1.96, dC-H*=3.11 

dCo-H*= 1.87/ 1.55, dCo-C=2.11,  

dC-H=1.10/ 1.10/ 1.10, dC-H*=1.64 

dCo-C=3.97, dCo-H*=2.87,  

dC-H=1.10/1.10/1.10/1.10 

NiCo(100) 

 initial  TS final 

R1 
dCo-H*=1.97/1.90, dNi-H*= 1.94/1.77,  

dCo-C= 1.84/ 1.84, dNi-C=1.86/ 1.89,  

dC-H*= 2.65 

dCo-H*=1.67, dNi-H*=1.74,  

dCo-C=1.86/ 1.85, dNi-C=1.91/1.87,  

dC-H*=1.55 

dCo-C=1.96/1.96,  

dNi-C=1.97/1.97, dC-H*=1.11 

R2 
dCo-H*=1.89/ 1.86, dNi-H*= 1.94/ 1.76,  

dNi-C=1.99/ 1.95, dCo-C= 1.97/ 1.94,  

dC-H=1.11, dC-H*=2.68, AHCH=97.57 

dCo-H*=1.68, dNi-H*=1.69,  

dNi-C=2.04/1.98, dCo-C=2.01/1.98,  

dC-H= 1.11, dC-H*=1.58, AHCH=91.82 

dCo-C=2.00/2.16, dCo-H=1.87,  

dNi-C=2.00/2.15, dNi-H=1.90, 

dC-H=1.19/1.11, AHCH=98.58 

R3 

-Co 

dCo-H*=1.83/1.93, dNi-H*=1.89/1.86,  

dNi-C=2.14/2.01, dCo-C=2.00/2.14,  

dC-H=1.19/1.11, AHCH=98.25, dC-H*=3.61 

dCo-H*=1.57, dNi-H*=1.93, dCo-C=1.94,  

dNi-C=1.97, dC-H=1.11/1.11, dC-H*=1.72 

dCo-C=2.22, dNi-C=2.05,  

dC-H*=1.13/1.10/1.10,  

dCo-H*=1.94, dNi-H=2.55/2.54 

R3 

-Ni 

dCo-H*=1.92/1.91, dNi-H*=1.82/1.88,  

dNi-C=2.15/2.01, dCo-C=2.00/2.16,  

dC-H=1.19/1.11, AHCH=98.36, dC-H*=3.64 

dCo-H*=2.41, dNi-H*=1.50, dCo-C=1.97,  

dNi-C=1.93, dC-H=1.10/1.10, dC-H*=1.86 

dCo-C=2.07, dNi-C=2.19,  

dC-H*=1.13/1.10/1.10,  

dCo-H=2.57/2.51, dNi-H*=1.94 

R4 

-tCo 

dCo-H*=1.94/1.81, dCo-H*=1.82/1.96,  

dNi-C=2.17, dCo-C=2.09, dC-H=1.11/1.10/1.13,  

dC-H*=3.11 

dNi-H*=1.76, dCo-H=1.57, dCo-C=2.10,  

dC-H=1.10/1.10/1.11, dC-H*=1.68 

dC-H= 1.10/ 1.10/ 1.10/ 1.10, 

dCo-H*=3.25, dNi-H*=3.21 

R4 

-tNi 

dCo-H*=1.96/1.87, dCo-H*=1.77/1.95, dNi-

C=2.07, dCo-C=2.20, dC-H=1.13/1.10/1.10,  

dC-H*=3.11 

dNi-H*=1.53, dCo-H=1.84, dNi-C=2.08,  

dC-H=1.10/1.10/1.11, dC-H*=1.68 

dC-H=1.10/1.10/1.10/1.10,  

dCo-H*=3.25, dNi-H*=3.21 
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Ni(111) 

  initial  TS final 

R1  

-b 
dNi-C=1.76/ 1.77/ 1.80,  

dNi-H*=1.74/1.67/1.72, dC-H*=2.73 

dNi-C=1.82/1.79/1.82,  

dNi-H*=1.80/1.80/1.86, dC-H*=1.47 

dNi-C=1.85/1.85/1.85,  

dC-H*=1.10 

R1 -

top 
dNi-C=1.77/1.77/1.78,  

dNi-H*=1.71/1.72/1.71, dC-H*=3.06 

dNi-C=1.79/1.79/1.80,  

dNi-H*=1.50, dC-H*=1.77 

dNi-C=1.85/1.85/1.85,  

dC-H*=1.10 

R2 
dNi-H*=1.72/1.72/1.71,  

dNi-C=1.84/1.84/1.86, dC-H=1.10,  

dC-H*=3.01, AHCH=97.42 

dNi-H*=1.49, dNi-C=1.88/1.88/1.86,  

dC-H=1.10, dC-H*=1.70, AHCH=89.34 

dNi-C=1.93/1.93/2.00,  

dC-H=1.16/1.10, dNi-H=1.77, 

AHCH=101.78 

R3 
dNi-H*=1.68/1.75/1.71,  

dNi-C=1.94/1.91/2.00, dC-H=1.16/1.10, 

dNi-H=1.78, AHCH=102.00, dC-H*=2.70 

dNi-H*=1.51/2.43, dNi-H=1.88, dC-

H*=1.74 

dC-H=1.10/1.14, dNi-C=1.93/1.99/2.07,  

dNi-C=2.15/2.15/2.15,  

dC-H=1.12/1.12/1.12,  

dNi-H=2.05/2.06/2.07 

R4 
dNi-H*=1.67/1.71/1.76,  

dNi-C=2.21/2.22/2.11,  

dC-H=1.11/1.12/1.12, dC-H*=2.86 

dNi-H*=1.95/1.94/1.57, dNi-C=2.10,  

dC-H=1.10/1.10/1.10, dC-H*=1.61 

dNi-H*=3.55/4.36/3.56,  

dNi-C=4.57/4.59/5.21,  

dC-H=1.10/1.10/1.10, dC-H*=1.10 

Co(111) 

 initial  TS final 

R1 -b 
dCo-C=1.80/1.78/1.77,  

dCo-H*=1.73/1.82/1.69, dC-H*=2.68 

dCo-H*=1.90/1.82/1.77,  

dCo-C=1.78/1.83/1.83, dC-H*=1.45 

dCo-C=1.88/1.88/1.88,  

dC-H*=1.10 

R1 -

top 
dCo-C=1.78/1.78/1.78,  

dCo-H*=1.76/1.76/1.70, dC-H*=2.99 

dCo-H*=1.52,  

dCo-C=1.81/1.81/1.78, dC-H*=1.68 

dCo-C=1.88/1.88/1.88,  

dC-H*=1.10 

R2 
dCo-H*=1.77/1.77/1.71,  

dCo-C=1.88/1.88/1.87, dC-H=1.10, 

AHCH=95.17, dC-H*=2.92 

dCo-H*=1.51, dC-H=1.10, 

dCo-C=1.92/1.92/1.86,  

AHCH=90.47, dC-H*=1.62 

dCo-C=1.96/1.97/2.02,  

dC-H=1.16/1.10, dNi-H=1.80, 

AHCH=101.28 

R3 
dCo-H*=1.76/1.76/1.72,  

dCo-C=2.01/1.96/1.96, dC-H=1.16/1.10, 

dCo-H=1.79, dC-H*=2.97 

dCo-H*=1.53,  

dCo-C=2.05/2.10/1.94,  

dC-H=1.13/1.10, dC-H*=1.74 

dCo-C=2.20/2.21/2.20,  

dC-H=1.11/1.11/1.11,  

dCo-H=2.13/2.13/2.14 

R4 
dCo-H*=1.74/1.74/1.77,  

dCo-C=2.19/2.19/2.27,  

dC-H=1.11/1.11/1.11, dC-H*=3.17 

dCo-H*=1.98/1.98/1.58, dCo-C=2.16,  

dC-H=1.10/1.10/1.10, dC-H*=1.62 

dCo-H*=3.63/3.55/3.67,  

dCo-C=4.67/4.58/4.69,  

dC-H=1.10/1.10/1.10, dC-H*=1.10 

NiCo(111) 

 initial  TS final 

R1 -b 
dNi-H*=1.76, dCo-H*=1.71/1.72,  

dNi-C=1.84, dCo-C=1.75/1.76, dC-

H*=1.67 

dNi-H*=1.90/1.85, dCo-H*=1.73,  

dNi-C=1.89, dCo-C=1.77/1.79, dC-

H*=1.47 

dNi-C=1.90/dCo-C=1.86/1.86,  

dC-H*=1.10 

R1 -

tNi 
dNi-H*=1.70, dNi-C=1.85, dC-H*=3.14,  

dCo-H*=1.76/1.76, dCo-C=1.76/1.76 

dNi-H*=1.51, dCo-C=1.79/1.79,  

dNi-C=1.84, dC-H*=1.76 

dNi-C=1.90/dCo-C=1.86/1.86,  

dC-H*=1.10 

R1 -

tCo 
dNi-H*=1.73, dCo-H*=1.78/1.69, dNi-

C=1.83, dCo-C=1.76/1.76, dC-H*=2.92 

dCo-H*=1.52, dCo-C=1.78/1.76,  

dNi-C=1.85, dC-H*=1.68 

dNi-C=1.90/dCo-C=1.86/1.86,  

dC-H*=1.10 

R2 
dNi-H*=1.74, dCo-H*=1.79/1.70,  

dCo-C=1.86/1.84, dNi-C=1.91, dC-H=1.10, 

AHCH=96.33, dC-H*=2.87 

dCo-H*=1.50, dCo-C=1.90/1.84,  

dNi-C=1.95, dC-H=1.10, AHCH=91.05,  

dC-H*=1.63 

dCo-C=1.95/1.98, dNi-C=1.97,  

dC-H=1.17/1.10, dCo-H=1.76, 

AHCH=100.93 

R3 
dNi-H*=1.70/1.79, dCo-H*=1.69,  

dCo-C=2.00/1.94, dNi-C=1.95,  

dC-H=1.16/1.10, dCo-H=1.78, dC-H*=2.59 

dCo-H*=1.52, dCo-C=2.07/1.92,  

dNi-C=2.02, dC-H=1.10/1.15,  

dCo-H=1.85, dC-H*=1.71 

dNi-C=2.18, dCo-C=2.19/2.19,  

dC-H=1.11/1.12/1.12,  

dNi-H=2.12, dCo-H=2.09/2.10 

R4 -

tNi 

dNi-H*=1.74, dCo-H*=1.74/1.74,  

dCo-C=2.18/2.18, dNi-C=2.22,  

dC-H=1.12/1.12/1.11, dC-H*=3.14 

dNi-H*=1.56, dCo-H*=2.00/2.00,  

dNi-C=2.11, dC-H=1.10/1.10/1.10,  

dC-H*=1.62 

dNi-H*=3.61, dCo-H*=3.60/3.61,  

dNi-C=4.65, dCo-C=4.62/4.64,  

dC-H=1.10/1.10/1.10, dC-H*=1.10 

R4 -

tCo 

dNi-H*=1.70, dCo-H*=1.75/1.77,  

dCo-C=2.17/2.25, dNi-C=2.16,  

dC-H=1.11/1.12/1.11, dC-H*=3.17 

dCo-H*=1.58, dCo-C=2.14,  

dC-H=1.10/1.10/1.10, dC-H*=1.62 

dNi-H*=3.61, dCo-H*=3.60/3.61,  

dNi-C=4.65, dCo-C=4.62/4.64,  

dC-H=1.10/1.10/1.10, dC-H*=1.10 


