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1. The derivation of Egs. (4)-(6) in the main text

In our previous work,' the C and O hydrogenation reactions, C(ad)+4H(ad)—CH4(g)
and O(ad)+2H(ad)—H,0O(g), follow the BEP relations:

E, " =027AH,,'+0.52 (S1)

E,," =0.27AH,,'+0.52 (S2)

where 4Hp;’ is the enthalpy difference between C+4H adsorbed on the surface and
CH, in the gas phase, and 4Hp,’ is the enthalpy difference between O+2H adsorbed
on the surface and H,O in the gas phase. It should be noted that AHp;” and AHp,’ are
referenced to H adsorbed on the surface in the previous work while AHp; and 4Hp;
are referenced to H, in the gas phase in the present work. The difference is the

dissociative adsorption energy of H, (4H}y:;), which is illustrated in S-Figure 1.
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S-Figure 1 Energy profile of hydrogenation of C and O atoms. AHpy; is
the dissociative adsorption energy of H,. AHp, is the enthalpy difference
between C+4H adsorbed on the surface and CH, in the gas phase, and
AHp;' is the enthalpy difference between O+2H adsorbed on the surface
and H>O in the gas phase. The other definitions can be found in the

caption of Figure 1 in the main text.

From S-Figure 1, we can have:
AH,'= AH, +2AH,, (S3)
AH,,'=AH,, + AH,,, (S4)

Substituting Egs. (S3) and (S4) into Egs. (S1) and (S2), and the following relations

can be obtained:

E,™ =027AH,, +0.54AH,,, +0.52 = 0.27AH,, —0.18 (S5)

Ep,™ =0.27AH,, +0.27AH,,, +0.52 = 0.27AH ,, +0.17 (S6)

where the average AHy, of -1.30 eV is chosen from our DFT calculations because
AHp:; does not considerably change on transition metal surfaces. Combining Egs. (2)

and (3) in the main text with Egs. (S5) and (S6), Egs. (5) and (6) can be derived.

Regarding CO dissociation, our previous work' showed the BEP relation is:



E," =0.93AH , +1.14 (S7)

Combining Eq. (1) in the main text with Eq. (S7), we can obtain Eq. (4).

2. Plotting detail of three-dimensional volcano surface

To obtain the reaction rate, the De Donder relation® is utilized. The reversibility of

the elementary step i, z;, is defined as:

z, = M (S8)
i K.

where v;; is the stoichiometric coefficient for the j reactant (or product) of step i, a; is

the activity of the j reactant (or product) of the step i and K, is the standard

equilibrium constant. The value of z; is between 0 to 1 if step i proceeds in the forward

direction. When the value of z; approaches zero, step i is irreversible; as it approaches

one, step i reaches quasi-equilibrium. The net reaction rate of step i, »;, can be

expressed by using the reversibility:
rz‘:r+i_r—i:r+i(1_zi) (Sg)

where 7;and r; are the forward and backward reaction rates of step 7, respectively.

CO hydrogenation is divided into three steps, as shown in S-Figure 2. The schematic
energy profile is shown in Figure 1 in the main text, and the notation definitions in

derivation are summarised in S-Table 1.

CO dissociation (ads) CO(g) + 2% C*x + Ox%
C hydrogenation (desl) Cx + 2 H,(g) CH,() +*
O hydrogenation (des2) O% + H,(9) H,0(9) + *

S-Figure 2 Reaction scheme of CO hydrogenation. CO dissociation, C
hydrogenation and O hydrogenation are abbreviated as ads, desl and

des?2, respectively.



Rate Equilibrium

Reactions Enthapy change Barriers Rate Reversibility
constant constant
CO dissociation (ads) AHp Ex™  kaas Kaas  Tats  Zads
C hydrogenation (des1) AHp, Ep™  Kiest Kaes1  Taest  Zdesi
O hydrogenation (des2) AHp; Ep”™  kies2 Kies2  Taes2  Zdes2

S-Table 1 Summary of notation definitions.

According to the De Donder relation, the reaction rates and reversibilities of the three

steps can be written as follows:

ra(/s = ka‘ldspCOQ*2 (1 - Zads) (S 1 O)
2 =—%0 (S11)
Dot K
Viest = kdeslszzece*(l_Zdesl) (Slz)
0.
Tyt = (S13)
Pu, OcK 4o
Vieso = kdes2pH2 0,0.(1—z4,) (S14)
0.
Zy =0 (S15)
Pu, OoK 4oy

where p is the partial pressure and 6 is the surface coverage.

The rate constants and equilibrium constants that appear in Eqgs. (S10)-(S15) can be

expressed:
Sco _E;eidi'v
k., = kZT e Ke KT (S16)
_Sco _AHg
K,=e ke & (S17)
2SH2 Emd”—AHm
kdesl = kBTTe ke R (818)
Scry =281, AHp,
Kpg=e * ef (S19)



5”2 Epzdis _AHPZ
kT -t M

Koesr = P Ke HT (S20)
Snzo *Snz AH p,
Kyy=e * e’ (S21)

where S is the entropy. The entropies of surface species (C(ad) and O(ad)) are usually
very small and neglected. The entropies of gaseous molecules were calculated using
Gaussian 03 (the setting can be found in Ref. 18 in the paper): Sco=213 J mol'K™',
Su:=145 T mol ' K", Scz=207 J mol'K™', and Sy1,6=206 J mol 'K,

It should be noted that the C and O hydrogenation reactions in S-Figure 2 are not
elementary reactions. Egs. (S12) and (S14) can be derived from kinetics of the
sequential elementary steps and quasi-equilibrium approximation as follows:

The elementary steps in the C hydrogenation reaction can be written as,

Hy(Q) + 2% === 2H*

C* + H* :@_—‘ CHx* + %
CH* + Hx === CH,* + *
CH,% + H* === CH,* + *

CHy* + H¥ —— CH,(9) + 2%

As mentioned in the main text, the H, dissociative adsorption reaches
quasi-equilibrium under typical reaction conditions. It is also true for the surface

hydrogenation steps from C to CHz.* Thus,

AH 5 +TSy, 0 2
K,,=e ® = . E (S22)
H,
T 7EP|d‘v&*AHP1' T ,SCH4 ,M
y kel (‘Z—H)WCGH—"; e Re A po0 (523)

Substituting Eq. (S22) into Eq. (S23), we can have



_Ep ™ —AH ' Sens _Ep™
KT 0, k,T

— RT 4 R RT 2
Taest = (—7)" 6.0, - € e Peiab
0. h
kT EPldiS_AHm'JrZAHHerZTSHz ) k Scry _Epld[S 5
_ B RT _ B R RT
=T e Py 0cb. € € Peiabe (524)
k. T 28y, Ep™ -AH, k _Scua _Epldh
B B

2 2
:Te Fe M py, 00— e ®e & poy,0.

which can be transformed into Eq. (S12). For the O hydrogenation reaction, Eq. (S14)

can be derived in a similar way.

Under steady state conditions, the overall reaction rate is equal to the net reaction

rates of the three steps:
r= rads = rdesl = rdesZ (825)

The total surface coverage is equal to unity, thus
On+6-+6,+0.=1 (S26)

where the H surface coverage is neglected because it is usually small, while on many
transition metal surfaces (e.g. Co) CO is the most abundant surface species, and hence
the CO coverage is included in our consideration. It is known that CO adsorption can
reach quasi-equilibrium:

CO(g) + * :@—: CO%*

Thus,

7AHCO +TISco 0
Keyp=e T =" (S27)
Pcob
where the CO adsorption energy (4Hco) of -1.20 eV is used. It should be mentioned

that (i) 4Hco is different on different surfaces, but its variance is relatively small;’

and (ii) the value used is estimated from experimental work.’

Combining Egs. (S10)-(S21), (S25)-(S27) and Egs. (1)-(6), we can obtain the overall
reaction rate as a function of chemisorption energies of C and O (4H¢ and 4Hyp). By

solving these equations numerically, the three-dimensional volcano surface is



obtained, as shown in Figure 2 in the paper. In the calculations, the partial pressures of
CO, H,, CH4 and H,O are 1 bar, 3 bar, 1 bar and 1 bar, respectively, and the

temperature is 500 K.

It should be mentioned that CO and H adsorption energies are assumed to be constant
for simplicity in our treatment. This is because (i) CO and H; adsorption occur readily
on metal surfaces and thus it is not very important kinetically; and (ii) the adsorption

energies do not significantly change on metal surfaces.

3. Constraint between 4AHc and AHy

To obtain the correlation between AH- and AHp we use two sets of data calculated
from the RPBE and PBE functionals. The RPBE data were obtained from the work of
Norskov and co-workers,”’ and the PBE data were calculated by the SIESTA code,’
the setting detail of which can be found in our previous work." The plots are shown in
S-Figure 3. As we can see, the fitted linear equations are similar from these two sets

of data although R? in S-Figure 3(a) is better than that in S-Figure 3(b).
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S-Figure 3 Correlation between the chemisorption energies of C and O
atoms (AHc¢ and AHy). (a) Results of RPBE functional from Norskov's

group. (b) Our results using PBE functional.
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