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Density functional theory (DFT) has been es-

tablished as a powerful research tool for het-

erogeneous catalysis research in obtaining key

thermodynamic and/or kinetic parameters like

adsorption energies, enthalpies of reaction, ac-

tivation barriers, and rate constants. Un-

derstanding of density functional exchange-

correlation approximations is essential to re-

veal the mechanism and performance of a cata-

lyst. In the present work, we reported the influ-

ence of six exchange-correlation density func-

tionals, including PBE, RPBE, BEEF+vdW,

optB86b+vdW, SCAN, and SCAN+rVV10, on the adsorption energies, reaction energies

and activation barriers of carbon hydrogenation and carbon-carbon couplings during the

formation of methane and ethane over Ru(0001) and Ru(101̄1) surfaces. We found the

calculated reaction energies are strongly dependent on exchange-correlation density func-

tionals due to the difference in coordination number between reactants and products on sur-

faces. The deviation of the calculated elementary reaction energies can be accumulated to a

large value for chemical reaction involving multiple steps and vary considerably with differ-

ent exchange-correlation density functionals calculations. The different exchange-correlation

density functionals are found to influence considerably the selectivity of Ru(0001) surface for

methane, ethylene, and ethane formation determined by the adsorption energies of interme-

diates involved. However, the influence on the barriers of the elementary surface reactions

and the structural sensitivity of Ru(0001) and Ru(101̄1) are modest. Our work highlights the

limitation of exchange-correlation density functionals on computational catalysis and the im-

portance of choosing a proper exchange-correlation density functional in correctly evaluating

the activity and selectivity of a catalyst.
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I. INTRODUCTION

Density functional theory (DFT) has become a stan-

dard tool for modeling heterogeneous catalysis in pro-

viding the atomic-scale understanding of the reaction

mechanism and predicting the activity and selectiv-

ity of a catalyst by microkinetic simulations based
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on the calculated energetics [1, 2]. The formalism of

DFT is exact with all the complexity hidden in the

exchange-correlation functionals which holds the key

to the success and the failure of DFT calculations

[3]. Many semi-empirical parameters were used to sim-

plify the exchange-correlation functionals as a function

of electron density in DFT. Generally, the exchange-

correlation functions based on density functional ap-

proximations were often constructed by fitting their pa-

rameters to benchmark data sets or formulated by sat-

isfying appropriate constrains while fitting to appropri-

ate norms [4]. Although DFT has been applied exten-

sively to the investigation of heterogeneous catalysis,

its application might suffer from large errors in predict-

ing the thermodynamic and kinetic properties of chem-

ical reactions [5–9] due to the deficiency of exchange-

correlation approximations [10–12]. Therefore, much

effort has been made to find the best density functional

approximations, such as PBE [13], revPBE [14], RPBE

[15], B3LYP [16], vdW-DF [17], DFT-D4 [18], SCAN

[19] , HSE06 [20], to describe chemical reactions occur-

ring at the surfaces and/or interfaces of solid materials.

In the past decades, DFT calculations with a wide

variety of exchange-correlation density functionals were

performed to calculate the heat of formation in gas [21–

23], bond dissociation enthalpy [24], reaction barriers

for gas phase reaction [25], solid-state properties [26–28]

and adsorption of molecules on metal surfaces [29–35]

in comparison with experimental measurements and/or

high-level calculations. Many works indicate that differ-

ent exchange-correlation density functionals can yield

highly different surface properties of transition metal

surfaces and adsorption energies. For example, PBE

is the most widely used for surface chemistry studies

[13], but it often underestimates the surface energies

and work functions of transition metals surfaces [36].

RPBE can predict adsorption energies accurately on

transition metal surfaces, but underestimate the sur-

face energies of transition metals [37]. The optB86b-

vdW, the non-empirical van-der-Waals density func-

tional correction methods, can give better agreement

with experimental estimation for CO2 adsorption on

Cu(111) as compared with PBE [38]. SCAN belonging

to meta-GGA exchange-correlation density functional

can achieve remarkable accuracy calculations for di-

versely bonded molecules and materials [19, 26, 39, 40],

but it has a relative higher computational costs than

GGA-type exchange-correlation density functionals. As

is well-known, the catalytic activity and selectivity of a

catalyst is determined by the adsorption strength of ad-

sorbants/intermediates and activation barriers of chem-

ical reactions on it. A variation of only 0.20 eV in bar-

rier can result in an uncertainty of 2 orders of magni-

tude for the reaction rate at 500 K [5]. Therefore, it is

highly desirable to find which exchange-correlation den-

sity functional is a good choice for accurate energetics

calculations for a given heterogeneous catalytic system.

Fischer-Tropsch synthesis (FTS), which converts syn-

gas into liquid fuels and chemicals, has attracted exten-

sive attention due to the global depleting resources of

crude oil [41–43]. The overall reaction paths of FTS pro-

cedure includes CO activation, hydrogenation of CxHy

intermediates, hydrocarbons coupling and termination

pathways [44]. Ruthenium (Ru) is a promising cata-

lyst for FTS because of its higher activity and selec-

tivity for CO conversion into long-chain hydrocarbon

products as compared with Co- and Fe-based catalyst

[45, 46]. The competition between the bond breaking

and formation processes determines the activity and se-

lectivity of FTS over Ru catalyst. Therefore, an ade-

quate choice of exchange-correlation density function-

als for DFT calculations is critical to accurately de-

scribe the covalent bonds in the gaseous molecule, the

electronic/geometric structures of catalyst surface and

the interactions between them because of the diver-

sified problems caused by the delocalization of pop-

ular exchange-correlation density functionals. To the

best of our knowledge, whether the errors of available

exchange-correlation density functionals can be can-

celled during mechanistic studies of methane and ethane

formation involved in FTS over Ru catalyst remains an

open question.

In the present work, DFT calculations were per-

formed to compute the adsorption energies of CxHy

intermediates, reaction energies and activation barri-

ers of methane and ethane formation over Ru(0001)

and Ru(101̄1) surfaces by adopting six different

exchange-correlation density functionals, namely PBE,

RPBE, BEEF+vdW, optB86b+vdW, SCAN and

SCAN+rVV10. The two Ru(0001) and Ru(101̄1) sur-

faces selected here are based on their large surface ar-

eas exposure in the Wulff shape of Ru with hexagonal

close-packed (HCP) crystal structure [47, 48]. We found

the adsorption energies of CxHy intermediates and re-

action energies of CxHy hydrogenation and C−C cou-

pling reaction steps are highly dependent on exchange-
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correlation density functionals. The deviation in the

calculated reaction energies is found to accumulate con-

siderably for the reactions involving the multiple step

and vary with exchange-correlation density function-

als used. However, the different choice of exchange-

correlation density functionals does not have a great

influence on the energetics difference between differ-

ent Ru(0001) and Ru(101̄1) surfaces. Our work pro-

vides a deep insight into the exchange-correlation den-

sity functionals effect on surface reactions, which ad-

vances our understanding of the limitations of the ex-

isting exchange-correlation density functionals.

II. CALCULATION METHODS

All periodic DFT calculations were performed using

Vienna ab initio Simulation Package (VASP) [49, 50].

The Kohn-Sham equations were solved by using a plane-

wave basis set [51] with a kinetic energy cutoff of

400 eV. The convergence criteria for electronic self-

consistent interaction is specified by 10−4 eV. The

ionic positions were relaxed until the residual aver-

age forces were less than 0.02 eV/Å. Transition states

were determined by CI-NEB [52, 53] and improved

dimer methods [54], and then verified to have one

imaginary frequency lying along the reaction path.

Six different exchange-correlation density function-

als, namely, generalized-gradient approximation (GGA)

functional PBE [13] and RPBE [15], non-local descrip-

tion of correlation optB86b+vdW [17] and BEEF+vdW

[55], meta-GGA functional SCAN [19] and combine

SCAN functional with long-range vdW interaction from

rVV10:SCAN+rVV10 [56], were adopted to calculate

the adsorption energies of CxHy intermediates, reac-

tion energies and activation barriers of CxHy hydro-

genation and C−C coupling for methane and ethane

formation over Ru(0001) and Ru(101̄1) surfaces. DFT-

GGA-PBE calculations were first performed to opti-

mize the lattice constant of HCP Ru in the bulk phase,

CxHy intermediates adsorption configurations and tran-

sition states involved in methane and ethane forma-

tion over Ru(0001) and Ru(101̄1) surfaces. Afterward,

the geometric structure of adsorbed Ru surfaces was

fixed for the single-point energy calculations using the

other exchange-correlation density functionals. The lat-

tice and adsorbates relaxation calculation results are

nearly the same as the single point energy calculations

with the variation of all the adsorption energies, reac-

tion energies and activation barriers less than 0.20 eV

among different exchange-correlation density function-

als calculations (Table S1−S3 in Supplementary mate-

rials (SM)). Therefore, the single point energy calcula-

tions not only save computing resources, but also fa-

cilitate the analysis of the source of deviation between

different exchange-correlation density functionals.

HCP Ru(0001) and Ru(101̄1) surfaces were modeled

by a four-atomic-layers slab model with a (2×2) unit

cell. A (6×6×1) k-point mesh was used to sample

the surface Brillouin zone, and a 15 Å vacuum layer

was introduced between the repeated slabs along the

z-direction. During the surface structure optimization,

the bottom two layers of the slabs were fixed at the

bulk positions and the remaining Ru metal atoms and

adsorbates were allowed to relax. The adsorption en-

ergies (Eads) of gas molecules can be calculated as the

change in energy when a molecule is adsorbed on a solid

surface:

Eads = Eslab-m − Eslab − Em (1)

where Eslab-m and Eslab refer to the total energy of a

surface with and without the adsorbate m. Em is to the

total energy of molecules or radicals in the gas phase.

The reaction energy of an elementary reaction can be

calculated as the energy difference of initial and final

states:

∆E = Eslab-p + Eslab − Eslab-a − Eslab-b (2)

where Eslab-p, Eslab-a, and Eslab-b are the total ener-

gies of products, reactant a and reactant b adsorbed on

Ru(0001) and Ru(101̄1) surface, respectively. Eslab de-

notes the total energy of clean Ru(0001) and Ru(101̄1)

surface.

Mean deviation (MD), mean absolute deviation

(MAD) and mean absolute percent deviation (MAPD)

were used to describe statistical energies difference

between PBE and other exchange-correlation density

functionals calculations:

MD =

∑
values of DRV

Total number of items
(3)

MAD =

∑
absolute values of DRV

Total number of items
(4)

MAPD =
MAD

Mean value calculated by PBE
(5)

where DRV is the deviation from reference value.
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III. RESULTS AND DISCUSSION

A. CxHy adsorption on Ru(0001)

The adsorption of CxHy intermediates involved in

methane and ethane formation over Ru(0001) surface

was studied by DFT calculations using the six differ-

ent exchange-correlation density functionals. Although

the adsorption configurations and adsorption energies of

CxHy intermediates on Ru(0001) surface are sensitive

to the choice of exchange-correlation density functionals

[57–61], we only considered exchange-correlation den-

sity functionals effect with CxHy intermediates adsorp-

tion at the most favorable sites determined by GGA-

PBE calculations in the present work. The most widely

used PBE functional was chosen as a reference to com-

pare with other five exchange-correlation density func-

tionals.

The optimized adsorption configurations of CxHy

(x=0−2, y=0−6) intermediates involved in methane

and ethane formation over Ru(0001) surface are shown

in FIG. 1. CxHy intermediates prefer to adsorb at

the fcc or hcp hollow sites over Ru(0001) surface. All

the 16 intermediates can be divided into three cate-

gories according to coordination number (Nc) of inter-

mediates bonded with metal, namely, type I: the in-

termediates physisorption on Ru surface with Nc of

zero, type II: the intermediates chemisorption on Ru

surface with Nc between 0 and 3 (0<Nc≤3), type

III: two C atoms in CxHy intermediates binding Ru

surface strongly with Nc higher than 3. The ad-

sorption energies of CxHy intermediates calculated by

five different exchange-correlation density functionals

with respect to PBE functional calculations are shown

in FIG. 2(a, b). Obviously, the adsorption energies

of CxHy intermediates are sensitive to the choice of

exchange-correlation density functionals. As compared

with PBE, optB86b+vdW significantly overestimates

the adsorption strength of all CxHy intermediates on

Ru(0001) surface, whereas RPBE often underestimates

CxHy intermediates adsorption strength; BEEF+vdW

calculations overestimate the adsorption of physisorbed

system (CH4 and CH3CH3) but underestimate that of

chemisorbed systems. Our calculations are consistent

with previous work that the adsorption energies pre-

dicted by BEEF+vdW calculations are always between

those computed by PBE and RPBE calculations for the

catalytic systems where vdW interaction contributes

large amount to the adsorption energies [29]. The

FIG. 1 The top view of CxHy intermediates adsorption con-
figurations over Ru(0001) surface. Cyan, gray and white
spheres are Ru, C, and H atoms, respectively. This notation
is used throughout this work.

meta-GGA SCAN generally overestimates the adsorp-

tion strengths of all the adsorbents except for CHx and

CHCH3 intermediates. Additionally, SCAN+rVV10

with the addition of long-range vdW interaction on the

basis of SCAN overestimates the adsorption strengths

of all types of CxHy intermediates.

The calculated adsorption strengths of CxHy in-

termediates over Ru(0001) change from strong to

weak in the order of optB86b+vdW>SCAN+rVV10>

SCAN>PBE>BEEF+vdW>RPBE. The deviations of

the average adsorption energies of all the intermediates

by different exchange-correlation density functionals are

given in the term of MD, MAD, and MAPD as shown in

FIG. 2(c). The absolute deviation MAD is calculated to

vary from 0.12 eV to 0.43 eV for the statistical energy

difference calculated by PBE and other five different

exchange-correlation density functionals. Whereas the

relative deviation (MAPD) is with much small change

from 4% to 13% among different exchange-correlation

density functionals.

The MAD of absolute adsorption energies calculated

by the five different exchange-correlation density func-

tionals referred to PBE is independent of the adsorption

strength and the intermediates (FIG. 2(a, b)), but it is

correlated well with theNc of intermediates to Ru(0001)

(FIG. 2(d) and Table S4 in SM). The larger variation

of Nc for methyl adsorption on Ru(0001) surface can

result in a larger MAD of adsorption energies difference
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FIG. 2 The adsorption energies of CxHy intermediates calculated by various exchange-correlation density functionals with
respect to PBE (a, b). (c) Statistical MD, MAD, and MAPD of the energy difference between PBE and other exchange-
correlation density functionals calculations for CxHy intermediates adsorption on Ru(0001) surface. (d) The relationship
between the adsorption energy difference and coordination number change for CH3 adsorption over Ru(0001) by different
exchange-correlation density functionals calculations. The hcp, fcc, bridge, top indicate CH3 adsorption sites over Ru(0001)
surface with a Nc of 3, 3, 2, and 1, respectively.

among different exchange-correlation density function-

als calculations. Specifically, methyl (CH3) adsorption

energy varies significantly when the Nc transfers from

3 at hcp/fcc hollow sites to 1 at the top sites over

Ru(0001), giving a large MAD by different exchange-

correlation density functionals calculations. However,

the adsorption energies do not change when methyl ad-

sorption sites shift from hcp-hollow site to fcc-hollow

site, showing a small MAD. The differences in adsorp-

tion energies among different exchange-correlation den-

sity functionals can be mainly attributed to the different

Nc for the adsorption of intermediates.

B. Surface elementary reaction energies on Ru(0001)

The catalytic mechanism of methane, ethylene, and

ethane formation over Ru(0001) surface was studied by

six different exchange-correlation density functionals.

The CH−CH coupling pathway, which was reported as

the optimal route for long-chain growth [44, 62], was

selected as the initial step for the formation of C2 hy-

drocarbon species in the kinetic study. The calculated

potential energy surfaces and corresponding transition

states for methane, ethylene and ethane formation over

Ru(0001) are shown in FIG. 3(a, b) and Table S5−S6

in SM. We find the reaction energies of all elementary

steps involved in methane, ethylene and ethane forma-

tion are sensitive to the choice of exchange-correlation

density functionals.

The calculated reaction energy of every elementary

reaction is always underestimated or overestimated by

different exchange-correlation density functionals cal-

culations as compared with PBE calculation results,

which results in an accumulation of small reaction en-

ergy deviations into a large one for the whole reaction

cycles in methane, ethylene and ethane formation over

Ru(0001) surface (FIG. 3(a, b)). The hydrogenation of

CH intermediate towards methane is less endothermic

by 0.69 eV for RPBE and BEEF+vdW calculations,

but more than 1.85 eV endothermic for the other four

PBE, optB86b+vdW, SCAN, and SCAN+rVV10 cal-
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FIG. 3 Potential energy surfaces of (a) methane and (b) ethane formation over Ru(0001) by different exchange-correlation
density functionals calculations. The dotted line indicates gaseous ethylene molecules formation energies. Statistical MD,
MAD and MAPD of (c) all reaction energies and (d) activation energies by different exchange-correlation density functionals
calculations referred to PBE calculation results.

culations. The same phenomenon can be also found for

ethylene and ethane formation over Ru(0001) surface

by six different exchange-correlation density function-

als calculations. As a result, the apparent activation

barrier for methane formation is nearly the same or

higher than that of ethylene/ethane formation, which

indicates a lower selectivity of methane than long-chain

hydrocarbons in FTS [47, 63]. Whereas the selectivity

of ethylene and ethane in C2 products can be deter-

mined by the difference in desorption and hydrogena-

tion activation barrier of ethylene in FIG. 3(b). We

found PBE, optB86b+vdW, SCAN, and SCAN+rVV10

calculations show that the ethylene tends to be hydro-

genated into ethane rather than desorption. In contrast,

RPBE and BEEF+vdW calculations show a higher se-

lectivity of ethylene than ethane, due to their predicted

weakly adsorption strength of ethylene on Ru(0001) sur-

face. Therefore, the selectivity of a chemical reaction is

sensitive to the choice of exchange-correlation density

functionals and it is crucial to choose a proper exchange-

correlation density functional to predict the selectivity

of a chemical reaction.

To understand the difference in the overall reac-

tion energies of methane and ethane formation over

Ru(0001) surface calculated by different exchange-

correlation density functionals, we compared the reac-

tion energies of each elementary steps (Table S7 in SM).

We found the hydrogenation of CH3
∗ and CH3CH2

∗ al-

ways has the largest contributions to the total devia-

tions of reaction energies for methane and ethane for-

mation by at least 40%, respectively, regardless of the

used exchange-correlation density functionals. CH3
∗

and CH3CH2
∗ intermediates chemisorb strongly while

the formed CH4
∗ and CH3CH3

∗ physisorb weakly on

Ru(0001) surface with the coordination number change

from 3 and 1 to 0, which results in great variations in

the reaction energies calculated by different exchange-

correlation density functionals (Table S8 in SM).

The calculated reaction energy differences between

PBE and the other five exchange-correlation den-

sity functionals for methane and ethane formation

(FIG. 3(c) and Table S9 in SM) indicate that all of

25 different surface elementary reactions have the same

variation trend in reaction energy calculations for a

given exchange-correlation density functional. Specif-

ically, RPBE and BEEF+vdW calculations show lower
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reaction energies as compared with PBE calculations

with the statistical MD of −0.12 and −0.16 eV, re-

spectively. However, the reaction energies calculated by

other three SCAN, SCAN+rVV10, and optB86b+vdw

functionals have a positive MD less than 0.13 eV indi-

cating an underestimation of reaction energy calcula-

tions as compared with PBE. The MAPD of calculated

reaction energies varies larger than 25.19% for all differ-

ent exchange-correlation density functionals, which in-

dicates the choice of exchange-correlation density func-

tionals has a serious impact on the reaction kinetics.

The same conclusion can be found for activation bar-

riers calculations by different exchange-correlation den-

sity functionals (FIG. 3(d) and Table S10−S11 in SM).

The predicted MAPD is lower than 24.10%, demon-

strating the less sensitivity of activation barriers cal-

culations by using different exchange-correlation den-

sity functionals. However, more experimental measure-

ments are needed to find the most favorable exchange-

correlation density functionals to describe the surface

chemical reactions qualitatively and quantitatively.

C. Sensitivity of exchange-correlation density functionals

calculations on Ru(0001) and Ru(101̄1) surfaces

As is well known, the catalytic performance is deter-

mined by the geometric and electronic structures of the

catalyst [64, 65]. Many works reported that the perfor-

mance of FTS is strongly sensitive to the surface struc-

tures of Ru-based catalyst [47, 66–69]. To reveal the

influence of exchange-correlation density functionals on

the structure sensitivity of Ru catalyst, we studied the

catalytic mechanism of methane and ethylene forma-

tion on Ru(0001) and Ru(101̄1) surfaces. The Ru(101̄1)

surface selected here is based on its low surface energy

and high exposure surface ratio in the Wulff shape of

HCP Ru [47, 48]. The derivation trends in the cal-

culated adsorption energies, reaction energies and ac-

tivation barriers for methane and ethane formation on

Ru(101̄1) surface are the same as Ru(0001) surface by

different exchange-correlation density functionals cal-

culations (FIG. S1−S3 and Table S12 in SM) where

SCAN+rVV10 overestimates the reaction energies for

almost all elementary reactions while the BEEF+vdW

underestimates those on Ru(101̄1) most severely.

PBE calculations show the different adsorption and

reaction energies for methane and ethane formation over

Ru(0001) and Ru(101̄1) surfaces implying the structure

sensitivity of Ru catalyst. The difference in the ad-

sorption and reaction energies calculated by different

exchange-correlation density functionals between the

two Ru(0001) and Ru(101̄1) surfaces is almost the same

as those calculated by PBE functional. Most differ-

ence in the adsorption and reaction energies calculations

by different exchange-correlation density functionals be-

tween the two Ru(0001) and Ru(101̄1) surfaces is less

than 0.04 eV (FIG. 4(a, b) and FIG. S4 in SM). There-

fore, the different selection of exchange-correlation den-

sity functionals can describe the structure sensitivity of

Ru(0001) and Ru(101̄1) surfaces well.

It is worth noting that there are still some points,

which are the adsorption energies of unsaturated C,

CH, and CCH3 intermediates, derivating from the lin-

ear scaling relationship in FIG. 4(a). The reason

can be attributed to the great changes in the coor-

dination environment of these intermediates adsorp-

tion on the two different Ru(0001) and Ru(101̄1) sur-

faces. Specifically, the Nc of these three intermediates

are three and four on Ru(0001) and Ru(101̄1), respec-

tively, whereas the Nc of the remaining intermediates

on the two surface is the same. Additionally, the de-

viated points can also be observed for reaction ener-

gies calculations of C∗+C∗=CC∗+*, C∗+H∗=CH∗+*,

and CCH3
∗+H∗=CHCH3

∗ with great change in Nc for

the intermediates adsorption before and after reaction

on Ru(0001) and Ru(101̄1) surfaces in FIG. 4(b). Our

work clearly reveal that the greater the change of coor-

dination environment before and after the process, the

greater deviation of the adsorption and reaction ener-

gies among various exchange-correlation density func-

tionals calculations.

The statistical MD, MAD, and MAPD of the ad-

sorption energies by different exchange-correlation den-

sity functionals calculations ranges from −0.05 eV to

0.08 eV, from 0.02 eV to 0.08 eV, and from 6.01% to

25.45%, respectively (FIG. 4(c) and Table S13 in SM),

which further demonstrates the weak sensitivity of ad-

sorption energies on different Ru surfaces even adopting

different kinds of exchange-correlation density function-

als. The MAD of surface reaction energy varies from

0.03 eV to 0.06 eV with the MAPD value below 14.17%,

whereas the MAD becomes less than 0.05 eV with the

MAPD below 21% for activation barriers calculations

between Ru(0001) and Ru(101̄1) surfaces by different

exchange-correlation density functionals (FIG. 4(d) and

Table S14−S15 in SM). Therefore, the deviation of sur-

face reaction energies and activation barriers is always
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FIG. 4 The difference in the calculated (a) adsorption energy and (b) reaction energies between Ru(0001) and Ru(101̄1)
surfaces by various exchange-correlation density functionals referred to PBE calculation results. Statistical MD, MAD and
MAPD of (c) the adsorption energy and (d) reaction energy difference between Ru(0001) and Ru(101̄1) surfaces by different
exchange-correlation density functionals calculations.

smaller than that of adsorption energies by adopting

different exchange-correlation density functionals cal-

culations. The differences of the calculated adsorp-

tion energies, reaction energies and activation energies

among different surfaces are nearly constant for a given

exchange-correlation density functional that identifica-

tion of the energetic difference between two catalysts is

independent of the choice of exchange-correlation den-

sity functionals while the investigation of the selectivity

of a catalyst is exchange-correlation density functionals

dependent.

IV. CONCLUSION

DFT calculations were performed to study the in-

fluence of exchange-correlation density functionals on

the hydrogenation and carbon-carbon couplings in the

formation of methane and ethane on Ru(0001) and

Ru(101̄1) surfaces. We found the adsorption en-

ergies of 16 intermediates involved are sensitive to

the exchange-correlation density functionals including

PBE, RPBE, BEEF+vdW, optB86b+vdW, SCAN, and

SCAN+rVV10. The large deviations of adsorption and

reaction energies among different exchange-correlation

density functionals are found from the coordination

number change between reactants and products on the

surfaces. The derivations can be accumulated for a

chemical reaction containing multiple elementary re-

action steps by different exchange-correlation density

functionals calculations, which may affect significantly

thermodynamics and even result in different selectiv-

ity of a chemical reaction. The reaction energies and

activation barriers on metal surfaces are less sensitive

to the exchange-correlation density functionals as com-

pared with adsorption energies. Different exchange-

correlation density functionals do not have a great in-

fluence on the investigation of the structural sensitivity.

Our work highlights the limitation of diverse exchange-

correlation density functionals in the computational
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catalysis and the importance of exchange-correlation

density functionals in properly describing the energetics

of a chemical reaction.

Supplementary materials: The optimized configu-

rations, energy difference analysis diagrams, potential

energy surfaces, calculated energetics, and statistical re-

sults are available.
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