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CO Methanation on La/Ni(111) Surface:.
Effect of La Electron Delocalization on Activity and Selectivity
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(1. College of Chemistry and bioengineering, Taiyuan University of Science and Technology, Taiyuan 030021, China)
(2. Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province,
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Abstract: In attempting to promote the activity and selectivity of CO conversion to CH, and simultaneously suppress
CH;OH formation, density functional theory ( DFT) calculation has heen employed to insight into the reaction mechanism
and the effect of the promoter La on CO conversion to CH, on La/Ni(111). Our results indicate that the promoter La could
enrich the outer layer valence electron density of Ni, make the d-band center of La/Ni(111) upward, and thereby lead to a
significant increase of the reactivity. Accordingly, the enhanced activity and selectivity to CH, as well as CH;OH resistance
are mainly originated from the electronic effect of the promoter La on La/Ni(111), where the synergistic effect between La
and Ni plays an important role. Meanwhile, the microkinetic modeling is used to estimate the production rates of CH, and
CH;OH under the experimental conditions, and the result shows that r(CH, ) is larger than r( CH;OH) at the same temper-
ature, and the relative selectivity of CH, reaches almost as high as 100% in the temperature range of 550 to 750 K, and
thereby no CH,;OH is formed when La is doped. Further, to clarify the effect of La promoter on CH, formation at electron lev-
el, Bader charges and the projected density of states (PDOS) have been examined for CO, HCO, COH and CH,0, which
are the key intermediates of Pathl, Path2, Path3, and Path4 for CH, formation, respectively. The results indicate that it is
electron transfer from La to Ni and the strong interaction between La and O that weaken the C—O bond and promote the
cleavage of C—O bond, and thereby lead to no CH;OH yield, which controls the selectivity to CH,. Through analyzing the
differential charge density of La atom and its surrounding Ni atoms over La/Ni(111) , the result of the direction along La—
Ni of charge transfer, has been shed light on furtherly. Conclusively, La/Ni(111) shows a significant increase in the activity
and selectivity to CH, compared to Ni( 111), which is mainly originated from the synergistic effect between La and Ni.
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1 Introduction

Natural gas has been considered as a promising energy
source with high calorific value, while the resource reserve has
been decreasing in some regions of the world. CO methanation
as an available technology to manufacture synthetic natural gas
(SNG ) from syngas, has attained great attention from

(1,2

academia and industry in recent years !, Commonly, Ni

catalyst has been employed for methanation due to the high ac-
tivity and low cost compared with other precious catalysts > *'.
However, the strongly exothermic process leads to carbon for-
mation on the surface of nickel-based catalystsm , besides,
the catalytic activity and stability will be significantly affected
with the increasing of temperature. Thus, the catalysts should
be highly active and be resistant to carbon deposition.
Considerable efforts have contributed to the investigation

[5-7]

of carbon deposition resistance , Ni(111), the greatest
exposed among Ni catalyst surface, was less prone for the ac-
cumulation of C centers, irrespective of its origin, in compari-
son to the situation on steps, as less active for C centers for-
mation*). That was a real merit the flat Ni(111) as catalytic
surface should serve. Unfortunately, CO methanation of Ni
(111) could be expressed mainly as a competition of CO+3H,—
CH,+H,0 and CO+2H,—CH,OH, thereby the catalytic se-
lectivity to CH, will be significantly affected owing to desired
product CH;OH'""".

Many methods have been investigated for this situation,
depending on La as auxiliaries'® *’. Doping La brought about
modifications on catalytic activity, selectivity, and stability of
Ni/La alloys by adjusting the electron properties for CO meth-
anation at comparatively high temperatures with relatively less
deactivation””’.  Ru/Ni/La  showed much better CO
methanation activity, where La was electron donors; adding
La to Ru could enhance the electron density of Ru, and facili-
tate CO dissociation due to the back donation of the electron
from Ru to CO'"". La/Ce/Ni exhibited much higher activity
for CO methanation attributing to the confinement of the inter-

acted two promoters La and Ce for Ni nanoparticles'""’. The

addition of La in the catalysts could limit the migration of the

active Ni and lead to a high metal dispersion of Ni parti-

U120 a5 well as good resistance to coke deposition. Addi-

cles
tionally, the synergistic effect between La and Ni exhibited
high selectivity to CH,'"’. La/Ni alloys had been proved ef-
fective to improve the reactivity of syngas conversion to meth-
ane, resulted from the nickel lanthanum sosoloid""'™™. Con-
sidering the above excellent performance of La/Ni catalysts,
La can be a potential promoter for CO conversion to CH,. Nev-
ertheless, the principal reason for the observed distinctive
properties by introducing La promoter was still unclear.

In this paper, using quantitative and qualitative analysis,
density functional theory ( DFT) calculation and microkinetic
modeling were used to understand the effect of La promoter on
activity and selectivity in CO methanation on La/Ni(111). To
better illustrate the synergy of the promoter La and Ni, the dif-
ferential charge density of the La atom and Ni atoms on La sur-
rounding surface over La/Ni(111) , as well as the d-band av-
erage energy of La/Ni(111), were investigated to prove the
electron transfer occurrence of La—Ni. Specifically, to further
elucidate the role of the promoter La, Bader charge analysis
and projected density of states (pDOS) were performed to de-
termine the promoting function of La promoter toward the cleav-
age of the C—O bond. These identified factors might offer a

more comprehensive understanding of CO methanation.
2 Calculation method

2.1 Calculation models

La/Ni alloys were formed by introducing La into Ni''*.
The perovskite LaNiO, solid solution released/stored electron
reversibly via La<>Ni electron delocalization; La doping was
expected to enhance CO conversion and CH, selectivity by or-
dering and weakening the bond strength of CO and promoting
the hydrogenation of CH (x=0~3), respectively. Herein, La
released electrons with the C—O bond-breaking and the C—H
and O—H bond-making, which was crucial for achieving high
electron transfer rates'"’ .
A small amount of La could promote the dispersion of Ni

. . . -0
nanoparticles, increase the content of the reduced active Ni”,

and enhance the thermal stability for CO methanation, but ex-
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-0 . . [16-18
cess La would cover some of the Ni’ active sites''"" .

Besides, the aim of this work was only qualitatively reveal the
role of La doping at Ni in CO methanation, and elucidate the
synergistic effect between La and Ni, therefore, the structure
with one La atom doping at the Ni(111) was merely consid-
ered. There is an exposure of Top, Bridge, FCC, and HCP
sites on Ni( 111). The site preference of La doping at Ni
(111) was described based on the formation energy (E,), as

formula (1)1,
— First layer
— Second layer

—= Third layer

Side view

E=E o —Evian —EL (1)
A negative E; shows La doping at Ni(111) is exothermic, and
the more negative E, is, the more likely the structure is. The
results of E; were —6. 81 and —6. 87 eV corresponding to FCC
and HCP sites; and unsurprisingly, La, originally sited at Top
and Bridge sites, migrated to the nearest neighbor HCP site.
According to E,, it showed that La doping at the HCP site is
favorable than other three sites, which was assigned to La/Ni

(111) surface, as shown in Fig. 1

Top view

Fig. 1 The structures and preferable sites of side view and top view for La/Ni( 111) surface

The La/Ni(111), a three-layer metal slab was modeled
using a 3x3 supercell and vacuum regions of 15 A, in which
the bottom layer was fixed, while the two upper layers com-
bined with the adsorbates were relaxed during optimization.
The lattice constant of 3. 54 A overestimated the experimental
value of 3.52 A" by 0. 6%.

2.2 Calculation methods

DFT calculations were carried out using the Vienna Ab
Initio Simulation Package. The exchange-correlation energy
functions were deduced in terms of spin-polarized Perdew-
Wang ( PW91) of the generalized gradient approximation
(GGA)™". The frozen-core interaction was described by the

projector-augmented wave (PAW) method

. Cutoff energy
of 340 eV was set as the convergence of the plane-wave expan-
sion, the Methfessel-Paxton smearing method was described
with a width of 0. 1 eV'®! the Monkhorst-Pack k-point mesh
was set to 5X5X1 for the Brillouin zone integration.

The climbing image nudged elastic band ( CI-NEB)
method was employed for the minimum energy pathway'>*.
The transition state (TS) was deemed converged as follows:
the total energy difference was set as less than 107 eV/atom,
and the residual force was set as less than 0. 05 eV/A.

The minimum adsorbate structure was obtained by the re-
laxation of the adsorbate and two surface layers. For the reac-
tion on La/Ni(111), the adsorption energy (E,,. ), the acti-
vation energy(E,) , and reaction energy (AE) with the zero-

point-energy (ZPE) correction were defined by the equations

(2), (3), and (4)*:

E .= (E iesir = E i = peies ) YAZPE (2)
E,=(E~Eg)+AZPE, . (3)
AE=(E-E)+AZPE ... (4)
AZPE, . , AZPE,,..., and AZPE, . ., corrected by the ZPE,

are corresponding to E

ads 2

E,, and AE, respectively; which

were determined by the equations (5), (6), and (7).

vibration hl}i vibrations hl)i
(5 (5w
i=1 adsorbed i=1 gas
vibration h’l)i vibrations hvi
e =(E2) (TM)
i=1 TS i=1 1S

vibration hvb_ vibrations hvl_
AZPE,,, = ( > 2) - ( b z) 7
i1 S i=1 15

where v, represents the vibrational frequency, h is Planck’s

constant.
The d-band center (&,) of Ni(111) and La/Ni(111)
were evaluated by the equation (8) .

fﬁ Ep,(E)dE
- (3)

€4

| pueran

where p,(E) refers to the density of d-states at energy E.

3 Results and discussion

In this study, we will explore the role of La in La/Ni
(111 ) toward CO methanation, which is accomplished
through the comparison with the DFT results of Ni(111). Fur-

thermore, we will describe the electron effect of the promoter
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La on La/Ni(111), and explain the synergistic effect between
La and Ni on CH, formation.
3.1 Structures and energies of all adsorbed species

The key structural parameters and E; of the stable struc-

ads

tures of all adsorbates on La/Ni(111) were investigated in de-

Table 1

involved in CO methanation on La/Ni(111) surface

tail and summarized in Table 1. To facilitate comparison, ear-
lier available research on Ni(111) are also tabulated. The cor-
responding configurations are displayed in Fig. S2 in the Sup-

plementary material.

Adsorption sites, adsorption energies (E, 4, €V), and key structural parameters of the stable configurations for the adsorbed species

Species Electronic E/eV : dy /A
states La/Ni(111) Ni(111) 7
triplet -7.09 (HCP) -6.82 (FCC), -6.82 (HCP) dy, =2.617
doublet -2.64 (HCP), —2.64 (FCC) -2.78 (FCC), -2.77 (HCP) dy, =2.836
triplet -6.35( HCP) -5.76 (FCC) dy, 0=2.163
co singlet -2.55 (HCP) -1.90 (FCC), -1.91 (HCP) d, =2.457
OH doublet -4.33(HCP) -3.54 (FCC) dy, =2.952
H,0 singlet dissociative adsorption =5.91 -0.33 (Top) dy, _5=2.902
CH doublet -6.37 (HCP) , —-6.37 (FCC) -6.47 (FCC), -6.45 (HCP) dy, =2.878
CH, singlet -3.90( HCP) , -3.90 (FCC) -4.07 (FCC) dy, c=2.798
CH, doublet -1.63 (HCP), -1.63 (FCC) -1.94 (FCC) dy, ¢ =2.680
CH, singlet -0.07 (FCC) -0.02 (Top) dy, =3.489
HCO doublet -3.25 (FCC) -2.35 (FCC), -2.36 (HCP) dy,0=2.329
COH doublet -4.44 (HICP) -4.45 (FCC), -4.45 (HICP) dy,=2.696
CH,0 singlet -1.43 (HCP) -0.84 (FCC), -0.83 (HCP) dy, =2.220
CH,0 doublet -3.51 (FCC), -3.53 (HCP) -2.75 (FCC) dy, o=2.107
HCOH singlet -4.20 (HCP) -3.91 (Bridge) dy, o=2.585
CH,OH doublet -2.02 (HCP) ~1.68 (Bridge) dy, o=2.523
CH,0H singlet -0.93 (Top) -0.37 (Top) dy,_o=2.582

H, dissociation can easily occur on La/Ni(111), it is
strongly exothermic by 0.96 eV with a moderate activation
barrier of 0.50 eV, and the imaginary frequency
corresponding to the TS is 568 ¢cm™, as described in Fig. S1
in the Supplementary material. The dissociated H atom adsorbs
at HCP site with an £ of —2.64 eV, which are the main
source of H for CO methanation. That is indeed shown to be
the case in some other reports'” '’

The structures of C, CH, CH,, CH;, and CH, adsorbed
on La/Ni(111) are much closer than those on Ni(111) , and
increasing order of the chemisorptive abilities are the
following; CH,<CH,<CH,<CH.

The geometries of the adsorptions of O, OH, and H,0 on
La/Ni(111) and Ni(111) are very different, and the adsorp-
tion energies of O and OH are increase of 0.59 and 0.79 eV

on La/Ni(111) compared to those on Ni( 111). Interestingly,

when H,0 is posited at La/Ni(111) , the promoter La exhibits
a strong La—O0 bond, leading to H,0 dissociation. OH tends
to coordinate with La via O atom.

When La is introduced, CH,0 and CH,OH adsorptions
become favorable with the larger adsorption energies of —3. 53
and —0. 93 eV, respectively. The geometries in Fig. S1 in the
Supplementary material for the adsorptions of CH, O and
CH,0H on La/Ni(111) vary obviously, with O—La rather
than O—Ni bonds, compared with the situations on Ni( 111).

The adsorbed CO, HCO, CH,0, HCOH, and CH,OH
bind to La/Ni(111) via both C and/or O atoms in a similar
way to Ni(111). The difference is that O is nearing and point-
ing toward La, and the adsorption energies on La/Ni(111)
are increased by 0.64, 0.89, 0.59, 0.29, and 0.34 eV
compared to those on Ni(111), respectively. Coincidentally,
the geometry and adsorption intensity of COH on La/Ni( 111)
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resembles that on Ni(111).

Above all, La—O0 bond can strengthen the adsorption of
oxygenates, and the dopant La accepts electrons from the lone
pair of which.

3.2 The mechanism of CO methanation on La/Ni
(111) surface
The syngas on La/Ni(111) mainly gain CH, and CH,OH

as products. We have investigated the mechanisms consisting
of elementary steps, and the main configurations for the ISs,
TSs, and FSs. The potential energy diagrams are displayed in
Fig. S3 and Fig.S4 in the Supplementary material,
respectively. To compare E,, AE, and k for steps at 550 K
obtained in this work with the literature, the previous results of

Ni(111) are also listed in Table 2.

Table 2 Activation barriers (E,/eV), the reaction energies (AE/eV) , and the rate constants k(s™') (T=550 K) of all possible elementary

reactions involved in CO methanation on La/Ni(111) surface

Our results

Previous results'”)

Reaction

E,/eV  AE/eV  yp/cm™ k/s7! E./eV AE/eV v/cm”™!
CO—C+0 Rl 1.63 1.12 56 i 8.74x1072 3.74 1.42 537 i
CO+H—HCO R2 095 092 433 4.62x10* 1.38 1.17 303 i
CO+H—COH R3 2.11 1.54 1550 7.57x1077 1.94 0.92 1558 i
HCO—CH+0 R4 1.04  -0.11 483 2.17x10° 1.16 -0.28 515§
C+H—CH R5 052  -029 953 7.10x108 0.92 -0.46 822 i
CH+H—CH, R6 0.65 034 697 2.57x107 0.74 0.34 754 i
CH, +H—CH, R7 0.89  0.10 1013 2.86x10° 0.77 -0.08 747 i
CH;+H—CH, R8 045 -033 42 9.48x10° 0.96 -0.17 1033
0+H—OH R9 079  -0.11 12283 2.79x10° 1.21 0.06 1204 i
HCO+H—HCOH R10 1.47 1.16 1137 2.87x107! 0.92 0.34 1296 i
HCOH—CH+0H R11 021 -1.43 417 2.06x10"! 0.79 -0.47 302 i
HCOH+H—CH, OH RI2 0.65  0.07 948 1.44%107 0.87 0.25 841 i
CH,0H—CH,+0H RI3 0.40 -1.20 330 4.12x10° 0.85 -0.38 398 i
CH,OH+H—CH,OH R14 093 -021 980 6.11x10* 0.72 -0.27 941 i
HCO+H—CH, 0 R15 095 069 832 2.58x10* 0.53 0.24 111
CH,0—CH, +0 R16 022 -043 70 1.14x10"2 1.41 -0.16 374 i
CH,0+H—CH,0H R17 1.16 078 1028 ; 2.50x10? 1.06 0.30 1195 i
CH,0+H—CH,0 R18 110 -0.38 600 2.11x10* 0.65 -0.36 938 i
CH,0—CH,+0 R19 214 037 418 8.73x1078 1.53 -0.04 3770
CH;0+H—CH;0H R20 1.03 095 15 2.68x10* 1.31 0.46 934 i
COH+H—HCOH R21 0.87 046 260 9.30x10° 0.95 0.72 252§
COH—C+0OH R22 036  -0.60 306 9.78x10° 2.01 0.66 232

OH—0+H R23 0.91 0.11 1210 3.62x10° — — —

3.2.1 The initial CO activation

CO dissociation on La/Ni(111) only requires an E, of
1. 63 eV, which is much lower than the results of 3. 74 €V on
Ni(111) due to the incorporation of La into Ni. The catalytic
activity of CO methanation on Ni catalyst is seen to have close
relation with the activity to dissociate CO"™>’’. Again, the pro-
moter La can promote HCO formation with an E, reduced by

0.43 eV in comparison with Ni( 111) , while not facilitate the

formation of COH, the adsorption of which have almost the

similar structure characteristic with or without La. Although
the E, is as high as 2. 11 eV for CO interaction with H to form
COH formation, the dissociation of COH only needs to over-
come as low as 0.36 eV. Given this, COH is also a possible
product of CO activation.

3.2.2 All possible pathways for CH, formation

To comprehensively understand the mechanism of CO
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methanation on La/Ni(111), taking all possible pathways in-
volved in CO methanation is necessary. Based on the reaction
network ( Fig.2), the potential energy diagrams of ten
possible pathways leading to CH, on La/Ni(111) are summa-
rized and presented in Fig. S4 in the Supplementary material.

CHy #---=-=mmmmomomosomonaneey :
LW CH; €
_,yCH; f '
_____ w® A ' !
CA i CF i . ¥CHO ~__ :
' : v CHO ~» CH;0H
! HCO 3 CH,OH ! 5
syngas I ’}HCOH'.\ R Y : Ae— '
A coH "] __ _.vhcH -

Fig.2 Reaction network involved in CO methanation to form CH,

CH;OH on La/Ni(111) surface

pathl

i 18
1.428

TS9 1.91

Energy(eV)

©
1271

It is observed that the corresponding overall activation en-
ergies of ten pathways are 2.06, 2.04, 2.11, 2.07, 2.39,
2.41, 2.73, 2.77, 3.37, and 2.65 eV, respectively. For
comparison, Pathl, Path2, Path3, and Path4, corresponding
to the lower overall activation energy of 2. 06, 2.04, 2. 11,
and 2.07 eV, are identified as the energetically favorable
pathways for CH, formation; the key intermediates of Pathl,
Path2, Path3, and Path4 are CO, HCO, COH, and CH,O,
correspondingly. And to be clear, there are two main strengths
of Pathl, Path2, Path3, and Path4, as expected: one is low
energy barrier and the other is that no CH,OH forms.

3.2.3 The energetically favorable pathways for CH, formation
As above, on La/Ni(111), Pathl, Path2, Path3 and

Path4, as presented in Fig. 3~ 6, are mainly responsible for

CH, formation.

Fig. 3 The potential energy diagram of pathl together with the structures of the ISs, TSs and FSs involved in CO methanation to form

CH, and OH on La/Ni(111) surface(The blue, gray, red, white and ultramarine balls represent Ni, C, O, H and La at-

oms, respectively; Bond lengths are in A)

© (%
2.597
2.0 TS41.96 TST2.04 ot
food TS 9 1.60 i} TS8LIO
(%) 1.424 H H r——— © H ! H I
1.5 - A /XS6 146\ 112648F- o4
S { ii @ j—
2z, TS2 0.95 { Vo 17sr e WSCHAD s A L on
% 104 = L ) \CH,
] 092 0 o 81 cirorem) i ©
8 ! - 0.70 OH 1.118 1.104
ol ol I Q200 oe., @ ©
/ 3.286\ 7 o A
oo lo00 0.972 =
CO+H+(5H) = —"1

2.662.

Fig. 4 The potential energy diagram of path2 together with the structures of the ISs, TSs and FSs involved in CO methanation to
form CH, and OH on La/Ni(111) surface(Bond lengths are in A, color coding see Fig. 3)

As shown in Pathl (see Fig. 3) , the initial CO dissocia-
tion occurs on La/Ni(111). To produce CH, on La/Ni(111),

the dissociated C then undergoes sequential hydrogenations to

form CH,. C hydrogenation to CH is exothermic with AE of
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and CH,

formations are

0.29 eV. The of CH,
thermodynamically uphill with 0. 34 eV and 0. 10 eV in AE, re-
spectively; the formation of CH, is significantly exothermic by
0.33 eV. E, for CH, CH,, CH, and CH, formations are 0. 52,
0.65, 0.89 and 0.45 eV, respectively; and the corresponding
rate constants are 7. 10x10° | 2. 57x107, 2. 86x10° and 9. 48x

10° s™" at 550 K, which are in accordance with earlier research

As shown in Path2 (see Fig.4), the direct dissociation
of HCO to CH and O is slightly exothermic by -0. 11 eV, the
corresponding £, is 1. 04 eV with the rate constant of 2. 17x
10° s, which is much lower than the dissociation of CO
(E,=1.63 eV) with the rate constant of 8.74x 107 s™'.
Next, the produced CH is followed by the successive hydro-

genations to CH,.

(Table 2).
()
path3 1304 © fssz v o
2.0 TS3 2.11 TR © 1534 1.574 o (“é
\“. i ! ' © . TS71.88 2.597%
1.5 H v TS5 140 1.787 | e/ N
z { 154 COH 3 — i ,  TS8L54
! ’ } 3 3 TS6 1.30 ! \
B0 ! e [ A I A
7 ! v y ! \ — L 0.
g 7Y L — v | LOCH+®) oy
= 1 i 094 C+OHHM) % 7 .99 CH,H(H) \CH,
054 ¢ ®  gescErH) @ 5
H 3.949 % ) 1.126 1.118 1.104
0.0 {2000 o S o
~ lco+m+im e
S
3.02?,0'
S .

Fig. 5 The potential energy diagram of path3 together with the structures of the ISs, TSs and FSs involved in CO methanation to form

CH, and OH on La/Ni(111) surface(Bond lengths are in A, see Fig. 3 for color coding)

1.581 PY
6., ¢¢ 1574 &
pathd 3.237
2.0 TS7 2.07 ° * )
7 _‘
‘ TSIELET Tsi6 183 /1S9 197 iy 2.597
] @ il B 1 W @ TS8 1.73
15- 5 | 161 CHO & L1 fam
2 ] / © 141,28 CH,+(HY \
L 104 TS2095 1.104 .28 CHHH) ' 00s
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Rl I #77) © 0972 1(.9133?‘
0.0 40:00 e
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2662

Fig. 6 The potential energy diagram of path4 together with the structures of the ISs, TSs and FSs involved in CO methanation to form

CH, and OH on La/Ni(111) surface( Bond lengths are in A, see Fig. 3 for color coding)

As shown in Path3 (see Fig.5), COH dissociation is

highly exothermic by 0. 60 eV with an £, of 0. 36 €V, and this
', Further, C un-

step has larger rate constant of 9. 78x10° s

dergoes four sequential hydrogenations to CH,.

As shown in Path4 (see Fig. 6), the formation of CH,0
is thermodynamically uphill with 0. 69 eV in AE, and the cor-
responding E, is 0.95 eV with the rate constant of 2. 58x10* s™.
The produced CH,0 dissociates into CH, and O with an E, of

0.22 eV; then CH, eventually leads to CH, formation.

In addition, the hydrogenation of the dissociated O is en-
dothermic by 0. 11 eV with an E, of 0.91 eV, leading to the

production of OH.
3.2.4 The effect of the by-product CH,OH formation on the

selectivity of CH, formation
During the generation of CH,, the by-product CH,OH

can be formed by the hydrogenation of CH,OH and/or CH,O.
As seen in Fig. S4 in the Supplementary material, Path7,
Path8, Path9 and Path10 for the conversion of CO to CH, and
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CH,0H on La/Ni ( 111 ) share identical steps until the
CH,OH or CH,0 intermediates are formed. Herein, the selec-
tivity of CH, and CH,OH are controlled by the relative activity
of CH,OH or CH,0 hydrogenation and dissociation. It can be
seen that most clearly, Path9 is kinetically feasible for CH,OH
formation with the overall activation energy of 2. 71 eV, which
is much higher than those of Pathl, Path2, Path3 and Path4
(2.06, 2.04, 2.11 and 2. 07) for CH, formation. This signi-
fies that CH,OH formation is inferior to CH, formation, and
the preferred product from CO methanation on La/Ni(111)
should be CH,.

3.2.5 Microkinetic modeling

Although the DFT results obtained show that CH,
formation is much more favorable than CH;OH formation, it is
incompletly only based on the overall activation energy and the
rate constant. More precisely, at the experimental terms of
Py, =25kPa, P, =75 kPa and T=550~750 K"*7" | the
rates of r,; and rey oy, calculated using microkinetic model-
ing™', can further be used to estimate the selectivity of CO
methanation. The detailed calculations of rq, and rq,q, are
presented in the Supplementary material. r,, and r, o, are lis-
ted in Table 3, and the variation of the relative selectivity of
1./ (rey, ¥ Teyon ) as a function of temperature is depicted
in Fig. 7.

As depicted in Table 3, the rates r increase with the in-
creasing of temperature on La/Ni(111), and rg, is larger
than rg, o, at the same temperatures, suggesting that the pro-
ductivity for CH, formation from syngas is higher than that for
CH,OH formation.

Table 3 The rates r (s' site™') for CH, and CH, OH formations in

CO methanation on La/Ni(111) surface at different tem-

peratures
Rate/ (57" site™")

T/K

r(CHy) r(CH;0H)
550 4.01x10° 7.46x1072
575 1.04x10% 4.40
600 2.05%10° 1.82x102
625 3.15x10' 5.59x103
650 3.94x10" 1.32x10°
675 4.10x10"2 2.45x10°
700 3.61x10" 3.67x107
725 2.75%10" 4.41x108
750 1.83x10" 4.07x10°

As shown in Fig. 7, in T=550~750 K, the relative se-
lectivity of CH, reaches almost as high as 100%™’ | far above
that of CH,OH at the same temperatures, signifying that
CH,OH is hardly formed on La/Ni(111). The same is true in
case that CH, selectivity increased to nearly 100% when La is
added to Ni/+y-Al, 0, for CO, methanation* ', Thus, the in-
troducing La into Ni leads to a superior selectivity to CH,
rather than CH;OH. This agrees well with earlier resear-

ches'™ " in which no CH,OH is formed.

1004 o ° - - * - - ° °

80

60

40

Selectivity/%

20

. CH,0H

550 575 600 625 650 675 700 725 750
Temperature/K
Fig. 7 The relative selectivities of the products CH, and CH;0H on
La/Ni(111) surface at the different temperatures using the mi-

crokinetic modeling

3.3 General discussions
3.3.1 Impact of the promoter La in La/Ni (111) on
CO methanation

As schematically shown in Pathl, Path2, Path3 and
Path4 on La/Ni ( 111), the overall activation energies of
2.04, 2.07, 2.06 and 2. 11 eV are favorable for CH, forma-
tion, which are reduced by up to 0.29 eV compared to earlier
results of 2.33 V" on Ni(111), indicating that a superior
catalytic activity is observed over the modified La/Ni( 111).
The same is true in case that La increases the activity of Ni/+y-
Al,0, for CO, methanation'®*".

In the case of the pure Ni(111), the formation of CH,
from syngas is competitive with CH,OH formation (2.33 ws
2.36 eV'"). This is why the selectivity of Ni(111) for CH,
formation needs to be improved by introducing La into Ni, and
fortunately, this approach has turned out well. On La/Ni
(111), in comparison with 2. 71 eV for overall activation en-
ergy of CH,OH by-product, CH, formation is much more fa-
vorable with a significant decrease of 0.67 eV due to the
tuning effect of La, indicating that an excellent selectivity can
be exhibited by the incorporation of La into Ni.

As stated above, introducing La into Ni performs the su-
perior CH, activity and selectivity associated with the remarka-

ble resistance to CH;OH formation. This is indeed shown to be
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the case in some other reports'™’ that a CO conversion of al-
most 100% is obtained on La incorporated Ni—based methana-
tion catalyst. Essentially, the rare earth element La is func-
tioned as the electron modifier, which is helpful for activating
CO molecule.
3.3.2 Electronic structure analysis based on the synergistic
effect between La and Ni

As indicated by the results of DFT calculation and micro-
kinetic modeling, introducing La into Ni can produce an excel-
lent reactivity of CO methanation, and presumably as a result of
the synergistic effect between La and Ni, which have been
proven by the differential charge density of the La atom and Ni

atoms on La surrounding surface over La/Ni(111) in Fig. 8.

OQO

Fig. 8 The differential charge density of La atom and Ni atoms on La sur-

rounding surface over La/Ni(111) : (a) side view, (b) top view

('The yellow and blue shaded regions represent charge loss and

charge gain, respectively)

As can be seen from Fig. 8, charge loss behavior of La is
happening in the yellow areas, while electron accepting behav-
ior of Ni is occuring in the scattered blue areas. That is, there
is depletion of electron density around the La atom and accu-
mulation of electron density on the Ni atoms nearby the La at-
om. This “delocalization” allows electron transfer from the La
atom to the electron-accepting Ni atoms placed nearby, sug-
gesting that La makes its electrons available to the Ni atom

over La/Ni (111). Thus far,
La—Ni.

the electron transfer occurs,

As presented in Fig. 9, it is the electron transfer from La
to Ni that enriches d-band electron density of Ni atoms, leads
to a shift of &, of La/Ni(111) , and thereby improves the reac-
tivity of Ni for CO methanation. This is known as the electron

“delocalization effect” "’

, partly as a result of the synergistic
effect, the other result of which is the so-called structure “con-
finement effect” , which leads to a decline in the crystallite size
and a growth in the number of La/Ni reaction sites!™ * "%

and ultimately creates a greater increase of the reactivity of CO

Ni(111)-d

T T T

LaNi(111)-d

pDOS (arbitrary units)
]
=1

8 -6 -4 2 0 2 4 6
E-E, (eV)

Fig. 9 Projected density of states pDOS for d-band center on Ni(111)
and La/Ni(111) surfaces. The vertical black lines donate the

Fermi level

methanation. Apparently, the addition of the promoter La re-
markably modifies the electronic environment of the Ni(111).
3.3.3 Role of promoter La

Throughout the whole reaction network, compared to Ni

(111),,

reactivity of CO methanation. The main role of the promoter La

La/Ni(111) has exhibited a significant increase in

is to weaken and then promote the cleavage of C—O bonds of
CO, HCO, COH and CH,O, which are respectively the key
intermediates of Pathl, Path2, Path3 and Path4 in CO metha-
nation. This conclusion is further supported by Bader charges

and the projected density of states (pDOS) ™,

analysis' " "’
which are depicted in Table 4 and Fig. 10, respectively.

For absorbed CO, HCO, COH and CH,O, it can be
clearly seen from Table 4 that the accumulation of charge is
around the C atom when La is doped. The more charge number
the C atoms (2. 88, 3.03, 3.76 and 3. 61 e) on La/Ni(111)
carries, the less C positive electricity is, compared to those

(2.52,2.96,3.29 and 3. 12 ¢) on Ni(111),

the weaker polar C—O linkage, and ultimately introduces the

then it offers

lower activation energy for C—O bonds breaking.

Besides, taking d._,, of CO, HCO, COH and CH,0O on
Ni(111) as the reference, the C—O bonds of CO, HCO,
COH and CH,0 on La/Ni(111) are elongated, and the O at-
oms of CO, HCO, COH and CH,0 move towards the La due
to the weakened C—O bonds, as seen from Table 4. This a-
grees with the calculated activation energy for breaking C—O
bonds of CO, HCO, COH and CH,0, as summarized in Table
2. Clearly, as d_,, stretched, the activation energies of 1. 63,
1.04, 0.36 and 0.22 eV corresponding to the C—O bonds
cleavage of CO, HCO, COH and CH,O gradually decrease,
then until CH,0 has a minimum at a much longer C—O distance
d. ,=1.432A that means the C—O bonds cleavage of CO,
HCO, COH and CH,0 are much favorable when La is doped.
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Table 4 Charges ¢q of C and O atoms of CO, HCO, COH, and CH,O as well as the promoter La and its nearest Ni atoms of La/Ni(111)

and Ni(111) surfaces

Species Charges, ¢/e
C:2.52 C:2.88
(6{0) 0:7.84 0:7.92
de_o=1.194 de_o=1271
C:296 C:3.03
HCO 0 :7.60 0:7.82
de_o=1.294 de_o=1.319
C:3.29 C:3.76
COH 0O : 8.00 0:7.87
de_o=1.337 de_o=1.399
C:3.12 C:3.61
CH,0 0:7.59 0:7.45
de_o=1.385 de_o=1.432
15 €O : [a] 15 HCO [b]
1.0 i ]
2 0s] i
g ] I
£ 0.0 i
S 1.5
I 1 . I
= 1.0 Ni(111) I
& ] —C, !
2 05 —0,, !
00l AN ;
-10 -8 -6 -4 -2 0 2
COH CH,0
15 1.5 L [d]
La/Ni(111) 1
1.0 4 1.0
g 0.5 or 0.5]
g ] _Olv N __
o0l A . . d 0.0 :
215 | 15
> 10] Ni(11y) i 1.0] i
o —C, . C,
el =% ) R i
00l A : : : A2 N A S
25 -20 -15 -10 -5 0 12 10 -8 -6 -4 -2 0 2
Energy (eV)

Fig. 10 Projected density of states (pDOS) for CO (a), HCO (b), COH (c¢) and CH,0 (d) chemisorptions on La/Ni(111) and Ni

(111) surfaces. The vertical line indicates the Fermi level

As plotted in Fig. 10, on La/Ni(111), there are the hy-

bridizations between C, , O,, and La, orbitals, and note that

s
the bonding states of C—O bonds of CO, HCO, COH and
CH,0, located below the E;, move away the E, relative to
those on Ni(111). This is caused by electron donation from La
to these molecules, similarly to which found for Cu cluster ™.
Namely, the C, —O,, states is pulled below the E by the ini-
tial empty antibonding La,, which is partially filled due to
Las, participating in the charge transfer. Thus, the downshift of

C,,—O,, states accelerates the C—O bonds cleavage of CO,

HCO, COH and CH,O0.

As a consequence, the promoter La can weaken C—O
bond strength, accelerate the cleavage of C—O bonds of CO,
HCO, COH and CH,O0, and promote CO methanation; and
the increase of the reactivity of CO methanation on La/Ni

(111) can be ascribed to the introduction of the promoter La.
4 Conclusions

DFT results indicate that the enhanced catalytic activity of
La/Ni(111) observed theoretically is the result of a decrease in
the reaction barrier for C—O bond cleavage of CO, HCO,
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CH,O and COH, which are the key intermediates of Pathl,
Path2, Path3 and Path4 for CH, formation, respectively. On
the other hand, the enhanced selectivity of La/Ni(111) com-
pared to undoped Ni(111) in CO methanation is due to the
lowering of the overall activation energy toward CH, formation
and the significant increasing of that toward CH,;OH formation,
and thereby leads to no CH,;OH yield.

Meanwhile, the results of the microkinetic modeling show
that CH, selectivity is far above CH,OH at any temperature be-
tween 550 K and 750 K, and CH,0H is hardly formed on La/
Ni(111). Moreover, the increase of CH, selectivity can be as-
cribed to introducting La into Ni, which have been proven by
the differential charge density of the La atom and Ni atoms on
La surrounding surface over La/Ni(111). The synergistic effect
between La and Ni in La/Ni(111) displays significant effec-
tiveness in maximizing CH, and minimizing CH,OH.

Conclusively, the promoter La can weaken C—O bond
strength, introduces the lower activation energy for C—O
bonds breaking, and promote CO methanation. Namely, the
superior activity and selectivity of La/Ni( 111) is mainly origi-

nated from the synergistic effect between La and Ni.

Supplementary material: download
link . http: //www. mat-china. com/0a/
DArticle. aspx? type =view&id =202009183
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