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ABSTRACT: Non-oxidative direct methane conversion . Activity: CH, (g) — CHy* + H* Coke/C,H, selectivity: CH adsorption
provides a potentially economic and environmental friendly CHa)

route fOI‘ the .use Of natural gas and Sl.lazle gas, but thI.S PI‘OCESS 3 Thermodynamic Strong CH adsorption : H Weak CH adsorption
suffers the disadvantages of low activity and selectivity and S 4] P

harsh operating conditions. Using density functional calcu- 2 l’

lations, we develop the relations in heats of adsorption of CH,, I-E 3 i

(x = 0—4) species and catalytic performance of conventional ¢ Multisites  CHz. Single-site

Fe, Ru, and Co-based catalysts and identify the key factors that V g 5,

affect the activity and selectivity as methane adsorption and 2 - . - Coke=* CHa)

the relative strength of CH, and CH adsorption. Based on the Multi-sites  Single-site

analysis, we design the single Ru sites embedded in rutile

TiO,(110) catalyst, which tunes the adsorption strength of CH, compared with the traditional Ru-based catalyst, particularly
weakening CH adsorption relative to CH, adsorption, thus leading to increased activity, improved selectivity toward ethylene,
and strong resistance toward coking. This work highlights the impact of surface coordination environment, achieving
fundamental insight that can be used to design and develop improved catalysts for direct methane conversion and other
important reactions of technological interest.

1. INTRODUCTION highly efficient methane conversion. First, the reactivity of
catalyst is very poor at low tempm‘atu1‘es.3’9’10 For instance,
methane conversion is only 11.5% on the Mo-based catalysts at
983 K. To achieve a higher conversion rate, elevated
temperatures (>1100 K) are often employed.*® It is generally
believed that the scission of the first C—H bond limits the total
activity of methane conversion. However, it remains unclear
why the first C—H bond is so difficult to be activated and how
to facilitate its activation. Second, coking is often produced at
the operating conditions (973—1123 K) for non-oxidative
direct conversion of methane, which causes the degradation in
selectivity and stability.”''~"® Mechanistically, once the first
C—H bond is cleaved, the subsequent dehydrogenation on the

The abundance of natural gas and the advances in the
extraction technology of shale gas makes methane a valuable
raw material for the petrochemical industry.”” Compared to
the multistage methane conversion via syngas (a mixture of H,
and CO), the direct conversion of methane provides a
potentially more economical and environmental-friendly
route for carbon resource utilization.”™ In particular, the
non-oxidative direct conversion of methane, which avoids the
generation of side products such as CO, and CO as in the
direct oxidative conversion, can increase the carbon-atom
utilization efficiency in principle.” > Recently, Bao et al.
reported that the single-iron sites embedded in a silica matrix

can activate methane in the absence of oxidants, producing surface of transition metal catalyls:sl Sis quite facile, leading to
ethylene, aromatics, and hydrogen as the only products, with the formation of coke eventually. ™~ Therefore, the challenge
ethylene dominatin§ at short space-times for a selectivity of for improved activity, selectivity, and stability is to tune the
~52.7% at 1293 K.
Although the enormous progresses have been achieved with Received: February 21, 2019

non-oxidative direct conversion of methane experimentally,”™* Revised: ~ May 20, 2019
two fundamental problems still need to be understood for Published: May 22, 2019
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Figure 1. Schematic structures for various metals (top view) and Ru,/TiO,(110) surfaces (top and side views). (a) Ru(0001), (b) Co(0001), (c)
Co(1011), (d) stepped Co, (e) Fe(310), Ru;/TiO,(110), where Ru coordinates with two (f) or one (g) bridge O, and where Ru substitutes a five-
coordinated Ti with (h) or without (i) bridge O at the nearest neighbor. The cyan, blue, purple, dark yellow, and red balls represent Ru, Co, Fe, Ti,
and O atom, respectively. The unit cells are denoted by the dashed white lines and the bridge O, pairs on Ru;/TiO,(110) are highlighted in black

rectangle.

Figure 2. Preferred adsorption configurations of (a) CH,, (b) CH;, (c) CH,, (d) CH, (e) C, and (f) H on Ru(0001) and Ru,/TiO,(110) surfaces.
The cyan, dark yellow, gray, white, and red balls represent Ru, Ti, C, H, and O atom, respectively.

relative reaction rates of the different methane dehydrogen-
ation steps (facilitate the first step whereas retard the last
steps) by changing catalyst structure and composition.'®'”

Using density functional theory (DFT) calculations, we
identify the key factors that control the activity, selectivity, and
stability toward the non-oxidative direct conversion of
methane to ethylene on the conventional transition metal
(such as Fe, Ry, and Co) surfaces. Guided by the fundamental
understanding, we design the single Ru sites embedded in a
rutile TiO,(110) matrix [denoted by Ru,/TiO,(110)] to tune
the adsorption strength of CH, (x = 0—4) by coordination
environment and synergistic effect, achieving improved
methane conversion activity, ethylene selectivity, and coking
resistance.

2. COMPUTATIONAL METHODS

Spin-polarized DFT calculations were carried out for all the
systems except Ru(0001) using VASP5.3,'®" with the all-
electron projector augmented wave method.”””' The ex-
change-correlation effects were described by the generalized
gradient approximation in form of Perdew—Burke—Ernzer-
hof.”> The wave functions were expanded in a basis of plane
waves with a kinetic energy cutoff of 400 eV and a density
cutoff of 900 eV. The calculated lattice constants for bulk Ru,
Co, Fe, and rutile TiO, were 2.72 A/4.29 A, 2.50 A/4.03 A,
2.83 A, and 4.65 A/2.97 A, respectively, which agrees well with
the experiments (2.71 A/4.28 A, 2.51 A/4.07 A, 2.87 A, and
4.59 A/2.96 A). >

The Ru(0001) surface was modeled by a five-layer slab with
the (2 X 2) periodicity. The Co(0001) and Co(1011) surfaces
were modeled using a four-layer slab within (3 X 3) and (2 X
2) surface unit cells, respectively. The stepped Co surface was
modeled using a four-layer (7 X 3) close-packed surface, in

which three neighboring rows of metal atoms on the top layer
are removed. The stepped Fe(310) surface was modeled by a
slab with four equivalent Fe(110) layers, and a (2 X 2) unit cell
was chosen. The single Ru sites embedded in a rutile
Ti0,(110) [Ru,/Ti0,(110)] was modeled by a four O—Ti—
O trilayer slab with the (3 X 1) periodicity, where one-sixth of
the surface Ti atoms were substituted by Ru atoms (see
Supporting Information for more details of the model). The
structures for the simulated surfaces are shown in Figure 1. A
vacuum region of 15—16 A was used along the z-direction to
avoid the interactions between repeated slabs. The surface
Brillouin zone was sampled by (6 X 6 X 1), (4 x4 X 1),(§X §
X1),(4%x2x%x1),(5%x5x%1),and (4 X 6 X 1) Monkhorst—
Pack grid meshes for the Ru(0001), Co(0001), Co(1011),
stepped Co, Fe(310), and Ru,/TiO,(110) surface, respec-
tively.”> The adsorbates and the top two metal or TiO, layers
were fully relaxed till the residual forces were less than 0.03
eV/A, while the remained layers were fixed to their bulk
truncated position.

The adsorption energy AE, ;4 was calculated to be the energy
gain of the adsorption with respect to the clean substrates and
corresponding species in the gas phase. Here, a positive
(negative) value indicates that the adsorption is endothermic
(exothermic). The adsorption free energy AG of methane was
obtained by AG = AE 4 + AZPE — TAS, where AE 4, T,
AZPE, and AS were the adsorption energy of methane,
temperature, the change in zero-point energy, and entropy due
to the adsorption, respectively. ZPE values of gaseous and
adsorbed methane were obtained by DFT calculated
frequencies, and S of gaseous methane was obtained by
standard tables.”® The transition states (TSs) were located by
the climbing—ima§e nudged elastic band method***” and force
reversed method™ and confirmed by frequency analysis. The
relaxations were stopped when the residual forces were less
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Figure 3. Energy profiles of methane dehydrogenation on (a) pure metals and (b) Ru,/TiO,(110). The transition state structures on Ru(0001)
and Ru,/TiO,(110) are given. The cyan, dark yellow, gray, white, and red balls represent Ru, Ti, C, H, and O atom, respectively.

than 0.03 eV/A. The activation energies (AE,) and reaction
heat (AH) were calculated with respect to the most stable state
for separate adsorption of adsorbates on the surfaces. Zero-
point energy corrections were not included in AE,
calculation.

3. RESULTS AND DISCUSSION

3.1. Methane Dehydrogenation on the Conventional
Transition Metal Catalysts. We first study methane
dehydrogenation on the conventional transition metal
catalysts, including Fe(310), Ru(0001), Co(0001), stepped
Co, and Co(1011) surfaces. The adsorption energies AE,y, of
the various intermediates at the most stable sites (Figures 2
and S1) are listed in Table S1, and the energy profiles are
presented in Figure 3a. Regardless of the nature and structure
of transition metals, two main features can be found from
Figure 3a: (1) when using the adsorbed methane (CHJ) as the
energy reference, the scission of the first C—H bond that has
been believed to be the rate-limiting step of direct methane
conversion is not too difficult. The reaction is modestly
exothermic by 0.03—0.25 eV, with the activation energy AE,,
of at most 1.01 eV (Table S2). (2) CH or C has the lowest
energy among the CH,, (x = 0—3) intermediates in the energy
profile, which is thermodynamically more favorable for the
formation of coke instead of ethylene. For the latter one, the
preferred CH, intermediate should be CH; or CH,.
Furthermore, compared to other dehydrogenation steps, CH,
dehydrogenation has substantially lower barrier (AE,, = 0.03—
0.26 €V). The AE,, for CH, dehydrogenation is also much
lower than its dimerization on the surfaces studied, typically
falling in the range of 0.37—1.23 eV,”3% indicative of facile
coke formation kinetically. Our calculated CH, (x = 1—4)
dehydrogenation barriers on Ru(0001), Co(0001), and
stepped Co agree well with previous DFT studies by van
Santen et al. and Hu et al, with AE, differing by 0.02—0.23
eV.'"**"%* The slight discrepancy may be explained by the
different functionals and pseudopotentials used in our
calculations and previous studies.

Because the first C—H bond scission is so facile kinetically,
what factors lead to the low activity of direct methane
conversion? Are they primarily thermodynamic or kinetic
factors? To understand these questions, we considered the
effect of entropy and zero point energy. Using the free energy
of gaseous methane (CH,(g)) and clean surfaces as the energy
reference, we decompose the activation energy AE, ., of the
first C—H bond scission into two terms

AE, ., = AE,, + AG

act2 actl
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AE, ., and AG are the activation energy relative to adsorbed
methane (CHF) and adsorption free energy of methane,
respectively. As shown in Figure 4, AE,, of the first C—H

-
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Figure 4. Activation energy decomposition for the first C—H bond
scission in methane on Ru(0001) and Ru,/TiO,(110) at 298 and
1100 K.

bond scission on Ru(0001) is calculated to be 1.53 eV at 298
K, much higher than AE_,, by 0.56 eV. The AG is positive,
implying that CH,(g) is more stable than CH}. This can be
well understood because no excess electrons or empty orbitals
are available in the C atom of methane to bond with the
surface. As the temperature increases, the effect of entropy
becomes more significant, leading to more positive AG. At the
temperature (T = 1100 K) where direct methane conversion to
ethylene is thermodynamically feasible, AG is as high as 2.89
eV (with the contribution of entropy of 2.91 eV), which largely
increases the difficulty of methane adsorption and dominates
the total AE,,. Therefore, the unfavorable thermochemistry is
primarily responsible for the difficult methane activation in the
non-oxidative coupling process of methane. The oxidants such
as O, and so forth** have been introduced to the reaction
process to overcome the thermodynamic limitation (more
negative free energy change relative to the non-oxidative
coupling of methane at the same temperature), which is the so-
called oxidative coupling process of methane.

Having identified the key factors that affect the activity of
direct methane conversion, we then turn our attention to the
selectivity of ethylene and coking. As discussed above, to
improve the selectivity of ethylene relative to coking on the
transition metal catalysts, one key issue is to suppress CH,
dehydrogenation. We will show below how this can be
achieved by fundamental understanding guided material
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Figure S. (a) Activation energies AE,  of CH, (x = 1-3) dehydrogenation as a function of the reaction heat AH; (b) adsorption energies AE, 4 of

CH, (x = 0—4) at the favorable sites on Ru(0001) and Ru,/TiO,(110).
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Figure 6. PDOS for adsorption of CH (a) and CH, (b) on Ru,/TiO,(110). The PDOS of C 2sp, coordinated Ru 4d, and Ti 3d are represented by
yellow, blue, and green areas, respectively. The reference zero is Fermi energy level.

design. Our calculations show that the structures of the initial
states (ISs) and transition states (TSs) of CH, (x = 1-3)
dehydrogenation are very alike on Ru(0001), Co(0001),
Co(1011), and Fe(310): CH,, generally adsorbs at the hollow
site at the IS (Figures 2 and S1) and remains almost
unchanged at the TS, with the dissociated H atom at the
adjacent top (0001) or bridge site (1011 and 310), as shown in
Figures 3a and S2. This leads to a good Brensted—Evans—
Polanyi relation between the AE,, and reaction heat AH of the
CH,, (x = 1-3) dehydrogenation on these surfaces, as shown
in Figure Sa, suggesting that the kinetics is largely determined
by the thermochemistry. Correspondingly, CH, dehydrogen-
ation and coke formation can be inhibited by weakening CH
adsorption with respect to CH, adsorption.

3.2. Methane Dehydrogenation on the Single Ru
Sites Embedded in TiO,(110). In our previous work, we
found that the coordination environment of metal had a
significant effect on the relative adsorption strength of CH,, (x
= 0—4). Specifically, compared to the stepped Ir with the Ir—Ir
coordination, the single Ir sites embedded in the rutile
TiO,(110), where Ir coordinates with O, weakened CH
adsorption (by 1.68 eV) more than CH, adsorption (by 1.10
eV).”> We thus choose the single Ru sites embedded in the
rutile TiO,(110) (denoted by Ru,/TiO,(110)), with the hope
to weaken CH adsorption with respect to CH, adsorption and
in turn to improve the ethylene versus coke selectivity by the
Ru—O coordination environment. Ru is chosen due to its high
activity in methane activation and the high stability of Ru,/
TiO,(110) caused by the similar lattice distances between
RuO, and rutile TiO,.>

The bridge oxygen vacancy (O,) on the TiO,(110) surface
have been shown to play a crucial role for high activity in many
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catalytic reactions.’””” To simulate the coupling reaction of

two methane molecules in the present work, two adjacent
bridging O, (O, pairs) on Ru,;/TiO,(110) are required. The
previous scanning tunneling microscopy experiment and DFT
calculation have shown that the bridge O, pairs are more stable
than two discrete bridge O, on pure TiO,(110).** We further
study the effect of Ru doping on the bridge O, arrangement in
a (4 X 1) TiO,(110) unit cell. It is found that the bridge O,
pairs (Figure S3a) almost energetically degenerate with two
discrete bridge O, (Figure S3b), indicating that the bridge O,
pairs can also be stable on Ru;/TiO,(110). To reduce the
computational cost, we employ a (3 X 1) TiO,(110) unit cell
to model the bridge O, pairs and systematically study the effect
of Ru locations in the following. There are four possible Ru
locations: Ru atom coordinates with two (Figure 1f) or one
bridge O, (Figure 1g); Ru substitutes a five-coordinated Tij,
with (Figure 1h) or without (Figure 1i) bridge O at the nearest
neighbor. The configurations in Figure 1f,g are more stable
than those in Figure 1hi by 0.21—0.29 eV (Table S3).
Therefore, the configuration in Figure 1f was finally chosen to
model the Ru,/Ti0,(110).

Having determined the model for Ru,/TiO,(110), we
investigate the adsorption of intermediates involved in non-
oxidative coupling process of methane. Various possible
adsorption sites have been studied (Tables S4 and SS, Figure
S4), and the most stable structures are shown in Figure 2.
Interestingly, compared to Ru(0001), CH, binds on Ru,/
TiO,(110) slightly stronger by 0.14 eV, whereas CH binds
largely weaker by 0.75 eV (Figure Sb). The projected densities
of states (PDOS) for CH and CH, adsorption on the Ru;/
TiO,(110) surface are plotted in Figure 6. For both CH and
CH, adsorption, the peak intensities of Ti-derived states are
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very small, indicative of the weak hybridization between the
two adsorbates and Ti. In contrast, the extensive hybridizations
between C and Ru are found at energy windows of (—7.11,
—6.73 eV) and (—2.90, —2.23 eV) for CH and those of
(—6.43, —5.83 eV) and (—2.05, —1.73 eV) for CH,, which can
be attributed to the bonding states between CH/CH, and Ru.
These results suggest that the adsorbates mainly bind with the
single Ru sites on Ru,/TiO,, and the weakened CH adsorption
with respect to Ru(0001) may originate from the transition
from the triple bond to the single bond.

Similar to the transition metal surfaces, the CH,
dehydrogenation kinetics is also mainly determined by its
thermochemistry on Ru;/Ti0,(110). As shown in Figure 3b
and Table S6, CH, dehydrogenation is the most difficult step
among all the dehydrogenation steps, with the AE,, of 1.29
eV. The result is in sharp contrast with that on Ru(0001)
(AE, = 0.19 eV), which means that more CH, species can be
expected on Ru;/Ti0,(110). We further compare the 2CHj
— C,H¥ reaction on Ru(0001) and Ru,/TiO,(110), which
has been shown to be one of the most possible C—C coupling
pathways,”” and find that the coupling AE,, on the two
surfaces are 1.29 and 0.85 eV, respectively (see Table S7 and
Figure SS). Thereafter, the lower CH, dehydrogenation
activity and higher CH, coupling activity on Ru,/TiO,(110)
not only inhibit coke formation but improve ethylene
selectivity.

Besides the improvement in the ethylene selectivity and coke
resistance, Ru,/TiO,(110) also increases the activity of direct
methane conversion that controlled by the first C—H bond
scission of methane. Compared with Ru(0001), Ru,/
TiO,(110) binds CHj stronger by 0.36 eV (smaller AG,
Figure 4) due to the ligand effect caused by TiO,(110). To
illustrate the ligand effect, surface Ru 4d PDOS for both
surfaces without adsorbates are plotted in Figure 7. Compared

| —— Ru(0001)

PDOS / a.u.

Figure 7. Calculated PDOS for surface Ru 4d orbital of bare
Ru(0001) (solid black line) and Ru,/TiO,(110) (dashed red line)
surfaces.

to Ru(0001), there are considerable states available around the
Fermi level for Ru atoms in the Ru,/TiO,(110) surface, which
would make it more active. Moreover, the larger spatial
extension of Ru 4d-orbitals on the Ru,/TiO,(110) surface
than that on Ru(0001) surface may allow more extensive
charge transfer and redistribution, forming a stronger chemical
bond with adsorbates accordingly. Compared to CH,
adsorption, the ligand effect on Ru,/TiO,(110) strengthens
CH, and H adsorption more (Figure Sb), leading to more
negative AH (by 0.79 eV, Table S6) and lower AE,, (by 0.87
eV, Figure 4) for CHf — CH¥ + H* than on Ru(0001).
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The fundamental insights gained can be applied to improve
the design principles for catalyst and catalytic process for non-
oxidative direct conversion of methane. For instance, nano-
structuring and nature of single site and substrate are two
possible approaches to improve catalysts as these approaches
manipulate the relative adsorption strength of CH,. In
addition, the unfavorable thermochemistry, particularly the
effect of entropy for CH, adsorption, mainly results in the low
activity for non-oxidative direct conversion of methane. The
innovation in reaction process by adding suitable oxidants
(such as H,0,, N,O, etc.) or superacid can significantly
improve the thermochemistry and reduce the reaction
temperatures for direct methane conversion.””~** The electro-
catalytic conversion of methane, which can operate at milder
conditions and avoid additional separation of products (H,
from C,H,), also provides a more economical and eco-friendly
approach for the direct methane conversion.*’

4. CONCLUSIONS

Using density functional calculations, the methane adsorption
and the relative strength of CH, and CH adsorption have been
identified as the key factors that affect the activity and
selectivity of non-oxidative direct methane conversion on
conventional transition metal catalysts. By decreasing coordi-
nation number in single Ru sites-embedded TiO,(110), the
adsorption strength of CH,, (x = 0—4) is tuned, particularly
CH binding is largely weakened with respect to CH,, thus
leading to increased activity and improved ethylene selectivity
and coking resistance. This work offers mechanistic under-
standing into non-oxidative direct methane conversion at the
atomic level, and the surface-coordination-environment-guided
catalysts design can potentially be used for direct methane
conversion and other important reactions of technological
interest.
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