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CO methanation is an industrially important reaction for the removal of trace amounts of CO from the
hydrogen feed for ammonia production and in proton exchange membrane fuel cells. Although the
H-assisted CO dissociation mechanism has been extensively elucidated, discrepancies exist in determining
through which C;-oxygenate intermediates the C-O bonds are broken. Using density functional theory
calculations and microkinetic studies, we show that theoretical studies can reach agreement in C-O bond
scission via the CHO intermediate on Co(0001) at a low coverage regime, and this mainly controls the CO
methanation rate. This mechanism is independent of the functionals considered and the presence of
graphitic carbon, and likely also pertains to other Co surface structures, including some open facets and
step sites. The work provides fundamental insights into the mechanistic discrepancies relating to CO
activation and methanation on hexagonal close-packed Co catalysts, which can potentially be used to
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Introduction

The CO methanation reaction, namely CO + 3H, — CH, +
H,0, is an industrially important reaction for the removal of
trace amounts of CO from the hydrogen feed for ammonia
production® and in proton exchange membrane fuel cells.> CO
methanation is also used in connection with the gasification
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design improved CO hydrogenation catalysts.

of coal® and Fischer-Tropsch synthesis. A number of
experimental”>™® and theoretical works'*?* have been
conducted to elucidate the reaction mechanism, however
several details regarding CO activation and methanation
pathways remain of some debate, and this greatly hampers
the design and development of the improved catalyst. The first
step towards optimized catalyst performance is to understand
the controversies, reach an agreement in the reaction
mechanism and in turn identify the key factors that control
the reaction activity at the atomic scale.

Both experimental®™ and theoretical studies™*™>* have
elucidated a H-assisted CO dissociation mechanism on
supported Ru, Co, Fe and Ni based catalysts and model
surfaces. However, diverse C;-oxygenate precursors and
reaction pathways for C-O bond scission have only been
speculated. For instance, CHO has been identified as the key
intermediate for CO methanation on Ru/Al,O; catalysts by in
situ  diffuse reflectance infrared Fourier transform
spectroscopy and steady-state isotope transient kinetic
analysis.> By combining H,/D, isotope measurements and
kinetic analysis on Co and Fe nanoparticles, as well as
density functional theory (DFT) -calculations on model
Co(0001) and Fe(110) surfaces, Iglesia et al.® and Holmen
et al.” suggest that C-O bond scission occurs via an alcohol
intermediate, CHOH. However, most of the theoretical
calculations show that aldehyde intermediates CHO '*™*® or
CH,0"?° are the precursors for C-O bond scission on the
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close-packed metal surfaces. In particular, for a given metal
surface, such as Co(0001), discrepancies exist in theoretical
studies regarding C-O bond scission vie a CHO'™® or
CH,0'?*° intermediate. The reasons for the discrepancies
between the theoretical studies and between the theoretical
and experimental studies need to be well understood in order
to better design and develop improved catalysts.

Several factors that may lead to the diverse C;-oxygenate
precursors and C-O bond scission pathways have come to our
attention: (1) the existing theoretical studies consider specific
CO activation pathways via aldehyde or/and alcohol
intermediates. To our knowledge, no studies including all the
C;-oxygenate intermediates and relevant reaction pathways
are available. The lack of systematic investigations leaves open
the possibility that other intermediates may be responsible
for C-O bond scission. (2) It has been shown that functionals
may have a significant effect on Fischer-Tropsch synthesis.**
The previous CO methanation calculations generally
employed the generalized gradient approximation with the
PW91>® or PBE*® exchange-correlation functional, and these
often overestimate the interaction of O with the transition
metals. This may lead to a higher stability of the aldehyde
intermediates compared with their alcohol isomers, since O is
bonded to the surfaces in the former instead of in the latter.
Thus, the effect of functionals, including a wider range of the
descriptions of adsorbate-surface interactions from strong to
weak, should be investigated.>” (3) Carbon deposition’®*® has
been detected on the surfaces of transition metal-based
catalysts during CO hydrogenation, but it is unclear yet
whether the presence of coke changes the relative stability of
aldehyde and alcohol intermediates. (4) Theoretical studies
mainly focus on the close-packed surfaces of transition
metals. However, the metal nanoparticles employed in the
experiments contain other surface sites such as open surfaces
and steps etc. A systematic investigation into how the relative
stability of the aldehyde and alcohol intermediates depends
on the surface structure is still missing.

In addition to the CO activation pathways, controversies
also exist in the rate limiting step of CO methanation.
Surface science experiments by de Groot et al. found equal
apparent activation energy for methane formation on
Co(0001) and Co(11-20)."° They proposed a similar rate
limiting step of CH; hydrogenation on the surfaces. However,
by combining experimental and theoretical studies, Iglesia
et al.®® and Holmen et al” proposed a CO hydrogenation
pathway limited by H-assisted CO dissociation on the close-
packed Co, Fe and Ru surfaces.

In order to provide insights into the mechanistic
discrepancies, we systematically investigated all the C;-
oxygenate intermediates and relevant pathways for CO
activation and methanation on Co(0001) using DFT
calculations and microkinetic simulations. We also studied
the effects of functionals, carbon deposition and surface
structure on the CO methanation mechanism over hexagonal
close-packed (HCP) Co catalysts. The strongly constrained
and appropriately normed (SCAN) meta-GGA,*® PBE*® and
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Bayesian error estimation functionals with van der Waals
correlation (BEEF-vdW),*® which describes a wide range of
adsorbate-surface interactions from strong to weak, were
chosen to illustrate the effect of the functionals. The
thermodynamically stable graphene configurations,>* the
open Co surfaces (0001, 10-10, 10-12, 11-20 and 10-11) that
we previously identified on HCP Co catalysts'®> and stepped
Co were used to investigate the effect of carbon deposition
and the Co surface structure. Finally, we discuss the possible
effect of support and adsorbate-adsorbate interactions in CO
methanation. The work provides fundamental understanding
into the mechanistic discrepancies in CO activation and
methanation on HCP Co catalysts, and the insights obtained
can be applied to other CO hydrogenation catalysts such as
Ru, Fe and Ni based catalysts.

Methods

Spin-polarized DFT calculations were performed with the
Vienna ab initio simulation package (VASP).>* The interaction
between the ionic cores and the electrons was described by
the projector-augmented wave (PAW) method, and the Kohn-
Sham valence electronic wavefunction was expanded in a
plane-wave basis set with a kinetic energy cutoff of 400 eV.
The exchange-correlation effects were represented within the
generalized gradient approximation (GGA) using the PBE
exchange-correlation ~ functional,®®  unless  otherwise
indicated. The energies were converged to within 10™* eV per
atom, and the forces were converged to within 0.03 ev A™.

The p(2 x 2) slab models were used for all the surfaces
exposed in the morphology of the HCP Co particle (see our
previous work' for more details), with the exception of
Co(0001) with a (3 x 3) surface unit cell. The stepped Co was
modeled using a (7 x 3) close-packed surface, in which three
neighboring rows of metal atoms on the top layer were
removed. All the surfaces were simulated by four equivalent
(0001) layer slabs. Neighboring slabs were separated by a
vacuum of at least 15 A to avoid interactions between them.
The surface Brillouin zone was sampled with a (4 x 4 x 1), (7
x4x1),3x7x1),(4x4x1),(5x5x1)and (4 x2 x 1)
Monkhorst-Pack k-points grid mesh for (0001), (10-10),
(10-12), (11-20), (10-11) and stepped Co, respectively.>> All
the adsorbates and the topmost two equivalent (0001) layers
were relaxed, and the remaining layers were fixed in their
bulk positions. The lattice constants for hexagonal bulk
cobalt were calculated to be @ = b = 2.50 A and ¢ = 4.03 A,
which are in good agreement with the experimental values (a
= b =251 A and ¢ = 4.06 A). The adsorption energy (AE,qs)
was calculated wusing the most stable adsorption
configurations (E,)) relative to the clean surfaces (Egap) and
the isolated adsorbates (E,q):

AEads = Etotal - Eslab - Ead [1]
All transition states (TSs) were located by the force

reversed method®® and the climbing-image nudged elastic
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band method (CI-NEB).?” The relaxation was stopped until
the residual forces in each atom were smaller than 0.03 eV
A The elementary activation barrier AE,. and reaction
energy AH were calculated with respect to the most stable
state for separate adsorption of adsorbates on the surfaces.
For the C/Co system, AH was calculated with respect to the
most stable state for the co-adsorption of adsorbates. We
performed zero point energy (ZPE) corrections for several
representative types of surface reactions involving C-H and
O-H bond formation, and C-O bond scission (see Table S1t).
The effect of ZPE corrections on the AE,. and AH is slight,
with a change of 0.02-0.12 eV and 0.04-0.11 eV, and this
would not change the activity trends of the surface reactions.
Thus, ZPE corrections are not included in this work.

The formation heat (AHg for the C;-oxygenate
intermediates CH,O in Fig. 5a are defined as the reaction free
energies of the following reaction:

CO(g) + 2H,(g) + (5 - x)* — CH,O* + (4 — x)H* (2)

where CO and H, are in the gas phase, CH,O* and H* are
the adsorbed species on the surfaces, and * indicates the
vacant sites on the clean surfaces. H* is used because H,
dissociation is exothermic and hydrogenation reactions occur
via H* on Co(0001) under CO hydrogenation conditions. The
AHg values for the C;-oxygenate intermediates are obtained by
evaluating free-energy differences between the sub-systems
involved in reaction (2), as follows:

AH¢ = Genor t (4 - x)GH* - Geo(g) — 2Gu,(g) ~ (5 - X)G* (3)

where G is the free energy of each sub-system involved in
reaction (2). We neglected the effect of entropy (Sy,) for the
adsorbed species, and only included that for the gas-phase
species. For instance, the S, value of a linear molecule was
calculated as follows:

Sm = Sme + Smr (4)
Sme = RIn [(2nmksT)* ks T/(R*P)] + 5/2R (5)
Smr = RIn (T/001) + R (6)

where S, and S, are the translational and rotational
entropies, respectively. R, m, kg, T, h, P and 6, are the molar
gas constant, molecular mass, Boltzmann constant, absolute
temperature, Planck constant, partial pressure and
characteristic rotation temperature for the gaseous molecule,
respectively. 500 K, 1 atm and H,/CO ratio of 2 were
employed in the calculations for AH; and AG in Fig. 3.

Results and discussion
CO methanation mechanism on Co(0001)

In general, CO methanation on Co(0001) starts with a
H-assisted CO activation via the aldehyde species CH,O or

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

alcohol species CH,_;OH (x = 1-3), which undergo C-O bond
scission to CH,(CH,,), followed by sequential hydrogenation
to CH,. The O or OH produced can eventually be removed by
H,0 or CO,. To provide a complete analysis of the CO
methanation mechanism, we not only investigated all the C;-
oxygenate intermediates and relevant pathways for C-O bond
scission, but also various possible pathways for H,O
formation, by either H + OH or OH + OH, and CO, formation
by either CO + O or dehydrogenation of COOH/HCOO,
produced by CO + OH/CHO + O.

We first studied the adsorption of various species involved
in CO methanation on Co(0001). The adsorption energies,
AE.qs, and the most favorable adsorption geometries are
shown in Table S21 and Fig. 1. The adsorption of the species
such as CO, CH, (x = 0-3) and H on Co(0001) have been
described in detail in our previous work."*™® In the present
work, we mainly concentrate on the C;-oxygenate
intermediates.

As shown in Fig. 1a, COH binds through its C atom to a
hep site with a AE,qs value of —4.27 eV, which is in excellent
agreement with that of a previous DFT study.>’ CHOH also
binds through C to a hcp site (Fig. 1b); the AE.qs value is
-2.94 eV. Hu et al. found similar adsorption geometry but a
much larger AE,qs value of -3.82 ev.”! Mavrikakis et al
reported a AE,q, value of —3.00 eV,® which is quasi degenerate
to our value, but no structural information was provided to
compare with our result. Our calculations show that the
favorable bridge-hcp-bridge configurations for CHO and
CH,0 adsorption (Fig. 1c and d), which agree well with those
calculated by Inderwildi et al,'® are 0.09 and 0.08 eV more
stable than the bridge-hcp-top configurations found by Saeys
et al.*® and Hu et al.*" As shown in Fig. 1e and f, CH;0 and
CH,OH bind through O and C to the hcp and bridge sites,
with the methyl hydrogen and hydroxyl hydrogen located at
the fcc and bridge sites, respectively, and these slightly differ
from the top site preference for the H atoms in previous
calculations.”® The slight structural difference causes
marginal variation in AFE,qs. For instance, our calculations
show that the structure of CH;0 in Fig. 1e is slightly more
stable than that in previous work by 0.04 eV.*! The
discrepancies in the energetic and structures for C;-oxygenate
intermediate adsorption between our results and previous
DFT calculations'® " also lead to varied transition state (TS)
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Fig. 1 Optimized configurations for (a) COH, (b) CHOH, (c) CHO, (d)
CH;0, (e) CHzO, (f) CH,OH, (g) COOH, (h) HCOO, (i) OH and (j) H,O
adsorption on Co(0001). The blue, grey, red and white balls represent
Co, C, O and H atoms, respectively.
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structures, activation energies AE,. and H-assisted CO
activation pathways accordingly, as we will discuss below. In
addition, we also investigated the adsorption of COOH and
HCOO, which are related to CO, formation. COOH prefers to
bind through both C and O (denoted “Ciop-hep-Opy” in
Fig. 1g), with the O-H bond pointing towards the surface and
a AE,q4s value of —2.24 eV. HCOO prefers a bidentate structure
(Fig. 1h) with a AE,qs value of -3.06 eV. Adsorbed COOH and
HCOO states are isomers of each other, where HCOO is
thermodynamically more stable on Co(0001) by 0.43 eV.

The thermochemistry and AE,. for all the elementary
steps have been systematically studied, and are listed in
Table S3,7 and the structures at the TSs are shown in Fig. 2.
Since CO dissociation and CH, (x = 0-3) hydrogenation on
Co(0001) have been extensively discussed in our previous
work,'*'*?* we only describe the elementary steps involving
the H-assisted CO activation and H,O and CO, formation
below.

Although CHO formation (AH = 1.08 eV) is
thermodynamically less favorable than COH formation (AH =
0.85 eV) from CO hydrogenation, the close proximity of C to
the Co(0001) surface in adsorbed CO results in more facile
hydrogenation through C (AE,. = 1.23 eV) than through O
(AEaer = 1.85 eV). Our calculated AH and AE,. values agree
well with the previous study.*! Once CHO is formed on the
surface, it can undergo C-O bond scission or it can
hydrogenate to the C or O end, leading to the formation of
CH,O0 or CHOH, respectively. We show that C-O bond scission
in CHO has a AE, value of 0.68 eV, which is much lower than
the values of 1.00 and 0.93 eV calculated by Inderwildi et al.*’
and Saeys et al.>° The discrepancy between our result and that
of a previous theoretical study by Saeys et al. can be explained
by the different structures at the initial states and TSs. As
discussed above, the bridge-hcp-bridge configuration (Fig. 1c)
we used for CHO adsorption is slightly more stable than the
bridge-hcp-top configuration found by Saeys et al. Moreover,
we found that O binds at the hcp site, and CH binds at the
adjacent bridge site at the TS (insert in Fig. 3), in contrast
with both fragments at the bridge sites in the DFT
calculations by Saeys et al. In addition, Inderwildi et al. only
provides the structure for CHO adsorption, which agrees well
with our work, yet the lack of the TS structure precludes the
understanding of the AE,. difference. In the case of CHO
hydrogenation, we show that CH,O formation is more
favorable than CHOH formation both thermodynamically
(0.23 vs. 0.43 eV) and kinetically (0.45 vs. 1.17 eV), and this is
in excellent agreement with the previous DFT study.*!

The CH,O produced can undergo C-O bond scission or it
can hydrogenate to the C or O end, leading to the formation
of CH;0 or CH,OH, respectively. The AE,. value we
calculated for CH,O decomposition was 0.70 eV, which is
equal to the value in a previous study by Saeys et al>
However, both our AE, values are lower than those reported
by Inderwildi et al' and Hu et al,*' with corresponding
values of 0.85 and 0.95 eV. The TS structures in our study
(insert in Fig. 3) and in previous DFT studies by Saeys et al.
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are almost the same, with the H atoms located at the hcp
and top sites, respectively, slightly differing from the study
by Hu et al. with both H atoms located at the hcp sites. In
addition, the discrepancy in AE,. may also arise from the
different methods used (VASP vs. SIESTA). Compared to CH,-
OH, CH;0 is preferred to be produced from CH,O
hydrogenation thermodynamically (0.46 vs. -0.38 eV) and
kinetically (1.07 vs. 0.58 eV), and this agrees qualitatively
with the previous theoretical study by Hu et al.>" However,
the high AE,. value for CH,OH formation and CH3;O
decomposition (1.38 eV) exclude both intermediates as
possible precursors for C-O bond scission.

Once the C-O bond is broken via aldehyde or alcohol
intermediates, the O or OH produced can be removed from
the surface by H,O or CO,. There are two possible pathways
for H,O formation on Co (0001): (i) by hydrogenation of OH,
with a relatively high AE,. value of 1.49 eV and a AH value
of 0.60 eV, formed by either C-O bond scission in the
alcohol intermediates or by O hydrogenation, and this is
endothermic by 0.28 eV with a AE, value of 1.22 eV, and (ii)
by the facile H-transfer process from one OH to another; the
step is endothermic by 0.32 eV, with a AE,. value of 0.57 eV
(see the TS structures in Fig. 2j-1). Compared to H,O
formation, CO, formation is more complicated. We
considered three possible pathways: (i) CO oxidation with
atomic O, which is highly endothermic by 1.03 eV with a
large AE,. value of 1.37 eV, (ii) by CO oxidation with OH, to
form the COOH species. Similar to CO + O, this step is also
highly endothermic (AH = 0.94 eV) and has a large AE,q
value of 1.31 eV. The COOH formed may subsequently
decompose to give CO, and H. The step is exothermic by
0.19 eV, and has a large AE,. value of 1.00 eV. We also
considered COOH + OH — CO, + H,O, but due to the
unfavorable thermochemistry (AH = 0.40 eV) compared to
that of COOH — CO, + H and the lack of OH under real CO
methanation conditions (see Table S27), we did not expand
on the details of that elementary step here, and (iii) CHO
oxidation with O to form a HCOO species. This step is

Fig. 2 Optimized configurations at the transition states of (a) CHsO —
CHs; + O, (b) CO + H — CHO, (c) CO + H — COH, (d) CHO + H —
CH;0, (e) CHO + H — CHOH, (f) COH + H — CHOH, (g) CH,O + H —
CHs0O, (h) CH,O + H — CH,OH, (i) CHOH + H — CH,OH, (j) OH + H —
H,0, (k) O + H — OH, () 20H — H,O + O, (m) CO + O — CO,, (n) CO
+ OH — COOH, (0) COOH — CO; + H, (p) CHO + O — HCOO, (q)
HCOO — CO; + H and (r) CHO + OH — CHOH + O on Co(0001).

This journal is © The Royal Society of Chemistry 2020
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exothermic by 0.29 eV, with a AE,. value of 0.66 eV. The
HCOO species may then decompose to yield CO,, with AH
and AE,. values of 0.24 and 0.94 eV, respectively. The TS
structures for CO, formation can be found in Fig. 2m-q.

The minimum energy paths for CO methanation are
represented by a one-dimensional potential energy surface
diagram in Fig. 3. Among all the C;-oxygenate intermediates
of CH,O and CH,_;OH (x = 1-3), CHO is the most preferred
for C-O bond scission, followed by CH,O, as shown in Fig. 3
and Table S3.f This seems to contradict the mechanism
presented by Inderwildi et al."® and by Saeys et al.,>® where
C-0O bond scission via CH,O was more favorable than via
CHO. However, the discrepancies can be explained by the
lower AE,. we found for CHO decomposition, leading to the
switch to the favorable C-O bond scission pathway. By
systematic investigations of the reaction pathways involving
all the C;-oxygenate intermediates, and comparison of the
energetic and structural information with previous DFT
calculations, > we revealed the reason for the discrepancies
in the H-assisted CO activation mechanism on Co(0001) in
the low coverage region.

Based on the DFT calculated energy profiles, a
microkinetic simulation was conducted at typical CO
hydrogenation conditions (483-573 K, 1 bar, H,/CO = 2). A
detailed description of the microkinetic model was given in
our previous work®® and in the ESLt As listed in Table S3,f
the direct CO dissociation is 8 orders of magnitude slower
than the H-assisted CO dissociation (via CHO), and this is
due to the high CO dissociation barrier (2.35 eV). This
indicates that the H-assisted CO dissociation mechanism is
dominant, and this is in excellent agreement with the
previous experimental study, which shows a strong increase
in the dissociation rate of adsorbed CO upon exposure to
hydrogen on cobalt nanoparticles.® Among the H-assisted CO

Fig. 3 The free energy profile of CO methanation on Co(0001) at 500
K, 1 atm and H,/CO = 2. The reference zero of the Y axis corresponds
to the energy of gaseous CO and H,. Insert: The transition state
configurations for CH,O (x = 1, 2) decomposition.
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dissociation pathways, C-O bond scission via the CO — CHO
— CH + O pathway has the highest net rate, followed by the
CO — CHO — CH,0 — CH, + O pathway, suggesting that
CHO is a key intermediate in the H-assisted CO activation
mechanism. These results agree well with the in situ diffuse
reflectance infrared Fourier transform spectroscopy and
steady-state isotope transient kinetic experiments, where
CHO has been identified as the key intermediate for CO
methanation on Ru/Al,O; catalysts.” Nevertheless, the
present H-assisted CO activation mechanism does not agree
with that of previous DFT calculations via the CH,O
intermediate’®*° and experimental studies via the CHOH
intermediate.*” The discrepancies with the theoretical
studies have been assigned to the lower energy pathway we
determined for CHO decomposition, and those with
experiments will be addressed in the next sections.

The steady-state surface coverages on Co(0001) are given
in Table S2 and Fig. S1a.f The surface is dominantly covered
with CO at low temperatures due to strong CO adsorption. As
the temperature increases, the coverage of CO gradually
deceases, and this is accompanied by the increase of H
coverage. At high temperatures, the coverage of H exceeds
the coverage of CO, and the concentration of the empty sites
also increases. Our calculated coverage agrees reasonably
with the steady-state isotope transient kinetic experiments on
the Co particles.*

It is not possible to compare reaction rates with
experimental data at the present accuracy of the DFT-
calculated barriers. The calculated rates are generally much
lower than the experimental values for two reasons. Firstly,
the calculated adsorption energies are often overestimated by
PBE. Secondly, lateral interactions are not included. However,
the present model is consistent with the preferential
formation of H,O instead of CO, in the products, as observed
on the supported Co catalysts experimentally.® Fig. 4a shows
the formation rate of CH,, H,O and CO, as a function of
temperature. The microkinetic modeling indicates that,
regardless of the temperature, O is removed preferentially by
H,0, and this is carried out by O hydrogenation to OH and
subsequent OH disproportionation. The CO, formation, with
the dominant pathway of CO + O (Table S37), is inhibited by
the high AE,. value of 1.37 eV.

The temperature dependence of the reaction orders of CO
and H, is given in Fig. S1b.f Our simulations predict a
negative CO reaction order at low temperatures (<553 K)
because the high CO coverage blocks the active sites. With
increasing temperature, the CO reaction order becomes less
negative. At higher temperatures (=563 K), the CO coverage
is greatly reduced, and the CO reaction order becomes
positive. The reaction order with respect to H, was almost
always positive at the temperatures studied. The negative
reaction order for CO and the positive reaction order for H,
agree well with previous experimental literature results on
supported Co catalysts.®

The analysis of the degree of rate control (DRC) was
performed to understand the importance of every elementary
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Fig. 4 (a) The reaction rate of product formation and (b) the degree of
rate control (DRC) of the elementary steps for CO methanation as a
function of temperature on Co(0001) via microkinetic modeling.

step to the total activity.’” A positive value of DRC for a
particular step means that this step is a rate limiting step,
and that a decrease in the AE,. would increase the overall
rate. A negative value indicates the opposite, and such steps
are termed inhibition steps. Lowering the barriers of such
steps decreases the overall rate. Fig. 4b clearly shows that,
regardless of the temperature, the activity is mostly
determined by CHO decomposition. This can be attributed to
the low coverage of CHO on Co(0001), caused by the
unfavorable thermochemistry of its formation (AH = 1.08 eV).
In addition, CH,O decomposition is also important to control
the CO methanation activity on Co(0001) at the temperatures
considered. Likewise, this step is relevant because of the
endothermic CH,O formation leading to its low coverage.
Combining DFT calculations and the microkinetic
simulation enables comparison of the relative rate of the
competing pathways and in turn identifies the energetically
favorable pathways and intermediates. Nevertheless, locating
the TSs for all the elementary reactions is still a demanding
task, particularly when dealing with complicated reactions
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involving a large number of intermediates and elementary
steps. We previously simplified this question by the use of
more affordable descriptors, namely the formation heat AH¢
and AE,. of C-O bond scission, to identify the key C,-
oxygenate intermediates in the CO insertion chain growth
mechanism in Fischer-Tropsch synthesis.'® We applied these
descriptors to identify the key C;-oxygenate intermediates in
CO methanation and then assessed their reliabilities using
the microkinetic model below.

There are six possible C;-oxygenate precursors for C-O
bond scission, namely CH,O and CH,,OH (x = 1-3). To
achieve high scission activity, the C;-oxygenate species
should be easily produced (AH; as negative/large as possible)
and easily decomposed (AE,. as low as possible). As
illustrated in Fig. 5a, the C;-oxygenate species can be divided
into three regions. CH,OH (x = 1, 2) falls in region I with
smaller AH; values (-0.54 and -0.74 eV), indicating that it is
difficult to form the species. On the other hand, although
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Fig. 5 (a) Formation heat AH; of the C;-oxygenate species as a
function of the activation energy, AE,., for C-O bond scission, and (b)
the relation between AE,.. and the reaction energy AH for C-O bond
scission on Co(0001). Insert: Structures for (a) C;-oxygenate species
adsorption, and (b) transition states of C-O bond scission.
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COH and CH30 have large AH; values (-1.39 and -1.46 eV),
the high AE,. value (>1.3 eV, see region II) hinders their
decomposition. CH,O (x = 1, 2) that have large AH; values
(-1.01 and -1.23 eV) and a low AE, value (<0.8 €V) in region
111, however, are identified as the key precursors for the C-O
bond scission in CO methanation. These results agree well
with the above microkinetic studies, suggesting that the
simple descriptors are effective in identifying the key
intermediates and can simplify the reaction path study
particularly for complex catalytic reactions. Finally, a linear
Bronsted-Evans-Polanyi (BEP)-type relation’’ was found
between AE,. and the reaction energy AH for the
decomposition of the C;-oxygenate intermediates, as shown
in Fig. 5b, suggesting that the reaction kinetics and
thermodynamics are well correlated in this case.

Effect of functionals

Having explained the discrepancy of the H-assisted CO
dissociation mechanism in theoretical studies (via CHO vs.
CH,0), we turned to addressing this between theoretical and
experimental studies (via aldehyde CHO/CH,O vs. alcohol
CHOH). As mentioned in the Introduction, the commonly
used PW91%° or PBE*® exchange-correlation functional in CO
methanation often overestimates the interaction of O with
transition metals. This may result in the higher stability of
aldehyde intermediates than their alcohol isomers, since O is
bonded to the surfaces in the former rather than in the latter.
Therefore, SCAN meta-GGA*>® and BEEF-vdW*° that typically
represent strong and weak bound limits were chosen to
investigate the relative stability of the C;-oxygenate
intermediates on Co(0001), and these are compared with the
PBE-based data. For simplification, we applied the lattice
constant calculated by PBE to all the functionals, with the
structures fully optimized for intermediate adsorption and
surface reactions.

Fig. 6a shows how the total energy difference, AE, between
the CH,OH and CH,;;0 (x = 0-2) isomers on Co(0001) vary
with the functionals (see Fig. S21 for the adsorption energies
of the species). A positive (negative) AE value represents a
higher stability of CH,,;O (CH,OH). For CH,OH and CH,.,;0
(x = 1, 2) isomers, all the functionals predict higher stability
of the latter. This indicates that the CHOH intermediate, as
identified experimentally for C-O bond scission on Co
particles, is less stable than its isomer CH,O regardless of
the functionals studied; SCAN and BEEF-vdW predict larger
AE values than PBE. Compared to CH,OH and CH,,0 (x = 1,
2), the case for COH and CHO isomers is slightly more
elaborate. PBE and BEEF-vdW predict COH to be
energetically favorable, while SCAN shows a higher stability
of CHO. The qualitative disagreement between the predicted
functionals results may originate from the similar stability of
the two intermediates. These results suggest that the
functionals are not responsible for the switch in the relative
stability of the aldehyde and alcohol intermediates between
the theoretical and experimental studies.
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Fig. 6 The dependence of (a) the total energy difference, AE, between
alcohol intermediates, CH,OH, and their aldehyde isomers, CH,,O (x
= 0-2), and (b) the activation energy, AE,.. of C-O bond scission in
CH,O (x = 1, 2) on the functionals over Co(0001).

Apart from the thermodynamic stability of the C;-
oxygenate intermediates, we also studied the effect of
functionals on C-O bond scission in CH,O (x = 1, 2). As
shown in Fig. 6b, the AE,. value for CH,O decomposition
does not show a strong dependence on the functionals
considered. The functional induced AE,. value differences
for CHO and CH,0O decomposition are 0.22 eV and 0.15 eV at
most; compared to PBE, BEEF-vdW predicts a higher AE,
value, whereas SCAN predicts a lower AE,, value. In addition,
the functionals have a slight effect on the relative magnitude
of AE,. between CHO and CH,O decomposition. These
results indicate that the selection of functionals will not alter
the H-assisted CO dissociation pathway, that is, through the
CHO intermediate.

Effect of carbon deposition

A carbonaceous layer, formed as a product of CO
dissociation, has been detected on the transition metal-based
catalyst surfaces during CO hydrogenation conditions."*?® It
has been demonstrated that the carbon deposited can either
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modify the behavior of the neighboring metal sites or act as
active sites for some surface reactions. Despite numerous
studies, to our knowledge no computational studies of how
the presence of coke affects the relative stability of the CH,O
and CH, ;OH intermediates and the H-assisted CO
dissociation pathways exist.

The graphitic carbon, which has been shown to be
more stable than the carbidic carbon on the Co catalysts,*’
was chosen to simulate the carbon deposition in the
present work. One six-membered ring and three six-
membered rings (denoted by Cs and Cy3) of carbon atoms
on the (4 x 4) Co(0001) surface were used to simulate
different sizes of carbon fragments on the Co catalyst. As
shown in Fig. 7a-d, there are four different Csq
arrangements, with the center at the top, fcc, hcp and
bridge sites of Co (denoted by Cg-t, Ce-f, Cs-h and Cg-b),
respectively. To compare the relative stability of the four
coke configurations, we defined the average adsorption
energy per carbon atom (AEq) as follows:

AE¢ = (Etotal ~ Eslab — N X Ec)/IN )

where Eioal, Esiap and E. are the energies of the relaxed C/Co
system, the clean Co surface and the carbon atom in the gas
phase, respectively. N indicates the number of carbon atoms.
The larger/more negative the AE¢ value is, the more stable
the coke configuration is. Fig. 8 indicates that Cegt is
energetically the most favorable, with a AE¢ value of -7.13 eV.
The remaining Ce-f, Cs-h and Cg-b configurations have quasi-
degenerate AEc values from —6.75 to —6.79 eV. Similarly, there
are three stable C;; arrangements, with the center of the six-
membered ring at the top, fcc and hep sites of Co (denoted
by Cis-t, Cy3-f and Ciz-h, see Fig. 7e-g), respectively.
Following the Cg configurations, Ci;-t, with a AEc value of
-7.27 eV, is more stable than C,;-f and Cy3-h by 0.05 and 0.19
eV (see Fig. 8). We then chose the Cgt and Cyst
configurations (Fig. 7a and e) to model different sizes of
carbon fragments on Co(0001), and studied the effect of the
carbonaceous layer on the thermochemistry of the formation
of the C;-oxygenate intermediates, as shown below.

Fig. 7 Optimized configurations for Cg with the center at (a) top, (b)
fcc, (c) hep, and (d) bridge sites (denoted by Cg-t, Cg-f, Cs-h and Ce-b,
respectively), and Cy3 with the center at (e) top, (f) fcc and (g) hcp sites
(denoted by Cj3-t, Cy3-f, and Cy3-h) on (4 x 4) Co(0001). The blue and
grey balls represent Co and C atoms, respectively.
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Cb C-h CH Ct C -hCfC -t

Fig. 8 The average adsorption energy per C atom, AEc, of various C/
Co(0001) models. Insert: The configurations of the C/Co(0001)
models.

As expected, the C;-oxygenate intermediates adsorb at the
Co sites, and the Cg-t configuration only provides the active
sites for atomic hydrogen adsorption, denoted by Cs-t; and
Cetp in the insert of Fig. 9, where hydrogen points towards
the fcc or hep sites of Co, respectively. Cg-t; and Ce-t, have
hydrogen adsorption energies of -0.97 and -1.02 eV,
respectively; both bind hydrogen much stronger than
Co(0001) by about 0.50 eV, as shown in Fig. 9. This leads to
more difficult hydrogenation reactions than on Co.
Compared with Co(0001), which has AH values of 1.08 and
0.85 eV for CO hydrogenation to CHO and COH, respectively,
the presence of Cgt makes both elementary steps more
endothermic by 0.63 eV. Similarly, CH,O0 and CHOH
formation from CHO hydrogenation are also suppressed by
the Cqt layer, with AH values of 0.66 and 0.77 eV,
respectively, in contrast with the corresponding values of 0.23
and 0.43 eV on Co(0001). In addition to Ce-t, we studied H

AE,,, (eV)

Co C.t Cst, C-h C.t C.t

Fig. 9 The adsorption energy, AE.qs, Of hydrogen (configurations in
the insert) on Co(0001) and various C/Co(0001) models.
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adsorption on the less stable Cg-h. As shown in Fig. 9, the H
atom on Cg-h has a AE,qs value of -1.49 eV, which is much
larger than that on Cgt by about 0.50 eV. This can be
understood well, as the C atom in Cg-h is less stabilized
(smaller AE; in Fig. 8) than in Ce-t, thereby leading to
stronger binding with H and in turn less favorable formation
of the C;-oxygenate intermediates.

The above results suggest that the presence of the
graphitic C¢ configurations on Co(0001) will be less favorable
for hydrogenation reactions and for C;-oxygenate
intermediate formation. We note that in all the Cg
configurations, each C atom sits at the edge sites,
coordinating with two adjacent C atoms, and this may be
responsible for the strong H adsorption. In the Cj;-t
configuration, C sits not only at the edge sites, but also
inside the carbonaceous layer, coordinating with three
adjacent C atoms, and this may weaken H binding. Fig. 9
shows two representative adsorption sites for H adsorption
on Cy;-t, namely the C atoms coordinating with three (Cys-t;)
or two (Cys-t,) adjacent C atoms. Compared to Cys-ty, Cys-t;
binds H more weakly, with the AE,q value quasi-degenerate
to that on Co(0001) (-0.56 vs. —0.53 eV). Although the weak
H-C bond in Cy3-t; will facilitate the hydrogenation reactions
and the formation of the C;-oxygenate intermediates
thermodynamically, the unfavorable H location makes them
kinetically unfeasible. Compared to Cy3-t,, the H on the Cy;3-t;
site is in between two edge carbon atoms, possibly leading to
strong steric repulsion at the TSs. Therefore, the present
work indicates that the hydrogenation reactions involved in
the H-assisted CO dissociation mechanism will prefer to
happen at metallic Co without the participation of graphitic
carbon.

Effect of surface structure

To date, theoretical investigations of CO dissociation and
methanation pathways on Co catalysts have mainly focused
on the close-packed Co(0001) surface. However, under
realistic conditions, the Co nanoparticles employed in the
experiments also contain other surface sites such as open
surfaces and step sites etc. It is therefore essential to
understand how the surface structure affects the stability of
the Cj-oxygenate intermediates, particularly the relative
stability of alcohol and aldehyde intermediates, and the CO
activation and methanation pathways. We previously
determined the equilibrium morphology of HCP Co particles
that consist of (0001), (10-10), (11-20), (10-12) and (10-11)
facets, with the ratio of 18%, 28%, 6%, 12% and 35%,
respectively.’® In this section, we chose CHOH and CH,O
intermediates as representative alcohol and aldehyde
intermediates, to systematically study their relative stability
on the Co facets exposed. In addition, the stepped site was
also considered as a common defect site on the Co
nanoparticles.

As shown in Fig. 10, the total energy difference, AE,
between the CHOH and CH,O intermediates is plotted as Co
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Fig. 10 The total energy difference, AE, between the CHOH and
CH,O intermediates as a function of the Co surface structure. Insert:
Optimized configurations for CHOH (upper panel) and CH,O (lower
panel) adsorption on various Co facets. The blue, dark green, grey, red
and white balls represent Co on the surface and subsurface, C, O and
H atoms, respectively.

surface structures (see Table S41 for more details). A positive
AE suggests that CH,O is more stable, whereas a negative AE
suggests CHOH to be more stable on the Co surfaces. It was
found that AE was positive regardless of Co surface structure,
indicating a higher stability of CH,O than CHOH on all the
Co surface sites considered. Co(0001) has a AE value of 0.21
eV, which is smaller than that of other Co surfaces and the
step site, where AE falls in the region of 0.32-0.71 eV.
Therefore, compared to Co(0001), the possibility for the
H-assisted CO dissociation pathway via the CHOH
intermediate is lower on the open Co surfaces and stepped
Co from the point of view of thermochemistry.

We previously studied direct and H-assisted CO
dissociation via CHO on various open Co surfaces and on the
stepped site."*™® It was found that the CO dissociation
mechanism is highly structure sensitive. On the active
Co(11-21) and Co(10-11) surfaces, the direct routes have
much lower barriers than the H-assisted routes by 0.59 and
0.23 eV, respectively, implying that the direct routes are
preferable. The Co(10-12), stepped Co and Co(11-20)
surfaces, with moderate activities, have similar barriers for
the direct (1.39, 1.37 and 1.34 eV) and H-assisted routes
(1.29, 1.35 and 1.40 eV), suggesting that both routes may
contribute to CO dissociation. On the close-packed Co(0001)
structure studied in this paper, the H-assisted route via the
CHO intermediate is dominant.

Role of the oxide support

As discussed above, the functionals, carbon deposition and
surface structures do not account for the discrepancy of the
H-assisted CO dissociation pathways (vie CHO vs. CHOH)
between the present results and other experimental

Catal. Sci. Technol.


https://doi.org/10.1039/d0cy00499e

Published on 20 April 2020. Downloaded by University of Science and Technology of Chinaon 5/15/2020 2:27:51 PM.

Paper

findings®” on Co catalysts. This urges us to reconsider if
there are other low energy pathways for CHOH formation
beyond the present investigations. Interestingly, we found a
low AE,. value of 0.51 eV for the CHO* + OH* — CHOH* +
O* pathway (see Fig. 2r for the TS structure), but because of
the lower coverage of OH* than the vacant sites (6+/0op+ = 1.9
x 10°-9.6 x 10°) predicted by our microkinetic study, the rate
of this step is lower than that of CHO* + * — CH* + O* by
3.6 x 107-3.7 x 10 times on Co(0001) at 483-573 K. As a
result, the CHOH mediated H-assisted CO activation is less
favorable than the CHO mediated pathway. The low OH*
coverage possibly originates from the high AE,. of 1.22 eV
for the O* + H* — OH* + * step on Co(0001). In fact, the
difficult OH* formation by O* hydrogenation is also found
on other transition metals such as Ru, Rh and Pt surfaces,
with a AE,. value of ~1.00 eV.*> However, the OH*
concentration on oxide supported metal particles
experimentally can be much higher than on pure metals. On
the one hand, the oxide supports themselves contain plenty
of OH*. On the other hand, H, heterolytic dissociation to H
atoms on the metal sites and protons on the oxides at the
metal/oxide interface has been widely identified,** and this
can largely facilitate the formation of OH*.

It has been demonstrated that proton transfer from the
oxide support to the metal sites can be quite facile."* As
shown in route 1 of Scheme 1, when a proton transfers from
OH* on the oxide support to atomic O* on the metal sites,
the OH* concentration and hence the CHO* + OH* —
CHOH* + O* reaction on the metal (route 2) may be
enhanced. We then included the role of the support in
increasing OH* concentration by reducing the forward
barrier of the O* + H* — OH* + * step to 0.95 and 0.31 eV,
respectively. For both cases, although OH* formation was
enhanced, the CHO* + OH* — CHOH* + O* rate was not
remarkably improved relative to CHO* + * — CH* + O* (rcpox
+ ou*/Tcror + + = 5.3 X 1072-4.1 x 107°) at the temperatures
considered. This may be due to the fact that OH* can react
faster through the 20H* — H,0* + O* reaction on Co(0001)
(2.7 x 107-8.6 x 10™%), compared to the CHO* + OH* —
CHOH* + O* step (1.1 x 107°-3.3 x 10™°) at the temperatures
studied. In addition, the rate of the CO* + OH* — COOH* +
* step exceeds that of the CHO* + OH* — CHOH* + O* step
with increasing OH* coverage, and this also results in the
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Scheme 1 A schematic diagram of the possible role of the oxide
support in OH adsorption, proton transfer and CHOH formation.
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low rate of the latter. Finally, direct proton transfer from OH*
on the oxide support to CHO* on the metal sites (route 3 in
Scheme 1), which would depend on the nature of the support
and the interface structure of Co and the support, needs to
be further investigated.

Adsorbate-adsorbate interactions

In addition to the effect of the support, adsorbate-adsorbate
interactions may also be responsible for the discrepancy in
the H-assisted CO activation mechanism between the
experimental findings®” and the present work, where no such
interactions are included. We previously employed a
(24/3 x 24/3) R30°-CO structure (6oo = 7/12 ML) reported by
low-energy electron diffraction and high-pressure infrared
reflection absorption spectroscopy experiments,” to study
the effect of co-adsorbates on CO activation and chain growth
mechanism on Co(0001)."® It was found that adsorption of
CO and CH, (x = 1, 2), which bind only through C, are
weakened modestly by 0.37-0.47 eV with co-adsorbed CO.
However, CHO binding through both C and O (which
requires more sites on the surface), is weakened more by the
co-adsorbed CO by 0.78 eV. This can be understood well in
two respects: firstly, the molecules will share metal atoms
with co-adsorbed CO at high coverages, giving rise to the
substrate mediated repulsive interactions. Secondly, the steric
hindrance contributes to additional repulsive interactions.
With increasing molecule volume, the two repulsive
interactions become more significant.

We also found that the co-adsorbed CO favors the bond-
forming reactions as they release new active sites. For
instance, CO + H — CHO is less endothermic by 0.15 eV with
co-adsorbed CO. However, the bond-breaking reactions that
require the creation of new active sites are largely inhibited
at high coverages. In the presence of CO, the activation
energy of CHO — CH + O is slightly increased by 0.04 eV.
Thus, the total barrier for the two-step H-assisted CO
dissociation, namely CO + H — CHO — CH + O, is decreased
by 0.11 eV with co-adsorbed CO. The co-adsorbed CO could
also affect the stability of other C;-oxygenate intermediates
and the barriers for their formation and decomposition.

In recent years, coverage effects have been considered in
CO hydrogenation kinetics, and different coverage-dependent
kinetic models including mean-field and extended
phenomenological models have been developed.**™*’
However, it remains unclear if the interaction effects can
alter the qualitative picture of mechanistic understanding.
For example, Studt et al. found that the general trends in CO
methanation activity on the transition metal surfaces are
unchanged by the inclusion of interaction effects, and thus
they suggest the use of the mean-field model without
interaction effects for this reaction.’® However, Hu et al.
identified a H-assisted CO dissociation mechanism via
CHOH on Co(0001) using a coverage-dependent kinetic
model, which is distinct from that without coverage effects.*’
Considering the complexity of this issue, we discuss
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preferentially the effect of other factors, such as functionals,
the carbon deposition, the surface structure and the oxide
support in the present work, before addressing it in a
separate paper in the future.

Conclusions

DFT calculations and microkinetic studies are used to
understand the discrepancy in the H-assisted CO activation
mechanism during CO methanation at a low coverage
regime. It was found that CHO is the preferred intermediate
for C-O bond scission, followed by CH,O on Co(0001), and
this is different to the results of previous theoretical studies.
The discrepancy can be explained by the lower energy path
we identified for CHO decomposition, which mainly controls
the rate of CO methanation. The dissociated O is removed
preferentially by H,O instead of by CO,, formed through O
hydrogenation, and is followed by OH disproportionation.
The mechanism does not depend on the selection of
functionals (SCAN, PBE and BEEF-vdW) and the presence of
graphitic carbon, and likely also pertains to other Co surface
structures, including some open facets and step sites. The
roles of oxide supports and adsorbate-adsorbate interactions,
which may account for the discrepancies between the
theoretical studies on model Co surfaces and experimental
studies on supported HCP Co catalysts, are also discussed.
The work provides fundamental understanding of the
mechanistic discrepancies in CO activation and methanation
on HCP Co catalysts, and the insights obtained can be
applied to other CO hydrogenation catalysts such as Ru-, Fe-
and Ni-based catalysts.
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