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ARTICLE INFO ABSTRACT

Keywords: With the aid of DFT calculations, we investigate the elementary reaction steps of dry reforming of methane
Methane dry reforming (DRM) on Ni(111) and NiO(100) as simple models of metallic and oxidized Ni catalysts. The reaction-path
Nickel

calculations reveal that DRM is feasible on metallic Ni at elevated temperatures. However, a notable problem
with metallic Ni catalysts is the coke formation because the activation barrier for the C* formation is not
considerably higher than those of the competing reactions that lead to the DRM products. In contrast, NiO
does not encounter issues with coke formation, but it is not an effective catalyst due to too high activation
energies and slow surface diffusion of H*. We also explain the experimentally observed difference between the
DRM catalysts consisting of Ni particles supported on undoped and MnO,-doped CeO, supports (designated
as Ni/CeO, and Ni/Mn,CeO,, respectively). Specifically, we explain the absence of the 2020 cm™! vibrational
peak on the Ni/Mn,CeO, catalyst. Calculations univocally attribute the experimentally observed 2020 cm™!
peak to CO adsorbed on a top site of metallic Ni because all other sites and involved species display
considerably different frequencies. The CO stretching frequency increases as Ni oxidizes, and on NiO(100),
it is similar to the vibration of CO on the CeO,(111) support, about 2100 cm™~!. Current results thus provide
a sound explanation of why Ni/Mn, CeO, is a superior DRM catalyst to Ni/CeO,. In particular, the presence
of the 2020 ecm™! peak on the Ni/CeO, catalyst signals that Ni particles are sufficiently metallic and thus
susceptible to carbon poisoning. In contrast, the absence of the 2020 cm™! peak on the Ni/Mn,CeO, catalyst
indicates that Ni particles are oxidized, i.e., the Ni oxidation is low enough to allow the DRM reaction but
high enough to reduce the catalyst’s carbon poisoning.

DFT calculations
Reaction mechanism

1. Introduction catalysts is very active, particularly in the experimental community [4,
7-9]. Noble metals are known to be effective catalysts with low coke
Greenhouse gas emissions and global warming are becoming in- formation, but they are expensive and scarce. Ni-based catalysts are a

creasingly important, and considerable scientific efforts are devoted to
developing more nature-friendly processes for energy conversion. Dry
reforming of methane (DRM) is of great interest because it converts two
major greenhouse gasses (CH, and CO,) into syngas (a mixture of H,
and CO) which can be further used in the chemical industry or as a
synfuel [1]. DRM is a strongly endothermic process [2], i.e.:

good alternative [4,8], but they are known to have problems with coke
deposition [3]. The two most used approaches to increase the activity
of Ni and reduce coke formation are alloying Ni particles with other
metals [4,10-14] and tuning the metal-support interaction [4,8,9,15-
18]. Among supports, CeO, (ceria) is considered one of the more
promising due to its oxygen storage capacity, acid-base centers, and
CH, +CO, — 2CO+2H,, A H , =247 kJ/mol redox properties [9].

=256 eV. 1 In addition to experimental approaches, various computational ap-

. . . . proaches are employed to study the DRM mechanism and the impact
A notable problem in catalyzed DRM is coke formation [3,4] especially

. . of experimental conditions on the reaction. Gibbs energy minimization
at lower temperatures [5,6]. Therefore, a search for highly efficient P &y
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is used to illuminate the effect of pressure, temperature, and the ratio
of reactants on the reaction rate [6,19-23]. Density-functional theory
(DFT) calculations with and without microkinetic modeling are used
to study elementary reaction steps of methane and CO, decomposition
on different metal surfaces [24-31]. On Ni(111), either the first H
abstraction of CH, or the oxidation of either CH or C is reported as a
rate-limiting step and CO, decomposes directly to CO + O [25-27,31].
Some authors [27,28] also raised a problem of strong adsorption of CO,
which accumulates on the surface and promotes coke deposition.

Catalysts consisting of supported metal nanoparticles were also
investigated. The CH, molecule is reported to adsorb on metallic
particles dissociatively [4,32,33], while CO, can also adsorb on the
support, especially in the vicinity of metal particles [4,17,33-35]. For
Ni nanoparticles on ceria support, there is a significant charge transfer
between the Ni nanoparticle and the support, where Ni atoms at the
interface are oxidized to +1 or +2 oxidation states, and cerium ions
are reduced [36,37]. This effect results in the strong metal-support
interaction, which is reported to be important for activating the CH,
molecule [38,39]. Although Ni nanoparticles are considered to be in a
metallic state during the reaction, there are reports about the impor-
tance of nickel carbide and nickel oxide for the DRM process [40,41]
where NiO tends to be coke resistant [42]. Before catalytic tests, Ni
catalysts are activated in a reducing atmosphere, converting NiO to
metallic Ni [43-45]. The degree of reduction depends on the catalyst
composition, as shown for NiO-Mg-ZrO, solid solution [43,46,47], and
active catalysts can therefore contain different percent of NiO.

Sagar et al. [1] investigated undoped and MnO,-doped Ni/CeO, as
possible catalysts for DRM. They reported that MnO, doping increases
the specific surface area of the catalyst, and the number of oxygen
vacancies and mobile oxygen species in the support. The MnO, -doped
catalyst (labeled herein as Ni/Mn,CeO,) also showed enhanced coking
resistance and higher conversion rates of methane and CO,. DRIFTS
spectra of the DRM process revealed the presence of a 2020 cm™!
peak on the Ni/CeO, catalyst but not on Ni/Mn, CeO,. To explain this
observation, the authors suggested a change in reaction mechanism
from a direct dissociation of methane to a reaction between methane
and the surface oxygen species.

The present study aims to scrutinize the reaction mechanism of DRM
on the Ni/CeO, and Ni/Mn,CeO, catalysts and to explain the origin
of the presence and the absence of the 2020 cm™! peak on the two
catalysts. To this end, we performed DFT vibrational calculations to
identify the species responsible for the aforementioned peak. To get
further insight into the reaction mechanism of DRM, the activation
and reaction energies were calculated with DFT for elementary reac-
tion steps on Ni(111) and NiO(100). The two surfaces were used as
simplified models of reduced and oxidized Ni nanoparticles to address
the possibility of different oxidation states of Ni supported on CeO,
and Mn,CeO,. While the DRM reaction mechanism on Ni(111) has
already been extensively studied with DFT [25-29], to our knowledge,
on NiO(100) it was not.

2. Technical details
2.1. DFT calculations

DFT calculations were performed with Quantum ESPRESSO [48,49]
using the generalized-gradient approximation (GGA) of Perdew—Burke—
Ernzerhof (PBE) [50]. NiO was described with the PBE+U scheme [51,
52], using the self-consistently determined U parameter of 4.6 eV for
the Ni ions as calculated with the hp.x code [53]. Kohn-Sham orbitals
were described using a plane-wave basis, whereas core electrons were
described implicitly with ultrasoft pseudopotentials [54,55]. For Ni and
NiO systems, a wave-function cutoff of 30 Ry and a charge density
cutoff of 300 Ry were used. In contrast, the respective cutoffs for alloy
structures involving Mn were 50 and 500 Ry due to a harder Mn
pseudopotential.
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As two simplified models for supported Ni particles in different
oxidation states, ferromagnetic Ni and antiferromagnetic NiO were
used to represent fully metallic and fully oxidized Ni particles, respec-
tively (these two models can thus be seen as the two limiting cases).
In addition, Ni(100) with chemisorbed O atoms up to 1 monolayer
(ML) coverage was used as a simplified model of partially oxidized Ni
particles. As a simple model of the NiMn surface alloy, a Ni(100)—(2x2)
supercell with one surface Ni atom replaced with Mn was used. This
model is designated as NiMn, (100). The Ni(111), Ni(100), NiMn, (100),
and NiO(100) slabs consisted of four (100) layers and Ni(110) of six
(110) layers. The thickness of a vacuum separating the slab periodic
replicas along the surface normal direction was set to a 12 A. Ad-
sorbates were adsorbed on the top side of the slab and the atoms in
the slab’s bottom layer were constrained to bulk positions, except for
Ni(110), for which the two bottommost layers were fixed. All other
degrees of freedom were relaxed. The in-plane lattice spacing was set to
the calculated equilibrium bulk lattice parameter of 3.52 A for Ni and
4.23 A for NiO.! Brillouin-zone integrations were performed with the
special point technique [56] using a Methfessel-Paxton smearing [57]
of 30 mRy for Ni and 1 mRy for NiO.

Ce0,(111) was described with a slab consisting of three O-Ce-O
trilayers with the bottom trilayer constrained to bulk positions. The
in-plane lattice spacing was set to the calculated equilibrium bulk
lattice parameter of 5.51 A. The wave-function kinetic energy cutoff
was set to 50 Ry, and the cutoff for the charge density was 500 Ry.
Marzari-Vanderbilt smearing [58] of 20 mRy and the self-consistently
determined U parameter of Ce ions of 4.7 eV were used.

Vibrational frequencies were calculated with the PHonon code from
the Quantum ESPRESSO suite, using the density-functional perturba-
tion theory [59]. Only the adsorbed molecule and the two upper layers
of Ni(111), Ni(110), Ni(100), NiMn,(100), and CeO,(111) were per-
turbed. In contrast, for NiO(100), only the topmost layer was perturbed.
Vibrational properties of isolated molecules were calculated with a 15 A
large cubic box using the gamma k-point. For vibrational calculations,
Ni(111)-(2 x 2), Ni(100)—(2 x 2), NiMn,(100)-(2x2), Ni(110)-(2 x 2),
NiO(100)-(1 x 2), and CeO,(111)-(1x1) supercells were used with the
6xXx6x1,6x6x1,6x6%x1,6x4x%x1,6x3x1,and3x3x1
uniformly shifted k-point grids, respectively.

Elementary reaction steps involved in the DRM reaction were mod-
eled on Ni(111) and NiO(100) as the minimum-energy paths using the
climbing-image nudged-elastic band (CI-NEB) method [60,61]. For NEB
calculations, larger supercells were utilized than for the vibrational
calculations, i.e., Ni(111)-(3 x 3) and NiO(100)-(2 x 2), for which the
4 x4 x1and 3 x 3 x 1 uniformly shifted k-point grids were used,
respectively.

The supercells utilized for vibrational and NEB calculations are
shown in Fig. S1 in the Supplementary material.

2.2. Energy equations

Adsorption energies were calculated as:
Eg = EA/slab —Ep — Egy, (2

where E, g, is the energy of the adsorbate/slab system, and E,
and Eg,, are the energies of isolated adsorbate species and bare slab,
respectively.

Reaction energies were calculated as:

AE = Egg — Eyg, 3

1 The two reported lattice parameters refer to a cubic unit cell. However,
the calculations of antiferromagnetic NiO were performed with a supercell to
accommodate spin-up and spin-down polarized Ni ions.
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Table 1

The calculated frequencies of the C-O stretching vibration (in cm™!) for CH,O species
(x =0, 1,2) either isolated or adsorbed on Ni surfaces. The available experimental values
are written in parentheses. CO, and COgqyey, Stand for CO adsorbed on a top and
hollow (hep for Ni(111)) site, respectively.

CO or CO, CO rotiow) CHO CH,0
Isolated 2107 (2169)* 1838 1740 (1746)*
Ni(111) 2005 (2045)° 1773 (1817)° 1292 1091
Ni(100) 1997 (2024)° 1641 (1710)°
Ni(110) 1986 (1984)¢

a Ref. [2].

b Ref. [62].

¢ Ref. [63].

d Ref. [64].

where Epg and Eg are the energies of the final and initial state of
an elementary reaction step, respectively. Activation energies were
calculated as:

E*' = Erg — Egg, 4)

where Epg is the energy of the transition state obtained with the CI-
NEB calculation. If a reaction step consists of more than one transition
state, the TS with the highest energy is used for Erg. For some cases on
NiO(100), the relaxation of two reaction intermediates (say, A and B)
resulted in an associated AB species. In such cases, the activation energy
of the A + B — AB reaction was set to 0, while the reaction energy was
calculated by the constrained relaxation, where the “docking” atoms?
of the A and B fragments were fixed in the lateral direction.

2.3. Other definitions

Adsorbed species are indicated with an asterisk. With this notation,
the adsorption of species A is written as A + * — A*, where *
represents an adsorption site. The formate HCOO intermediate can
adsorb as monodentate and bidentate. The two adsorption modes are
labeled as HCOO* and HCOO** to indicate that monodentate binds to
the surface with one and bidentate with two O atoms.

Surface coverage in monolayer (ML) units is defined as the in-
verse of the number of surface Ni atoms per adsorbate; for exam-
ple, if Ni(100)-(N x N) supercell contains one adsorbate then the
corresponding coverage is 1/N2 ML.

3. Results and discussion

First, the analysis of vibrational frequencies is presented to identify
which species corresponds to the experimentally-observed 2020 cm™!
peak. This peak was observed on the Ni/CeO, catalyst but not on
the Ni/Mn,CeO, one [1]. Then, the effect of doping Ni with Mn is
addressed. Finally, the reaction mechanism for the dry reforming of
methane on Ni(111) and NiO(100) is analyzed.

3.1. Vibrational analysis

Sagar et al. [1] ascribed the 2020 cm™! peak to the CH, O species.
Hence, the vibrational analysis was performed for CO, CHO, and CH,O
species adsorbed on Ni(111); isolated species and CO adsorbed on
other Ni surfaces were also considered for comparison. The calculated
and experimental C-O stretching frequencies are reported in Table 1,
whereas other molecular frequencies of CHO and CH,O are reported in
Table S1 in the Supplementary material. The DFT calculated frequen-
cies are lower than the experimental ones and the highest difference
between them is about 70 cm™!. Even when this discrepancy is taken
into account, the only calculated frequency close enough to 2020 cm™!

2 A docking atom is an atom with which a fragment bonds to the surface.
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Table 2
The calculated frequencies of the C-O stretching vibration (in c¢cm™!) for the CO
molecule adsorbed on various surfaces.

COqop) COotion)

Ni(111) 2005 1773
Ni(110) 1986

Ni(100) 1997 1641
NiMn,(100) 1984 @ Ni

NiMn_(100) 1958 @ Mn

Ni(100) + O(!/4 ML) 1657
Ni(100) + O(!/2 ML) 2049

NiMn,(100) + O(!/2 ML) 2071 @ Mn

Ni(100) + O(¥/+ ML) 2057

NiO(100) 2086

Ce0,(111) 2100

is that of CO adsorbed on a top site of Ni surfaces; note that all three
surface terminations give similar value of about 2000 cm~!. This value
agrees well with the experimentally determined value of 2017 cm~! for
CO on Ni/CeO, [65]. The calculated frequency of isolated CO is too
high (2107 cm™!) and that of adsorbed CHO (1292 ¢cm~!) and CH,0O
(1091 cm™!) on Ni(111) are much too low.

Campuzano et al. [62] showed that CO adsorbs to a three-fold
hollow site on Ni(111) at lower coverages, then at a bridge site, and,
at higher coverages, also at a top site. DFT calculations agree with this
trend, i.e., CO adsorbs the strongest to an hcp site (—1.83 eV), followed
by an fcc (—1.80 eV) and bridge (—1.71 eV) sites, and finally a top site
(—1.49 eV). The calculated stability difference between the hep and top
sites is considerable. In reality, this difference is likely smaller because
it is well-known that DFT favors CO adsorbed to hollow rather than
top sites [66-68]. Moreover, actual catalysts consist of Ni nanoparticles
that possess a significant fraction of kink and step sites, which are more
likely to bind CO on top sites.

Our results suggest that the 2020 cm~! peak is due to CO adsorbed
on a top site of metallic Ni particles; note that CO adsorbed on top sites
of different low Miller index Ni surfaces displays similar frequencies
(Table 2). CO is the product of the DRM reaction hence it has to
be present on both Ni/CeO, and Ni/Mn,CeO, catalysts. Because both
catalysts contain Ni particles, the absence of 2020 cm~! peak on one
of them suggests a change in the chemical nature of Ni particles which
influences their interaction with CO. Sagar et al. [1] reported that
Ni/Mn,CeO, has a higher content of mobile oxygen in the support
structure than the Ni/CeO, catalyst. This could result in more oxidized
Ni particles on the Mn,CeO, support. Mn ions present in the support
could also alloy with Ni nanoparticles, changing their chemical char-
acteristics. For this reason, the frequencies of the stretching vibration
of CO adsorbed on O/Ni(100), O/NiMn (100), and NiO(100) were
also calculated and are presented in Table 2, where O/Ni(100) and
NiO(100) are used as simple models of partially and fully oxidized Ni,
respectively, and O/NiMn,(100) is used as a simple model of partially
oxidized Ni doped with Mn. The calculated CO stretching frequency on
Ce0,(111) is also given for comparison.

On Ni(100) with 0.25 ML of O*, CO preferentially adsorbs on a
four-fold hollow site and the frequency is expectedly low (Table 2).
At higher O* coverage, CO adsorbs on a top site with more than
50 cm™! higher frequencies than on the top position of bare Ni(100). On
NiO(100), the CO stretching frequency is about 90 cm~! higher than on
metallic Ni, which can be attributed to a weaker CO adsorption on the
oxide surface; the calculated adsorption energies of CO are tabulated in
Table S2 and the corresponding analysis is presented in Fig. S2 in the
Supplementary material. As mentioned above, the DFT calculated fre-
quencies are lower than the experimental ones. Therefore, we can argue
that already at 0.5 ML of O*, the calculated CO frequency (2049 cm~1)
cannot match the experimentally observed 2020 cm~! value. Hence,
a partial oxidation of Ni particles on Mn, CeO, support would explain
the absence of 2020 cm~! peak. Interestingly, the calculated frequency
of CO adsorbed on CeO,(111) is 2100 cm~, thus being similar to the
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value on NiO(100). Therefore, we can assume that the 2100 cm~! peak,
observed by Sagar et al. [1], corresponds to CO adsorbed on oxide
surfaces, which do not weaken the C-O bond as much as metallic Ni
(Table S2).

3.2. Ni doped with Mn

Here, we address the possibility that Mn from the Mn, CeO, support
could alloy with Ni particles. According to our calculations, a NiMn,
alloy is thermodynamically stable. The mixing energy® for the bulk
NiMn, alloy, where 25% of Ni atoms is replaced with Mn atoms, is
—0.77 eV/Mn-atom. Moreover, a mixing entropy would further favor
alloy formation, particularly at higher temperatures. Mn atoms show
a slight tendency toward surface segregation, i.e., the NiMn,(100)-
(2 x 2) structure with Mn atom in the surface layer is by 0.04 eV more
stable than the analogous structure with Mn atom in the bulk layer,
as estimated by the seven-layer thick slab. Although the thermody-
namic stability of the NiMn, alloy does not yet prove that Ni particles
supported on Mn,CeO, are doped with Mn, it renders the possibility
sufficiently realistic to consider its implications.

On the NiMn, (100) surface alloy, CO binds to the Ni atom by about
0.5 eV stronger than to the Mn atom (Table S2). The corresponding
CO stretching frequencies are 1984 and 1958 cm~! on top of Ni and
Mn atoms (Table 2), respectively. Since Sagar et al. did not report any
frequency in the 1960-2100 cm™! range for the Ni/Mn,CeO, catalyst,
we can argue that the NiMn, alloy by itself cannot explain the differ-
ence in the observed IR vibrations. In contrast, on a partially oxidized
NiMn, (100) surface, modeled with NiMn,(100) covered by 1/2 ML
of O*, the CO stretching frequency is 2071 cm~! (Table 2), which,
taking into account that calculations underestimate the frequencies,
would correspond to the experimentally observed 2100 cm~! peak thus
justifying the absence of the 2020 cm~! peak.

Indeed, Ni particles doped with Mn may show a higher affinity
toward oxidation because oxygen chemisorbs stronger to NiMn, than
Ni. In particular, the O* binding energies on pristine Ni(100) and
NiMn, (100), calculated analogously to Eq. (2), are —5.3 and —5.6 eV,
respectively. This result, therefore, corroborates the hypothesis that the
absence of 2020 cm~! peak of the Ni/Mn,CeO, catalyst is due to the
higher oxidation of metal particles compared to those on CeO,.

3.3. Reaction mechanisms

To evaluate the explanation that emerged from the above vibra-
tional analysis, which ascribes the absence of the 2020 cm~! peak to
oxidized Ni particles, the DRM reaction mechanism was explored on
Ni(111) and NiO(100).

Two reaction paths were considered for the dissociation of methane
(CH,). The first is the direct dissociation via the C-H bond cleavages
and the second is an indirect one, which proceeds via the formation
of the CH, O species. For the CO, dissociation, three different reaction
paths were explored: direct dissociation to CO + O and indirect paths
through the formation of carboxylic (COOH) and formate (HCOO)
species.

Structures of the initial and final states corresponding to meaning-
ful stable structures were used in NEB calculations. Some reactions

3 The mixing energy was calculated as:
1
Epi = ;(ENiMn\ —nEy —mEy,),

where Ey;, is the energy of the NiMn, bulk alloy supercell consisting of n
Ni and m Mn atoms. Ey; and E,,, are the energies of Ni and Mn atoms in
the respective bulk crystals. The so-calculated mixing energy is normalized
per Mn atom. The fcc lattice of Ni was used for the starting structure of the
NiMn, alloy, which was further relaxed with variable cell optimization. As for
the bulk Mn, a plain bcc lattice was used for simplicity, although a-Mn has a
unique bcc lattice with 58 atoms in the unit cell [69].
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consist of two elementary steps, one representing the movement of a
molecule and the other the intramolecular bond-breaking or making.
The molecular movement was considered in cases with a relevant en-
ergy difference between the most stable structure and the structure used
in calculating intramolecular bond-making or breaking. This approach
provides a more realistic assessment of reaction energies.

Note that the energies of adsorbed species depend on the coverage
and presence of other coadsorbed species [70]; these issues are ad-
dressed at the end of the manuscript. For this reason, the presented
reaction and activation energies are to be taken qualitatively only.

3.3.1. Ni(111)

All tested elementary reaction steps for CH, and CO, decomposition
on Ni(111) and their corresponding reaction and activation energies are
shown in Fig. 1. The reaction paths that involve the elementary steps
with the lowest activation barriers are highlighted with green color and
their reaction energy profiles are shown in Fig. 2.

The first abstraction of the H atom from methane has a high
activation barrier of 0.99 eV, but the two subsequent steps leading
to the CH* fragment have lower barriers (0.75 and 0.35 eV). The
abstraction of the last H atom, CH* — C* + H*, displays the highest
H-abstraction activation energy of 1.31 eV. The activation energy for
the oxidation of C* to CO* is very high (2.11 eV), which is in line
with the fact that adsorbed carbon acts as a poison for the catalyst.
Hence, the formation of CO instead follows the path through the CHO*
fragment, i.e., CH* + O* — CHO* — CO* + H* with the respective
activation energies of 1.15 and 0.18 eV. Although the activation barrier
for the CH* + O* — CHO* step is slightly lower than the barrier for the
CH* — C* + H* alternative, C* may eventually form as a byproduct
of the reaction due to the small difference between the two barriers.
Another possibility that leads to CO* is the reaction of CH,* with O*
that has a slightly lower activation energy (1.05 eV) than the CH* + O*
reaction (1.15 eV), but the barrier for the dissociation of CH,* to CH* is
considerably lower (0.35 eV), making the oxidation of CH,* less likely.
These results imply that the CO* formation from methane proceeds first
by H-abstraction until CH* is formed, which then oxidizes to CHO* and
CHO* subsequently dissociates to CO*.

The second group of reactions pertains to CO, decomposition. CO,
can adsorb in two modes, a weakly bound physisorbed mode (E, 4 =
—0.03 eV) and an activated V-shaped chemisorbed CO,* structure, for
which the adsorption energy is endothermic (E,4, = +0.36 eV);* this
V-shaped structure is metastable because it is a shallow local minimum
on the potential-energy surface (PES) but is needed for the reaction
to proceed. According to our calculations, the next step is a direct
dissociation to CO* and O*, which displays lower activation energy
(0.52 eV) than the formation of HCOO* (0.57 eV) and COOH* (0.84 eV)
intermediates. Oxygen atoms formed in the CO, dissociation are used
in reactions with CH,* and CH* fragments to produce CH,0* and CHO*
which subsequently dissociate to CO*.

The activation barriers for reactions involving the H* and O* inter-
mediates were also calculated. The associative formation of hydrogen,
2H* — H,*, has an activation barrier of 0.92 eV. For water formation,
the calculated activation energies are 1.05 eV for the O* + H* — OH*
step and 1.27 eV for the subsequent H* + OH* — H,O* step, implying
that the H, formation is faster than the formation of H,O on metallic
Ni surfaces.

The above DFT results indicate that metallic Ni is a viable DRM
catalyst because it can lead to both products of the DRM reaction,
CO and H,. Considering the most probable reaction paths on Ni(111),
colored green in Fig. 1, the involved elementary reaction steps with the
highest activation energies are the first H-abstraction from methane,

4 The PBE-D3 functional, which includes the dispersion correction [71],
gives the E, values of —0.23 and +0.1 eV for physisorbed CO, and the
V-shaped chemisorbed state, respectively.
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CH, dissociation @ Ni(111)

CH/* CHs*
0.17 eV
,& 0.99eV [T o
9
—H* y
[ S VYT Y

NE =T 0.12eV |, oy

1.48 eV
Eact/

CO, dissociation @ Ni(111)

CcO 2>|<(phys) | Coz*(chem) CO*
o9

CC)OH*(trans)

-011eV Dl 0.06
0.84 eV

COOH¥is)
eV RS -1.01 eV

Fig. 1. Snapshots and the calculated reaction (AE, blue) and activation (E*, red) energies of the reaction elementary steps on Ni(111), involved in the decomposition of CH,
and CO, as well as the formation of water and hydrogen molecules. The reaction paths involving the elementary steps with the lowest activation barriers are highlighted in green
for each reaction. All calculated reaction energy paths and the corresponding IS, TS, and FS structures are shown in Figs. S5-526 in the Supplementary material.

Minimum energy reaction path @ Ni(111)
2.0

L5 r

ool M _ ﬁ
0.0 CH-* C . *(chem)

cHx CHO* CO,*Phys) H*
—0.5} -

_1.0k CO*
15} co* -

-2.0

Energy [eV]
a)
e
b*
0
T
w*

| CH, dissociation CO, dissociation |H, formation
Reaction coordinate

-2.5

Fig. 2. The reaction energy profiles for reaction paths with the lowest energy barriers on Ni(111), i.e., the green colored reaction paths in Fig. 1.
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CH, dissociation @ NiO(100)

—2.71eV
AE f/; 0.41 evl"'o*

CH,0*

CO, dissociation @ NiO(100)
Coz*(phVS)

CO*

CO*{chem) 4 Hx
-0.13 eV 0.84 eV
0.10 eV
1.15eVv +H*

+HY 115 ev

OH*

-0.87 eV
0.0 eV
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COOH*
Y 1.04 eV

H

-0.28 eV L L

. 130y [N ﬂ
;12

Fig. 3. Similar to Fig. 1, but for reactions on NiO(100). The reaction paths involving the elementary steps with the lowest activation barriers are highlighted in green for each
reaction. The gray-shaded AE values were calculated with constrained relaxations of co-adsorbed reactants because full relaxation of co-adsorbed reactants resulted in the product;
such reactions are barrierless (E* = 0 eV). All calculated reaction energy paths and the corresponding IS, TS, and FS structures are shown in Figs. $27-S45 in the Supplementary

material.

reaction of CH* with O*, and the formation of H,. One problem with
Ni catalysts is that the activation barrier for the C* formation is not
considerably higher from the competing reactions that lead to the DRM
products. Therefore, C* eventually poisons the surface, making the
catalyst inactive.

3.3.2. NiO(100)

The considered reaction paths on NiO(100) are shown in Fig. 3;
they are analogous to those examined above on Ni(111). As for the
methane H-abstraction reactions on NiO(100), the first abstraction
displays a higher activation energy (1.37 eV) than on Ni(111) (0.99 eV).
The subsequent CH;* — CH, + H* step displays exceedingly high
activation energy of 2.27 eV. Hence, the reaction proceeds through
the CH,O intermediates because the CH,* + O* reactions are highly
exothermic and display rather small activation energies of 0.41, 0.31,
and 0.24 eV for x = 3, 2, and 1, respectively.

Due to the exceedingly high activation barrier of the CH* — C* +
H* reaction (3.14 eV), the formation of C* in unfeasible on NiO(100).
Furthermore, the C* + O* — CO* reaction is highly exothermic and
barrier-less, further corroborating the unfeasibility of the C* accumula-
tion and subsequent surface poisoning on NiO(100). However, the CH, *
+ O* oxidation reactions require excess O* species on NiO(100), yet
our results indicate that their formation is unlikely on NiO(100) (see

below). Hence, O* can either form on reduced Ni patches or originate
from the ceria support.

As for reactions involving CO,, a direct dissociation of CO,* to CO*
+ O* can be excluded on NiO(100) due to extremely high activation
energy and highly endothermic reaction (AE > 4 eV). The reaction in-
stead proceeds via the V-shaped chemisorbed CO,* that is stabilized by
the nearby H*, which first transforms to a cis-carboxylic COOH* species
(E*t = 1.22 eV) and then decomposes to CO* + OH* (E*' = 1.10 eV).
Here, it should be noted that the formation of the formate HCOO*
intermediate displays a slightly lower activation barrier (1.15 eV) than
the formation of the carboxylic COOH* species (1.22 eV). However, the
formation of the formate is a dead end because it cannot decompose to
CHO* (E*! = 4.0 eV) that would lead to CO*.

It is a notable observation that O* species cannot form on NiO(100)
because CO,* and CO* dissociations are both extremely endothermic
thereon (Fig. 3). Furthermore, even if O* would form on NiO(100), it
would react barrierlessly with nearby H* atoms, exothermally forming
water molecules. The associative formation of hydrogen, 2H* — H,*,
is also exothermic (AE = —0.28 eV), but displays a sizable activation
energy of 1.30 eV, which is higher than on Ni(111), 0.92 eV.

The current results show that, on the one hand, NiO by itself cannot
act as a catalyst because the decomposition of methane either requires
the presence of excess O* species, which is unlikely on NiO, or the
reaction path that omit the O* species displays too high activation
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Fig. 4. The reaction energy profiles for reaction paths with the lowest energy barriers on NiO(100), i.e., the green colored reaction paths in Fig. 3.
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Fig. 5. Schematic presentation of how the coadsorption effects were estimated. (a)
Schematic of the AE_,, calculation. (b) To scrutinize the effects of the coverage and
the intermolecular distance on the X* + Y* relative stability, the AE_,, values were
calculated with smaller and larger supercells with coadsorbates close to each other and
far apart.

energies for some elementary steps (i.e., for CH;* — CH,* + H*
and CH* — C* + H*). On the other hand, the coke formation is
not expected on NiO, which is a plus. This observation suggests that
partially oxidized Ni should be superior to both metallic Ni and fully
oxidized NiO because, by a simple extrapolation, partially oxidized
Ni should display lower affinity to coke formation than metallic Ni
but higher viability of the DRM reaction than fully oxidized NiO. The
viability of the DRM reaction on partially oxidized Ni nanoparticles
should be even higher on supports that could provide O* species such
as currently used CeO, and Mn,CeO,.

3.4. Coadsorption effects

As already mentioned above, the reaction and activation energies
presented in Figs. 1-4 are to be taken qualitatively because they
were calculated at a specific computational “setup” without exploring
coverage and coadsorption effects. To shed some light onto these
issues, we present below a simplified attempt at estimating how various
coadsorbed species affect thermodynamic stability of each other.

The reactions considered in Figs. 1 and 3 are either dissociations
(XY* — X* + Y*) or associations (X* + Y* — XY*) and the majority of
them involve either H* or O* as one of the product or reactant; hence,
Y* is either O* or H*, whereas X* is any of the species considered in
Figs. 1 and 3. In NEB calculations, the reaction and activation energies
are calculated using a single supercell for the whole reaction, implying
that surface coverage changes during a reaction because one adsorbate
per supercell (XY*) transforms into two coadsorbates per supercell (X*
+ Y*) or vice-versa. The coadsorption effect (AE,,4,) on the adsorption
energy was therefore estimated by considering the coadsorbed X* +

Y* configuration in a given supercell to the standalone X* and Y*
configurations in the same supercell (for the schematic representation
of AE, see Fig. 5a), i.e.:

coads?
AE g5 = Exayys + Eo — (Exy + Ey), 5)

where Ey,. v, is the energy of the coadsorbed X* + Y* configuration,
E, is the energy of the bare surface, while Ey, and Ey, are the
energies of the standalone X* and Y* configurations; all these energies
were calculated with the same supercell. The corresponding results are
presented in Table S3 in the Supplementary material.

3.4.1. Ni(111)

According to the results of Table S3, H* only marginally affects
the adsorption energies of coadsorbed species on Ni(111) because the
AE,,4 magnitudes are below 0.1 eV. In contrast, the effect of O*
is somewhat larger but still relatively small, AE 4, < 0.25 eV. All
AE,,q Vvalues are positive, indicating that H* and O* tend to slightly
destabilize the coadsorbed species. However, the energy differences are
relatively minor; hence, the above-discussed reaction mechanisms on
Ni(111) are valid, and the presented reaction and activation energies
are reliable.

3.4.2. NiO(100)

The coadsorption effects on NiO(100) are much greater than on
Ni(111), and all the considered coadsorbed structures are stabilized
compared to the singly-adsorbed species (Table S3). H* stabilizes the
coadsorbed species from about 0.5 to 1.1 eV; for H* + O* and H*
+ OH*, the stabilization is even much stronger (1.7 and 1.9 eV), but
in these cases the coadsorbed structures at neighboring sites are not
stable and barrierlessly transform to OH* and H,O*, respectively. In
contrast, O* has either a marginal effect (|AE,,4| < 0.1 eV) or a super
strong effect (JAE, 4| 2 1.2 V). The marginal effect appears only for
structures with both X* and Y* species bonded to Ni ions. In contrast,
when at least one of the coadsorbed species bind to a surface O ion,
then the O* coadsorption effect is strong.

The coadsorption effects on NiO(100) are therefore sizable for most
considered cases, suggesting that the reaction and activation energies
are highly susceptible to the surface coverage and the distance between
the reacting coadsorbates (we call the latter the “closeness effect”).
This case thus needs further scrutiny to determine the reliability of
the calculated reaction and activation energies of Fig. 3. The first
relevant observation is that for association reactions, the two involved
species must be coadsorbed close to each other to react. Likewise, for
dissociation reactions the two emerging species are coadsorbed close
to each other immediately after the bond cleavage. This implies that
coadsorbed configurations with X* and Y* close to each other are more
relevant for activation energies than standalone adsorbed configura-
tions. However, configurations with X* and Y* close to each other can
be considered at different coverages. To estimate the effects of closeness

and coverage, we performed AE_, 4 calculations with three NiO(100)
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supercells of increasing size: (2 x 2), (4 x 2), and (4 x 4). For larger
supercells, X* and Y* coadsorbates were considered close to each other
(named as “close” configurations) and also further apart (designated as
“far”). This approach is schematically presented in Fig. 5b.

The so-calculated AE,,q, are presented in Table S4 for three coad-
sorption pairs: H* + CH;*, H* + CH,*, and O* + CH,* (the snapshots
of the considered configurations are presented in Fig. S4). For the H*
+ CH;* and O* + CH,* coadsorption pairs, the results reveal that the
coadsorption effect persists with decreasing coverage because, for the
large (4 x 4) supercell, the coadsorption effect is still considerable,
particularly if the two coadsorbates are located close to each other.
For example, for H* + CH;*, the AE_, 4, values are —0.72, —0.63, and
—0.34 eV for (2 x 2), close-(4 x 4), and far-(4 x 4) configurations. These
numbers suggest that the close distance between the coadsorbates
affects AE,,4 to a larger extent than the coverage.

In contrast, for H* + CH,*, the coadsorption effect diminishes
much faster with decreasing coverage for both close and far configu-
rations. For the small (2x2) supercell, the AE_, 4 effect is considerable
(—0.81 eV), but for the large (4 x 4) supercell, it is quite small, being
—0.02 and 0.04 eV for the close and far configurations, respectively.

These three coadsorption cases reveal that the AE_,,, effect can
be either short- or long-ranged. For the long-ranged instances, the
calculated E* values of Fig. 3 should be rather insensitive to coverage
and thus reliable. In contrast, for the short-ranged case, the calculated
E** values are coverage dependent and thus less general or reliable.
For the short-ranged cases, the dependence of E*' on the coverage
can be anticipated with the Brgnsted-Evans-Polanyi (BEP) relation [72].
For dissociation reactions (XY* — X* + Y*), stabilizing the X* + Y*
structure proportionally lowers E*!, particularly if TS is FS-like. In
contrast, for association reactions (X* + Y* — XY*), stabilizing the
X* 4+ Y* structure affects E** to a lesser extent, particularly if TS is IS-
like. These arguments imply that, for the dissociation reactions, the E*
values reported in Fig. 3 may be considered as lower-bounds because
they were calculated with relatively small supercells.

3.5. Diffusion of H* and O*

Because most of the reactions, considered in Figs. 1 and 3, involve
either H* or O*, we also calculated the barriers for H* and O* diffusion
on Ni(111) and NiO(100). The diffusion barriers on Ni(111) were
estimated as the energy difference between a less stable bridge and the
most stable fcc site because, according to calculations, the H* and O*
diffusion on Ni(111) follows the fcc—bridge—hcp—bridge—fcc
path.® The calculations reveal that H* is considerably more mobile on
Ni(111) than O* because the estimated diffusion barriers are 0.1 and
0.5 eV, respectively. The two barriers are sufficiently small to allow
efficient diffusion at reaction temperatures.

On NiO(100), the H* and O* diffusion barriers were calculated
with CI-NEB. The so-calculated H* diffusion barrier is 0.9 eV, which
is considerably higher than on Ni(111). In contrast, the O* diffusion
barrier is about 0.5 eV thus being similar as on Ni(111). O* is therefore
more mobile and more likely to react with intermediates than H*,
making the H, formation compared to the water formation even less
likely on NiO(100).

4. Conclusion

To explain the experimentally observed difference between the
Ni/CeO, and Ni/Mn,CeO, catalysts for the DRM reaction, specifically
the absence of the 2020 cm™! vibrational peak on Ni/Mn,CeO,, we
performed a computational DFT study of the DRM reaction on Ni

5 The so-estimated diffusion barriers represent the lower-bound because the
diffusion barriers calculated with NEB would be somewhat higher if the bridge
site is a local minimum.
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catalysts, using different Ni catalyst models, i.e., low Miller index
Ni surfaces as models of metallic Ni particles (pristine and doped
with Mn), NiO(100) as a model of fully oxidized Ni particles, and
0O/Ni(100) and O/NiMn,(100) as simple models of partially oxidized
metal particles.

Computational vibrational analysis univocally attributes the experi-
mentally observed 2020 cm~! peak to the CO stretching vibration of CO
adsorbed on a top site of metallic Ni because all other sites and involved
species display considerably different frequencies. The CO stretching
frequency increases as Ni oxidizes, and on NiO(100), it is similar to
the frequency of CO vibration on CeO,(111), about 2100 cm™!. This
observation suggests that Ni particles supported on Mn,CeO, are more
oxidized than those on CeO, so that only the latter catalyst displays
sufficiently metallic Ni particles for the 2020 cm~! peak to appear. This
hypothesis is supported by calculations, which reveal that Mn doping
of Ni particles should enhance oxidation due to a stronger metal-O
interaction in the presence of Mn.

To substantiate the hypothesis of varying degrees of oxidation of Ni
nanoparticles on the two catalysts, we investigated the DRM reaction
mechanism on Ni(111) and NiO(100) as models of fully reduced and
fully oxidized Ni, respectively. The reaction-path calculations reveal
that DRM on metallic Ni is feasible at elevated temperatures. Ac-
cording to calculations, the reaction proceeds by H-abstraction from
methane until CH* is formed, which reacts with O* forming CHO*,
and CHO* then dissociates to CO*. The H* atoms formed during these
H-abstractions then recombine to H,. CO, directly dissociates to CO*
and O*, providing O* for the oxidation of CH*. However, a notable
problem with metallic Ni catalysts is that the activation barrier for the
C* formation is not considerably higher from the competing reactions
that lead to the DRM products. Therefore, C* eventually poisons the
surface, making the catalyst less active (or even inactive). In contrast,
NiO does not encounter issues with the C* formation, but it is not
an effective catalyst due to too high activation energies, slow surface
diffusion of H*, and a shortage of excess O* that is required for
oxidation reactions. These two findings suggest that partly oxidized
Ni should be a better catalyst because it combines the good features
of metallic Ni (low enough activation energies) and fully oxidized Ni
(reduced coke formation).

Current results thus provide a sound explanation of why
Ni/Mn, CeO, is a superior catalyst to Ni/CeO, for the DRM reaction. In
particular, the presence of the 2020 cm~! peak on the Ni/CeO, catalyst
signals that Ni particles are sufficiently metallic and thus susceptible to
carbon poisoning. In contrast, the absence of the 2020 cm~! peak on the
Ni/Mn, CeO, catalyst indicates that Ni particles are oxidized, i.e., the
Ni oxidation is low enough to allow the DRM reaction but high enough
to reduce the catalyst’s carbon poisoning.
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