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ABSTRACT: A density functional theory (DFT) calculation has been carried
out to systematically investigate the mechanism of surface carbon elimination
by O and OH on both the alloy FeNi(111) and CuNi(111) surfaces, including
the homogeneous and the segregated surfaces, respectively; meanwhile, the
obtained results are compared with those on the pure Ni(111) surface in order
to probe into the effects of CuNi(111) and FeNi(111) surface structure and
second metal composition on the performance of surface carbon elimination.
Our results show that compared to the pure Ni(111) surface, the introduction
of Fe into Ni increases the adsorption of O, OH, and C species, while it
weakens the adsorption of CO and COH; the incorporation of Cu into Ni
decreases the adsorption ability of C, O, OH, CO, and COH species. The
mechanism of surface carbon elimination by O and OH shows that OH species
is more effective for carbon elimination than O species on Ni(111),
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CuNi(111) surface and the segregated FeNi(111) surface; meanwhile, CuNi(111) and FeNi(111) surface structure and second
metal composition have obvious effect on the performance of carbon elimination. Compared to Ni(111), FeNi(111) surface is
not favorable for carbon elimination, while CuNi(111) surface is beneficial for carbon elimination, in which the Cu enriched
surface is much more favorable than the 1:1 Cu surface and the pure Ni(111), indicating that the segregated CuNi(111) surface
with Cu enrichment significantly accelerates carbon elimination. Moreover, the good linear relationship exists between the
average adsorption energy of C + O or C + OH and the activation barrier of the C + O(OH) reaction. As a result, once carbon is
formed on the segregated CuNi alloy surface with Cu enrichment, carbon deposits can be timely eliminated, which can well
explain the reported experimental facts that CuNi bimetallic catalysts with Cu surface enrichment display excellent carbon-

resistance ability in CH,/CO, reforming.

1. INTRODUCTION

Catalytic reforming of CH, with CO, provides potential
incentives with great industrial and environmental attractive-
ness.'~® Nowadays, Ni-based catalyst has been considered to be
of potential for industrial application due to high activity and
wide availability. However, rapid coke accumulation on Ni-
based catalyst and coke-induced deactivation are the main
drawbacks to its industrialization.'*""

Coke accumulation on Ni-based catalyst is the result of
carbon formation and carbon elimination.'? Therefore, it is
significantly necessary to investigate the underlying mechanism
of carbon formation and elimination in CH,/CO, reforming.
For carbon formation, previous studies have shown that CH,
complete dissociation is dominantly responsible for carbon
formation in CH,/CO, reforming,13_16 thus, a large number of
studies have focused on CH, dissociation to explore carbon
formation on various Ni-based catalysts."’ "> For carbon
elimination, previous studies have suggested that the oxygenate
intermediates, such as O and OH species (O from CO,
dissociation, and OH from RWGS and H-assisted CO,
dissociation, can act as surface cleaner to scavenge the
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deposited carbon.””~** Therefore, C + O and C + OH
reactions are believed to be the key step to understand carbon
elimination. However, to the best of our knowledge, few studies
about carbon elimination on Ni-based catalyst have been
reported.

Nowadays, many efforts have been devoted to improving the
stability and carbon-resistance ability of Ni-based catalyst. An
effective way to enhance resistance toward coke deposits is to
introduce a second metal component to form bimetallic Ni-
based catalyst.> It has been demonstrated that the presence of
noble metals for the bimetallic Ni-based alloys can noticeably
improve the stability of ca\talysts.m’32 However, restricted
availability and high cost limit their use in this process. Thus,
many researchers have shifted their focuses to the combinations
of non-noble metal (Cu, Fe, etc) with Ni as inexpensive
alternatives.>® Wang et al.>* reported that Fe incorporated into
Ni-phase can stabilize the active nickel species, and make the
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metal J)article uniform distribution. Provendier and co-work-
ers®>® proposed that FeNi alloy prevents carbon poisoning
through a dilution effect on Ni particles. Wang et al.*” predicted
that Fe has cocatalytic function. Since Fe has high oxygen
affinity than Ni’® the oxygen atoms on Fe species can be
supplied to Ni species, which may promote the reaction
between carbonaceous species and oxygen species, and
suppresses carbon deposition.

Another important active phase promoter in CH,/CO,
reforming is Cu, the incorporation of Cu into Ni can interrupt
the Ni—Ni network, and promote CH, cracking process, thus,
the incorporation of Cu greatly reduces carbon deposition,*”~*!
which is in agreement with the previous DFT calculations that
of CuNi alloy can inhibit CH, dissociation to prevent carbon
formation.”>*® Tavares et al.*> have pointed out that the
stability of CuNi alloy cannot be fully explained by the
ensemble effect of Cu on Ni metal that may inhibit the carbon
formation rate on Ni catalyst. The same observation is reported
by Chen et al,,** who showed that the incorporation of Cu into
Ni affects the oxidation pathway of the deposited carbon, and
this factor would be more important in the stability control of
CuNi alloy.

Above results indicate that Cu and Fe promoters might block
Ni sites that are necessary for activation of methane; However,
Cu and Fe promoters can effectively prevent carbon poisoning
through a dilution effect on Ni particles, meanwhile, the
oxophililc nature of Fe and the effect of C oxidation pathway by
Cu may be served as another important factor of their
resistance to carbon deposition. Up to now, the roles of Cu and
Fe promoters played in carbon elimination and the beneficial
effects of bimetallic catalyst on carbon elimination have not
been elucidated at the molecular level, which need to be
clarified.

On the other hand, the arrangement of active component
and the surface morphology of CuNi and FeNi alloys are
obviously affected by the reacting atmosphere and temperature.
Cu and Fe tend to form the homogeneous structures with Ni in
CuNi and FeNi alloys.****~* However, under the certain
condition, Cu or Fe is inclined to segregate on the surface of
CuNi and FeNi alloys as a function of temperature and working
circumstances.””** ™" Wang et al.’’ experimentally observed
that Fe tends to enrich on the surface of FeNi alloy, and the
segregated surface of FeNi(111) with Fe surface enrichment is
mainly maintained during the reaction. The segregated surface
of CuNi alloy with Cu surface enrichment is also evidenced by
many researchers," " and the segregated CuNi surface
structure displays better anticarbon deposit ability.*~>* By
hydrogen chemisorption and FTIR spectroscopy of CO
adsorption, Kitla et al.>* clearly demonstrated that the surface
of CuNi bimetallic particles is strongly enriched by Cu, and Cu
surface enrichment markedly reduces coking occurring
preferentially on Ni-based catalyst, moreover, the ability of
CH, activation is still maintained. Surface segregation of Cu in
NiCu alloy also has been detected by Popova et al,>® who
indicated that CuNi catalyst effectively resists the carbon
deposition. These results show that the segregation of Cu and
Fe modifies the surface morphology of Ni-based alloy, then, the
modification of surface morphology will in turn have an effect
on the adsorption properties of key intermediates, further on
the reactivity of the deposited carbon with oxygen inter-
mediates.>*>> However, up to now, the underlying mechanisms
about carbon elimination and the surface structure effects of
CuNi(111) and FeNi(111) on carbon elimination remain

unclear. As a result, a detailed mechanism investigation of C +
O and C + OH reactions on different surface structures of
CuNi(111) and FeNi(111) at the atomic scale will help us
understand carbon elimination, as well as the effects of surface
structure on carbon elimination, which is a necessary progress
in the design of anticoking Ni-based catalyst.

In this study, we have systematically investigated the
mechanism of C + O and C + OH reactions on the alloy
CuNi(111) and FeNi(111) with the homogeneous and
segregated surfaces, respectively; here, the results are obtained
by using periodic density functional theory (DFT) method.
The effects of Cu and Fe doping on the adsorption of key
intermediates involved in carbon elimination have been
examined, the most favorable pathway of C + O and C +
OH reaction, as well as the effects of CuNi(111) and
FeNi(111) surface structure and second metal composition
on C + O and C + OH reactions have been identified. The
results of this work are expected to provide a microcosmic
insight into the roles of Cu and Fe doping, and clarify the
effects of surface Fe and Cu segregation on carbon elimination.

2. COMPUTATIONAL DETAILS

2.1. Surface Models. Previous studies have suggested that
the supported FeNi and CuNi bimetallic catalysts with an
approximate ratio of Ni/M (M = Fe, Cu) to one have beneficial
effects on increasing carbon deposition resistance, which can
improve the catalytic performance in the reforming of CH, with
C0,°>%® Meanwhile, experimental and theoretical work
demonstrated that FeNi alloy retains an FCC structure when
Fe content is no more than 60%.°”® According to XRD
characterization, the formation of chemically ordered FCC
FeNi alloy has been observed.** On the other hand, Hua et al.*’
and Lee et al.*’ suggested that CuNi alloy is formed after H,
reduction. Therefore, two bulk models with similar molar ratio
(M:Ni = 1:1) are constructed by replacing two Ni atoms in the
4Ni atom conventional cell with two M (M = Ni, Fe) atoms.
For FeNi alloy, a = 3.480 A, b = ¢ = 3.604 A; for CuNi alloy, a =
3.545 A b = ¢ = 3.551 A. The calculated lattice constants are
consistent with the previous theoretical calculations.>

MNi(111) surface is obtained by cutting MNi alloy along the
[111] direction. A rectangular (2\/ 3 X 2) supercell with four
layer composed of eight metal atoms at each layer is utilized to
represent the MNi(111) surface. Meanwhile, a 12 A vacuum
slab is inserted into the direction perpendicular to the surface in
order to separate the neighboring repeated slabs. In all
calculations, the upper two layers and the adsorbed species
are allowed to relax, and the bottom two layers in the slab
models are frozen.

Herein, we set up the homogeneous FeNi(111) and
CuNi(111) surfaces, which are denoted as 1:1 Fe surface and
1:1 Cu surface, respectively, as shown in Figure 1. However,
since the reacting atmosphere and temperature have obvious
effect on the surface morphology of MNi alloy; under the
certain conditions, Cu or Fe is inclined to segregate on the
surface, namely, the surface is enriched with Cu or Fe atoms;
meanwhile, the surface M segregation for MNi alloy have been
detected by many experimental studies.*”**73%%7%% Ag 3 result,
the segregated MNi(111) with the Cu or Fe enriched surface
has been constructed. We have considered all possible
replacement modes of the surface Ni atoms with Cu or Fe
atoms of the subsurface layer for the segregated FeNi(111) and
CuNi(111) surfaces (see part 1 in the Supporting Information).
Our results show that when two interval Ni atoms of the

DOI: 10.1021/acs.jpcc.5b03868
J. Phys. Chem. C 2015, 119, 14135-14144


http://dx.doi.org/10.1021/acs.jpcc.5b03868

The Journal of Physical Chemistry C

hep2  B-Ni-Fe hepl Fe T-Fe

-~
e T
N e )

i,

1
B-Fe-Fe  fccl B-Ni-Ni yj fec2 T-Ni
1:1 Fe surface

B-Cu-Cu  feel B-Ni-Ni fec2 T-Ni

1:1 Cu surface

Cu enriched surface

Figure 1. Surface morphology and the corresponding adsorption sites
of the alloy NiCu(111) and NiFe(111) surfaces. Light sky blue,
orange, and light purple balls stand for Ni, Cu, and Fe atoms,
respectively.

surface layer are exchanged with two M atoms of the subsurface
layer, the corresponding geometries of the segregated
FeNi(111) and CuNi(111) surfaces is more stable than other
geometries. Therefore, the segregated MNi(111) with the M-

enriched surface are obtained by exchanging two interval Ni
atoms of the surface layer with two M atoms of the subsurface
layer, which are named as the Fe enriched surface and Cu
enriched surface (see Figure 1), respectively. On the 1:1 M and
the M-enriched surfaces, the numbers of M(Fe, Cu) atoms
presented on the surface layer are 4 and 6, the corresponding
surface coverage of M composition is equal to 1/2 and 3/4 ML,
respectively, namely, the 1:1 M surface represent the
homogeneous surface, and the M-enriched surfaces represent
the segregated surface.

2.2, Computational Methods. All DFT calculations in
this study have been carried out using the Vienna ab initio
simulation package (VASP).**** The projector augmented
wave method (PAW)®¥% is used to describe the ionic cores
and their interaction with the valence electrons. The exchange-
correlation energy is described by Perdew—Burke—Ernzerhof
functional within the generalized gradient approximation
(GGA-PBE).”” A plane wave basis set with a kinetic energy
cutoff of 400 eV is employed for the valence electrons. A Fermi
smearing of 0.1 eV is utilized to determine electronic
occupancies. Brillouin zone is sampled with a grid of 4 X 4 X
1 mesh points according to the Monkhorst—Pack procedure.
Since two magnetic elements of Ni and Fe are involved in the
system, the spin-polarized has been considered. Forces below
0.01 eV/A are used as the criterion for the relaxation
convergence. The relaxation of the electronic degrees of
freedom is thought to be converged when the energy
differences are less than 107° eV. The climbing-image nudged
elastic band method (CI-NEB) has been employed to locate

Table 1. Adsorption Energies (eV) of the Species Involved in Carbon Elimination on the Pure Ni(111) and the Alloy FeNi(111)

Surface”
species
surfaces sites C (0] OH CcO COH

Ni(111)7 hep —6.88 —5.64 -3.35 -1.89 —4.39
fcc —6.83 —-5.76 —3.45 —1.87 —4.39
B (hep)? (hep) (fec) —1.76 (fec)
T (fec) (hep) (fec) -1.53 (hep)

1:1 Fe surface hepl —6.84 —6.20 -3.90 —1.67 —4.26
hep2 —6.85 —-5.94 -3.57 —-1.69 —4.27
fecl —6.85 —6.30 -3.90 -1.76 —4.27
fec2 —6.81 —6.03 —3.64 —1.62 —4.28
B—Ni—Ni (hepl) (fec2) (fec2) (fecl) (hepl)
B—Ni—Fe (hepl) (hep2) (hepl) (fecl) (fec2)
B—Fe—Fe (hepl) (fecl) (feel) T-Fe (fec2)
T—Fe (fecl) (fec2) (fec2) —1.63 (fec2)
T-Ni (fec2) (fec2) (fecl) -1.53 (fec2)

Fe-enriched surface hepl —6.98 —6.18 -3.74 (B—Ni—Fe) —4.36
hep3 -7.07 —6.45 -3.99 —1.68 —4.38
hepd ~7.00 —622 —374 (B—Ni—Fe) -435
fecl —693 —621 —3.75 (B—Ni—Fe) —435
fec3 —7.00 -6.51 —4.03 (T—Fe) —436
fecs —696 —622 —3.76 (B—Ni—Fe) —437
B—Ni—Fe (fecd) (fec4) (fecd) -1.71 (hepl)
B—Fe—Fe (fee3) (hep3) (fecd) (T-Fe) (fec4)
T—Fe (hep3) (fec3) (hep4) -1.72 (hepl)
T-Ni (fecl) (fecd) (fee3) (B—Ni—Fe) (fecd)

“The energies in bold are the adsorption energies at the most stable adsorption sites. YThe adsorption sites presented in parentheses are the stable
adsorption site of species, namely, the initial adsorption configurations of species putted initially at the corresponding sites are relaxed to the
adsorption sites presented in parentheses after geometry optimization; for example, C initially adsorbed at the bridge site are converted that adsorbed

at the hcp site after geometry optimization.
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Table 2. Adsorption Energies (eV) of the Species Related to Carbon Elimination on the Alloy CuNi(111) Surface”

species

surfaces site C (0] OH (¢¢] COH
the 1:1 Cu surface hepl (B—Ni—Ni)® —5.00 -295 (T—Ni) —4.27
hep2 (B—Ni—Ni) —5.54 (B—Ni-Ni) (B—Ni—Ni) 431
fecl (B—Ni—Ni) —-5.10 -3.13 (B—Ni—Ni) —-3.55
fec2 (B—Ni—Ni) -5.63 (B—Ni—Ni) (B—Ni—Ni) —427

B—Ni—Ni -6.73 (fec2) —3.36 -1.92 (hep2)

B—Ni—Cu (B—Ni—Ni) (hep2) (fecl) (fecl) (hep2)

B—Cu—Cu (B—Ni—Ni) (fecl) (fecl) (T-Ni) (hep2)

T—Cu (B—Ni—Ni) (fec2) (feel) (B—Ni—Ni) (hep2)

T-Ni (B—Ni—Ni) (fec2) (B—Ni—Ni) -1.62 (fecl)
the Cu enriched surface hepl —5.76 =S.11 -3.12 (T—Ni) -3.55
hep3 —4.81 —4.61 —2.86 -0.75 —-2.74
hep4 —5.88 —5.14 —3.19 (T—Ni) -3.67
fecl -578 -s521 -320 (T-Ni) -3.59
fee3 —4.84 —4.75 —-3.04 —-0.89 —2.85
fecd (B—Ni—Cu) -527 —3.24 (T—Ni) -353

B—Ni—Cu —5.86 (hep4) (hep4) (T—Ni) (fecl)

B—Cu—Cu (B—Ni—Cu) (hep4) (hep4) (T—Ni) (hep4)

T—Cu (B—Ni—Cu) (fee3) (fecd) (T—Ni) (hepl)

T-Ni (B—Ni—Cu) (hep4) (hepl) —1.68 (fecl)

“The energies in bold are the corresponding adsorption energies at the most stable adsorption sites. The adsorption sites presented in parentheses
are the stable adsorption site of species; namely, the initial adsorption configurations of species putted initially at the corresponding sites are relaxed
to the adsorption sites presented in parentheses after geometry optimization.

the saddle points.® Transition states have been optimized using
the dimer method.®”’® The transition state structures are
assumed to be converged if the forces acting on the atoms are
all less than 0.05 eV/A for the various degrees of freedom set in
the calculation.

The adsorption energy, E, , is calculated by

Eads = E(adsorbate/slab) - Eslah - Eadorbate

where E o pare/sap i the total energy of the slab model with
adsorbate; E,,;, is the total energy of the bare slab model;
E s dcorbate 1S the total energy of the isolated adsorbate obtained in
a 10 X 10 X 10 A cubic box.

3. RESULTS AND DISCUSSION

3.1. Adsorption of Reaction Species. For Ni(111)
surface,”"’* four different adsorption sites exist: hexagonal-
close-packed (hcp), face-centered-cubic (fcc), top (T), and
bridge (B). On MNi(111) surface, several additional sites are
formed due to the existence of two compositions in the lattice,
as displayed in Figure 1. All possible adsorption sites on
MNi(111) surface have been considered in this study, the
adsorption energies for each species at their stable adsorption
sites on FeNi(111) and CuNi(111) surfaces are summarized in
Tables 1 and 2, and the corresponding adsorption config-
urations are displayed in part 2 of Supporting Information. In
addition, our previous studies have investigated the possible
adsorption sites of related species involved in carbon
elimination on Ni(111) surface,”> which is also listed in
Table 1.

3.1.1. C Adsorption. On Ni(111), the most stable site of C
atom is hcp site with an adsorption energy of —6.88 eV, which
agrees with the values obtained by Fan et al.”* On FeNi(111),
the Fe segregation for the Fe enriched surface increases the
adsorption ability of C atom. On CuNi(111), for the 1:1 Cu
surface, the most stable adsorption site of C atom is bridge site
composed of two Ni atoms, which is consistent with the

14138

previous studies; > the introduction of Cu into Ni weakens the
adsorption stability of C, which may increase the diffusion
ability of C species to interact with O and OH species, further
promotes carbon elimination.

3.1.2. O and OH Adsorption. On FeNi(111), compared to
Ni(111), the introduction of Fe into Ni enhances the
adsorption ability of O and OH species. Meanwhile, the
increased degree of O adsorption energy far outstrips C
adsorption on FeNi(111), indicating that Fe has stronger
affinity for oxygen species than carbon species, which agrees
with the previous experimental predictions.>”*®

On CuNi(111), the introduction of Cu into Ni decreases the
adsorption ability of O and OH species, which may increase the
diftusion ability of O and OH species to interact with C species,
further improve the ability of carbon elimination. In addition,
compared to Ni(111), the diffusion of single O or OH species
from the their most stable adsorption site to the adjacent stable
site has indicated that the diffusion of single O or OH species is
obviously promoted on the Cu enriched surface, which may be
in favor of carbon elimination (see part 3 in the Supporting
Information).

3.1.3. COH and CO Adsorption. For COH adsorption,
COH species adsorbed on the alloy FeNi(111) and CuNi(111)
is energetically unfavorable than that on Ni(111). Thus, the
introduction of Fe or Cu into Ni reduces the adsorption
stability of COH species.

For CO adsorption, on Ni(111), CO prefers to adsorb at the
hep site with an adsorption energy of —1.89 eV, which agrees
with the previous DFT studies.”"”’® On FeNi(111) surface, the
adsorption energy of CO is larger than that on Ni(111),
indicating that the introduction of Fe into Ni weakens the
adsorption ability of CO. On CuNi(111) surface, the 1:1 Cu
surface slightly increase the adsorption ability of CO, whereas
the Cu enriched surface reduces the adsorption stability of CO,
which agrees with the previous experimental observation.>*

DOI: 10.1021/acs.jpcc.5b03868
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In addition, the adsorption of related species on the pure
Cu(111) and Fe(110) have been considered (see Part 4 in the
Supporting Information). Our results indicate that compared to
Ni(111), C, O, OH, CO and COH species adsorbed on
Cu(111) is energetically unfavorable; on Fe(110), the
adsorption energy of C, O and OH species is significantly
increased, the adsorption energy of CO is decreased, and COH
adsorbed on Fe(110) is slightly favorable compared to Ni(111).
These results are in good agreement with those obtained on the
alloy MNi (M = Fe, Cu) surfaces.

32. C + O and C + OH Reactions for Carbon
Elimination. In order to illuminate the mechanism of carbon
elimination in detail, various possible paths of C + O(OH)
reaction have been considered. For the coadsorption
configurations of C + O(OH), we not only consider the
coadsorption configurations binding at their most favorable site,
but also examine other possible coadsorption configurations
adsorbed at their metastable sites due to the small difference of
adsorption energy for C, O and OH species, as shown in Figure
2.

Figure 2. Possible coadsorption configurations of C + O or C + OH
on the 1:1 Fe surface of FeNi(111).

The configurations of initial states (ISs), transition states
(TSs), and final states (FSs) for carbon elimination reactions
involving in all possible pathways on the alloy MNi surfaces are
displayed in the Part S of Supporting Information. The
activation barriers and reaction energies of C + O and C + OH
reactions with different pathways are listed in Table 3. The
potential energy profile for the most favorable pathway of C +
O and C + OH reactions on the pure Ni(111) and the alloy
MNi(111) (M = Fe, Cu) surfaces has been presented in Figure
3.

On FeNi(111), the most favorable path of C + O reaction
needs to overcome the activation barriers of 1.39 and 1.87 eV
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Figure 3. Potential energy profile for the most favorable pathway of C
+ O and C + OH reactions on the pure Ni(111) and the alloy
MNi(111) (M = Fe, Cu) surfaces.

on the 1:1 Fe and the Fe enriched surfaces, respectively, which
are higher by 0.04 and 0.52 eV than that on Ni(111), indicating
that the introduction of Fe into Ni goes against C + O reaction;
for C + OH — COH reaction, the activation barrier (1.36 and
1.59 eV) of the most favorable path on the 1:1 Fe and the Fe
enriched surfaces are still higher than (1.06 eV) on Ni(111),
suggesting that the introduction of Fe into Ni also restrains the
C + OH reaction. Meanwhile, it is noted that the activation
barrier of C + O(OH) reaction on the Fe enriched surface is
much higher than that on the 1:1 Fe surface, namely, the
surface Fe segregation of FeNi(111) inhibits carbon
elimination.

On CuNi(111), the activation barriers of the most favorable
path for C + O and C + OH reactions on the 1:1 Cu surface
(1.50 and 1.11 eV) are higher than those (1.35 and 1.06 €V) on
Ni(111), namely, compared to Ni(111), the 1:1 Cu surface
restrains C + O and C + OH reactions. However, the activation
barrier of the most favorable path for C + O reaction on the Cu
enriched surface is 0.86 eV, which is lower by 0.49 eV than that
on Ni(111); for C + OH reaction, the activation barrier (0.65
eV) of the most favorable path is still lower by 0.41 eV than
that on Ni(111), indicating that C + O and C + OH reaction
are accelerated on the Cu enriched surface, namely, CuNi(111)
with the segregated Cu surface is beneficial for carbon

Table 3. Activation Energies (E,/eV) and Reaction Energies (AH/eV) of C + O and C + OH Reactions on the Pure Ni(111)
and the Alloy NiM (M = Fe, Cu) Surfaces

Ni(111)”° FeNi(111) CuNi(111)
1:1 Fe surface Fe-enriched surface 1:1 Cu surface Cu-enriched surface
reactions paths E, AH E, AH E, AH E, AH E, AH
C+0—CO path 1 229 —1.50 139 (1.37) 0.89 187 (1.83) —020  1.50 (147) —222  L19 -3.16
path 2 1.35 (1.33) —-1.66 1.80 —0.83 4.84 —0.25 0.92 -337
path 3 142 —0.96 0.86 (0.84) -3.39
path 4 1.69 —0.65
C + OH - COH path 1 1.26 —-0.74 1.37 —-0.38 1.67 0.18 1.11 (1.08) -1.04 0.70 —1.56
path 2 1.06(1.04)¢ -0.89 1.48 —-0.30 1.59 (1.58) 0.07 0.65 (0.63) -1.67
path 3 1.51 -0.25 0.83 —-1.31
path 4 1.61 —0.11 0.72 -1.56
path § 1.56 -0.30
path 6 1.36 (1.36) —0.38
path 7 141 -0.25
path 8 1.49 -0.16
“The values presented in parentheses are the activation energies with ZPE correction.
14139 DOI: 10.1021/acs.jpcc.5b03868
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elimination, which is in agreement with the experimental results
that the introduction of Cu into Ni may facilitate C oxidation.*

In general, as shown in Figure 3, on Ni(111), FeNi(111),
and CuNi(111) surfaces, the introduction of Fe into Ni goes
against carbon elimination; the introduction of Cu into Ni to
form the 1:1 Cu surface restrains carbon elimination, however,
the Cu enriched surface can accelerate carbon elimination, in
which the activation barriers of C + O and C + OH reactions
on the Cu enriched surface are the lowest among all considered
surfaces, indicating that carbon deposits can be easily
eliminated by O and OH species on CuNi(111) with the
segregated Cu surface. Moreover, the activation barriers of C +
OH reaction are lower than those of C + O reaction, which
means that OH species is more effective for carbon elimination
than O species.

Segregation is a common process that occurs in many
multicomponent catalysts such as NiCu alloy. Cu segregation in
NiCu bimetallic catalysts have been confirmed by many
experimental studies, and the CuNi catalyst with the segregated
Cu surface displays better anticarbon deposit ability; for
example, Naghash and his co-workers® have indicated that
Cu has a tendency to segregate in order to reduce the interfacial
surface energies based on the analysis of XRD, XPS, BE, and
Auger measurements. By means of XRD, XPS, EXAFS, and
FMR, Wang et al.®! found that the surface concentration of Cu
is higher than the concentration of Ni bgf a factor of 2—3 in
CuNi bimetallic catalysts. Tavares et al.>’ have observed that
Cu tends to enrich on the surface of CuNi alloy particles, and
the incorporation of Cu into Ni can decrease the carbon
formation. The CuNi alloy with surface Cu enrichment is also
evidenced by La Rosa et al,*" which showed that no significant
carbon deposition has been observed after operation for 2000
h. By hydrogen chemisorption and FTIR spectroscopy of CO
adsorption, Kitla et al.>* clearly demonstrated that the surface
of CuNi bimetallic particles is strongly enriched by Cu, and
surface Cu enrichment markedly reduces coking occurring
preferentially on Ni-based catalyst, while maintaining methane
activation. Surface segregation of Cu in NiCu alloy has also
been detected by Popova et al,,>* who indicated that the CuNi
catalyst effectively resists the carbon deposition. Therefore, on
the basis of above experimental studies, we can believe that
CuNi alloy with surface Cu enrichment, namely, CuNi alloy
with the segregated Cu surface, can exist in the real catalytic
system.

In addition, C + O and C + OH reactions on the pure
Cu(111) and Fe(110) surfaces have been calculated (see part 6
in the Supporting Information), the results show that compared
to Ni(111), C + O and C + OH reactions are accelerated on
Cu(111), while both are obviously restrained on Fe(110); these
results are consistent with those obtained on the alloy MNi (M
= Fe, Cu) surfaces.

3.3. Relationship between the Adsorption Energy of C
+ O(OH) and Carbon Elimination Reaction. In order to
provide further insight into the controlling factors in carbon
elimination, the adsorption property of surface species (e.g., the
adsorption energy of C, O, and OH species on the metal
surface) has been considered to correlate with the activation
barrier of carbon elimination on the pure Ni(111), Cu(111),
and Fe(110), as well as four types of the alloy MNi (M = Fe,
Cu) surfaces. Figure 4 presents the relationship between the
activation barrier change of carbon elimination reaction on
different metal surfaces and the average adsorption energy of C
and O(OH) species on the corresponding metal surface.

C+OH | COH c+0 { co
2.1 - y=0.847x-3.151 y‘—:0.614x-2.41 0 Fe(111),
R*=0.944 * R'=0.851
] Fe{111)
; 1.8 Fe enriched ™,
o2
@
T Fe enriched
E 1.5+ 1:1 Cu¥,
2 a ®11Fe
g Ni{111)
'ﬁ 1.2
2 Cu(111)®
=
Q
< 0.9 -
Cu enricned
0.6 - Cu enricned

45 50 55 60 65 7.0 7.5 45 50 55 6.0 65 7.0 7.5

Adsorption energy of (C+OH)/2 or (C+0)/2 (eV)

Figure 4. Relationship between activation barrier change of carbon
elimination reaction at different metal surfaces and the average
adsorption energy of C and O(OH) species on the metal surface.

From our calculated results, we can obtain a general rule: the
larger the average adsorption energy of C + O or C + OH
species on the metal surface is, the larger the activation barrier
of C + O or C + OH reactions on the metal surface is namely,
the more strongly bound the C + O or C + OH species on the
metal surface is, the less the promoting effect or the stronger
the inhibiting effect for carbon elimination. Moreover, a good
linear relationship between the average adsorption energy of C
+ O or C + OH species and the activation barrier of C + O or
C + OH reactions for carbon reaction is found (Figure 4).
Especially, a very good linear relationship exists between the
average adsorption energy of C + OH species (E 4 (ciom)/2)
and the activation energy of C + OH reaction due to the high
R? value (0.944). In general, the ability of carbon elimination
on the metal surface increases with the decreasing of adsorption
ability for C + O and C + OH species on the corresponding
metal surface.

In addition, for the C deposition, previous studies have
shown that CH, complete dissociation is responsible for carbon
formation in CH,/CO, reforming. Therefore, a large number
of studies have focused on CH, dissociation to explore carbon
formation on various Ni-based catalysts, which presents the C
deposition trends. For example, Liu et al.** have found the
linear relationship between the activation energy of CH,
dissociation and the adsorption energy of C atom, suggesting
that the activation energy of CH, dissociation decreases with
the increase of the adsorption energy of C atom. The same
observation is confirmed by Fan et al,?' indicating that the
larger the adsorption energy of C atom is, the easier CH, first
dissociation step (the rate-determining step) is. Therefore, the
decrease of C adsorption energy may restrain CH, dissociation
and decrease the C formation by CH, dissociation.

On the basis of the above analysis, the trends of C
elimination and C deposition are linked closely with the
adsorption energy of C. For example, when C adsorption
energy increases, the average adsorption energy of C + O and C
+ OH increases, and carbon elimination is inhibited; mean-
while, carbon formation by CH, dissociation is promoted due
to the decreased activation energy of CH, dissociation; as a
result, C deposition is likely to occur on the catalyst surface and
to reduce the stability of the catalyst. Therefore, the adsorption
energy of C on the catalyst surface could be a good descriptor

DOI: 10.1021/acs.jpcc.5b03868
J. Phys. Chem. C 2015, 119, 14135-14144


http://dx.doi.org/10.1021/acs.jpcc.5b03868
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.5b03868&iName=master.img-004.jpg&w=236&h=174

The Journal of Physical Chemistry C

Table 4. Rate Constant k (s™*) of C + O(OH) Reaction at Different Temperature on the Pure Ni(111) and the Alloy MNi(111)

(M = Fe, Cu) Surfaces

rate constant k (s™")

surfaces reactions 800 K
Ni(111) surface C+0 - CO 9.38 x 10*
C + OH - COH 6.59 X 10°
1:1 Fe surface C+0 - CO 1.09 x 10°
C + OH —» COH 4.1 x 10*
Fe-enriched surface C+0—-CO 3.02 x 107
C + OH —» COH 624 x 10°
1:1 Cu surface C+0 - CO 191 x 10*
C + OH — COH 6.88 x 10°
Cu-enriched surface C+0 - CO 8.69 x 10°
C + OH —» COH 3.41 x 10°

850 K 900 K 950 K 1000 K
3.15 x 10° 9.28 x 10° 245 x 10° 5.87 x 10°
1.72 X 107 4.06 x 107 8.77 x 107 1.76 x 10®
3.77 X 10° 1.14 x 10° 3.1 % 10° 7.61 x 10°
1.39 x 10° 41 x 10° 1.09 x 10° 2.62 % 10°
1.57 X 10% 6.82 X 10° 2.54 x 10* 8.34 x 10*
2.57 x 10* 9.05 x 10* 2.80 X 10° 7.77 % 10°
7.23 x 10* 2.37 X 10° 6.89 X 10° 1.80 x 10°
1.87 X 107 4.58 x 107 1.02 x 10% 2.11 x 10®
191 x 10° 3.88 x 10° 7.32 x 10° 1.30 x 10"
6.26 x 10° 1.08 x 10%° 1.76 X 10%° 2.74 x 10"

for evaluating the catalyst stability, and an effective strategy to
improve the coke resistance of Ni catalyst is to weaken the C
adsorption strength on the catalyst.

3.4. Effect of Temperature on C + O and C + OH
Reactions on the Alloy MNi Surface. Under the realistic
conditions, the reforming of CH, with CO, is a highly
endothermic reaction, which requires the operating temper-
atures of 800—1000 K to obtain the high equilibrium
conversion of CH, and CO, and to prevent carbon
deposition.”” Therefore, to further understand the effect of
temperature on C + O(OH) reaction over Ni(111) and the
alloy MNi(111) (M = Fe, Cu) surfaces, we have calculated the
rate constants for the most favorable path of C + O(OH)
reaction at the temperatures of 800, 850, 900, 950, and 1000 K,
respectively, the corresponding results are listed in Table 4. The
detailed descriptions of rate constant calculation has presented
in the Part 7 of Supporting Information.

We can see that the rate constant k of C + O(OH) reaction
increases with the increasing of temperature on Ni(111) and
the alloy MNIi surfaces, respectively. At the same temperature,
on Ni(111), CuNi(111) surface and FeNi(111) with the Fe
enriched surface, the rate constants of C + OH reaction are
larger than the corresponding values of C + O reaction,
suggesting that OH species is more effective for carbon
elimination than O species. However, on FeNi(111) with the
1:1 Fe surface, O species is more favorable than OH species for
carbon elimination.

On FeNi(111), at the same temperature, for C + O reaction,
the rate constant is in the order of the 1:1 Fe surface > Ni(111)
> the Fe enriched surface, namely, C + O reaction is accelerated
on the 1:1 Fe surface, while it is obviously restrained on the Fe
enriched surface; for C + OH reaction, the rate constant is in
the order of Ni(111) > the 1:1 Fe surface > the Fe enriched
surface, indicating that FeNi(111) surface inhibits the C + OH
reaction. More interestingly, the rate constants of C + OH
reaction on Ni(111) is much larger than that of C + O reaction
on the 1:1 Fe surface. Therefore, compared to Ni(111),
FeNi(111) surface goes against carbon elimination, namely,
carbon deposits cannot be effectively improved on the alloy
FeNi(111) surface.

On CuNi(111), at the same temperature, for C + O reaction,
the rate constant is in the order of the Cu enriched surface >
Ni(111) > the 1:1 Cu surface, namely, the C + O reaction is
restrained on the 1:1 Cu surface, while it is accelerated on the
Cu enriched surface; for C + OH reaction, the rate constant is
in the order of the Cu enriched surface > the 1:1 Cu surface >
Ni(111), suggesting that C + OH reaction is promoted on
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CuNi(111) surface. Moreover, the rate constants of C +
O(OH) reaction on the Cu enriched surface are much larger
than those on the 1:1 Cu surface and Ni(111), which means
that CuNi(111) with the segregated Cu surface is obviously
beneficial for carbon elimination. As a result, carbon deposits
can be easily eliminated by O and OH species on the
segregated CuNi(111) with Cu enriched surface.

3.5. Effect of Fe and Cu on the Entire Catalytic Cycle
in CH,/CO, Reforming. Up to now, many theoretical and
experimental studies have been carried out to understand
carbon formation by probing into CH, dissociation on Ni-
based bimetallic catalysts."*">>*3%75 Fan and his co-workers**
have shown that C concentration on the alloy FeNi surface is
predicted to increase with the increasing of Fe content, which
agrees with our results that alloy FeNi(111) surface is not in
favor of carbon elimination, thus, carbon deposition is likely to
occur on FeNi alloy. On the other hand, the studies by Liu et
al>””> have shown that compared to Ni(111), carbon
formation by CH, dissociation is promoted on FeNi(111)
and the homogeneous CuNi(111) surface, while it is
suppressed on the segregated CuNi(111) surface. Our results
show that on CuNi alloy, carbon elimination is favorable,
among the different CuNi alloy surfaces, on the homogeneous
CuNi(111) surface, the extent of carbon deposition depends on
the relative rate of carbon formation and carbon elimination,
however, on the segregated CuNi(111) surface, carbon
formation by CH, dissociation is inhibited, and carbon
elimination is accelerated. Therefore, once carbon deposition
occurs on the segregated CuNi(111) with the Cu enriched
surface, carbon deposition can be timely eliminated. An
efficient periodic cycle of carbon formation and elimination
on the segregated CuNi alloy with the Cu enriched surface may
be one of the contributions leading to the stable catalytic
performance. These calculated results well explain the
experimental facts that the segregated CuNi bimetallic catalysts
with the Cu enriched surface have excellent catalytic perform-
ance and carbon-resistance ability in CH,/CO, reforming.49_53

4. CONCLUSIONS

In this work, using density functional theory calculations, we
have systematically investigated the adsorption of C, O, CO,
OH and COH species as well as the mechanism of C + O(OH)
involved in carbon elimination on FeNi(111) and CuNi(111)
surfaces. For FeNi(111) and CuNi(111) surfaces, the
homogeneous and segregated surfaces have been considered.
Our results show that OH species has a stronger ability of
carbon eliminating than O species on Ni(111), CuNi(111)
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surface and FeNi(111) with the segregated surface; however,
on FeNi(111) with the homogeneous surface, O species is
more preferred. The surface structures of CuNi(111) and
FeNi(111) have obvious effect on C + O(OH) reaction of
carbon elimination. Compared to Ni(111) surface, FeNi(111)
surface restrains carbon elimination, while CuNi(111) surface
promotes carbon elimination, especially for the segregated
CuNi(111) with Cu surface enrichment, carbon formation is
inhibited, and carbon elimination is accelerated; as a result, an
efficient periodic cycle of carbon formation and elimination on
the segregated CuNi alloy with Cu surface enrichment may be
responsible for the stability of CuNi bimetallic catalysts.
Moreover, a good linear relationship exists between the average
adsorption energy of C + O or C + OH species and the
activation barrier of C + O or C + OH reactions for carbon
reaction is found, namely, the ability of carbon elimination on
the metal surface increases with the decreasing of adsorption
ability for C + O and C + OH species on the corresponding
metal surface.
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