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Density functional theory calculations have been performed to investigate the structural and electronic prop-
erties of bulk Co,C and the stability of low index Co,C surfaces. We found that the formation of Co,C is exo-
thermic with the formation energy of —0.81 eV/Co,C with respect to Co under the presence of syngas
(mixture of CO and H;). While formed Co,C can be decomposed further to metal Co and graphite carbon
with modest energy gain of 0.37 eV/Co,C. This suggests that Co,C is only metastable in Fischer-Tropsch syn-
thesis, which agrees well with experimental findings. The density of states (DOSs) reveals that the Co,C is
paramagnetic and strong metallic-like. The difference of charge density analysis indicates that the bond of
Co,C is of the mixtures of metallic, covalent, and ionic properties. A variety of low index Co,C surfaces
with different terminations are studied. We find that the surface energy of low index stoichiometric Co,C
highly relies on the surface area, the number of coordination of surface atoms and the surface dipole, with
the decreased stability order of (101)>(011)>(010)>(110)>(100)> (001)=(111). Our results indicate
that under Co-poor condition, the formation of non — stoichiometric surface (011) and (111) without terminated
cobalt is energetically more favorable, while under Co-rich condition the formation of non — stoichiometric (111)
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surface with cobalt overlayer are preferential.
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1. Introduction

Transition metal carbides (TMCs), typically including all 3 d ele-
ments and 4 d/5 d elements of groups 3-6 early transition metals,
possess unique physical and chemical properties [1-7]. For example,
TMC compounds often demonstrate extreme hardness and brittle-
ness, high melting points and electrical as well as thermal conductiv-
ities [8], which make them attractive in technological applications as
cutting tools [1] and hard-coating materials [9]. In addition, since
Levy and Boudart's pioneering work regarding the Pt-like properties
of tungsten carbides [10], the catalytic properties of TMCs have been
the subject of many research fields of catalysis and surface science. It
has been reported that the TMCs exhibit excellent catalytic performance
in hydrogenation [11-14], dehydrogenation [15], hydrogenolysis [16,
17] and Fischer-Tropsch synthesis (FTS) [18-22] etc., approaching or
surpassing those of precious Pt-group metals [2,3,5]. Excellent reviews
on the various properties of TMCs can be found in Refs. [2-5,8,23].

Despite numerous theoretical studies have been done about the
catalytic activity of cobalt, iron and iron carbide in Fischer-Tropsch
synthesis (FTS)[24-43], relative little attention has been paid to the
cobalt carbides, which has also in connection with the Fischer-
Tropsch synthesis (FTS). The formation of carbide, especially Co,C, is
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often referred to as a sign of deactivation and the active components
on cobalt catalysts are usually considered to remain in metallic states
during FTS [44,45]. For example, Ducreux et al. [45] observed the for-
mation of Co,C on a supported cobalt catalyst during FTS by in-situ
XRD, which was related with the deactivation process of the sample.
These observations have been supported by Tihay et al. [46,47], who
reported that when an Fe-Co-based catalyst is used for FTS, metallic
Co particles on the surface are partly transformed to Co,C, as revealed
by high-resolution transmission electron microscopy (HRTEM). Based
on density functional theoretical (DFT) calculation, Cheng et al. [48]
proposed that the deactivation came from the high methane selectivity
of the Co,C. It was also found [45-47,49,50] that those cobalt carbides
are unstable, and decomposed to metallic cobalt and polymeric carbon
easily, so that they have rarely been observed by ex-situ techniques. In
addition, Co,C was also common identified species in the production of
H; from the steam reforming of alcohols [51] as well as in the formation
of higher alcohol synthesis [52-54]. Recently, Ding and co-workers [55]
showed that mixed linear a-alcohols (C;-Cyg) can be directly synthe-
sized from syngas over the La-doped Co catalysts under mild conditions
and that the selectivity towards alcohols was substantially improved.
They found that La,03 can promote the formation of cobalt carbides
(Co,C), which were postulated to play an important role in the synthe-
ses of the mixed linear a-alcohols.

In this paper, we present a first principle study of the structural
and electronic properties as well as the stability of Co,C bulk and a va-
riety of the low-index surfaces. The achieved insights are important in
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further understanding the relationship between structure and cata-
lytic properties of Co,C in FT synthesis and alcohols formation etc.,
which has not been addressed in literatures so far. In this context,
we note that though we focus on the cobalt carbide in the present
work, the co-existence of the metallic cobalt with the presence of
the interstitial carbon or even the formation of the surface carbide
under reaction conditions could not be excluded, as indicated in the
recent theoretical study on Pd [56,57] and Ni [58]. Further theoretical
studies of the interstitial carbon in the cobalt catalysts as well as the
effects on the selectivity are important but not addressed in the pre-
sent work. The paper is organized as follows. The theoretical section
including theoretical approaches, computational details and crystal
structure is summarized in Section 2. The results and discussion are
presented in Section 3. Finally, the conclusions are summarized.

2. Computational details

Calculations were done with Vienna Ab-initio Simulation Package
(VASP) [59,60], which performs an iterative solution of the Kohn-
Sham equations in a plane wave basis set. The exchange correlation
energy was calculated within the generalized gradient approximation
(GGA) using the form of the functional proposed by Perdew and
Wang [61,62], which referred to as Perdew-Wang 91 (PW91). The
electron-ion interactions for C, and Co were described by the projector-
augmented wave (PAW) method developed by Blochl [63,64]. The kinetic
energy cut-off of 400 eV was used for the plane wave basis set. It should
be noteworthy that spin polarization was found to be essential in order to
appropriately describe a system including magnetic properties of Co and
was therefore included in all the calculations.

As seen from Fig. 1, Co,C has an orthorhombic structure (space
group Pmnn), with two formula units per unit cell, in which all cobalt
atoms and carbon atoms are equivalent. The carbon atoms occupy at
the octahedral interstitial sites of Co, and C atoms and Co atoms are 6-
coordinated and 3-coordinated respectively.

For the slab, geometry optimizations were performed by minimiz-
ing the energy to within 10 eV and inter-atomic forces were per-
formed by minimizing to within 0.02 eV/A. Monkhorst-Pack mesh
[65] for k-point sampling was used in all calculations, i.e., (10x8x8)
for the Co,C bulk, (6x6x1), (8x6x1), (8x6x1), (4x6x1),
(8x4x1), (6x4x1) and (6x6x1) k-point meshes for the seven low
index stoichiometric (100), (001), (010), (101), (011), (110) and
(111) surfaces, respectively. The k-point meshes for different surfaces
are selected in such a way that the sampling density in momentum
space is approximately similar to minimize the possible numeric
error. A large vacuum region of 15 A was used between two neighbor
slabs to prevent interactions between periodic slabs. The top and bot-
tom two layers of the surfaces are allowed to relax, while the remained
are fixed in their bulk truncated positions. Further relaxation of the dee-
per layers was found to change the surface energies less than 1%, which
indicates a sufficient convergence of the presence set up.

Fig. 1. (a) shows the unit cell of Co,C. (b) was the same unit cell stack of bulk Co,C as in
(a) but from 001 view. (c) shows the stack of bulk hcp type Co. Dashed frame in (b) and
(c) show the ABAB...stacking of Co. The grey and bule balls represent C and Co atoms,
respectively.

To study the surface structures and stability of Co,C, we selected
seven low index (100), (001), (010), (101), (011), (110) and (111) sur-
faces in a p(1x 1) unit cell with either stoichiometric or non-stoichio-
metric termination. The surface energy for stoichiometric surfaces is
calculated by

lab bulk
v = (Ege—NEGyc) /2A, (1)

Here, ES2° is the total energy of the stoichiometric slab, N is the
number of Co,C units in the slab, Ec, " is the bulk total energy per
Co,C formula, A is the corresponding (1 x 1) surface area, and the fac-
tor 1/2 corresponding to the symmetric terminations. The lower the
surface energy, the more stable the surface. Surfaces were repre-
sented by slabs thick range from 10.07 to 28.23 A. To calculate the
surface energy calculations accurately, the thickness of the slab was
increased gradually until the difference of the total energy between
two consecutive slabs is equal to the total energy of the cobalt carbide
bulk for all the surfaces considered.

It should be noted that it is impossible to calculate surface free energy
of the non-stoichiometric surfaces without taking into account of the
thermodynamics under the reaction conditions. For instance, those pre-
sent in true carburizing environments will undoubtedly alter the situa-
tion, and produce surfaces with non-stoichiometric compositions. To
explore the relative stability of the non-stoichiometric surfaces, we intro-
duce the so-called differential adsorption energy E5if, ESi® by removing
terminated Co atoms or adding extra Co atoms with respect to stoichio-
metric surface:

toic slab slab bulk
dif = (Enon—stoic_Estoic + NexEco )/Nex7 (2)
extra lab slab bulk

Edijf = <E§10n75toic_Estoic_NexEC0 )/Ne)w (3)

where E390_ . . is the total energy of the non-stoichiometric surfaces,
and N,y is the number of removing or adding Co atoms with respect to
stoichiometric surfaces, and E24 is total energy of the bulk hcp Co
metal. In this convention, negative Eé?ﬂri‘ and EGf* indicates that the
formed Co-poor and Co-rich non-stoichiometric surfaces are energeti-
cally favorable with respect to the stoichiometric ones. Especially, the
negative Eé?j’fc means that the Co atoms of the surface would tend to

aggregate and form small Co nanoparticles.
3. Results and discussion
3.1. Bulk properties

We first optimized the lattice constants of Co,C using the experi-
mental lattice constants as initial values [66]. As listed in Table 1,
there is a quite good agreement between our results (a=2.877 A,
b=4.386 A, and c=4.354 A) and previous calculations (a =2.921 A,
b=4.479 A, and c=4.411 A) [48], which are both in line with the ex-
perimental ones (a=2.897 A, b=4.446 A, and c=4.371 A) [66]. The
differences between our calculated parameters and the experimental
ones as well as the previously theoretical studies are less than 1%,
which fall well in typical error bar reported in literatures. It can be

Table 1

Computed lattice constant (A) and calculated formation energy of Co,C (AHco,c, €V/
Co,C) with respect to CO and H,. The previous calculation (Ref [48]) and experimental
results (Ref. [66]) are given for reference.

a b c AHco,c (eV/CoxC)"
Present 2.877 4.386 4354 —0.81
Ref [48] 2.921 4479 4411 —
Exp. (Ref. [66]) 2.897 4.446 4371 -

" AHco,c = Heo,™™ + 0 — tico — M, — 2188



600 Y.-H. Zhao et al. / Surface Science 606 (2012) 598-604

seen from Fig. 1 that each cobalt atom in the (001) plane of bulk Co,C
presents the similar hexagonal arrangement as hcp Co (0001), with
ABAB...stacking of the atomic planes of cobalt. Carbon atoms occupy
the octahedral sites in the lattice. The optimized Co-C distance is
1.91 A. The Co-Co distance in Co,C is calculated to be 2.62 A, slightly
larger than that in hcp metal Co (2.49 A). The structure of Co,C can be
treated as interstitial compound of the diffusion of carbon atoms into
the cobalt lattices.

Since the Co,C is formed under the FTS condition, its relative sta-
bility could be evaluated by formation heat AHc,,c, as defined below:

2C0 + CO + H, — C0,C + H,0 + AHg, ¢ )

Neglecting the contributions from vibration, the AHc,,c from DFT
calculations is —0.81 eV per Co,C formula. It is clear that under FTS
condition, the formation of cobalt carbide is energetically favorable,
which agrees well with the experimental observations of the forma-
tion of the cobalt carbide [44,53, 55,67,68].

On the other hand, graphite carbon formation has been reported
under the reaction conditions [69], and corresponding formation energy
AHgpaphite could be defined as:

2Co + €O + Hy — 2C0 + Cypaphite + Ha0 + AHgpaphite (5)

The AHgraphite is calculated to be —1.18 eV, lower than the forma-
tion energy of Co,C by 0.37 eV with respected to CO and H,. This
indicates that Co,C is metastable and could decompose to the more
stable graphite and metal Co if the kinetic limitations can be over-
come. This is inline with experimental observation [45,50]. For com-
parison, we note that the formation of m-Fe,C which shares the
same space group Pmnn as Co,C, is strongly exothermic, with the for-
mation energy of —1.01 eV [70] with respect to graphite carbon and
iron. This is understandable since the reactivity of Fe is much higher
than Co. Indeed, the iron carbide has been thought to be the active
phase for the FT synthesis [25,37].

3.2. Electronic properties

To obtain further insights into the interaction between C and co-
balt in bulk Co,C at equilibrium state, we calculated the total density
of states (TDOSs) and site-projected partial density of states (PDOSs),
which yield the contribution of the s-, p-, and d-states to the TDOSs.
The TDOSs of Co,C at theoretical equilibrium lattice constant are
shown in Fig. 2. In this system, there are three distinct regions: the
lower lying valence band, the high lying valence band, and the con-
duction unoccupied band above Fermi level. It can be found that the
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Fig. 2. Calculated total density of states (TDOSs) for Co,C.

up and down densities of state of all the three bands are almost sym-
metric, which means that there is almost no magnetic characteristic
of Co,C. The previous studies have shown that CosC is metallic-like
and exhibits ferromagnetic states [71].

The site-projected partial densities of states (PDOSs) of Co,C
are shown in Fig. 3(PDOSs of Co, see Fig. 3(A); PDOSs of C, see
Fig. 3(B)), in which the total densities at each atom as well as the dif-
ferent components (s, p, and d) are shown separately. The lower lying
valence band ranging from — 14 to — 11 eV is composed by an admix-
ture of C 2 s states and a small contribution from 4 s, 4p and 3 d states
of cobalt. The high lying valence band can be separated into two parts:
the first one ranges from — 7.5 to about —4 eV and constitutes the hy-
bridization of C 2p with small Co 4 s, 4p and 3 d states; the second one,
from —4 up to Fermi level, is mainly formed by Co 3 d. No energy gap
near the Fermi level is found, which indicates the metallic nature of
Co,C. The unoccupied conduction region beyond the Fermi energy is
actually resulting from cobalt 3d states with only a very small contri-
bution from carbon 2p states. The contributions of cobalt 4s and 4p
states to the conduction band are sufficiently small and can be
negligible.

Lvetal. [70] and Faraoun et al. [72] explored the TDOSs and PDOSs
of n-Fe,C. According to their calculations, three regions of TDOSs as in
Co,C were found for n-Fe,C, and the contribution of the total densi-
ties at each atom as well as the different components (s, p, and d) to
the regions on m-Fe,C is similar to that on Co,C. Likewise, no energy
gap near the Fermi level is found for m-Fe,C, which indicates that
the material has a similar metallic nature as Co,C does. However,
the electronic structure of m-Fe,C has a distinct feature from Co,C.
The up and down states of the lower lying valence band is almost
symmetric, whereas those near the Fermi level are noticeably dissimilar
for m-Fe,C. Therefore, the calculated magnetic moments were quite dif-
ferent for the two carbides: n-Fe,C [70] has magnetic characteristic with
atom-averaged magnetic moment of 1.09u5 while the Co,C has no mag-
netic characteristic.

To illustrate the chemical bonding property of Co,C, we also calcu-
late the difference of charge density, as plotted in Fig. 4. We can see im-
mediately that a strong direct bonding exists between Co and C, which
suggests a covalent bonding between carbon and cobalt atoms. Further-
more, there is electron depletion around Co atom, and charge accumu-
lation with the distance nearer to carbon, which reveals an ionic
contribution between positive charged Co and negative charged C to
the bonding. Therefore, our results demonstrate similarly to m-Fe,C
reported in literature that the bonds of Co,C are also of the unusual mix-
tures of metallicity, covalence, and ionicity.

3.3. Co,C surface stability

The surface structures for the considered low index surfaces of Co,C
are depicted in Fig. 5 for (100), (001), (010), Fig. 6 for (101), (011),
(110) and Fig. 7 for (111), respectively. The structural and energetic
information of bulk-terminated stoichiometric Co,C surfaces are given
in Table 2, including in-plane lattice constants u and v (A) and area
A (A?) of surface (1x1) unit cell, calculated surface energy y (meV/
A?), differential adsorption energy by removing or adding one surface
Co atom with respect to the stoichiometric surface and the interlayer
distances d (A) for the outmost atoms. All in-plane lattice vectors
(u and v) of these low index surfaces are orthogonal except (111), in
which the angle between u and v is 72.4°. The calculated coordination
numbers of Co and C (noted as N¢, and N¢ hereafter) in the outmost
layer are also shown in Table 2 for comparison.

We focus on the relative stability of the seven stoichiometric sur-
faces, and later on the results of non-stoichiometric surfaces will be
also discussed and analyzed. Note that the surfaces with single-bond
dangling terminations are not included here since they are extremely
unstable.
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Fig. 3. Calculated site-projected partial densities of states (PDOSs) of Co,C: (A) Cobalt PDOSs, (B) Carbon PDOSs. The dotted lines are the Fermi level.

3.3.1. (001), (010) and (100) surfaces

The 2D unit cells of (001) and (010) surfaces both have the rectan-
gular geometry (2.88 Ax4.39 A and 2.88 Ax 4.35 A), with similar sur-
face area of 12.64 A® and 12.53 A2, respectively. The complete bulk-
like stacking of stoichiometric (001) and (010) surfaces are formed
by three consecutive layers, i.e., the local atom arrangement on the
i-th layer is reestablished in the (i+ 3)-th layer as shown in Fig. 5.
The stoichiometric terminations for (001) and (010) surfaces consist
of Co on the outmost layer. The coordination number of surface cobalt
and carbon atoms is two-fold and five-fold. As listed in Table 2, the
surface energy of stoichiometric (001) surface was higher than the
stoichiometric (010) surface, with the values of 170 meV/A% and
144 meV/A? respectively. Since the coordination number of surface
carbon and cobalt atoms between (001) and (010) surfaces is same,
the difference in surface energies can be attributed to their structural
variations. Indeed, we find that the calculated first interlayer distance
between negative charged carbon and positive charged cobalt for
(001) surface is 0.09 A larger than that of the (010) surface. This
will induce the larger dipole of (001) surface, thereby raises the sur-
face energy accordingly.

Fig. 4. Calculated difference of charge density of Co,C. The red and blue colors indicate
electron depletion and accumulation, respectively.

The (100) orientation has a quasi-square geometry (4.39
Ax4.35A) with surface area of 19.10 A2, The stoichiometric (100)
surface is mixed with C and Co (noted as Tco/c). The calculated first
interlayer distance between carbon and cobalt of (100) is only

Fig. 5. Schematic views of bulk-terminated stoichiometric (001), (010) and (100) p(1x 1)
surfaces of Co,C(left: side view, right: top view). The dashed line in the right part repre-
sents the surface unit cell. The black and dark bule balls represent C and Co atoms in the
outmost layers, respectively; the yellow balls are Co atoms added to the stoichiometric
surfaces to obtain non-stoichiometric surfaces.
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Fig. 6. Schematic views of bulk-terminated stoichiometric (110), (101) and (011) p(1x 1)
surfaces of Co,C, left: side view, right: top view. The dashed line in the right part repre-
sents the surface unit cell.

0.11 A, which will induce small dipole, compared to 0.51 A and 0.42 A
for (001) and (010) surface. Combining with greater surface area than
stoichiometric (010), one may expect that the stoichiometric (100)
should have higher surface stability. However, the surface energy of stoi-
chiometric (100) surface is higher than the (010) surface by 18 meV/A2.
The lower surface stability of stoichiometric (100) might originate from
the lower coordination number of carbon atoms (four), compared with
that on stoichiometric (010) surface (five). This also explains the differ-
ent surface stability between stoichiometric (100) and (001) surface,
with 8 meV/A? difference in surface energy found.

A11)-B

Fig. 7. Schematic views of bulk-terminated stoichiometric (111) surface of Co,C:
(A) type Tco/c; (B) type Tco. The dashed line in the right part represents the surface
unit cell.

Table 2

Analysis of the surface structures, the surface energy y (meV/A?) of bulk — terminated
stoichiometric Co,C surfaces and the interlayer distances d (A) for the outmost nega-
tive charged carbon and positive charged cobalt atoms. Ef,ﬁff“ and EZf® are the differen-
tial adsorption energy by removing or adding extra Co atoms with respect to
stoichiometric surface as defined in the main context.

Surface (u, v) (A)? v (meV/A%)  ESg(eV) oaev)  d(A)
surface area (A%)  (Ng,, No)®
(001) (2.88,4.39) 170 —008 0.02 051
12.64 (2,5)
(010) (2.88,4.35) 144 036 - 042
12,53 (2,5)
(100) (4.39,435) 162 - - 0.11
19.10 2 4)
(110) (4.35,5.25) 161 026 003 0.61
2283 (2,5)
(101) (5.22, 439) 129 0.5 - 027
22,92 2 5)
(011) (2.88, 6.18) 135 028 - 1.11
17.57 (2+3,5)
(111)-A  (5.25,5.22) 170 0.77 077 0.07
27.41 (2, 4)
(111)-B 170 —0.77 - 0.50
(2,4)

2 The calculated surface in-plane lattice constants (u, v) (A) of surface (1x1) unit
cell and corresponding surface area in A? are indicated. The lattice vectors are orthogonal
for all surfaces except (111), where the angle is 72.4°.

b The coordination number of exposed Co and C atoms, N¢, and N, in the outmost layer
are indicated too.

We use Eq. (2) and Eq. (3) to measure the relative stability of the
non-stoichiometric (001) and (010) surfaces. The calculated differen-
tial adsorption energies for removing surface Co atom or adding extra
Co atom are listed in Table 2. With one extra Co atom coordinated to ex-
posed carbon on the stoichiometric (001) surface, the calculated ad-
sorption energy EGf® is 0.02 eV, which means that this process is
energetically unfavorable. On the other hand, we note that the differen-
tial adsorption energy by removing Co from the stoichiometric surface
is —0.08 eV, indicating that carbon terminated (001) surface is energet-
ically favorable. Therefore, the (001) surface prefers non-stoichiometric
carbon-terminated surface and the Co atoms of the surface would tend
to aggregate and form small Co nanoparticles on the surfaces. For the
stoichiometric (010) surface, the energy cost for removing the surface
Co atom is 0.35 eV, implying that the (010) surface prefers stoichiomet-
ric Co-terminated surface, which is in line with its lower surface energy.

3.3.2.(110), (101) and (011) surfaces

As seen clearly from Fig. 6, the (110) and (101) surface exhibit
similar rectangular structure, with the (4.35 Ax5.25A and 4.39
Ax5.22 A) 2D unit cells respectively. The surface areas per (1x1)
unit cell are calculated to be 22.83 A% and 22.92 A2 The coordination
number for surface C and Co atom on stoichiometric (110) and (101)
surfaces are five and two respectively. According to our calculation,
the interlayer distance between Co and C layers on stoichiometric
(110) is 0.34 A larger than the stoichiometric (101) surface, which
will result in higher dipole. Since the surface areas and coordination
number of surface atoms on the (110) and (101) surface are similar,
the dipole difference induced by interlayer distance variation can be
the main reason for the different surface stability: the stoichiometric
(110) surface has a higher surface energy than stoichiometric (101)
surface by 32 meV/A? (161 meV/A? versus 129 meV/A?).

The (011) surface has a rectangular geometry with a 2.88 Ax6.18 A
2D unit cell. The (1x 1) surface area is 17.57 A% and the calculated sur-
face energy is 135 meV/A. It should be noticed that the dipole differ-
ence between stoichiometric (011) surface and (101) surface is even
larger than that between (101) surface and (110) surface. As shown
in Table 2, the interlayer distance difference for the outmost two layers
between stoichiometric (011) surface and (101) surface is 0.84 A,
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which is larger than that between (101) surface and (110) surface by
0.50 A. It can be expected that this will lead to a large increase in the
surface energy. However, the difference of the surface energy between
stoichiometric (011) surface and (101) surface is only 6 meV/A2 This
could be due to the fact that the energy compensation induced by coor-
dination number increase (three-fold and two-fold coordinated Co on
(011) surface versus two-fold Co on (101)) compensates the energy
cost due to dipole increase of (011) surface energy to a great extent.

We now turn to the stability of non-stoichiometric (110), (101)
and (011) surfaces. For stoichiometric (110) and (101), the calculated
differential adsorption energies Eéﬁﬁric for removing terminated Co are
0.26 eV and 0.85 eV, which means that the new formed Co-poor car-
bon terminated surfaces are both less favorable than the stoichiomet-
ric Co-terminated surfaces. With one extra Co atom coordinated to
exposed carbon on stoichiometric (110) surface, the calculated differ-
ential adsorption energy (EGf*) is —0.02 eV, which means that this
process is energetically favorable, and the new formed cobalt terminat-
ed (Co-rich) surface is more stable than corresponding stoichiometric
surface. However, this is not the case for the stoichiometric (011) sur-
face, which has the differential adsorption energy of —0.28 eV for the
formation of the mixed Co/C termination (Co-poor) by removing the
surface Co atom. This suggests that the new formed Co/C terminated
(Co-poor) surface is energetically more preferential than stoichiometric
(011) surface, and the (011) surface prefers Co/C terminated non-stoi-
chiometric (Co-poor) configuration. In other word, this indicates again
that the Co atoms of the outmost layer would tend to aggregate and
form small Co nanoparticles.

3.3.3. (111) surface

Unlike all the other low index stoichiometric surfaces, two possi-
ble stoichiometric (111) terminations can be cleaved from bulk
Co,C. The side and top view of the structures of the two stoichiomet-
ric surfaces are illustrated in Fig. 7, noted by stoichiometric (111)-A
and (111)-B surfaces, respectively. The stoichiometric (111)-A surface
is mixed with carbon and cobalt (Tcoc), whereas the stoichiometric
(111)-B surface is Co terminated (Tc,) in the outmost layer. The carbon
is four-fold coordinated and the cobalt is two-fold coordinated for the
two types of stoichiometric (111) surfaces. The interlayer distances be-
tween negative carbon and positive cobalt for stoichiometric (111)-A
and (111)-B surfaces are 0.07 A and 0.50 A, respectively. The calculated
surface energies are shown in Table 2. It can be seen from Table 2 that
the two stoichiometric (111) surfaces have the same surface energy of
170 meV/A2.

By removing the surface Co atom and adding one Co atom on stoi-
chiometric (111)-A surface, one Co-poor non-stoichiometric surface
terminated with carbon (T¢) and one Co-rich non-stoichiometric ter-
mination with mixed Co/C (Tco/c) are formed. Likewise, one Co-poor
non-stoichiometric surface terminated with carbon (T¢) can be obtained
from stoichiometric (111)-B by removing the surface Co atom. It is
interesting to note that the two new formed non-stoichiometric
(111) surfaces terminated with carbon are of different stability. For
the non-stoichiometric (111)-A surface, the differential adsorption
energy(Eé?j’fC) is 0.77 eV, which means that the new formed T¢ termina-
tion is energetically unfavorable than corresponding stoichiometric
surface. While the new formed carbon terminated (T¢) non-stoichio-
metric (111)-B surface is favorable than corresponding stoichiometric
surface with the differential adsorption energy(EﬁE‘]fc) of —0.77 eV.
The coordination number difference and dipole difference are respon-
sible for the stability changes of non-stoichiometric (111) -A termina-
tions. As shown in Table 2, some of the exposed carbon atoms are only
three-fold coordinated for the non-stoichiometric T¢ (111)-A termina-
tion, less than corresponding stoichiometric surface (four-fold). Mean-
while, the interlayer distance between Co and C layers on the non-
stoichiometric (111) is 0.21 A larger than the stoichiometric surface,
which further results in higher dipole and hence higher surface energy.
While in the case of the carbon-terminated non-stoichiometric (111)-B

surface, the coordination number difference is mainly responsible for
the stability changes with little contribution of dipole difference. Al-
though part of carbon atoms are three-fold coordinated, less than stoi-
chiometric surface (four-fold), but the cobalt atoms are six-fold
coordinated, which leads to much higher stability of the new formed
Co-poor surface than corresponding stoichiometric surface with two-
fold corrdinated cobalt atoms.

We note that the calculated differential adsorption energy(EgH) is
—0.77 eV to form the non-stoichiometric Tcoc terminated(Co-rich)
surface by adding extra Co on Co/C terminated stoichiometric (111)-A
surface, which means that the Co-rich Tco/c termination is much more
favorable than the corresponding stoichiometric surface. This can also
be understood from the coordination effect, since the coordinate num-
ber of surface cobalt (three-fold) and carbon (five-fold) atoms on the
Tco/c terminated non-stoichiometric (111)-A surface is more than cor-
responding stoichiometric surface.

3.3.4. Discussion

It is interesting to compare the stability of low index stoichiometric
Co,C surfaces. As listed in Table 2, of all the low index stoichiometric
surfaces examined, it can be found that the (001) and (111) surfaces
are the least stable, and the (101) and (011) surfaces are the most sta-
ble, with the decreased stability order of (101)>(011)>(010)
>(110)>(100)> (001) = (111). The higher stability of the (101) and
(011) surfaces with respect to the other low index orientations is in
agreement with the previous DFT studies on Fe,C by Bao et al. [73]
Overall, we see that the seven low index stoichiometric Co,C surfaces
can be divided into three categories. The (101), (110) and (011) to be
the first category, the (001), (010) and (100) to be the second and the
(111) to be the third. The first category has the lowest surface energy,
with a crossover point of value between (010) and (110) surface.

We now turn our attention to the reason of the surface stability
difference between (010) and (110) surfaces. On one hand, the coor-
dination number of surface atoms per unit surface area on the (110)
surface is smaller than (010) surface, which would result in the in-
crease in surface energy; on the other hand, the interlayer distances
between the first two layers on (110) surface is 0.19 A longer than
the stoichiometric (010) surface, which cause larger dipole and
hence further result in surface energy increasing. As a consequence,
the combined effects of the two lead to the surface energy of stoichio-
metric (110) higher in surface energy than (010) surface by 17 meV/A2,

On the basis of the analysis about the stability of the low index
surfaces, we arrive at the conclusion that the coordination number
of surface atoms per unit surface area and the surface dipole both
have great influence on the stability of surfaces: the less the coordina-
tion number of surface atoms per unit surface area, the lower the sta-
bility; the higher the dipole, the lower the stability. For instance, Co,C
(111) surface having less coordination number of surface atoms per
unit surface area (four-fold coordinated C per 27.41 A for (111) versus
five-fold coordinated C 22.92 A2 for (101)), is less stable than Co,C
(101) surface; the stability of Co,C (101) surface is higher than (110)
surface due to its lower dipole.

4. Conclusions

In the present article, we have carried out a self-consistent periodic
density functional theory (DFT) study on the structural and electronic
properties of bulk Co,C and the stability of low index Co,C surfaces.
We found that the formation of Co,C is exothermic with the formation
energy of —0.81 eV/Co,C with respect to Co under the presence of syn-
gas (mixture of CO and H,). While formed Co,C can be decomposed fur-
ther to metal Co and graphite carbon with modest energy gain of
0.37 eV/Co,C. This suggests that Co,C is only metastable in FTS synthe-
sis, which agrees well with experimental findings. The density of states
(DOSs) reveals that the Co,C is paramagnetic and strong metallic-like.
The difference of charge density analysis indicates that the bond of
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Co,C is of the mixtures of metallic, covalent, and ionic properties. A
variety of low index Co,C surfaces with different terminations are studied.
We find that surface energy highly relies on the surface areas, the coordi-
nation number of surface atoms and the surface dipole. The low index
stoichiometric surfaces have the decreased stability order of (101)
>(011)>(010)>(110)>(100)>(001)=(111). Our results indicate
that under Co-poor condition, the formation of non-stoichiometric sur-
face (011) and (111) without terminated cobalt are energetically more fa-
vorable, while under Co-rich condition the formation of non-
stoichiometric (111) surface with cobalt overlayer is preferential. The
role of formation of these non-stoichiometric cobalt carbide surfaces for
the high alcohol selectivity found by experiment [55] is under study.
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